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Abstract

Many steel alloy types, both currently in use and under development, exploit a deformation-

induced phase transformation to achieve a combined high strength and ductility. As

deformation is applied to these alloys, a metastable retained austenite phase transforms

to martensite. This process acts as a significant carrier of plasticity, increasing the work-

hardening rate and therefore the ductility. The "stability", or resistance against martensitic

transformation, of the austenite phase is the main parameter that governs the martensitic

transformation rate and therefore the work-hardening behaviour of the steel. In the last

few decades, the stability of an individual austenite grain has been shown to depend

on a number of microstructural properties, such as the size of the grain, its orientation

relative to the loading axis, the alloy chemistry, and the configuration of the grain’s

immediate crystallographic neighbourhood. A good understanding of how exactly these

properties modify austenite grain stability is crucial to the development of accurate models

of deformation-induced phenomena, which themselves directly contribute to the design of

new and improved alloys that better exploit said phenomena.

In the past, austenite grain stability has usually been evaluated for a steel sample either

through phase-averaged behaviour, where the stability of the phase overall is characterised,

or on an individual grain level, where typically only a few grains are considered. This is

primarily due to the difficulties involved with measuring the martensitic transformation in

situ at a per-grain level for a large number of grains simultaneously. The recent development

of far-field Three-Dimensional X-Ray Diffraction (3DXRD) has enabled such measurements

on a range of polycrystalline materials, capturing the grain-level position, orientation and

strain tensor for many thousands of grains in situ. However, the 3DXRD technique poses a

number of significant challenges related to data analysis and post-processing, both crucial
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Abstract

steps that must be carefully implemented to enable detailed measurements of complicated

polycrystal samples.

In this study, 3DXRD was implemented at the I12 Joint Engineering, Environmental, and

Processing (JEEP) Beamline at the Diamond Light Source X-ray synchrotron. Then, the

capabilities of the technique were explored by examining how a microstructurally "simple"

single phase ferritic steel responds to in-situ tensile deformation on a per-grain level. A

number of micromechanical phenomena were investigated, including a small (but statistically

significant) grain neighbourhood effect, where the stress state of a central grain was found

to depend on the orientation of its immediate neighbourhood grains, a finding never before

seen for large numbers of grains in a cubic polycrystal. During this 3DXRD implementation,

a sophisticated automated data analysis and post-processing pipeline was developed, that

enabled rapid exploration of such micromechanical effects.

With 3DXRD implemented and a data analysis pipeline developed, a novel metastable

stainless steel alloy system was devised that enabled the exploration of the martensitic

transformation at very low applied strains, as 3DXRD is typically limited to ∼2% maximum

strain. This alloy system was extensively characterised non-destructively in three dimensions

with laboratory electron-based and X-ray based techniques, and was used to evaluate both

the performance of multi-phase laboratory-based Diffraction Contrast Tomography (DCT),

as well as a novel registration algorithm that accurately located two-dimensional planes

measured with Electron Back-Scatter Diffraction (EBSD) within the three-dimensional

DCT dataset.

Finally, the deformation response of the alloy was measured in-situ with 3DXRD at the

ID11 beamline of the European Synchrotron Radiation Facility, coupled with in-situ EBSD

scans using an in-chamber tensile stage. Substantial martensite transformations were found
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even within the ∼2% maximum strain window, proving the alloy design was successful

and enabling extensive in-situ analyses of austenite grain stability in the bulk material with

3DXRD. Austenite grain stability was found to be influenced by grain size, orientation,

and local neighbourhood. Larger grains, grains oriented with {1 0 0} close to the loading

axis, and grains with more ferrite/martensite-dense neighbourhoods were found to have

reduced stability against deformation. The minimum strain work criterion model was also

evaluated against the experimental data – it was found to correctly predict the orientation

of martensite that formed in the majority of grains, given the parent orientation and

macroscopic applied load. Grains where the model failed tended to have reduced levels of

stress just before forming martensite, which was attributed to the use of the global stress

state by the model as opposed to more granular measurements of the immediate stress

field around a grain.
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CHAPTER 1

INTRODUCTION

In 2022, the automotive industry globally used an estimated 16% of steel produced that

year [1]. The average vehicle uses 900 kg of steel, primarily in the body and doors (40%),

drive train (23%) and suspension (12%) [2]. A key goal of the automotive industry is

to reduce the weight of the cars they produce, primarily to claim better fuel efficiency

and reduce greenhouse gas emissions [3]. One weight-saving approach employed by the

industry is to increase the strength-to-weight ratio of steel used for automotive body panels,

allowing lighter, thinner-gauge material to be used for these components [4]. However,

many automotive components must conform to strict government-enforced safety standards

which impose mechanical properties requirements on the steel alloys used in the automotive

sector [5].

As of 2015, mild steel and high strength steel alloys, both ferritic, comprise the majority of

steel content by weight in light vehicles in North America [6]. These steels are very well

understood on a micro-mechanical and theoretical level. This high degree of understanding

enables both the accurate predictions of mechanical properties from material microstructures,

and the tailoring of microstructures in order to achieve said mechanical properties. However,

the strength of such conventional steel alloys is limited [5]. As a consequence, automotive

industries and steel producers are currently exploring more advanced steel alloys that can

meet the increased mechanical properties required [7].

The current generation of Advanced High-Strength Steel (AHSS) alloys offer exciting

mechanical properties, such as dramatically improved ductility and ultimate tensile strength

over typical low-alloy steels [8]. Many alloy types within the AHSS alloy family such as
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Chapter 1. Introduction

dual-phase (DP) steels, complex-phase (CP) steels and Transformation-Induced Plasticity

(TRIP) steels utilise a deformation-induced martensitic transformation (DIMT) to achieve

both high ductility and tensile strength [9–11]. Exploiting the DIMT successfully requires a

mature understanding of how the micromechanical environment evolves in situ in response

to applied stress. The chain of understanding from desired mechanical properties to desired

microstructures to desired processing methods is less well understood and still under heavy

research [12–15]. In-situ materials characterisation techniques such as Three-Dimensional

X-ray Diffraction (3DXRD) and Diffraction-Contrast Tomography (DCT) promise this

deeper understanding through high-quality in-situ characterisation of the material’s response

to deformation from the microscale to the mesoscale.
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CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

This chapter focuses on the key concepts behind the TRIP effect by exploring the existing

literature on the topic. First, the general theory of martensitic transformations will

be introduced, including the thermodynamic driving forces for transformation and the

observed crystallographic orientation relationships between phases. Then, the concept of

deformation-induced martensitic transformations (DIMTs) will be described. The concept

of intermediate martensitic phases will be introduced, providing context behind why careful

examination of the possible martensitic transformation pathways is required. After that,

the concept of austenite grain stability will be investigated, including the influence of

various crystallographic and material properties on stability such as grain size, orientation,

stacking fault energy and grain neighbourhood. We will then briefly explore how DIMTs are

exploited to improve mechanical properties via the TRIP effect. The typical compositions

and microstructures of common TRIP alloys will also be covered. A brief review of in-situ

measurements of the DIMT will then be performed, and the motivation for continued study

of the DIMT using techniques such as 3DXRD and DCT will be provided. Finally, the

3DXRD and DCT techniques will be introduced in detail.
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2.1 Martensite
Under thermodynamic equilibrium conditions, the stable phases of Fe−C alloys are well

described by the Fe−C phase diagram, as shown in Figure 2.1. We can use the phase
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Figure 2.1: Iron-carbon phase diagram. After Caesar [16].

diagram to estimate the phases present in a sample of low-carbon steel (<0.8wt.% C) when

cooling from the liquid phase. Assuming enough carbon is present to avoid the formation of

a δ phase, a face-centered cubic (FCC) γ phase (austenite) nucleates from the liquid phase

until the sample is fully austenitic. When further cooled below the A3 line, the austenite

phase becomes less thermodynamically favourable than the lower-temperature body-centered

cubic (BCC) α phase (ferrite). Therefore, a solid-state γ → α transformation takes place,
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and the sample gradually transforms to a combined α + pearlite + Fe3C microstructure

once the temperature has dropped below the A1 line.

Due to the significant differences in maximum carbon concentration in γ versus α (∼2wt.%

versus ∼0.03wt.% respectively), a significant reduction in carbon concentration is required

within the γ lattice to facilitate the phase transformation. This process is accommodated

by the interstitial diffusion of carbon through the γ lattice. Interstitial diffusion is not

instantaneous and is temperature-dependent, so gradual cooling at elevated temperatures

is required to fully complete the γ → α solid-solid transformation. Figure 2.2 shows a
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Figure 2.2: Simplified Fe−C system CCT diagram. After Oleaga [17].
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simplified continuous-cooling-transformation (CCT) diagram for the Fe−C system. When

steels are rapidly cooled from the fully austenitic phase, the carbon is not given enough time

to diffuse out of the γ lattice. This leads to carbon being trapped in the FCC microstructure

– to accommodate the increased lattice strain caused by this phenomenon and reduce the

free energy of the system, the γ phase undergoes a rapid diffusionless transformation to a

body-centered tetragonal (BCT) phase (α′) called martensite.

2.1.1 Thermodynamics

The thermodynamics of the γ → α′ transformation can be explored by plotting how the

free energies of the γ and α′ phases change with temperature, as shown in Figure 2.3.

Below a certain temperature T0, the α′ phase is more thermodynamically stable (has a
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Figure 2.3: Diagram of how the relative free energy curves of the γ and α′ phases change
with temperature. After Wayman et al. [18].

lower chemical free energy G) than the γ phase. However, the γ → α′ transformation has

an associated energy barrier that must be overcome. We can therefore define a critical

temperature, MS at which the difference in free energies between the γ and α′ phases
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(∆Gγ→α
′
) exceeds this transformation energy cost. This is often called the "martensite

start" temperature, and is the temperature below which the γ → α′ transformation will

happen spontaneously. We can define the change in free energy at MS (and therefore the

overall transformation cost) as ∆Gγ→α
′

MS
.

The martensite start temperature, MS, being dependent on the relative free energies of

the γ and α′ phases, is sensitive to the composition of the steel. Careful alloy design and

thermal processing can stabilise the austenite phase against martensitic transformation via

the addition of austenite-stabilising alloy elements such as Ni, Mn, Co and Cu (which lower

MS below room temperature) and controlled gradual cooling, leading to a fully austenitic

microstructure at room temperature.

Although the γ → α′ transformation does not occur spontaneously at temperatures above

MS, other sources of energy can combine with the free energy difference to overcome the

transformation cost. As demonstrated by Figure 2.3, at a given temperature T1, the free

energy difference at that temperature, ∆Gγ→α
′

T1
, can be combined with work done by an

applied stress U – if this total exceeds the transformation cost ∆Gγ→α
′

MS
, the transformation

procedure will begin. In these instances, the martensite formed is said to be Deformation-

Induced. The underlying mechanisms associated with this process will be explored in more

detail later in this section.
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2.1.2 Crystallography

Bain [19] proposed that the diffusionless transformation from γ to α′ would lead to a strict

correspondence in atomic positions between the parent FCC and child BCC lattices, as

shown in Figure 2.4. Bain also specified a strain which describes the shear applied to the

parent lattice to produce the martensite phase. For the γ → α′ phase transformation, the

Bain strain is an expansion (ϵ0) along two ⟨0 0 1⟩ directions (in this case a⃗ and b⃗), and a

contraction (ϵ′0) along the other ⟨0 0 1⟩ direction (c⃗).

a⃗

b⃗

c⃗

Figure 2.4: Bain FCC γ (black) to BCT α′ (red) lattice correspondence. After Bain [19].

The deformation tensor B describing the Bain strain can therefore be defined:
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B =




ϵ0 0 0

0 ϵ0 0

0 0 ϵ′0




(2.1)

ϵ0 and ϵ′0 can be determined using the lattice parameters of the austenite (aγ) and martensite

(aα′) phases:

ϵ0 =

√
2aα′ − aγ
aγ

, ϵ′0 =
aα′ − aγ
aγ

(2.2)

Orientation relationships

As the Bain correspondence describes a set of simple shears applied to a parent lattice to

yield a new lattice, it follows that there should exist a set of orientation relationships (ORs)

between γ and α′ lattices. The Bain correspondence prediction leads to the following

OR:

{0 0 1}γ // (0 0 1)α′

⟨0 1 0⟩γ // [0 1 1]α′
(2.3)

However, the Bain OR was criticized by direct measurements of the ORs using X-ray

diffraction techniques by Kurdjumov et al. [20] (on 1.4% carbon steel [21]) and Nishiyama

[22] and Wassermann [23] (on a Fe-30%Ni single crystal sample [21]). These experimental

determinations of the OR disagreed both with each other and with the original OR proposed

by Bain, yielding the Kurdjumov-Sachs (K-S) OR [20]:

{1 1 1}γ // {0 1 1}α′

⟨1 0 1⟩γ // ⟨1 1 1⟩α′
(2.4)
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and the Nishiyama-Wassermann (N-W) OR [22, 23]:

{1 1 1}γ // {0 1 1}α′

⟨1 0 1⟩γ 5.26° from ⟨1 1 1⟩α′
(2.5)

Further X-ray diffraction measurements by Greninger et al. [24] on Fe-22%Ni steels yielded

the Greninger–Troiano (G-T) OR:

{1 1 1}γ // {0 1 1}α′

⟨1 0 1⟩γ 2.5° from ⟨1 1 1⟩α′
(2.6)

and later work by Pitsch [25] using electron microscopy on thin films of Fe-1.5wt.% N

yielded the Pitsch OR:

{1 0 0}γ // {0 1 1}α′

⟨0 1 1⟩γ // ⟨1 1 1⟩α′
(2.7)

With both X-ray diffraction and transmission electron microscopy (TEM) techniques,

the electron or X-ray diffraction patterns from both the parent γ and child α′ phases

are indexed to determine the relative orientations of the diffracting grains, from which

the orientation relationships were determined [26]. It follows from this list of disparate

orientation relationships that no single orientation relationship represents the γ → α′

transformation. Indeed, the exact OR that is expressed can depend on alloy chemistry (such

as the tetragonality of the α′ phase [21]), temperature [27], γ → α′ transformation route

[26] and the local crystallographic environment [25, 28]. Since their respective discoveries,

each OR provided here has been thoroughly verified through independent observation with

a variety of diffraction-based techniques [26, 28, 29].
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Habit plane

As the γ → α′ transformation begins at specific nucleation sites in the parent phase and

travels throughout the microstructure, an interface must exist between the γ and α′ phases

during the transformation. Jaswon et al. [30] discovered that for the habit plane to be

glissile during the transformation, and to minimise the interfacial energy, the habit plane

would have to remain unrotated during the martensite transformation. By taking these

observations into account and using the transformation shears defined by Kurdjumov–Sachs,

a search for unrotated habit planes yielded the {1 1 1}γ set of planes, as well as a change

in the active habit plane with increasing carbon content to the {2 2 5}γ planes.

Martensite variants

As a natural consequence of the symmetry of the γ and α′ lattices, there are multiple

possible orientations of an α′ grain satisfying an orientation relationship with its γ parent.

The number of possible variants differs depending on the OR in use, as per Table 2.1.

Orientation relationship Number of variants

Kurdjumov-Sachs 24
Nishiyama-Wassermann 12
Greninger-Troiano 24
Pitsch 12

Table 2.1: Number of possible crystallographic variants for each type of γ → α′ orientation
relationship. After Tari et al. [31].
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2.1.3 Deformation-induced martensitic transformations

As previously eluded to, although the γ → α′ transformation does not occur spontaneously

at temperatures above MS, other sources of energy can combine with the free energy

difference to overcome the transformation cost. First observed by Scheil [32], deformation

of the steel can provide this energy – martensite created in this way is generally referred to as

deformation-induced, and this class of transformations as Deformation-Induced Martensitic

Transformations (DIMTs). Scheil also found that the amount of stress needed to initiate

the transformation is temperature dependent, and that an increase in temperature results

in an increase in the stress required for a transformation to occur. As demonstrated by

Figure 2.3, at a given temperature T , there is an associated work done by the applied

stress, U, that is combined with the free energy difference at that temperature, ∆Gγ→α
′

T ,

to overcome the energy barrier for transformation. Patel et al. [33] thereby provided

an equation to describe the conditions that must be met for martensite formation to

begin:

∆Gγ→α
′

T + U ≥ ∆Gγ→α
′

MS
(2.8)

It follows that there should be a relationship between the temperature and the amount of

applied deformation required to induce transformation – at temperatures just above MS,

the degree of required deformation is small, and increases with increasing temperature, as

∆Gγ→α
′

T decreases. This was indeed identified by Olson et al. [34], and Figure 2.5 shows

the relationship between the level of stress applied (σ) and the effective MS temperature.

At applied stresses less than the yield stress (σy), a linear relationship exists between the

applied stress and MS, as expected from the free energy curves in Figure 2.3. Within

this applied stress range, martensite created by deformation is typically referred to as
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Figure 2.5: Diagram of how the effective MS temperature changes with the level of
applied stress (σ). After Olson et al. [34].

"stress-assisted". At applied stresses above σy , a non-linear relationship occurs between

the applied stress and MS, indicating a change in transformation mechanism – martensite

formed in this region is usually described as "strain-induced", which will be the mechanism

of focus for the remainder of this work.

2.1.4 Epsilon martensite

In the early 1950s, an additional martensite phase was discovered for the first time in

cryogenically-deformed stainless steels by Binder [35] using X-ray diffraction (XRD). This

new phase had a hexagonal-close-packed microstructure [36], and was often observed to

form transitionally alongside α′ during deformation, decreasing at higher plastic strains [37].

This new phase, usually called ε-martensite, was therefore proposed to be an intermediary

step in the formation of α′, acting as a nucleation site in the "strain-induced" region

as previously mentioned [36, 38]. The development of transmission electron microscopy

(TEM) enabled much more detailed measurements of this transitional phase [39–42] which
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confirmed that ε was created as an intermediary step in the γ → α′ transformation,

leading to an overall γ → ε→ α′ transformation. The underlying crystallography of this

γ → ε→ α′ transformation will now be explored in more detail.

Transformation mechanism

Venables [39] identified the exact mechanism of the γ → ε → α′ transformation (as

demonstrated in Figure 2.6), observing α′ nucleation at the intersection of two "shear

bands" (consisting of a mixture of stacking faults and ε) on different {1 1 1}γ planes. This

shear band interception model was rigorously codified in a series of papers by Olson et al.

[34], Bogers et al. [43], and Olson et al. [44–47], forming the Bogers-Burgers-Olson-Cohen

model, or BBOC.

In the BBOC, slip works cooperatively on multiple {1 1 1}γ planes to facilitate the overall

γ → α′ transformation. In one {1 1 1}γ plane, in this case the (1 1 1)γ plane, every second

(1 1 1)γ plane is sheared by a aγ
6
[2 1 1]γ partial dislocation (labelled as T/2). In the (1 1 1)γ

plane, every third (1 1 1)γ is sheared by a aγ
6
[2 1 1]γ partial dislocation (labelled as T/3).

Venables described the crystallography of the γ → ε transformation as a sequence of

a
6
⟨1 1 2⟩ Shockley partial dislocations (via the dissociation of a

2
⟨1 1 0⟩ perfect dislocations

[48]) on every second {1 1 1}γ plane. This leads to the ABCABCABC stacking of the

FCC austenite unit cell transforming to ABCACAB stacking – the CACA stacking order is

identical to the atomic arrangement of the hexagonal close-packed (HCP) ε unit cell [49].

This transformation sequence exactly matches the T/2 sequence described by Olson et al.

[34]. Due to the crystallography of the transformation, there exists a single orientation

relationship between the γ and ε phases, first identified by Shōji [50] and Nishiyama [22],
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Figure 2.6: α′ nucleation at the intersection of ε shear bands. Used with permission from
Olson et al. [34].

hereby referred to as the Shōji-Nishiyama (S-N) OR:

{1 1 1}γ // {0 0 0 1}ε

⟨1 1 2⟩γ // ⟨1 1 0 0⟩ε
(2.9)

As a consequence of this OR, there also exist a number of possible crystallographic ε
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variants, as there are for α′ as mentioned in Section 2.1.2. The Shōji-Nishiyama OR

provides four possible variants [51].

Due to the intermediate nature of the γ → ε transformation, a detailed understanding of

the ε formation process is crucial to better understand the DIMT overall. Olson et al. [44]

connected shear band density to both the level of applied strain and the volume fraction of

transformed martensite via Equation 2.10:

f α
′
= 1− exp {−β [1− exp (−αϵ)]n} (2.10)

where f α
′
is the volume fraction of α′ in the material, ϵ is the applied plastic strain, and

α, β, n are constants. Olson et al. used this equation to successfully predict the amount of

α′ formed as a function of applied strain, matching experimental data previously collected

by Angel [52]. The ability of shear band intersections to act as preferential α′-martensite

initiation sites also explained the sudden change in the stress-temperature relationship

observed in Figure 2.5 once the applied stress exceeds the yield stress, as the shear band

intersections reduce the required energy for transformation [53]. The BBOC has prevailed

to this day as an accepted model of one possible transformation pathway in strain-induced

martensite formation. A large body of work has since verified the nucleation of α′ at

shear-band intersections containing ε [54–58]. More recent direct observations of the

intermediate γ ′ lattices created during the T/2 and T/3 shears have verified the atomic

movements proposed by Olson et al. for the first time [28].

The next section of this literature review will demonstrate that a γ grain’s overall stability

against deformation-induced transformation can be influenced by a number of material

properties such as grain size, orientation and immediate spatial neighbourhood. The ability

to detect the formation of ε as an intermediary DIMT phase in a large number of grains is
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therefore highly desirable to probe austenite grain stability as a function of these material

properties. Reliable models of austenite grain stability are required to accurately predict the

mechanical properties of TRIP steels [59] – a better understanding of how austenite grain

stability is related to these properties can then be exploited via both more sophisticated

alloy design decisions through careful modifications of texture, grain size and morphology

as well as more detailed structural integrity predictions.

2.1.5 Grain stability against transformation

Early studies by Otte [37] and Cina [38] suggested that the stability of the γ phase against

transformation was variable, and could be modified by changing the alloy chemistry. Otte

[37] and Cina [38] showed a dependence between ε formation and Ni and Cr content,

suggesting a link between γ grain stability and the stacking fault energy (SFE) of the alloy.

Further work by Venables [39] and Breedis [60] explicitly identified a link between martensite

morphology and SFE, and this was expanded in a PhD thesis by Dunning [61], who showed

a link between a low SFE and the formation of ε. Lecroisey et al. [42], Latanision et al.

[62], and Staudhammer et al. [63] linked these relationships to temperature-dependent

α′ morphologies and the varying presence of ε by determining the relationship between

temperature and the SFE. Schumann [64] reinforced these conclusions by showing that

alloys with different SFEs exhibited different transformation pathways, and that SFEs above

a critical value would entirely suppress the γ → ε pathway, thereby promoting the direct

γ → α′ transformation.

Stacking fault energy

Recent studies have explored the idea that the austenite grain stability against transformation

is strongly affected by the stacking fault energy (SFE) [48, 65–70]. Recent conclusions

by Tian et al. [66] also proposed a continuum of transformation pathways based on the

SFE of the alloy in question. This was accomplished by varying the Ni content of a series

Page 17



Chapter 2. Background and Literature Review 2.1. Martensite

of austenitic Fe−Cr−Ni alloys to effectively modify the SFE, leading to the morphology-

SFE relationships outlined in Figure 2.7. Further work by Tian et al. [69] has developed

Figure 2.7: Relationship between transformation pathway and stacking fault energy. From
Tian et al. [66].

this understanding by exploring the differences between the morphologies of martensites

formed from deformation vs athermal transformations (i.e. quenching). Tian et al. found

a relationship between the morphology of athermal and deformation-induced martensite

for alloys with a very low SFE. When the stacking fault energy is very low, the stability

(against transformation) of the γ phase is low, and α′ can form autocatalytically – this

usually occurs at a grain boundary and spreads throughout the γ parent grain, generating

a "blocky" α′ microstructure. This process can occur without the need for shear bands or

ε martensite, reinforcing earlier observations by Mangonon et al. [41], Murr et al. [58], and

Staudhammer et al. [63]. This α′ morphology is therefore observed in both deformation

and athermal-induced martensite, due to the lack of a requirement for substantial plastic

strain. This autocatalytic transformation route has also been observed in situ at high levels

of strain with synchrotron X-ray diffraction [71].

In alloys with a slightly higher SFE, "blocky" α′ only occurs inside or near shear bands
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and shear band intersections, due to the stress concentrations they provide. ε can still

form readily within shear bands at these low stacking fault energies, and assists with α′

nucleation. When the SFE is increased even further, α′ is only found within shear bands

near ε, which is also somewhat suppressed due to the increasing cost to create the faulted

T/2 structures. Finally, at high stacking fault energies, ε is almost entirely suppressed, and

shear bands now largely consist of twinning. At this stage, α′ occurs only at shear band

intersections, and therefore has a very restricted morphology.

Grain size

An early TEM study by Rigsbee [72] proposed a link between γ grain stability and γ

grain size – by subjecting low-alloy steels containing retained austenite to a range of

strains from 0% to 20%, Rigsbee observed that the size of un-transformed retained γ

tended to decrease with increasing applied strain. Rigsbee attributed this relationship

to the surface-area to volume ratio, postulating that the larger relative surface area of

smaller γ grains would constrain them better against the shape changes required during

a transformation. Follow-up work by Rao et al. [73] using TEM with in-situ deformation

confirmed this relationship and reiterated the surface-area to volume ratio as the cause of

the effect. These findings were supported in an investigation by Goel et al. [74] who also

observed a link between γ stability and the starting microstructure – quenched samples with

a much finer γ grain size experienced greater stability than samples subjected to subsequent

tempering, which had a larger γ grain size. Since the 1990s, many studies have verified

these findings and explored the link in more detail [13, 15, 75–85]. Of particular interest is

recent work by Somani et al. [86] on ultra-fine-grained (UFG) austenitic stainless steels,

who found that below a critical grain size of around 1 µm, austenite grain stability seemed

to decrease. This was also observed by Maréchal [83] and Kisko et al. [84], who attributed

the effect to a change in transformation pathway in ultra-small grains from γ → ε→ α′ at
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shear bands to direct γ → α′ at grain boundaries. More experimental evidence of this was

found by Sohrabi et al. [15], who has also performed a recent review on this topic [76] –

the reader is referred there for an extended analysis of this phenomenon. Recent work by

Toda et al. [87] has observed increased austenite stability in grains larger than 2.5 µm in

diameter, contrary to most prior work in this area, suggesting that the relationship between

grain size and stability is still not entirely understood.

Grain orientation

It is well established that austenite grains with certain orientations with respect to the

loading axis are less stable against transformation than others – this is typically called the

"Magee effect" after its discoverer [88]. This has been well supported by recent in-situ

studies [82, 89–91]. It is evident from the crystallography of the γ → ε transformation

mechanism previously described that the exact stress state applied to the grain must be

considered to predict the shears necessary to form the ε lattice. This was indeed observed

by Hedström et al. [89], who used in-situ 3DXRD to find ε formation in a grain, which had

the highest Schmid factor for the {1 1 1}⟨1 2 1⟩γ slip system. This orientation dependence

will be explored in more detail in Section 2.1.6.

Grain neighbourhood

The influence of a grain’s neighbourhood on the stress state of the grain has been considered

an important factor in crystal plasticity models since the early 2000s [92–94]. It is generally

accepted from these modelling studies that the stress state of a central grain can be

significantly modified by neighbouring grains, especially if there is a substantial discrepancy

in grain "hardness" (the ability of a grain to slip) between a central grain and its neighbour.

This effect is amplified when the number of available slip systems is reduced, as is the

case in crystallographic systems with reduced symmetries [94]. These effects are still the

subject of simulation studies today – the reader is referred to recent work in this sector by
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Diehl et al. [95], Bretin et al. [96], Gupta et al. [97], Christodoulou et al. [98], and Stopka

et al. [99].

The development of advanced characterisation techniques such as Electron Back-Scatter

Diffraction (EBSD) and 3DXRD have enabled both ex- and in-situ experimental measure-

ments of grain neighbourhood effects in a variety of polycrystalline systems [91, 100–108].

A number of experiments have found that neighbourhood effects play a role in alloy sys-

tems that exploit a DIMT. This is usually due to the difference in mechanical properties

between the retained austenite and ferrite causing strain partitioning and localisation.

Calcagnotto et al. [109] and Dillien et al. [110] both used ex-situ EBSD to identify the

effect of martensitic transformations in retained austenite grains on the surrounding ferrite

matrix. These studies found that ferrite grains with a high number of (originally) retained

austenitic neighbours possessed a high degree of work hardening, which was attributed to

the martensite transformation itself. Kang et al. [111], Marteau et al. [112], and Tasan

et al. [113] all used in-situ electron microscopy to study strain partitioning, also finding that

grain neighbourhoods created and influenced strain heterogeneity in the microstructure,

with increased stresses observed in grains neighbouring martensitic regions. Some evidence

of grain neighbourhoods modifying the evolution of elastic strain was also observed in

early 3DXRD studies by Hedström [114]. Follow-up work by Hedström et al. demon-

strated a potential neighbourhood-induced martensitic transformation at high applied strain

levels, where α′ embryos in surrounding γ grains initiated autocatalytic transformation

[71]. Jimenez-Melero et al. [104] and N. Li et al. [105] both found evidence of grain

neighbourhood effects using in-situ X-ray deformation studies – lattice strains in the parent

γ grains decreased as α′ was formed, and strains in the neighbouring ferrite grains increased

as a result.

There is also some evidence that grain neighbourhoods influence the chosen α′ orientation
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variant. It is generally accepted that α′ variant selection is driven by the need to reduce

the internal energy of the system as much as possible [115] – this is usually determined

by measuring the amount of transformation work expended, which is a function of the

grain’s orientation relative to the applied load direction (this is expanded in Section 2.1.6).

However, recent computational and experimental research has shown that the orientation

of grain neighbourhoods can influence the variant of α′ that forms due to the anisotropy

associated with stored elastic energy in neighbouring γ grains [77, 116–119].

Studies that directly explore the effect of grain neighbourhoods on austenite grain stability

are rare, likely due to the difficulty required in measuring these phenomena in situ. Recent

work by Toda et al. [87] has identified significant variability in austenite grain transformation

behaviour, which has been tentatively attributed to strain localisation in the immediate

grain neighbourhood. Morphological characterisations by Oh et al. [120] and Xiong et al.

[121] have proposed that retained γ surrounded by a harder bainitic/martensitic matrix

is more resistant to transformation due to increased hydrostatic strains in the matrix,

preventing martensitic transformation. However, Tomota et al. [122] and Tirumalasetty

et al. [123] have proposed the opposite, finding that retained γ grains embedded in larger

ferrite grains are more stable due to the ferrite accommodating a significant rotation of the

γ grain via plastic flow. This conclusion is supported by recent work by Kang et al. [13],

who used in-situ EBSD and synchrotron XRD to characterise the deformation behaviour of

a TRIP-assisted steel alloy – they found decreased stability in γ grains surrounded by a

bainitic/martensitic matrix, and increased stability for γ grains surrounded by ferrite, which

they attributed to heterogeneous plastic flow modifying the martensitic transformation

behaviour. Recent work on shape-memory alloys (which also possess a DIMT) by El

Hachi et al. [101] found a significant grain neighbourhood effect, where grains oriented to

transform early (similar to the Magee effect previously introduced) promoted martensitic
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transformations in neighbouring grains that were oriented poorly to transform.

It is apparent from the studies presented that the picture of austenite grain stability is

extremely complex and sometimes self-contradictory – further experimental data, preferably

on a statistically significant number of grains, is sorely needed. The first major aim of this

study is therefore proposed:

1. Characterise the DIMT transformation in-situ using postulated orientation rela-

tionships by identifying the presence of ε as an intermediary phase. Investigate

the dependence of austenite grain stability on properties such as applied stress,

grain orientation and neighbourhood configuration.

2.1.6 Transformation stress

From the overview of the DIMT thermodynamics provided in Section 2.1.3, it is clear that

for a given temperature, there is a critical amount of work done by an external applied

stress in order for the γ → α′ transformation to take place. It follows that there must be

a critical stress state experienced by each grain to transform. The type of applied stress

must also be considered, as it is clear from the crystallography that atomic movements in

specific directions are required to facilitate the transformation.

Early explorations of the DIMT by Scheil [32] characterised the required stress as a shear

along the habit plane, to support the prevailing crystallographic theories of the martensite

transformation at the time by Bain, Kurdjumov et al. Subsequent explorations of the DIMT

by Kulin et al. [124] reinforced these concerns – Kulin et al. subjected a bar of austenitic

stainless steel to uniform bending, and observed that martensite was only formed within the

region of the bar experiencing tensile stress – the compressive region was martensite-free,

despite the magnitude of the shear stress components being the same in the tensile and

compressive regions. This indicated that the martensite transformation was also sensitive
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to the sign of the stress normal to the habit plane, as well as shear within the habit plane.

Further work by Patel et al. [33] developed this idea by expressing the work done U as a

function of a uniaxial applied stress:

U =
1

2
γ0σ sin (2θ)±

1

2
ϵ0σ (1 + cos (2θ)) (2.11)

where γ0 and ϵ0 are the shear and normal components of the transformation strain in the

habit plane respectively, σ is the applied stress, and θ is the angle between the applied stress

axis and the normal to the habit plane. This was since extended to a tensorial definition in

a transformation work based variant prediction model proposed by Humbert et al. [51] and

S. H. Lee et al. [125] – given an applied stress tensor in the sample reference frame, ffs ,

we first rotate to the grain Cartesian reference frame:

ff‚ = Ts→‚ffsT
⊺
s→‚ (2.12)

We now proceed using the γ → ε transformation as an example. Due to the symmetry of

the γ and ε lattices, there are 4 possible ε martensite variants within a single γ grain when

using the S-N OR [51]. Then, given a deformation tensor associated with each martensite

variant in the austenite grain Cartesian reference frame D‚→"
‚ [105], we can construct the

associated strain tensor ›‚→"‚ :

›‚→"‚ =
1

2

(
D‚→"
‚ +D‚→"

‚
⊺)− I (2.13)

Now knowing both the strain tensor ›‚→"‚ and stress tensor ff‚, we can calculate the

transformation work by determining the stored elastic strain energy density. Following

a derivation in Kelly [126], we define a bar of elastic material of length L, and apply a

monotonically increasing uniaxial force of P along the x direction (the axis of the bar).
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The work done U during the complete extension from a force of 0 to P with an overall

extension of ∆ is defined as the area under the force-extension curve:

U =
1

2
P∆ (2.14)

The force P and extension ∆ are related by the Young’s modulus E and cross-sectional

area A such that:

∆ =
PL

EA
(2.15)

therefore:

U =
1

2

P 2L

EA
(2.16)

If we now consider a volume element within the bar with edge lengths dx , dy , and dz ,

the force P experienced by the element can be described by the product of the uniaxial

stress on the bar σxx and the cross-sectional area of the volume element A = dydz such

that:

P = σxxdydz (2.17)

therefore:

U =
1

2

(σxxdydz)
2
dx

Edydz
(2.18)

assuming the volume element increases in length by dx . This cancels to:

U =
1

2

σ2xxdxdydz

E
(2.19)

and we can now define the strain energy per unit volume u by dividing by the volume of

the element dxdydz :

u =
1

2

σ2xx
E

(2.20)
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Now, using the definition of the Young’s modulus E, we can write the strain energy

density:

u =
1

2
σxxϵxx (2.21)

This can be generalised across the full stress and strain tensors to calculate the transfor-

mation work U [51]:

U =
1

2
ff‚ : ›

‚→"
‚ =

1

2
σγijϵ

γ
ij (2.22)

From this equation, we can determine the variant of ε most likely to transform in each γ

grain by calculating the associated transformation work, U, for each variant, then taking

the value that reduces the internal energy of the system as much as possible [115]. This

has been further verified experimentally in recent work by N. Li et al. [105], who validated

the minimum strain work criterion for a small number of grains deformed in situ. However,

more recent studies by Yamashita et al. [117], Tomida [118], and J. Wang et al. [119]

have found grains that deviate from the predictions of the minimum strain work criterion

model proposed by Humbert et al. [51], which has been attributed to local neighbourhood

interactions, indicating the need for further exploration of this phenomenon. The second

major aim of this study is therefore proposed:

2. Evaluate the accuracy of the minimum strain work criterion model for a large

number of grains by both identifying and predicting martensite variants formed

in situ.

Modern TRIP steel alloys have been developed via careful manipulation of alloy chemistry

and processing routes. While the transformation work U is solely a function of the

transformation strain (itself a crystallographic property) and applied stress, the stability of

the austenite grain itself (from the thermodynamic driving force to transform) is variable,

and dependent on a number of underlying material parameters previously discussed such as
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γ grain size, stacking fault energy, and local grain neighbourhoods. By carefully controlling

these parameters, TRIP steel alloys effectively adjust the austenite grain stability against

martensite transformation to suit the desired mechanical properties of the material.

2.1.7 How TRIP steels exploit the DIMT

Bressanelli et al. [127] and Zackay et al. [128] initially characterised the effects of the

DIMT on the structural properties of steels and demonstrated a beneficial effect of the

DIMT on the mechanical properties of the material. The primary barrier to increasing the

ductility of austenitic steels is their relatively poor work hardening capability [129, 130],

which limits the ability of the material to compensate for the stress increase caused by the

reduction in area during deformation – Bressanelli et al., Zackay et al. identified that the

DIMT significantly increases the work hardening rate of austenitic stainless steels, thereby

substantially increasing their ductility [131].

Since this discovery, substantial effort has been expended to incorporate the TRIP effect

into engineering alloys. Modern TRIP steel alloys possess both impressive strength and

ductility compared to more traditional steel alloys, as demonstrated in Figure 2.8, where

Ag and A80 represent the uniform and total ductility respectively, Rm and Rp0.2 represent

the yield and ultimate tensile strength respectively, and n4–6 and n10–20 represent strain

hardening exponents.

Composition and microstructure

Table 2.2 provides a comparison of the composition of modern TRIP steel alloys [133].

TRIP-assisted steels are processed with an intercritical annealing procedure, where a steel

sheet is held in the α+γ phase field, followed by an isothermal bainitic hold at temperature,

then cooling [140]. This produces a dual-phase α+ γ microstructure. γ segregates into a

mixture of epitaxial α and high-carbon γ [141]. Some of this γ then further transforms

into bainite, further increasing the carbon content of the remaining γ. The remaining γ is
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Figure 2.8: Comparison of mechanical properties of TRIP steel, dual-phase (DP) steel and
complex-phase (CP) steel. Used with permission from Spenger et al. [132].

then more stable and therefore retained during cooling to room temperature. The final

microstructure of the material, as shown in Figure 2.9, typically consists of retained γ and

carbide-free bainite grains, embedded in an allotriomorphic α matrix.

Figure 2.9: Typical TRIP steel alloy microstructure. After Chen et al. [136], reproduced
with permission from Springer Nature.
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C Si Mn Al P Nb Mo Source

0.38 1.53 0.83 0.007 Matsumura et al. [134]
0.18 2.0 1.5 0.037 0.015 Sugimoto et al. [135]
0.19 2.48 1.49 0.036 0.014 Sugimoto et al. [135]
0.14 0.53 1.57 0.204 Chen et al. [136]
0.22 1.55 1.55 0.028 0.035 Jiao et al. [137]
0.20 1.47 1.51 0.028 0.004 0.047 0.2 Hashimoto et al. [138]
0.21 1.49 1.49 0.028 0.005 0.017 0.1 Hashimoto et al. [138]
0.14 1.49 1.51 0.04 0.0012 S.-J. Kim et al. [139]

Table 2.2: Typical chemical compositions (wt.%) of TRIP-assisted steels.
Produced by Chatterjee [133].

In order to take full advantage of the TRIP effect, it is essential that adequate in-situ

measurements are taken of the DIMT – this aids the development of accurate models

of austenite grain stability, and enables the precise tailoring of alloy compositions and

processing routes to achieve mechanical property targets. We will now explore how the

DIMT is measured in situ in more detail.

Quantifying the transformation

Over the years, the DIMT has been quantified with a range of different measurement

techniques. Early attempts to accurately model the DIMT relied on ex-situ microscopy

performed on samples deformed to a range of strain targets [33, 40, 52]. Ex-situ X-

ray diffraction has long been used to quantify the volume fraction of each phase in

DIMT steels as a function of external strain [139, 142–147]. Ex-situ TEM has also

been crucial for determining the exact transformation mechanics employed in the DIMT

[33, 39, 40, 63, 148]. However, studies that employ in-situ quantification of retained

austenite as a function of strain are rarer. This is primarily due to technological limitations

– combining X-ray diffraction with in-situ deformation requires a large diffractometer which

can support the deformation rig. Such experimental hardware is rare in laboratory-based

X-ray diffractometers (although not impossible, see Zwaag et al. [149]), which typically
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employ surface-based methods to capture a one-dimensional diffraction pattern. The

development of second- and third-generation X-ray synchrotrons in the 1990s led to a

significant increase in X-ray flux and energy. This enabled the coupling of synchrotron

high-energy X-ray diffraction (SXRD) with in-situ strain on bulk-thickness metals.

2D area detector

BeamstopTensile
dogbone
sample

Incident
X-ray beam

Illuminated
volume

2θ

Diffracting
X-ray beam

σ

σ

Debye-Scherrer
rings

Figure 2.10: Simplified experimental diagram of synchrotron X-ray diffraction (SXRD).

A diagram of a typical in-situ SXRD experiment is provided for reference in Figure 2.10.

The sample is placed within a load frame and illuminated for several seconds with a

monochromatic high-energy X-ray beam (routinely up to 100 keV). The direct beam is

blocked by a beamstop after it passes through the sample. The incident X-ray beam

will diffract on different crystallographic planes within different grains in the illuminated

volume, creating an array of diffracted rays that form a sequence of nested cones called

Debye-Scherrer rings. These diffracted rays meet a two-dimensional area detector placed

down-beam after the beamstop. When the applied load is changed, the accumulated elastic
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and plastic strain within the lattice of the grains will modify the location and intensity of

the diffracted signal on the detector, thereby allowing lattice strain to be measured as a

function of applied strain. The creation of new phases via heating, cooling or a DIMT will

create new diffraction cones with different 2θ angles – the intensity of these new peaks

can be used to quantify the phase fraction of the new phase, relative to the bulk phase

of the material. Since its inception, the SXRD technique has been very widely applied to

explore the DIMT in-situ [67, 91, 101, 104, 105, 114, 149–166].

In-situ neutron diffraction was also used for the first time in the early 2000s to characterise

in-situ TRIP deformation [167], which has since also enjoyed widespread use [122, 156,

168–171]. The recent development of in-chamber tensile testing apparatuses has also

enabled the use of in-situ EBSD for characterising the DIMT, allowing grain morphologies

and phase transformations to be directly measured at sub-micron resolutions [13, 119,

172–180].

Selected works of significance from this list will now be explored in more detail. Early

studies by Zwaag et al. [149] and Kruijver et al. [158, 163] are the first explorations of

the DIMT with in-situ deformation using SXRD. These studies primarily confirmed prior

experimental work showing a link between austenite grain stability and carbon content –

austenite grains with less carbon were shown to be less stable against transformation. A

previously measured orientation dependence [88] was also observed, with grains in certain

orientations transforming to martensite earlier than others. Pioneering in-situ work was

carried out by Hedström [114] – for the first time, 3DXRD was applied to a DIMT steel to

study the evolution and transformation of a small number of individual austenite grains

in a metastable stainless steel. Both ε and α′ transformations were detected in individual

grains by associating diffraction spots to the parent γ grain via the predicted orientation

relationships previously described. In addition, a complicated α′ nucleation procedure was
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observed that depended on the level of applied stress, where α′ initially nucleated directly

from γ at dislocation pileups rather than at shear bands. At higher levels of deformation

(>60% strain), α′ was observed to grow in bursts – this was attributed to α′ embryos

promoting autocatalytic α′ formation in neighbouring grains [71]. This has since also been

observed with 3DXRD in shape-memory alloys with a DIMT [101]. The first in-situ DIMT

X-ray diffraction study that captured the morphology of individual grains was performed by

N. Li et al. [105], who were able to evidence the two-stage γ → ε→ α′ transformation via

the direct detection of orientation relationships between grains of different phases. Similar

validations of the two-stage transformation were performed using 3DXRD by Tian et al.

[67], albeit under cooling rather than in-situ deformation. These data were also able to

verify the minimum strain work criterion as a good predictor for the choice of martensite

variant, although the number of grains considered was minimal due to the limitations of the

micro-diffraction technique employed. Subsequent work by Tian et al. [152] used SXRD

with in-situ deformation to observe both γ → ε → α′ and γ → α′, and directly linked

the work hardening behaviour of TRIP-assisted duplex stainless steels to the stability of γ.

Recent work by Neding et al. [91] has also used 3DXRD to characterise the DIMT in an

austenitic stainless steel – by coupling this with line-profile analysis of individual diffraction

spots, they were able to identify orientation-dependent stacking faults in individual retained

γ grains. They found that grains oriented with [1 0 0] parallel to the loading direction tended

to form stacking faults more easily, potentially supporting prior observations by Blondé

et al. [164] who found that austenite grains oriented in this way transformed preferentially

under an applied stress.
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2.1.8 Summary

The deformation-induced martensite transformation of metastable austenite is complex.

Multiple transformation pathways are possible, both with and without intermediary phases.

There are multiple parameters that modify austenite grain stability against transformation,

including grain size, orientation and neighbourhood configuration. Whilst some in-situ

studies have explored these dependencies on an individual grain scale, they have usually

only been performed on a small number of grains, primarily due to technological limitations.

As such, it is hard to accept that a broad consensus has yet been reached on how austenite

grain stability is influenced. In-situ or quasi-in-situ techniques are essential for resolving

these unanswered questions. In this study, coupling in-situ techniques that provide bulk

mesoscale effects, such as 3DXRD, with in-situ two-dimensional techniques that give

sub-grain information such as in-situ EBSD, can enable the exploration of such phenomena,

giving world-first insights. However, 3DXRD is a non-trivial technique, posing significant

data collection, reduction and post-processing challenges that must be tackled to provide

such capabilities. The third major aim of this study is therefore proposed:

3. Establish 3D X-Ray Diffraction at Diamond Light Source, to enable advanced

in-situ characterisation of polycrystalline samples.

With 3DXRD established as a workable measurement technique, an important next step is

to determine the limitations and capabilities of the technique when applied to materials

science challenges. The decision was therefore made to apply 3DXRD to explore grain

neighbourhood effects in a simple BCC steel system, to determine whether such effects

could be observed in a polycrystal with cubic symmetry, as they were in hexagonal systems

[108]. This study would provide a useful platform to implement in-situ 3DXRD at Diamond

Light Source, and develop sophisticated data analysis procedures to track the evolution of
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the strain states of individual grains under deformation. The fourth major aim of this study

is therefore proposed:

4. Use far-field 3DXRD at Diamond Light Source to investigate grain neighbour-

hood effects in cubic systems.

As can be seen in Figure 2.9, the final microstructure of typical TRIP steel alloys is

complicated, consisting of multiple phases, each with their own morphologies and mechanical

properties. To gain an increased understanding of the underlying mechanisms and kinetics

behind the DIMT, it is often easier to use simpler alloy systems that also exhibit a DIMT,

such as metastable austenitic stainless steels [160, 169, 181], as a simpler analogue.

304L stainless steel provides a homogeneous metastable austenitic microstructure which

performs this duty well, and has been widely used in recent DIMT studies [49, 170, 182,

183]. However, 304L does not produce substantial volume fractions of martensite (>20%)

below applied strains of around 20%. This is outside of the workable strain range for

traditional far-field 3DXRD measurements, as the grain orientation spread caused by the

accumulated plastic deformation significantly impedes the ability to identify individual

diffraction spots and associate them to grains (see Section 2.2 for more information). It

was therefore necessary to produce a modified alloy based on the 304L composition, with

significantly reduced γ grain stability, to promote the martensite transformation at much

lower applied strains Having a different composition and therefore microstructure, the

new alloy system will have to be extensively characterised to understand the as-received

microstructure, including the balance of phases and grain morphology. To facilitate this,

a complimentary laboratory-based X-ray diffraction technique can be employed to probe

the position, orientation and morphology of strain-free samples – this technique is called

laboratory diffraction-contrast tomography (DCT), and will be explained in more detail in

Section 2.3.
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The fifth, sixth and seventh major aims of this study are therefore proposed:

5. Develop a modified 304L-based alloy system to explore the DIMT at low applied

strains.

6. Characterise the as-received condition of the new alloy using laboratory-based

DCT.

7. Utilise 3DXRD and EBSD to carry out advanced in-situ characterisations of

the DIMT in the modified alloy system.

Now that the requirement for 3DXRD to measure the DIMT has been established, the

technique will now be explored in some detail, although the reader is referred to Sec-

tions 4.2, 4.3 and 4.4 for a more in-depth exploration of the data collection and analysis

methodology.
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2.2 Three-Dimensional X-Ray Diffraction
Three-Dimensional X-ray Diffraction (3DXRD) is a synchrotron-based measurement tech-

nique initially developed by a research group at the Risø National Laboratory Poulsen et al.

[184]. 3DXRD utilizes high-energy monochromatic X-rays from a synchrotron to determine

the per-grain orientations, positions, relative volumes and strain states of a large number

of grains within a polycrystalline material. Due to the speed and non-destructive nature of

the technique, it can be used to measure the material response, at a per-grain scale, to

changes in temperature, pressure, or applied stress. Since the inception of the technique,

it has been used to measure a wide range of materials. 3DXRD has been implemented

at several synchrotrons around the world, including the European Synchrotron Radiation

Facility (ESRF) [185, 186]; the Advanced Photon Source (APS) [187, 188]; Cornell High

Energy Synchrotron Source (CHESS) [189]; SPring-8 [190]; PETRA III [191]; and SOLEIL

[192].

2.2.1 Experimental setup

The basic experimental setup for far-field 3DXRD follows the configuration outlined in

Poulsen [186]. 3DXRD adopts an experimental layout not dissimilar from conventional

synchrotron XRD (SXRD) experiments. As Figure 2.11 shows, a polycrystalline sample

is placed on a goniometer in the path of a monochromatic X-ray beam. Within the

illuminated sample volume, certain crystallographic planes within a subset of grains from

the polycrystal aggregate will fulfil the Bragg condition, depending on the orientation of the

grain with respect to the beam path. These grains will strongly diffract the incident X-ray

beam at specific 2θ angles with respect to the beam axis, depending on the interplanar

spacing (d-spacing) and incident beam energy. A two-dimensional area X-ray detector is

placed down-beam of the sample, such that these diffracted beams are intersected, and

appear on the detector image as spots or "peaks" with intensities significantly above the
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Figure 2.11: Simplified experimental diagram of Three-Dimensional X-ray Diffraction
(3DXRD).

background level. The primary difference between 3DXRD and SXRD (powder diffraction)

is the number of simultaneously-illuminated grains. In powder diffraction, many thousands

of grains are illuminated simultaneously, causing these peaks on the detector to merge

together into continuous Debye-Scherrer rings as shown in Figure 2.10. In 3DXRD, the

number of simultaneously-illuminated grains is significantly reduced (by decreasing the

beam size and/or increasing the grain size) to ≲1000, to ensure that the diffracted peaks

on the detector remain discrete. As in SXRD, the direct beam down-beam from the sample

is blocked by a beam-stop to avoid causing damage to the detector. The position of

the peaks on the detector will depend on the exact position and orientation of a grain.

Any elastic strain within the grain will change the lattice spacing of the set of diffracting

planes, which will also modify the peak position. By carefully measuring the position of the
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detector peaks, these grain properties can be reconstructed, enabling the characterisation

of the polycrystal. To ensure all of the grains in the illuminated volume diffract, the

sample is typically rotated about the vertical axis as detector images are collected, to

bring various planes from different grains into the Bragg condition. The rotation angle,

ω, is recorded alongside each detector image to facilitate the reconstruction. A complete

rotation through ω in a single illuminated volume with an array of associated images and

ω angles is hereby referred to as a single "scan". Many different configurations of beam

geometry and scanning techniques are possible – the reader is referred to Poulsen [186] for

a detailed comparison of these configurations. Mode II 3DXRD as described by Poulsen

[186] was selected for this study, with a "letterbox"-shape beam – this means that the

beam is wide enough in y (as per Figure 2.11) for the entire sample to be illuminated, and

has a variable height in z , depending on how many simultaneously illuminated grains are

desired.

The primary limitation of 3DXRD is the number of grains that can be simultaneously

measured – if the illuminated volume contains too many grains, there will be too many

diffraction spots on the detector, and the peaks will start to overlap, making precise peak

extraction very difficult [186]. In in-situ deformation or heating experiments, multiple

3DXRD "scans" are usually collected at different load steps or temperatures. To increase

the volume of the sample probed by the technique, multiple scans can be recorded within a

single load step by translating the sample in z between scans – the resulting grain maps

can then be stitched together in a post-processing step [193]. This spot overlap limitation

also applies at high levels of plastic strain – plastic strain causes misorientation gradients

within each grain (mosaicity), which "smears" the spots on the detector [194]. At a critical

plastic strain value (depending on the number of simultaneously illuminated grains), spots

will begin to overlap, thereby limiting the maximum plastic strain that can be applied
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[195].

2.2.2 Data analysis

The data analysis procedure usually consists of three main steps: peak searching (where

the position and intensity of diffracted peaks in each image are extracted), indexing (where

the individual peaks are associated together by determining whether or not they originate

from the same grain), and refinement (where the precise positions of the peaks refine the

orientation, position and strain state of the grains) [186]. A variety of software packages

have been developed to carry out this procedure at different synchrotron institutions, such as

GRAINDEX [196] and later FABLE [197] and Grainspotter [198] at the ESRF, HEXRD [199]

at the APS, and MIDAS [200] at CHESS. The usual output from this analysis procedure is

a list of grains that each have a number of computed properties such as centre-of-mass

position, orientation, and strain tensor.

2.2.3 Applications to materials science

3DXRD has been applied to a wide range of materials science challenges in the last two

decades. Some key 3DXRD studies will be highlighted here, with a particular focus on

measuring the key phenomena of interest for this work – the reader is referred to two

excellent reviews by Poulsen [186] and J. V. Bernier et al. [201] for more widespread reviews

of implementations and applications of the technique.

Grain stress evolution

While some early studies performed measurements of specific components of the strain

tensor [202, 203], the first published complete in-situ strain tensor measurements were

performed by Aydıner et al. [204] in a commercial Mg alloy. The open-source release

of FitAllB by Oddershede et al. [195] enabled automated extraction of per-grain stress

and strain tensors with a tensor element resolution of ∼1× 10−4. FitAllB has since been

utilised in a number of studies to measure stress evolution in Cu [205], stress development
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around a crack [206], deformation twinning in Mg alloys [207, 208] and stainless steels

[209]. Other algorithms used for determining the strain tensor have also resulted in

sophisticated explorations of grain stress evolution with comparable resolutions [108, 210,

211]. Combining 3DXRD with analysis of individual peak profiles has also enabled some

analysis of per-grain plastic strain [91, 100, 212].

Multi-phase indexing and phase transformations

3DXRD has been extensively applied to the study of multi-phase materials and materials

that undergo phase transformations. Early work by Offerman et al. [213] proved that

3DXRD could be used to explore phase transformations in-situ, by measuring ferrite grain

growth in steel during in-situ slow cooling through the A3 line, although the details of

the experimental setup were not specified. Follow-up work by Jimenez-Melero et al. [79],

Offerman et al. [214], and Offerman et al. [215] on multiple alloys provided more detailed

descriptions of the methodology – the extended sample-detector distance enabled the

placement of a furnace around the sample to control the cooling rate. Further similar

work by Sharma et al. [216] was able to position both γ and α′ grains in 3D space, and

collect a statistically significant number of orientation relationships. Extensive work by

Hedström during their Masters and PhD [114, 217] provided the first explorations of

deformation-induced phase transformations with 3DXRD with an in-situ deformation rig.

Although a small number (<50) of γ grains in total were indexed, ε martensite formation

was detected as a function of applied strain, and a single ε grain could be linked to its

parent γ grain via the SN orientation relationship, demonstrating the capability for 3DXRD

to characterise the DIMT in steel alloy systems. Studies of the DIMT with 3DXRD have

extended beyond steel alloy systems, with sophisticated in-situ characterisations of NiTi

[218, 219] and CuAlBe shape memory alloys [101] at multiple institutions. More recently,

3DXRD has been combined with other X-ray techniques such as µ-CT to probe damage
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initiation in multiphase Cu-based alloy systems [211].

2.3 Diffraction-Contrast Tomography

2.3.1 Introduction

It is clear from this body of work surveyed that 3DXRD is more than capable of quantifying

in-situ, deformation-induced phenomena in multi-phase systems. However, a limitation

of Mode II far-field 3DXRD as described by Poulsen [186] is that no grain morphological

information is obtained. Another mode identified by Poulsen is Mode III, where a high-

resolution near-field detector is used to perform volumetric mapping of the sample, thereby

capturing morphological information. A recent implementation of this mode is laboratory-

based diffraction-contrast tomography (DCT) [220].

2.3.2 Experimental setup

Figure 2.12 shows a simplified experimental diagram of the projection geometry mode of

lab-based DCT.

DD

DS

Aperture

Detector

Rotation stage

Source
Z

Y X

Figure 2.12: Simplified experimental diagram of lab-based DCT. After Ball et al. [221].

A brief description of lab-based DCT will now be provided, adapted from the first lab-based

DCT study performed by King et al. [220] – the reader is referred there for a more detailed

discussion of this technique. In lab-based DCT, a polychromatic divergent X-ray beam is
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used, with an aperture to define the interaction volume with the sample. As in 3DXRD,

incoming X-rays diffract off grains within the interaction volume, and the sample is rotated

to bring different grains into the Bragg condition. However, due to the polychromatic beam,

the grain will continue to diffract as the sample is rotated, as different beam energies fulfil

the Bragg condition for the same set of planes. Due to the geometry of the experiment, the

diffracted beams will trace a path on the detector as the sample is rotated – initial indexing

of the data as described in King et al. [220] relies on identifying these paths and associating

them to grains. The other fundamental difference to 3DXRD is the projection geometry

employed by lab-based DCT. The projection geometry significantly magnifies the size of

the diffracted spot on the detector (achieved by setting DD >> DS as in Figure 2.12),

allowing the grain shape to be directly measured via the shape of the diffracted signal. This

enables space-filling maps of the sample to be constructed, providing grain morphological

information.

2.3.3 Benefits of lab-based DCT

Lab-based DCT acquisition methods benefit primarily from accessibility - synchrotron

measurement time is limited and subject to a peer review process, which can restrict

access to three-dimensional X-ray based characterisation methods. With the caveat that

laboratory-based measurements take substantially longer (due to the reduced flux of a

laboratory X-ray source compared with a typical synchrotron beamline), lab-based DCT

provides sophisticated non-destructive characterisation of polycrystalline samples with a

significantly reduced barrier to entry.

2.3.4 Application

Since its inception in the early 2010s, lab-based DCT has been employed in a number of

high-quality characterisation studies of a range of materials such as metals [222, 223],

semiconductors [224], organics [225] and minerals [226]. Laboratory-based DCT has been
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made available commercially by Xnovo Technology ApS in collaboration with Zeiss [227,

228] and continues to be developed, with recent improvements in large-sample acquisition

enabling the measurement of tens of thousands of grains [229], as well as multiple phases

[221, 230].

As summarised in Section 2.1.8, a primary objective of this thesis is to produce a modified

stainless steel alloy system that enables the in-situ characterisation of deformation-induced

martensite with synchrotron-based X-ray diffraction techniques. Sophisticated knowledge

of the deformation-induced transformation behaviour of this alloy requires detailed mea-

surements of the as-received state of this alloy. This ex-situ characterisation was therefore

performed with a combination of laboratory-based DCT and EBSD techniques to determine

the initial microstructure. An added bonus of this analysis was the opportunity to both

evaluate the performance of the laboratory-based DCT reconstruction technique on an

alloy system containing multiple phases (an analysis that had rarely been performed at the

time), as well as develop a novel registration algorithm between EBSD and DCT data that

could be extended to other characterisation techniques.
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2.4 Summary
A short summary of the current state of the literature concludes this chapter. A mature

understanding of the deformation-induced γ → ε→ α′ transformation process is crucial to

improve the performance of modern advanced steel alloy systems. The exact influences of

microstructural properties such as grain size and orientation on austenite grain stability (a

key predictor of macroscopic mechanical response [59]) are still being investigated [87] –

recent findings by Kisko et al. [84] and Haidemenopoulos et al. [85], for example, disagree

with each other on these size-to-stability relationships, stimulating further explorations of

this effect [15]. Of particular interest is the influence of grain neighbourhood configuration

on austenite grain stability – three-dimensional in-situ characterisation techniques are

essential to adequately capture this phenomenon, and have only recently been deployed on

novel alloy systems in-situ [108].

It is clear that in-situ measurements, utilising techniques such as 3DXRD and EBSD, are

essential to resolve the remaining unknowns surrounding the DIMT – recent work in this

field, supported by more sophisticated data acquisition and analysis techniques, is making

widespread use of synchrotron facilities around the world to perform this analysis [13, 87,

181]. Following important exploratory work by Hedström et al. [89] and utilising recent

advances in indexing and post-processing techniques [101, 108, 195], this thesis aims to

address the gaps in the knowledge previously identified, thereby improving the existing

understanding of the deformation-induced martensite transformation in steels.
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It is clear from the volume of literature surveyed that the deformation-induced martensitic

transformation in steel alloy systems has been widely studied over the last 100 years, with

a variety of techniques and technologies. Nevertheless, contradictory observations of key

transformation phenomena have yet to be reconciled, and there remain key gaps in the

dearth of experimental data which new measurement techniques can potentially close. The

previously proposed aims are hereby provided, in order of appearance:

1. Characterise the DIMT transformation in situ using postulated orientation relationships

by identifying the presence of ε as an intermediary phase. Investigate the dependence

of austenite grain stability on properties such as applied stress, grain orientation and

neighbourhood configuration.

2. Evaluate the accuracy of the minimum strain work criterion model for a large number

of grains by both identifying and predicting martensite variants formed in situ.

3. Establish 3D X-Ray Diffraction at Diamond Light Source, to enable advanced in-situ

characterisation of polycrystalline samples.

4. Use far-field 3DXRD at Diamond Light Source to investigate grain neighbourhood

effects in cubic systems.

5. Develop a modified 304L-based alloy system to explore the DIMT at low applied

strains.

6. Characterise the as-received condition of the new alloy using laboratory-based DCT.

7. Utilise 3DXRD and EBSD to carry out advanced in-situ characterisations of the
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DIMT in the modified alloy system.

As establishing 3DXRD at Diamond Light Source takes precedence before it can be utilised

to measure the DIMT, the aims are subsequently rearranged in order of implementation,

with the relevant results chapters included:

1. Establish far-field Three-Dimensional X-ray Diffraction (3DXRD) at Diamond Light

Source (Chapter 5).

2. Test the capabilities of 3DXRD at Diamond Light Source by exploring grain neigh-

bourhood effects in cubic polycrystals (Chapter 6).

3. Develop an austenitic stainless steel alloy with a detectable deformation-induced

martensite transformation at low applied strains (<2%) (Chapters 7 and 8).

4. Characterise the as-received condition of the new alloy with EBSD and lab-based

Diffraction Contrast Tomography (DCT) (Chapter 7).

5. Using 3DXRD and EBSD, measure the following phenomena in situ for a large number

of grains (Chapter 8):

(a) The degree of deformation-induced martensite transformation against applied

stress, by detecting the formation of the ε intermediary phase.

(b) The effect of grain size, orientation, and neighbourhood configuration on austen-

ite grain stability against transformation.

(c) The accuracy of the minimum strain work criterion model in predicting martensite

variants.
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METHODS

The methodology behind the four appended papers will now be presented. First, the sample

design, machining, heat treatment and preparation routines will be discussed. Then, the

3DXRD data acquisition methodologies used at Diamond Light Source and the European

Synchrotron Radiation Facility will be described. After this, the development of the 3DXRD

indexing and post-processing pipelines produced during this study will be explored in detail.

Finally, the acquisition and post-processing steps used for acquiring Diffraction-Contrast

Tomography and EBSD data will be provided.

4.1 Sample Alloys and Design
In this section, the alloy choice and sample design for all four appended papers will be

provided, starting with the DX54 simple ferritic steel alloy used for Chapters 5 and 6, and

finishing with the modified 304L stainless steel alloy used for Chapters 7 and 8.

4.1.1 DX54 Ferritic Steel Alloy

Composition

DX54 is a single-phase ferritic steel alloy with a body-centered cubic (BCC) microstructure.

The composition of DX54 is shown in Table 4.1. The material was supplied by BMW as a

1mm thick Zn-galvanized sheet, typical for the automotive applications of the alloy. The

Zn layers were removed with abrasive media prior to sample machining.

Element Fe C P S Mn
wt.% Balance ≤ 0.06 ≤ 0.025 ≤ 0.025 ≤ 0.35

Table 4.1: Chemical composition of DX54 steel [231].
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Sample Design

3DXRD samples were wire-EDM machined from the DX54 steel sheet according to the

sample design provided in Figure 4.1. To ensure a square cross-section for the gauge region,

a 1mm gauge width was selected. The sample jaw spacing of 15mm was chosen to ensure

the jaw spacing of the tensile rig was in the middle of travel (10–20mm) at no applied

load.

Figure 4.1: DX54 steel tensile sample dimensions. The thickness was 1mm.

Heat Treatment

Due to the 1× 1mm2 sample gauge cross-section, and a mean grain size of approximately

20 µm [231], a large number of grains would be illuminated even with a relatively small

incoming X-ray beam during 3DXRD measurements. To reduce the number of simulta-

neously illuminated grains and allow for a larger region of the sample to be illuminated, a

decision was taken to grow the grains using an annealing heat treatment. After machining,

samples were heat treated by an isothermal hold for 1 h at 980 °C, followed by a gradual
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cool to room temperature at 1 °C min−1. Samples were encapsulated in quartz tubes which

were back-filled with Ar during the heat treatment process to avoid surface oxidation.

Preparation for EBSD

As outlined in Chapters 5 and 6, ex-situ EBSD scans performed at Oxford University,

including sample preparation, were carried out by Anna Kareer. Samples were polished with

progressively finer grades of abrasive media, finishing with a final colloidal silica polish.

4.1.2 Modified 304L Stainless Steel Alloy

As discussed in Section 2.1.8, the primary motivation for the design of this alloy system is to

de-stabilise the austenite grains found in the nominally fully-austenitic 304L stainless steel

microstructure, so that substantial amounts of martensite transformation would occur at

low levels of applied strain, within the bounds of in-situ measurement with far-field 3DXRD.

As previously described, austenite grain stability against transformation can be modified

by many factors such as grain size and sample composition. It is well-known that Ni is an

austenite stabilizer, and that decreasing the Ni content effectively decreases the stacking

fault energy, thereby decreasing austenite grain stability against transformation under

deformation [66, 232]. The decision was therefore made to modify the 304L composition

by decreasing the Ni content (and increasing the Fe content for balance) to destabilise the

austenite grains. A series of CALPHAD simulations were performed by David M. Collins using

Thermo-Calc 2021 with the FCFE7/MOBFE2 databases [233] to determine the desired final

composition.
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ThermoCalc Design Process

304L was used as the base alloy composition, with a composition shown in Table 4.2.

Element C Ni Cr Mn Si P S Fe

wt.% 0.03 10 19 2 1 0.04 0.03 Bal.

Table 4.2: 304L base alloy composition [234].

The Ni composition was modified in 1wt.% steps from 5–10wt.% and at each value the

following determinations were made:

1. Phase molar fraction vs. temperature – to ensure microstructure is fully austenitic

with a wide AC3/AC4 temperature window.

2. Non-equilibrium TTT predictions to determine MS temperatures and required cooling

rates to avoid ferrite nose.

3. Vary carbon content from 0.01–0.04wt.% and repeat first two determinations.

Composition

A final Ni content of 7wt.% with a C content of 0.04wt.% was therefore chosen as the

composition most likely to generate a fully austenitic microstructure at room temperature

with a significantly reduced austenite grain stability.

The final composition is therefore provided in Table 4.3 as given in Chapter 7 [221].

Element C Ni Cr Mn Si P S Fe

wt.% 0.04 7 19 2 1 0.04 0.03 Bal.

Table 4.3: 304L modified composition based on CALPHAD simulations.
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Alloy Production

The production of the alloy was performed at the University of Warwick by Carl Slater

and Claire Davis. The ingot was produced in a 10 kW Consarc vacuum induction furnace

under a 500mbar Ar atmosphere. Initially, pure Fe was melted and carbon boiled, then

the specified alloying elements were added and allowed to mix for 5min before the ingot

was poured at 30 °C above the liquidus temperature. The initial size of the ingot was

80× 40× 230mm3. The ingot was hot-rolled in 7 passes at 1050 °C with a 2min interpass

time, reducing the thickness from 40mm to 10mm. Finally, the rolled ingot was solution

annealed for 12 h at 1250 °C, then quenched in air to room temperature.

While care was taken to ensure microstructural homogeneity during the alloy production

process, a degree of inhomogeneity was observed when comparing the microstructures of

samples taken from different positions within the rolled ingot. These observations, coupled

with evaluations of the final phase balance and composition, are discussed in detail in

Chapter 8.

3DXRD Sample Design

A 0.5 × 0.5mm2 gauge cross-section tensile sample design (Figure 4.2) was created to

conform to a guide sample design provided by Wolfgang Ludwig at the ESRF. The guide

sample design was to produce samples compatible with the Nanox load frame installed at

the ID11 beamline of the ESRF [235]. Samples were wire-EDM machined from the large

billet by A&M EDM Limited (Smethwick, Birmingham, UK), with the sample tensile axis

parallel to the rolling direction.

In-situ EBSD Sample Design

A 2× 3mm2 gauge area tensile sample design (Figure 4.3, provided by John Cooper at the

University of Birmingham) was used to produce 1.1mm thick samples for a Deben MT2000

SEM in-situ tensile testing rig (see Section 4.6.2 for more details). Samples were wire-EDM
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Figure 4.2: Nanox tensile sample design drawing.

machined from the large billet by Excel Precision Limited (Selly Oak, Birmingham, UK),

with the sample tensile axis parallel to the rolling direction.

Preparation for EBSD

To perform ex-situ post-mortem EBSDs both of the DCT sample for Chapter 7 [221]

and the 3DXRD sample used for Chapter 8, each sample was mounted in conductive

bakelite, then wet-ground with progressive grades of SiC paper from 400 to 4000 grit. The

final abrasive polish was then performed: a 45 minute polish using Struers OP-S 0.04 µm

solution on an MD-Chem polishing pad using a Struers automatic polisher. After this, a

final electro-polish was performed by Himanshu Vashishtha and Mohammed Said at 20 °C

with an 80:20 mixture of ethanol and perchloric acid, at a voltage of 15V for 20 seconds

with a flow rate of 20 L min−1. Machined in-situ EBSD samples for Chapter 8 were secured

with adhesive to stainless steel holders of 32mm diameter, so that they could be secured

to the Struers automatic polisher. Samples were then ground and polished following the
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Figure 4.3: In-situ EBSD sample design for Deben MT2000 tensile stage, courtesy of John
Cooper, University of Birmingham.

above procedure. Before the electro-polish, samples were unmounted from the stainless

steel holders using a warm ultrasonic acetone bath. The final electro-polish used the same

parameters as previously given.

Page 53



Chapter 4. Methods 4.2. 3DXRD Data Acquisition

4.2 3DXRD Data Acquisition
Figure 2.11 is reproduced here as Figure 4.4 for clarity. 3DXRD measurements taken during

this study were performed at both the I12 (JEEP) beamline at Diamond Light Source

(DLS) and the ID11 Materials Science beamline at the European Synchrotron Radiation

Facility (ESRF).

ydet

2D area detector

BeamstopTensile
dogbone
sample

Incident
X-ray beam

Illuminated
volume

2θ

σ

σ

G⃗l

L

ω

x̂l

ẑ

ŷl

η

zdet

Figure 4.4: Simplified experimental diagram of Three-Dimensional X-ray Diffraction
(3DXRD).

First, the underlying mathematical formalism behind far-field 3DXRD as described in Poulsen

[236] will be introduced. It is important to be aware that the I12 and ID11 beamlines use

different conventions for their co-ordinate systems within their respective experimental

hutches. At ID11 and as shown in Figure 2.11, x is the down-beam direction, z is vertical

and y is transverse. This co-ordinate system is used in the mathematical formalism by
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Poulsen [236]. At the I12 beamline, z is the down-beam direction, y is vertical and x is

transverse.

Then, information on the 3DXRD acquisition procedures used in this study will be provided,

first at Diamond Light Source for Chapters 5 and 6, then at ESRF for Chapter 8. Then,

the data analysis procedures developed as part of this study will be explored in detail.

4.2.1 Formalism

A polycrystalline sample is illuminated by a monochromatic X-ray beam of wavelength λ.

It is assumed that a grain within the sample obeys the Bragg condition for this incoming

X-ray beam for a particular set of planes hkl . Via Bragg’s law, this grain will give rise to

a diffracting ray originating from the grain for that particular hkl family; its projection

onto the detector will be observed as a spot. A laboratory frame of reference (x̂l , ŷl , ẑ) is

defined, the origin is located at the intersection of the incoming beam and the sample stage

rotation axis. The detector is placed at a distance L along x̂l from the origin. A scattering

vector (G⃗l) in the lab and detector frames can be drawn which represents the change

in path between the incoming and diffracted X-rays. A new co-ordinate system on the

detector (ydet , zdet) = (0, 0) is now defined where the detector intersects with the beam.

The scattering vector will intersect with the detector at a particular point (L, ydet , zdet)

with a particular azimuthal angle η and radial angle 2θ.

The peak positions can be determined in the detector reference frame:

ydet = − (L− xl) tan 2θ sin η + yl

zdet = (L− xl) tan 2θ cos η + z

Define a new co-ordinate system in the rotated frame (rotated by some angle ω about ẑ)

as (x̂ω, ŷω, ẑ). Define the generalised rotation matrix ˙ which maps vectors in the rotated
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frame (e.g the scattering vector G⃗ω) back into the lab frame, such that




xl

yl

z



= ˙




xω

yω

z



=




cosω − sinω 0

sinω cosω 0

0 0 1







xω

yω

z




(4.1)

A new Cartesian reference frame is defined for an individual grain within the rotated

reference frame. This new reference frame (x̂c , ŷc , ẑc) is defined with respect to the

reciprocal lattice of the grain such that x̂c is parallel to a⃗∗, ŷc sits in the
(
a⃗∗, b⃗∗

)
plane,

and ẑc is perpendicular to
(
a⃗∗, b⃗∗

)
. A new matrix U is defined which maps a vector from

the Cartesian grain reference frame into the rotated frame such that

G⃗l = ˙G⃗ω = ˙UG⃗c . (4.2)

Now the reciprocal hkl lattice g-vector,

G⃗hkl =




h

k

l




(4.3)

is defined such that it can be transformed into direct space by B:

B =




a∗ b∗ cos γ∗ c∗ cosβ∗

0 b∗ sin γ∗ −c∗ sinβ∗ cosα

0 0 c∗ sinβ∗ sinα




(4.4)

cosα =
cosβ∗ cos γ∗ − cosα∗

sinβ∗ sin γ∗
, (4.5)
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where (a, b, c, α, β, γ) and (a∗, b∗, c∗, α∗, β∗, γ∗) are the lattice parameters in direct

and reciprocal space, respectively.

The direct X-ray scattering vector in the lab reference frame can now be described such

that, after normalisation,

G⃗ li =
di
2π
˙iUBG⃗hkli , (4.6)

for a laboratory system of reflection i , where di is the planar spacing for the ith reflection,

and ˙i is a right-handed rotation by ωi about z .

Strain tensor determination

From the B matrix of each grain, the Biot strain tensor in the grain’s Cartesian reference

frame can be determined [237]. To do this, the B0 matrix is first defined from the

undeformed unit cell lengths. Then, using the orientation matrix U, we determine the

deformation gradient tensor F :

F = (U ·B)⊺ ·B⊺0 (4.7)

which is then used to determine the Biot strain tensor E:

E = C
1/2 − I = (F ⊺ · F )1/2 − I (4.8)

where C is the right Cauchy-Green deformation tensor and I is the identity matrix. Polar

decomposition can then be used to determine C1/2:

F = V · R = R · C1/2 (4.9)
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4.2.2 3DXRD at Diamond Light Source

The details of how 3DXRD data was acquired at Diamond Light Source will now be provided.

This forms the acquisition methodology for the 3DXRD portions of Chapters 5 and 6 [237,

238].

I12 – Joint Engineering, Environmental and Processing (JEEP) Beamline

A brief description will now be provided of how the monochromatic X-ray beam required for

3DXRD at I12 is generated – the reader is referred to Materlik et al. [239] for a more detailed

description of how Diamond Light Source generates X-rays. A linear accelerator injects

electrons into a booster ring, where they are accelerated to 3GeV before being injected into

the main storage ring [239]. At different points around the storage ring, bending magnets

or insertion devices generate X-rays by changing the paths of the high-speed electrons

[240]. Figure 4.5 is a diagram of the X-ray optics at the I12 JEEP beamline. A type of

insertion device called a superconducting wiggler generates high-intensity polychromatic

X-rays [241], which can be directly used after filtration or passed through a double bent-Si

(1 1 1) Laue monochromator to extract narrow-bandwidth X-ray beams at a desired energy.

In regular operation, the I12 monochromator can be tuned from 50–150 keV. The size

of the X-ray beam is tunable via the beam defining slits in Optics Hutch 2 [242] from

50× 50 µm2 to 100× 25mm2.
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Figure 4.5: Layout of I12 JEEP beamline. From Drakopoulos et al. [241].

Experimental Hutch 1

All 3DXRD measurements at the I12 beamline took place in Experimental Hutch 1 (EH1),

a schematic and photograph of which is provided in Figures 4.6 and 4.7 respectively. The

beam enters the hutch from the left side of the photograph in Figure 4.7, and passes

through the anti-scatter guard. The beamstop, mounted to Module 4, can be translated

in/out of the beam depending on whether diffraction or tomography measurements are

desired. The diffraction detector is mounted to Module 2 of Large Detector Table 1, and

can be translated in all three directions. The minimum sample-detector distance achievable

with this arrangement is 550mm. Translating Large Detector Table 1 to the low limit in x
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allows the beam to pass directly to the end of the experimental hutch, where an in-beam

camera (near Sh3 on the schematic) can be used for beam monitoring and low-resolution

radiography.

Figure 4.6: Labelled schematic of I12 EH1. From Diamond Light Source [242].
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Figure 4.7: Labelled photograph of I12 EH1. From Diamond Light Source [242].

Sample stage

In order to accurately align the sample with respect to the beam and rotate about ω, a

multi-axis rotation stage is essential. In Experimental Hutch 1, Sample Table 1 was used

for this purpose, as demonstrated in Figure 4.8. Sample Table 1 consists of multiple stages

with a total of 10 independent axes of movement, therefore resembling a goniometer with

translation and rotation about all axes.
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Figure 4.8: I12 beamline Sample Table 1 in Experimental Hutch 1. From Diamond Light
Source [242].
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Load frame

To apply load in situ to the sample, a Deben CT5000 H250 load frame (Deben UK Ltd,

Bury St. Edmunds, Suffolk) was employed, as shown in Figure 4.9.

Beam direction

Adaptor plate

Bottom jaw

Sample

Top jaw

Rotation axis

Figure 4.9: Deben CT5000 load frame (top cover removed) as mounted on Sample Table
1.
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The Y2 stage of Sample Table 1 was removed in order to align the sample with the beam.

An adaptor plate was affixed to the tomography stage of Sample Table 1 so that the

load frame could be effectively secured. The connector cable was routed so that the

tomography stage could rotate 360° without risk of trapping or colliding the cable. A

DX54 steel dog-bone tensile sample was mounted in the jaws such that the tensile axis was

axisymmetric with the rotation axis of the sample stage. Due to the enclosed nature of

the load frame, an extensometer could not be fitted to the sample. Instead, two strips of

Kapton tape were adhered to the sample for use as fiducial markers for X-ray imaging to

determine the macroscopic sample strain under increasing load. An offline uniaxial tensile

test was performed on an annealed DX54 steel sample to determine the applied forces

needed to produce a range of strains going just beyond the yield point of the sample. From

this, six sequential in-situ loading steps were selected for the 3DXRD measurements. To

increase the load, the load frame was operated in force target control with a constant

displacement rate of 0.2mm min−1. Between load steps, transmission X-ray radiographs

were acquired using the end-of-hutch experimental camera to align the sample to the

beam and to determine strain from the Kapton tape separation distance. This also allowed

the sample to undergo stress relaxation (which was observed to occur in the order of

∼10MPa at each load step) before the 3DXRD data were recorded, ensuring quasi-static

macroscopic stress throughout the sample during measurement. The applied stresses from

the load frame and macroscopic strain are plotted in Figure 4.10. An approximate yield

point of 100MPa can be determined from Figure 4.10, indicating a significant softening of

the heat-treated alloy (due to the increased grain size) compared with the yield strength

range of 120MPa to 220MPa for the as-received commercial alloy [243].
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Figure 4.10: Load frame applied stresses and strain measurements from Kapton tape.
From [237].

Detector

A large 2D area X-ray detector, the Pilatus 2M CdTe (DECTRIS, Baden, Switzerland [244])

as shown in Figure 4.11 was used to capture the diffracted X-ray beam. The detector has

an active area of 253.7×288.8mm2 and a pixel size of 172×172 µm2 (1475×1679 pixels).

An exposure time of 1 s was chosen, ensuring that the brightest diffraction spots recorded

had peak intensities at approximately 90% of the maximum detector intensity to make the

best use of the wide dynamic range. The desired sample-detector distance L was set at

∼550mm with a beam energy of ∼60 keV. This ensured a minimum of three diffraction

rings intercepting the detector (corresponding to a theoretical maximum of 160 spots per

grain) – the more diffraction spots are recorded per grain, the more accurately the grain

properties such as position, orientation and strain can be determined. However, this must
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be balanced with the size of each diffracted spot on the detector - bringing the detector

much closer to the sample will result in more diffraction planes being intercepted, but

the size of each diffracted spot on the detector will be smaller, resulting in less accurate

determinations of peak positions which also negatively affects the quality of the index.

Figure 4.11: Pilatus 2M CdTe X-ray detector.

Calibration

A multi-distance calibration strategy [245] using DAWN software [246, 247] was performed

to determine the precise beam energy (60.2 keV) and sample-detector distance (550.23

mm) using a NIST 674b reference CeO2 calibrant [248] in a dedicated sample holder. The

calibrant was positioned in the bottom jaw of the Deben CT5000 load frame to measure

the equivalent sample-detector distance.
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Scan strategy

Overall, a 1× 1× 1mm3 illuminated sample volume was desired, to ensure adequate grain

statistics in the final dataset. However, this volume contained too many grains to be

illuminated simultaneously – as previously described in Section 2.2, if there are too many

grains in the interaction volume, it becomes impossible to distinguish individual diffraction

spots from each other. Therefore, to cover the full 1× 1× 1mm3 region, multiple smaller

scans of the sample can be recorded, and stitched together in a post-processing step. This

was the method employed for Chapters 5 and 6. A "letterbox" beam shape of 1.5mm

(horizontal) by 0.15mm (vertical) was selected, to ensure the full width of the sample was

illuminated, and to limit the number of simultaneously-illuminated grains to ∼200. Between

each scan, the sample was translated vertically by 0.1mm – this ensured a 0.05mm overlap

between scans. Sample Table 1 has a stated accuracy of 0.01° for the rotation axis and

1 µm for the vertical translation stage. Overall, 10 letterbox scans were recorded during

each load step. The sample was re-aligned with respect to the beam at the beginning of

each load step using the end-of-hutch imaging camera to reduce the effects of sample

movement within the grips of the load frame. The overall procedure for measuring a single

load step is provided:

1. Apply the desired load.

2. Align the sample to the beam.

3. Translate sample down vertically 0.5mm to start position.

4. Rotate 360° in ω with a ∆ω step of 1°. At each rotation step, collect a 1°

detector exposure.

5. Translate sample up vertically 100mm.
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6. Repeat steps 4 and 5 until 10 scans have been recorded.

As part of existing data collection procedures established at the I12 beamline, this scanning

strategy produced a series of NeXus-format HDF5 files [249], one per scan. Each file

contained a sequence of ω angles, and a file path for each angle corresponding to a single

detector frame image, written in CBF format [250]. Figure 4.12 shows an example of a

single Pilatus detector frame, with some individual diffraction peaks isolated.

zdet

ydet

η

Beam centre
(0, 0)

Module gap

Peaks

{1 1 1}
{2 0 0}

{2 2 0}
{3 1 1}

Figure 4.12: Single Pilatus detector image frame showing a 3DXRD diffraction pattern of
an FCC material.
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4.2.3 3DXRD at the European Synchrotron Radiation Facility

3DXRD measurements for Chapter 8 took place at the 3DXRD station in Experimental

Hutch 3 (EH3) of the ID11 beamline, ESRF, a layout of which is shown in Figure 4.13.

Figure 4.13: ESRF ID11 beamline layout. From ESRF [251].

Far-field 3DXRD at the 3DXRD station was carried out with the use of a Frelon4M

low-noise CCD camera [252] as shown in Figure 4.14.

Incoming beam

Nanox load frame

Sample

Detector

Figure 4.14: Experimental layout of the ID11 3DXRD station, ESRF. From ESRF [251].
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Load frame

The modified 304L sample was mounted in a Nanox load frame, designed in-house at the

ESRF for in-situ diffraction imaging on small samples [235]. To determine the acceptable

force range, in-situ continuous deformation was performed on a sacrificial sample without

ω rotation in order to monitor the merging spots – when significant spot overlap was

detected, the 3DXRD indexing limit was obtained. Following this, a total of 10 load steps

were chosen, at even spacings of 40MPa, including an "unload" load step after removing

almost all applied load, as shown in Figure 4.15. Samples were allowed to relax for ∼5min

before measuring at each load step to avoid stress relaxation during measurement. The

Nanox load frame was mounted on a multi-axis diffractometer, with stated accuracies of

1× 10−3° for the rotation axis and 1 µm for the vertical translation stage.

Due to the miniaturized nature of the sample and the load frame limiting extensometry

measurements, macroscopic applied strains were determined during the post-processing

stage by tracking the centre-of-mass positions of grains within the illuminated volume

across each load step, then performing an affine registration using the pycpd library [253]

between tracked grain positions at the first load step and each subsequent load step. The

scale parameters were extracted from each 4× 4 affine transformation matrix by taking

the length of the first three column vectors [254]. Given a 4 × 4 affine transformation

matrix: 


a b c d

e f g h

i j k l

0 0 0 1




(4.10)
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the column vector lengths were extracted:

sx = ∥⟨a, e, i⟩∥

sy = ∥⟨b, f , j⟩∥

sz = ∥⟨c, g, k⟩∥

s⃗ = ⟨sx , sy , sz⟩

(4.11)

to give a scale vector s⃗. The macroscopic strain tensor element ϵzz at each load step was

then taken as sz − 1.
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Figure 4.15: ESRF Nanox load frame applied stresses and strain measurements from grain
centre-of-mass movement.

Detector

The Frelon4M detector, developed in-house at the ESRF, has 2048× 2048 pixels with a

pixel size of 50 µm. A single detector frame is provided for reference in Figure 4.16.
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zdet

η

Beam centre
(0, 0)

ydet

Figure 4.16: Single Frelon4M detector image frame showing a 3DXRD diffraction pattern
of modified 304L material.

Calibration

Beam energy calibration was performed with a reference CeO2 standard. A beam energy

of 44.0 keV at a sample-detector distance of 145mm was obtained.
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Scan strategy

Like with 3DXRD at the ESRF, a letterbox scan strategy was used, with a beam wider

than the sample. A beam size of 1.0mm (horizontal) by 0.20mm (vertical) was selected,

with 4 letterbox scans per load step. Before collecting the letterbox scans, the sample was

re-aligned to the beam using a near-field camera. A translation between each letterbox

scan of 0.20mm was chosen, for a total illuminated volume of 0.5× 0.5× 0.8mm3. The

sample was rotated continuously in a fly-scanning regime across the full 360° ω range, with

an image taken every 0.25°. The result of the scans was very similar to the DLS 3DXRD

output – a sequence of HDF5 files, this time directly containing raw detector image data

and ω angles, for each letterbox scan and each load step.

4.3 3DXRD Indexing
Now that the acquisition procedures have been outlined for both DLS and the ESRF, the

3DXRD indexing pipeline will be discussed. The development of a full-featured automated

3DXRD indexing and post-processing data analysis pipeline has been a significant focus

of this work overall – the pipeline has been employed in various stages of completion for

Chapters 5, 6, and 8 as well as in collaboration with other research groups collecting

3DXRD data at Diamond Light Source [255]. The development of this pipeline will hereby

be discussed in some significant detail, with the hope that it assists future 3DXRD data

analysis and/or implementation attempts at other synchrotron facilities. As previously

mentioned in Section 2.2.2, the 3DXRD data analysis process consists of three major

steps: peak searching (where the detector locations of each diffracted peak are extracted);

indexing (where the peaks are associated together into grains); and refinement (where

the grain properties such as position, orientation and strain are refined based on peak

positions). One of the major initial data analysis decisions was the choice of software

used – as discussed in Section 2.2.2, multiple data analysis packages exist for processing
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3DXRD data, including FABLE [197] and Grainspotter [198] at the ESRF, HEXRD [199]

at the APS, and MIDAS [200] at CHESS. The FABLE software suite was chosen due to

both its extensive use in high-profile publications and its documentation, which assisted

the user in performing an initial index of their dataset. The FABLE suite primarily consists

of three major software packages, and they were each used as part of the data analysis

pipeline for Chapter 5 – ImageD11 [256], used for peak searching, Grainspotter [198],

used for indexing, and FitAllB [195], used for grain parameter refinement. The data

analysis pipeline for Chapter 5 can therefore be introduced as per Figure 4.17. Selected

steps from this flowchart will now be discussed in more detail.

Figure 4.17: 3DXRD data analysis flowchart used for Chapter 5. From Ball et al. [238].
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4.3.1 Peak searching

To successfully extract the diffraction peaks from the images, it is essential to clean up

any background that is persistent across all image frames. In an ideal experiment with an

ideal detector, signal should only be collected from the diffracting grains. However, some

degree of X-ray scatter is inevitable which can cause a raised image background, as well

as thermal noise from the detector. In the case of DLS data, the Deben load frame top

cover has a glassy carbon window which completes the load path between the bottom jaw

and the load frame itself – the incoming X-ray beam passes through this window, which

causes a diffuse background at low 2θ angles due to small-angle X-ray scattering [257],

which can be seen as a low-angle diffuse ring on the Pilatus image below the {1 1 1} ring

in Figure 4.12. ImageD11 includes a function to generate a background image by taking

the median of all diffraction frames in the rotation sequence, which was employed for the

background subtraction.

The peak searching process itself employed by ImageD11 is, at its core, a thresholding

algorithm – pixels are labelled based on whether they are brighter than a specified threshold

value [258], and connected groups of labelled pixels are updated to have the same label

based on the "disjoint set" algorithm described by Cormen et al. [259]. The output of this

process is one .flt file per threshold value containing a list of peak positions (in detector

co-ordinates and ω) including peak intensities. Peaks are also connected across ω-space

(i.e. contiguous images) so the peak centroid in pixel space and ω space can be determined.

The ImageD11 peak searching algorithm can be run at multiple thresholds to account for

peaks with overlapping tails, that may only appear as a single peak at a low threshold value

but would split apart at higher thresholds. Multiple .flt files at different threshold values can

be merged together to generate a single .flt file, where peaks that overlap the same region

of pixel- and ω-space (i.e. the same peak, differently labelled across different thresholds)
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are merged together. These peaks can then be "trimmed" with another ImageD11 script

based on the approximate expected peak positions on the detector from a provided unit

cell, symmetry and X-ray wavelength. This helps to remove extraneous peaks from any

remaining background signal or double-diffraction events. Once a merged filtered peaks file

was generated, ImageD11 was again used to calculate the X-ray scattering vectors in the

lab frame from the peak positions. These "g-vectors" were then exported to a .gve file

ready for later indexing.

4.3.2 Indexing

With the calculated g-vectors stored, Grainspotter could then be used to index the data.

Grainspotter indexes 3DXRD data by searching for matches in orientation space between

peaks, indicating that a single grain orientation generated both peaks. The reader is referred

to the introductory paper by Schmidt [198] for a more detailed description of this process.

The end result is a .gff file containing a list of grain positions and orientations, which can be

plotted or sent for further processing. The ability of Grainspotter to perform an accurate

index is heavily reliant on a set of user parameters selected before running the program.

As described in Chapter 5 [238], a poor choice of Grainspotter parameters leads to a very

poor quality grain map, with unrealistic numbers of grains and grain positions. Choosing

parameters that yield a good-quality index can be very unintuitive, so the process can be

aided by running multiple copies of Grainspotter in parallel with a variety of indexing

parameters and choosing the parameters that yield a desirable grain map. A desirable grain

map here is defined as a grain map that contains close to the expected number of grains

that were illuminated (from the grain size), with grain positions that conform well to the

dimensions of the sample. A Python script was developed to perform this task, and a set

of acceptable parameters were therefore identified.
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4.3.3 Refinement

FitAllB was used for grain parameter refinement and the determination of grain strain

tensor elements. In the first pass, FitAllB was used to refine the lattice parameter of

grains close to the centre of the sample, removing any influence from surface grains that

had a modified lattice parameter due to the presence of a Zn impurity from a residual

galvanic coating. These refined lattice parameters were averaged across all 10 letterbox

scans, and the Grainspotter indexing step was repeated with the new lattice parameters

and refined Grainspotter indexing parameters. After this, FitAllB was used to refine

the grain positions, orientations and strain states via a per-grain minimization routine,

where the error between calculated and observed peak positions is minimized – the reader is

referred to the introductory paper by Oddershede et al. [195] for more information on this

process. The final output of the refinement pipeline is a grain file containing the refined

position, orientation and strain tensor elements of each grain found during the indexing

procedure.

4.3.4 Automation

It is clear from the complexity of the data analysis pipeline presented that executing

each analysis step manually for each letterbox scan is a very time-consuming process.

In Chapter 5, only the scans from the first load step of the 3DXRD experiment were

considered. Even with this single load step containing 10 letterbox scans, a manual run of

this indexing process took approximately 1 week to complete. This is prohibitively slow, and

the manual execution of each step introduces room for error. Therefore, the decision was

taken to automate this process, and to take advantage of the high-performance computing

architecture present at both Diamond Light Source [260] and the University of Birmingham

[261] to parallelise the indexing procedure. The Python platform was chosen for this

task, as both FitAllB and ImageD11 are written in Python and could therefore be well
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integrated into the indexing pipeline. The indexing pipeline, as shown in Figure 4.18,

consists of two major stages – first, the presence of all required input data is validated, the

output directories for the indexing results are created, and an array of cluster compute jobs

(one per letterbox scan) are prepared.

HDF5
file

• Images
• ω angles

HDF5
file

• Images
• ω angles

HDF5
file

• Images
• ω angles

HDF5
file
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• Images
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Prepare cluster
job array submission

Create output directories

Validate raw files

Index job Index job Index job Index job Index job

High-performance computing cluster nodes

Deployment script

.json file

• Path to files
• Output path
• Indexing

parameters

Figure 4.18: Parallel cluster-based indexing deployment process.
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Parallelisation

Each cluster job is provided paths to individual input files containing processing parameters

such as indexing thresholds and Grainspotter parameters, as well as the paths to the raw

data and the desired output directories. The cluster compute jobs are then submitted to

the compute scheduler (Sun Grid Engine [262] at DLS, and slurm [263] at the University

of Birmingham). Once initiated by the scheduler, each letterbox scan is then indexed in

parallel on the computing cluster. Due to the parallel indexing, this automated pipeline is

significantly faster than initiating each step manually. A full index of 60 letterbox scans

(across the six load steps in Chapter 6, for example) can be performed in under 12 hours.

To supply the parameters for the peak searching, indexing and refinement stages to the

indexing pipeline, a .json file containing these parameters, organised by indexing step, is

created by the user and supplied to the script. This enables the entire pipeline to be

initiated with a single command, and run to completion without user involvement.

4.3.5 Improvements

This concludes the development of the indexing pipeline that took place before the sub-

mission of Chapter 5. During the development of Chapter 6, a number of substantial

improvements to the indexing pipeline were implemented, and these will now be de-

scribed.

Beam current scaling

Integrated into the ImageD11 peak searcher is the capability to apply an intensity correction

to each detector image based on the value of the beam current in the storage ring –

the intensity of the incoming X-ray beams into the Experimental Hutch is proportional

to the storage ring current, which changes over time as more electrons are injected to

counteract losses in the storage ring. At Diamond Light Source, this can introduce an

intensity fluctuation of around 2–4% with a period of approximately 12 seconds. These
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corrections were applied in the indexing pipeline for Chapters 6 and 8.

Peak removal near module gaps

In-depth analysis of the positions of peaks determined by the ImageD11 peak searcher

revealed that peak positions were being incorrectly identified if they fell close to a detector

module gap. The Pilatus CdTe detectors are composed of multiple individual modules

which are joined together to form a large area detector. A small gap between each module,

as shown in Figure 4.11, collects no diffracted signal. Incorrect peak placements were

observed to negatively influence the performance of the indexing routine by generating

incorrect grain assignments, causing the parameter refinement process to poorly converge.

To solve this problem, a detector mask defining the module gaps was obtained from the

I12 beamline team, and a post-processing stage was written after the initial peak search to

remove peaks that overlapped with the module gaps.

Detector module distortion

Further analysis of the peak searching results revealed a small amount of misalignment of

peak positions – this was most prominent in higher-Q regions towards the edges of the

detector. This caused peak positions to be incorrectly assigned, which negatively affected

the performance of the indexing and refinement processes as described above. Due to the

modular detector design, a small degree of misalignment (either in translation or rotation)

of each module with respect to each other is inevitable. This problem has been known for

some time, and correction routines exist, usually based on placing a grid mask in front of

the detector, and using the subsequent grid positions on the image to refine the position

and rotation of each sub-module [264, 265]. However, such a mask was unavailable at

DLS. Recent work by Wright et al. [266] using powder diffraction patterns from reference

calibrants such as CeO2 to calibrate module misalignments proved very useful – a series

of diffraction patterns of CeO2 were taken at different detector translations by Oxana
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Magdysyuk at the I12 beamline, and the technique specified by Wright et al. was employed

to determine module misalignments for the Pilatus detector. A correction routine was

applied to the pipeline to adjust peak pixel positions accordingly, before the calculation of

X-ray scattering vectors was performed.

Automation of Grainspotter parameter choices

Attempts were made to further automate this Grainspotter parameter optimisation

procedure. Grainspotter has a number of parameters that determine how the global

orientation space is sub-divided, and how close measured g-vectors have to be to their

theoretical values for orientations to be accepted. Grainspotter has 7 of these parameters

that can be varied. Theoretically, if a function could be devised that automatically evaluated

the performance of Grainspotter given a choice of these 7 parameters, each choice of

parameters could be associated with a scalar "fitness" metric, representing the relative

performance of that choice of parameters. Establishing this evaluation function allows a

global optimization problem to be devised – a search through this 7-dimensional parameter

space could, in theory, converge on an optimal choice of these parameters by evaluating the

performance of Grainspotter at different points within this parameter space. A number

of different evaluation functions were attempted – in one approach, the grain map produced

by Grainspotter was masked by the expected macroscopic dimensions of the sample, and

the fraction of the total number of grains that fell outside the mask was returned as the

result of the evaluation function. This way, grain maps with all grains contained within

the sample geometry returned a low score, enabling a global minimization search with the

objective to reduce this score as much as possible.

To facilitate this 7-dimensional global optimization problem, a genetic algorithm was

employed using the DEAP evolutionary algorithm Python library [267]. In the DEAP library,

a single point in the 7-dimensional parameter space is represented by an "individual",
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consisting of a 7-element array, with one element per parameter. In the genetic algorithm

approach, a population of individuals are evaluated with the evaluation function previously

described, to produce a "fitness" for each individual. The evolutionary aspect of the

algorithm is defined by how different generations of individuals are produced – although

multiple strategies can be employed, a common theme is that better-performing individuals

from each generation are more likely to propagate into future generations, therefore

producing a "survival of the fittest" scenario where the average fitness of a population

increases over time.

Unfortunately, the performance of this genetic approach to parameter optimization was

never reliable enough to be routinely used – depending on the choice of specific parameters,

the execution of Grainspotter can be very computationally expensive. This had the effect

of significantly increasing the time required to determine the fitness of each population,

even when these computations are performed in parallel (the fitness of every individual

in a population must be determined before a new generation can be produced). Further

difficulties were encountered in producing an evaluation function that could adequately

identify a "good" grain map (as determined by a human operator) as having a better fitness

than a "bad" grain map – many factors such as the number of grains in the map, and

the distributions of grains in position and orientation space are highly sample-dependent

and would likely need to be adjusted for each new measurement, defeating the objective

of a highly automated procedure. In addition, the high dimensionality of the search

space, coupled with the co-dependent nature of some of the parameters, led to a highly

variable landscape with many local minima. Choosing optimal hyperparameters (such as

the individual mutation and crossover probabilities) also proved difficult, and ultimately

more time-consuming than the previously defined approach (varying one parameter at a

time and evaluating the parameter range manually in parallel).
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Change of indexing program

Like Grainspotter, ImageD11 also contains an indexing routine which searches through

orientation space using pairs of peaks to find trial grain orientations, then scores these

trial orientations based on how many peaks can be associated with those orientations

within a user-specified tolerance [268]. ImageD11 also contains a refinement routine similar

to FitAllB which can refine the positions and (U ·B)⊺ data (hereby referred to as UBI

matrices) of each grain. The grain strain tensors could then be directly extracted from

the UBI matrices as described in Section 4.2.1. The indexing and refinement of ImageD11

was observed to be more consistent, predictable and of higher quality than previously used

packages, and the architecture of ImageD11 meant that these functions were exposed as

Python modules, which could be easily called from the Python-based pipeline script. The

decision was therefore made to use ImageD11 going forward for all peak searching, indexing

and refinement tasks.

The indexing approach employed by ImageD11 is hereby described. First, the recorded

X-ray scattering peaks (the "g-vectors" previously described) are assigned to theoretical

diffraction rings (such as {1 1 1}, {2 0 0}, etc.), which are calculated based on the unit cell

details, sample-to-detector distance and beam wavelength previously determined. Secondly,

two diffraction rings are selected (defined by the user in the input file). For each pair

of g-vectors across the two selected rings, ImageD11 will compute the angle between

them. This computed angle will be compared against the possible angles between peaks

determined from the unit cell symmetry, and the pair of peaks will be accepted as a "trial

orientation" if the angles are similar within a user-specified tolerance. This generates

many possible trial orientations, each represented by a UBI matrix. The next step is to

"score" each of the trial orientations by determining how many observed peaks in total

could be created by a grain with that orientation. This calculation is performed by taking
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the dot-product of each "g-vector" with the UBI matrix representing the orientation –

valid combinations will produce answers close to the integer {h k l} values the peaks are

assigned to. A "minpeaks" parameter is supplied by the user here to ensure that trial

orientations that only index a small number of peaks The final result is a list of UBI matrices

representing grain orientations that index at least "minpeaks" peaks. At this stage, the

peaks originally input to the indexer can be associated with the accepted grain orientations,

which enables further refinement of both the grain UBI matrices and positions.

The choice to switch to ImageD11 for indexing and refinement introduced two challenges –

first, determining error bars in grain parameters (position, orientation and strain error) was

previously performed by FitAllB. Therefore, a new routine (see Chapter 6 [237]) would

need to be developed to determine these errors from data produced by ImageD11. The

second challenge relates to the indexing procedure – ImageD11 performs its initial index

best on grains close to the rotation axis. This is primarily due to the peak translation on

the detector caused by the translation of grains away from the rotation axis. To accurately

assign orientations to peaks created by grains significantly far away from the rotation axis, a

large tolerance window must be set during the peak assignment procedure. This introduces

a significant source of noise and can generate many false assignments. A better solution

(created by Wright and implemented in ImageD11) is to perform multiple index processes

in parallel, with tighter tolerances, at different "virtual" translations within the sample.

At each "virtual" translation position, the positions of the diffracted peaks are updated

to take into account the translation. This process, hereby referred to as a "grid index",

enables the use of tighter tolerances, while still correctly indexing grains at significant

distances from the centre of rotation. A consequence of this process is that adjacent virtual

translation indexes may contain the same grain, so many duplicated grains are created. A

final post-processing pass, built-in to ImageD11, removes the majority of these duplicated
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grains by checking for close matches in orientation and position space.

All of the above improvements to the indexing pipeline were included in the analysis of

data for Chapter 6, as shown in Figure 4.19. The support for indexing multiple phases was

also introduced – the peak "trimming" phase previously described to isolate peaks close to

estimated diffraction positions was extended to apply to multiple user-specified unit cells

independently – the indexing and refinement process was then deployed separately for each

phase, resulting in one final grain file per phase.
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Figure 4.19: 3DXRD data analysis flowchart used for Chapter 6. From Ball et al. [237].

Bootstrap error determination

The change of refinement program from FitAllB to ImageD11 necessitated the develop-

ment of an alternative process to determine the standard deviations of grain parameters

such as position, orientation and strain tensor elements. To achieve this using only data
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produced by ImageD11, a "bootstrap" error determination technique was proposed by Jon

Wright (scientist responsible for the ID11 beamline at the ESRF) and Younes El-Hachi

(Université de Lorraine). At its core, this technique uses random sampling of the individual

peaks that contribute to a single grain. An example is provided below for a single grain.

The grain has 100 assigned peaks – each of these peaks contributes to the minimisation

routine employed by ImageD11 in order to determine the properties of the grain, because

the grain parameters are determined by minimising the difference between the calculated

and observed peak positions on the detector. By taking a random sample of 50% of the

peaks assigned to this grain, and performing the grain refinement with just those peaks,

the variance of the results of the refinement can be determined. By performing a high

number (e.g. 50+) of random samples and determining the derived grain parameters for

each sample, the width of the parameter distributions can be explored – the standard

deviations of these distributions are taken as the error bars of the grain parameters. This

process was applied to Chapters 6 and 8. By default, as the refinement process refines only

the grain position and UBI matrices, it is necessary to extract the error in orientation as an

angle and the error in the strain tensor elements from the UBI matrices. To determine the

error in orientation as an angle for a grain, the U matrix of each bootstrap sample was

determined from the UBI matrix, then the Rodrigues space representation as calculated

by ImageD11 was produced. Although not globally Euclidean, Rodrigues space can be

considered locally Euclidean for small rotations [198]. Therefore, assuming the width of

the grain orientation distribution is small in Rodrigues space, the standard deviation of

each element of the Rodrigues vector can be taken as the error δr . This error vector can

then be converted back into a rotation matrix Ue, from which the angular error can be

extracted by determining the misorientation between Ue and the identity matrix [238]. To

extract strain tensor elements, each UBI matrix was converted to a strain tensor via the
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finite strain library implemented in ImageD11, then the standard deviation of each strain

tensor element was taken as the overall strain error for the grain.

4.4 3DXRD Post-Processing
It is clear from the description of the indexing pipeline that a substantial amount of data

is generated during this process. The output of the ImageD11 refinement and bootstrap

error determination processes is a single grain map per letterbox scan, with each grain map

containing a list of grain positions and UBI matrices, which contain information on both

grain orientation and strain state. For example, for the grains indexed for Chapter 6, a total

of 18 320 grains were indexed over six load steps with ten letterbox scans per load step.

Performing an extended analysis for large amounts of 3DXRD data to answer materials

science questions is both a significant challenge and an area of significant study [269–271].

To observe how individual grains respond to deformation, for example, the same grains

must be observed at multiple load steps – this necessitates the development of highly

performant tracking algorithms that can detect these duplicate observations. The same

requirement applies to stitching together multiple letterbox scans within the sample load

step, as has been performed for Chapters 5 and 6. Developing a unified data model that

collates grain data from multiple scans and load steps together and facilitates rapid and

detailed evaluation of materials science questions is of the utmost importance. Throughout

the course of this work, such a data model and data analysis platform was devised, which

will now be described in depth.

4.4.1 Data model

A hierarchical object-oriented data model was devised and implemented in Python to

contain data surrounding a complete in-situ far-field 3DXRD experiment as shown in

Figure 4.20. At the top of the model is the Sample class. This class contains a Python

dictionary of each LoadStep of the experiment – in this example, three load steps are
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Sample

• Parameter struct
• 3 LoadStep instances

LS2LS1 LS3

• Applied load
• 4 GrainVolume instances

LoadStep 2

GV2GV1 GV3 GV4

GrainVolume 3

• Offset position
• 2 GrainMap instances

GM1 - γ GM2 - α

GrainMap 2 - α

• Reference Phase
• List of Grain instances

Grain 5

Stored properties:
• Translation
• UBI matrix
Derived properties:
• Unit cell
• Strain tensor
• Stress tensor

1 2 3 4 5 6 7 98 ...

Phase α

• Reference unit cell
• 6× 6 stiffness tensor

Figure 4.20: Simplified form of data model used for processing in-situ 3DXRD data.
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present. Each LoadStep instance contains a dictionary of each GrainVolume that make

up a single load step. Each GrainVolume instance describes a single contiguous volume of

three-dimensional space, so there is one GrainVolume per letterbox scan assigned to each

LoadStep instance – in this example, there are four letterbox scans per load step, therefore

four GrainVolume instances per LoadStep instance. Contained within each GrainVolume

instance is a GrainMap corresponding to each Phase of the material. For example, if a

dual-phase γ/α steel sample were indexed and processed with this data model, there would

exist an α GrainMap instance and a γ GrainMap instance within each GrainVolume. Each

GrainMap instance therefore corresponds to a single raw grain file output by the indexing

and refining stage. Each GrainMap contains a list of Grain class instances, which is the

core class of the data model. The Grain class in the data model is an extension of the

Grain class in ImageD11, which stores grains as Python objects with different parameters

such as translation and UBI [256]. In the ImageD11 Grain class, properties such as grain

orientation U, unit cell, and B matrix are then derived as required from the UBI attribute

using Python @property decorators, as per the code excerpt given below [256]:
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import numpy as np
import ImageD11.unitcell.unitcell

class Grain:
[...]
@property
def mt(self) -> npt.NDArray[np.float64 ]:

return np.dot(self.UBI , self.UBI.T).copy()

@property
def unitcell(self) -> npt.NDArray[np.float64 ]:

G = self.mt
a, b, c = np.sqrt(np.diag(G))
al = np.degrees(np.arccos(G[1, 2] / b / c))
be = np.degrees(np.arccos(G[0, 2] / a / c))
ga = np.degrees(np.arccos(G[0, 1] / a / b))
return np.array((a, b, c, al , be , ga)).copy()

@property
def B(self) -> npt.NDArray[np.float64 ]:

return ImageD11.unitcell.unitcell(self.unitcell).B.copy()

@property
def U(self) -> npt.NDArray[np.float64 ]:

return np.dot(self.B, self.UBI).T.copy()

This model of generating derived grain parameters such as unit cell dimensions from the

stored translation and UBI matrices has been extended as part of this study – a large number

of derivable grain parameters have been implemented such as sphere-equivalent diameter

(from the grain volume), Schmid factor (from the grain orientation as implemented by

pymicro [272]), and stress tensor (from the strain tensor and 6× 6 stiffness tensor as per

Oddershede et al. [195]). To determine the approximate volume of each grain, calculated

when GrainMap instances are instantiated, the grain mean peak intensity as a fraction of

the sum of all grain mean peak intensities is determined and assumed to be proportional to

grain volume [273]. Another feature of the model is that each grain has a unique identifier

string generated at creation, which ensures that grains in different grain maps with the

same grain ID number (generated by ImageD11) do not get confused.

The data model is also supported by a Phase class, that contains vital crystallographic

information for each phase of the material, such as a reference unit cell (defined by a
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.cif file, for example), a phase name, and a 6× 6 stiffness tensor (required for converting

strain tensors to stress tensors). The pymicro Python package [272] has been employed

throughout this data model – one use is via the Symmetry class, elements of which have been

incorporated into the Phase class, to determine parameters such as the symmetry-equivalent

rotation operators for each type of crystal symmetry.

The data model is applied to 3DXRD experimental data via the use of a Python script

that imports each grain map produced by ImageD11 into a corresponding GrainMap

and constructs the overarching GrainVolume, LoadStep and Sample instances. The

experimental parameter configuration .json file previously mentioned is also included as a

Struct attribute of the Sample class. To export the data contained within the Python data

model in a format useful to further research in Python or MATLAB, an HDF5 dataset export

function was also developed for each class employed in the data model. The end result of

this process is therefore a hierarchical HDF5 file containing structured 3DXRD data from

each map, organised by load step, letterbox scan and crystallographic phase. With the

foundations laid for storing and manipulating per-grain data using Python, important post-

processing steps such as letterbox map stitching and grain tracking can be considered.

4.4.2 Major post-processing steps

A number of major post-processing steps have been developed, as shown in Figure 4.21,

that are considered essential to the accurate tracking of in-situ grain behaviour during defor-

mation. Many of these post-processing steps such as letterbox stitching (where contiguous

GrainVolume instances are stitched together to form a single StitchedGrainVolume

for each load step) and grain tracking (where repeat observations of the same grain are

detected across multiple adjacent LoadStep instances) require a method to detect repeat

observations of the same grain. This is not a new problem, and has been tackled many

times in different ways across different measurement techniques such as EBSD grain
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segmentation [274], letterbox stitching for large-volume 3DXRD [206, 275] and grain

tracking across deformation [208, 211]. Two algorithms are required: the first, to detect

duplicate observations of the same grain, and the second, to merge these observations

together to create a new grain object. In this work, a strategy based on the method

introduced by Louca et al. [275] was employed, where two grains are considered to be

duplicates if they are close together in position and orientation. An in-house grain merging

technique has also been devised which will be discussed in detail. Specific implementations

of the de-duplication technique will differ depending on the exact post-processing step (i.e.

letterbox stitching vs grain tracking), and these technicalities will also be explored.

4.4.3 Grain cleanup stage

As previously mentioned in Section 4.3.5, the grid indexing algorithm utilised by ImageD11

can generate duplicate grains by indexing the same input data in parallel. Included with the

grid indexing algorithm is a post-index cleanup stage where duplicate grains are detected

and removed, using a similar algorithm to that presented earlier in this section. However,

some duplicate grains can be missed, and are easy to see when investigating the output of

the indexing pipeline by plotting grain centre-of-mass positions. We solve this problem via

the simplest de-duplication detector: grains are considered duplicate if both their Euclidean

distances between centre-of-masses are less than a specified distance tolerance, and if the

misorientation between them is less than a specified angle tolerance.

Duplicate grain detection

Provided below is the reference duplicate grain detection algorithm, which is not optimized

for speed. Grain de-duplication detection for n grains is a O(n2) problem as the distance

and misorientation of each grain pair must be evaluated. While the optimized function will

not be provided here (see Appendix A.1), a significant improvement in execution time can be

obtained by again employing the Numba Python library with the help of the prange function
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• 4 grain maps

Load step 1

• 4 grain maps

Load step 2
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Import into
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across load steps
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Figure 4.21: Flowchart of major 3DXRD post-processing steps.
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to perform the checks in parallel across multiple CPUs – another significant speed-up can

also be gained by only evaluating the misorientation (expensive) of grains that are close

together in position (cheap).

from scipy import spatial

def are_grains_duplicate(grain_a , grain_b , dist_tol =0.10 , angle_tol =1.0)
:
if grain_a is grain_b:

raise ValueError("Both grains the same!")

# check they have the same phase
if grain_a.phase != grain_b.phase:

return False

# check their separation less than distance tolerance
pos_a = grain_a.pos
pos_b = grain_b.pos
grain_com_separation = spatial.distance.euclidean(pos_a , pos_b)
if grain_com_separation > dist_tol:

return False

# check their misorientations
U_a = grain_a.U
U_b = grain_b.U
cs = grain_a.phase.symmetry.symmetry_operators ()
misd = misorientation_single_numba ((U_a , U_b), cs)
if misd > angle_tol:

return False

# all three checks pass , so return true
return True

Determining the misorientation between grain pairs is non-trivial, so the specific imple-

mentation of the misorientation_single_numba function will be discussed in the next

section.

Misorientation

To determine the grain pair misorientation, the misorientation function defined in the

pymicro Python library was employed [272]. This misorientation function takes into

account the symmetry of the grains and is shown below between two grains A and B as

defined by Sangid et al. [276]:

m = sgB
⊺gA (4.12)
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where m is the misorientation matrix, gA and gB are the orientations of grains A and

B respectively (where g ≡ U⊺), and s is a symmetry operator that rotates between

symmetrically-equivalent crystal Cartesian reference frames (i.e (1 0 0) and (0 1 0) in a

cubic system). A consequence of crystal symmetry is that many misorientation matrices m

will be generated. To determine the true misorientation angle, the angle a can be extracted

from each matrix using the following equation [272]:

c =
Tr (m)− 1

2

a = arccos c

(4.13)

The minimum value of a across all values of m is taken as the true misorientation. Due

to the symmetry of the system, this is a reasonably expensive computation, especially

when applied to many thousands of pairs of grains. A highly performant implementation

of this algorithm (modifying the original function written by Proudhon [272]) has been

achieved in Python by the use of a just-in-time (JIT) compiler called Numba that compiles

Python instructions down to machine-code upon the first function call to speed up repeat

execution. This function, provided below, can determine the misorientation angles of

1 000 000 randomly-generated grain pairs using a naïve serialisation approach on a single

CPU core in under 1 minute.
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import numpy as np
from numba import njit

@njit(fastmath=True)
def misorientation_from_delta(delta):

cw = (np.trace(delta) - 1.0) / 2.0

# guard against arccos returning NaN:
# cw can sometimes be slightly more than 1 or slightly less than -1
# clip to [-1,+1]
if cw > 1.:

cw = 1.
if cw < -1.:

cw = -1.

# get misorientation in radians
mis = np.arccos(cw)

# convert to degrees
misd = np.rad2deg(mis)

return misd

@njit(fastmath=True)
def misorientation_single_numba(matrix_tuple , symmetries):

# Unpack the matrix tuple into two matrices
gA , gB = matrix_tuple
# Invert them to go from U matrices to g matrices
gA = gA.T
gB = gB.T

# Determine the number of crystallographic -equivalent symmetries for
this crystal system

n_symms = symmetries.shape [0]

# Prepare an array to store the results for each symmetry
angle_array = np.zeros(shape=n_symms)

# Iterate over the symmetries
for k in range(n_symms):

sym_k = symmetries[k]
# Dot the symmetry operator with g_B
o_k = np.dot(sym_k , gB)
# Calculate m (delta)
delta = np.dot(o_k , gA.T)

misd = misorientation_from_delta(delta)

angle_array[k] = misd

the_angle_deg = np.min(angle_array)

return the_angle_deg
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Cleanup algorithm

A de-duplication algorithm is applied to a list of grains to generate a "cleaned" grain map

without duplicates. First, the previously defined de-duplication algorithm is applied on a

list of all grains in the GrainMap. For Chapter 8, a distance tolerance of 0.1mm and a

misorientation tolerance of 1.0° were used. The result is a list of tuples of grain pairs of

matching Grain objects. However, this list cannot be used directly – the list may contain

grains that match with multiple other grains, e.g:

[
(grain_A , grain_B),
(grain_A , grain_C),
(grain_D , grain_E),
...
]

To adequately group together these grains, a graph-theory approach is employed using the

NetworkX Python package [277]. First, a unique identifier is generated for each grain in

the list. Second, an undirected graph G is formed – each node represents a grain, and

each vertex indicates whether or not a match has been found between those grains. For

example, the above grain list would yield the following graph G:

C-A-B D-E

Then, using the NetworkX Python package, each connected component subgraph from

the graph G is extracted. Finally, each subgraph is independently processed to restore the

grain objects from the string representations of the nodes. The end result is a list of lists,

where each sub-list contains a single connected component subgraph:

[
[grain_A , grain_B , grain_C],
[grain_D , grain_E],
...
]
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Grain merging

Now that the matching grain pairs have been merged together into groups, the grains

within each group can be merged together to form new CleanGrain objects that contain

parameters averaged over each contributory Grain. To do this, the following merging

function is applied to each group:

import numpy as np

def merge_grains(grains_to_merge):
# extract position and volume of each contributory grain into arrays
pos_array = np.array ([grain.pos for grain in grains_to_merge ])
vol_array = np.array ([grain.volume for grain in grains_to_merge ])

# new grain position is volume -weighted mean of contributory grain
positions

new_pos = np.average(pos_array , axis=0, weights=vol_array)
# new grain volume is sum of contributory grain volumes
new_volume = float(np.sum(vol_array))

# Sort grains by volume descending
grains_sorted_by_volume = sorted(grains_to_merge , key=lambda x: x.

volume , reverse=True)
largest_grain = grains_sorted_by_volume [0]

# Take largest grain UBI as the new UBI
new_UBI = largest_grain.UBI

phase = largest_grain.phase

new_grain_obj = CleanGrain(pos=new_pos ,
UBI=new_UBI ,
volume=new_volume ,
phase=phase ,
parent_grains=grains_to_merge)

return new_grain_obj

An important caveat of this merging process is that the original Grain instances generated

from the raw grain data are not deleted. Instead, a CleanedGrainsMap instance is

generated from each GrainsMap, containing a list of CleanGrain instances generated

from the merging process. In the case that an input Grain did not match with any other

grains, a CleanGrain is generated directly from it, with no merging applied. The end

result is a CleanedGrainsMap containing a list of CleanGrain instances representing a

de-duplicated version of the GrainsMap, where each CleanGrain contains a reference to
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the list of original Grain instances that contributed to it. This way, the merging process

is transparent, no data is lost, and one can follow any CleanGrain instance back to the

original raw grain data. Referring back to the data model example in Figure 4.20, this

means that each GrainVolume instance new contains four grain maps: two GrainMap

instances (one per phase), containing the raw grain data as output by ImageD11, and two

CleanedGrainsMap instances (one per phase), containing the merged grain data as output

by the merging process.

4.4.4 GrainVolume stitching

The next major post-processing step employed in this study is the GrainVolume stitching

phase. This is where individual letterbox scans are stitched together to form a single contigu-

ous GrainVolume (containing one GrainMap per phase) for each load step. At this stage,

the individual CleanedGrainsMap instances within each individual GrainVolume are stitched

together. This forms a new StitchedGrainVolume instance (one per LoadStep), each

containing one StitchedGrainsMap per phase. Each StitchedGrainsMap instance con-

tains a list of StitchedGrain instances, which are formed from the merging of CleanGrain

instances. Like with the CleanGrain class, the StitchedGrain class has a parameter

that allows it to keep track of which specific CleanGrain instances were used to create

it. For Chapter 6, the same duplicate grain detector and merging algorithm used for the

cleanup stage were used for the stitching stage, to merge duplicate grains in the overlap

region. However, for Chapter 8, it was decided to switch to a slightly different duplicate

grain detection logic. Instead of using a Euclidean distance metric and a single distance

tolerance, the grain centre-of-mass vertical distance (i.e the distance in z) was given its

own independent tolerance, and the Euclidean distance check was reduced to the xy plane.

This allowed for a more relaxed tolerance in the z axis, to account for increased error

in grain centre-of-mass z positions in case a grain was cut by the edge of the incoming
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beam [275]. The updated reference algorithm (again not optimized for speed here) is

provided below. Although not included here, the grain positions used for the stitching

process are modified based on the motor positions of the z stages to ensure that each

letterbox GrainVolume is adequately translated.

import numpy as np
from scipy import spatial

def are_grains_duplicate_stitching(grain_a , grain_b , dist_tol_xy =0.10 ,
dist_tol_z =0.20 , angle_tol =1.0):
if grain_a is grain_b:

raise ValueError("Both grains the same!")

# check they have the same phase
if grain_a.phase != grain_b.phase:

return False

# check their vertical separation
pos_a_z = grain_a.pos [2]
pos_b_z = grain_b.pos [2]
grain_com_separation_z = np.abs(pos_a_z - pos_b_z)
if grain_com_separation_z > dist_tol_z:

return False

# check their horizontal separation
pos_a_xy = grain_a.pos [0:2]
pos_b_xy = grain_b.pos [0:2]
grain_com_separation_xy = spatial.distance.euclidean(pos_a_xy ,

pos_b_xy)
if grain_com_separation_xy > dist_tol_xy:

return False

# check their misorientations
U_a = grain_a.U
U_b = grain_b.U
cs = grain_a.phase.symmetry.symmetry_operators ()
misd = disorientation_single_numba ((U_a , U_b), cs)
if misd > angle_tol:

return False

# all three checks pass , so return true
return True

As performed by Louca et al. [275], a range of trial stitching parameters (i.e xy distance

tolerance, z distance tolerance and misorientation angle) were tested on the first LoadStep

of the Chapter 8 3DXRD data in order to determine optimized stitching parameters, the

results of which are provided in Figure 4.22. It is clear that a critical z distance tolerance of

at least ∼0.075mm is required to ensure all duplicate grains are detected. For xy distance
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tolerances of below ∼0.1mm, no new matches are found by increasing the z tolerance

further. From this graph, a z distance tolerance of 0.2mm, an xy distance tolerance of

0.1mm and an angle tolerance of 1.0° were chosen.
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Figure 4.22: Grain stitching parameter search to determine optimized distance tolerances,
with a constant angle tolerance of 1.0°.

4.4.5 LoadStep alignment

The next major post-processing step is aligning reference frames between load steps. During

the interrupted loading process, it is likely that some degree of sample translation and/or

rotation is observed as the applied load is increased between load steps. In an ideal world,

the sample translation would be negated by re-aligning the sample to the beam at the

start of each load step. However, in practice a small amount of translation remains, and

the rotation is not optimized. As a result, to ensure grains can be accurately tracked

across all load steps, a new reference frame is devised that moves with the sample as it
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translates/rotates during the loading process. The main challenge is then to determine the

transformation needed to convert between the laboratory and sample reference frames. A

rigid body transformation matrix D is defined that transforms laboratory frame coordinates

to sample frame coordinates via a combined rotation and translation:

D =




R11 R12 R13 Tx

R21 R22 R23 Ty

R31 R32 R33 Tz

0 0 0 1




=




Tx

Ty

Tz

0 0 0 1

R




(4.14)

The modified grain orientation matrix in the sample reference frame can then be de-

fined:

Usample = RU (4.15)

The grain positions in the sample reference can also be defined:

possample = [pos + (Tx , Ty , Tz)] · R⊺ (4.16)

For Chapter 6, a routine was devised that determined R from the grain centre-of-mass

positions (the translation was not considered). To achieve this, the first load step (A) was

taken as the reference point where sample and lab reference frames are aligned. Then, for
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each subsequent load step (B), a list of potential (A, B) grain pairs were determined using

the de-duplication algorithm defined in Section 4.4.3 with a wide tolerance in distance and

misorientation. From this list of (A, B) grain pairs, arrays of initial grain positions and final

grain positions were generated, and these were used as inputs to the pycpd coherent point

drift algorithm solver Python package [253], assuming a rigid body transformation between

load steps A and B. From the resulting 4× 4 transformation matrix, the rotation matrix

R was extracted and used to generate Usample matrices as defined above. This process

worked reasonably well on DLS-collected data, where translations between load steps were

small relative to the size of the sample. However, the above process has two problems.

The first is that determining optimized grain rotations with grain positions is sub-optimal –

due to the nature of the far-field 3DXRD experimental geometry, the grain orientations are

determined to a much higher accuracy than grain positions [273]. Therefore, it is better to

determine R using grain orientations, if possible. The second problem comes when applying

the Chapter 6 alignment routine to data collected at the ESRF. The nature of the Nanox

stress rig, combined with the much smaller sample geometry, led to significant translations

between load steps that were not adequately corrected during beam alignment at the start

of each load step. Therefore, a new technique was devised for Chapter 8 which determines

both translation and rotation between load steps.

The updated alignment process for Chapter 8 is as follows. As previously described, the first

load step (A) was taken as the reference point where the sample and lab reference frames

are aligned. Then, for each subsequent load step (B), a list of potential (A, B) grain pairs

were determined using the de-duplication algorithm defined in Section 4.4.3 with a wide

tolerance in distance and misorientation. At this stage, from the list of candidate grain

pairs, a minimisation routine was devised based on the DIRECT algorithm [278, 279] as

implemented in the scipy Python package [280]. This minimisation routine was inspired

Page 103



Chapter 4. Methods 4.4. 3DXRD Post-Processing

by the registration algorithms devised in Chapter 7 [221], and minimises the misorientation

between a list of grain pairs by searching through Euler-angle space to find the rotation R

that minimises the mean misorientation between grain pairs:
from scipy.optimize import direct

def evaluate_misorien(rot_array , grain_pairs):
# convert Euler angle representation (3-vector) to 3x3 rotation

matrix:
R = rot_array_to_matrix(rot_array)

# evaluate mean misorientation between grain pairs
misoriens = []
for grain_pair in grain_pairs:

grain_a , grain_b = grain_pair

misorientation = misorientation_single_numba(matrix_tuple =(
grain_a.U, R @ grain_b.U), symmetries=grain_a.phase.symmetry.
symmetry_operators ())

misoriens.append(misorientation)

return np.mean(misoriens)

# bounds of orientation space (Euler angles)
bounds = [(-45, 45), (0, 90), (-45, 45)]

res = direct(func=evaluate_misorien ,
bounds=bounds ,
args=( random_pairs))

optimised_R = rot_array_to_matrix(res.x)

With the updated R matrix now found, the rotation is applied to grain centre-of-mass

positions, and the same pycpd rigid body translation routine is carried out to determine the

new grain translations. At this stage, the R component of the rigid body transformation can

be printed, to ensure that no substantial rotation remains from the grain centre-of-mass

positions – if R was accurately determined by the minimisation routine, and correctly

applied to the grain centre-of-mass positions, this R component should be close to the

identity matrix. At the end, the new R matrix and translations are combined to form a

D matrix for load step B. The D matrices are stored in each LoadStep variable, and the

sample frame grain orientations and positions can then be derived on the fly as part of the

Grain class, following the ImageD11 @property decoration design philosophy:
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class Grain:
[...]
@property
def pos_sample(self):

rotation = self.load_step.D[0:3, 0:3]
translation = self.load_step.D[0:3, 3]

return (self.pos + translation) @ rotation.T

@property
def U_sample(self):

return self.load_step.D[0:3, 0:3] @ self.U

4.4.6 Tracking over LoadSteps

With the sample reference frames established, the grains can now be tracked across multiple

load steps, to enable the investigation of individual grain responses to deformation. To do

this, the original duplicate grain detection algorithm was used on a list of all StitchedGrain

instances in the Sample instance. A variant of the graph theory-based approach was used

to group together pairs of matching StitchedGrains found by the duplicate detector –

for tracking purposes, only one grain is desired per load step. To achieve this, if multiple

grains within a single load step exist within a grain group, the largest grain from each

load step is chosen as the representative state of the grain at that load step. Groups

containing only a single StitchedGrain were discarded as this indicated the grain could not

be tracked across multiple load steps. A single TrackedGrainVolume, containing a single

TrackedGrainsMap for each phase, was created and assigned to the Sample instance. Like

the cleanup stage, a distance tolerance of 100 µm and an angle tolerance of 1.0° was used,

which represents the maximum allowable grain translation and rotation between any two

adjacent load steps.
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4.4.7 Grain neighbourhood detection

Detecting the nearest neighbours of grains was performed in two different ways throughout

the course of the work. For Chapter 6, grain nearest neighbours were extracted via a

Delaunay triangulation process using a function in the scipy Python library [280], treating

the grain centre-of-mass positions as a point cloud. This process worked well for the

single-phase large-grained microstructure of the DX54 steel studied in Chapter 6. However,

the microstructure of the modified 304L steel in Chapters 7 and 8 is significantly more

complex, as can be seen in the EBSD plots in Chapter 7 [221]. The existence of martensite

developing within existing austenite grains poses a challenge to Delaunay triangulation-based

methods of neighbourhood detection, as grains can exist entirely inside other grains – the

previously used neighbourhood detection algorithm only considered first-order neighbours,

which would consider embedded martensite as a neighbour rather than an embedded grain.

To solve this, a simpler neighbourhood check was devised, based on a modified form of the

duplicate grain detectors proposed by Louca et al. [275]. Grains A and B are considered

neighbours if a scaled sum of their sphere-equivalent radii is less than their separation

distance d as given below:

d < φ (RA + RB) (4.17)

where φ is a scaling constant. To determine φ, this neighbourhood detection technique

was employed on a large-area post-mortem EBSD scan of the gauge section of the 3DXRD

sample. To achieve this, the EBSD data were imported into the MTEX MATLAB library

[274] and grain segmentation was performed with a misorientation tolerance of 5°. For

each segmented grain identified by MTEX (a total of 2414), the following parameters were

calculated:

1. The neighbours identified by the built-in MTEX routine, which uses the segmentation
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results.

2. The neighbours identified by the proposed technique.

3. The fraction of MTEX neighbours also identified by the proposed technique.

4. The number of "false" neighbours identified by the proposed technique that were not

identified by the MTEX technique.

For a range of φ values from 1.0–3.0, the above routine was applied. The averaged

results of this process are plotted in Figure 4.23. A critical value for φ of 1.5 was chosen,

corresponding to an average of 90% of MTEX neighbours captured. This corresponded to a

mean number of incorrect neighbour grain assignments of ∼3.8. This value was used for

neighbourhood identification in the 3DXRD data.
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Figure 4.23: Novel neighbourhood identification technique compared against MTEX
approach applied to EBSD data.
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4.4.8 Martensite detection

To identify the presence of martensite, and connect child martensite grains to parent

austenite grains, an algorithm is required to identify whether a given martensite child grain

is embedded within an austenite parent, and to check whether their relative orientations

follow an established orientation relationship. Both factors of this algorithm will be discussed

here, starting with the embedding detection. The proposed embedding detection algorithm

is as follows: grain C (the child grain) is considered to be embedded inside grain P

(the parent grain) if the distance between them, d , is less than a scalar multiple of the

sphere-equivalent radius of the parent Rp:

d < χ (RP ) (4.18)

where χ is a scaling constant, chosen to be 1.5.

Orientation relationship detection

To connect child martensite grains to parent austenite grains, it is necessary to evaluate their

orientations to determine whether the grain pair obeys an established orientation relationship

(OR), such as Kurdjumov-Sachs. To perform this operation, a list of theoretical austenite-

to-martensite transformation matrices was extracted using the variants and symmetrise

functions in MTEX, and a Python function was written that calculates the misorientations

between the observed and theoretical transformation matrices of the austenite-martensite

grain pair. An OR can be assigned to a grain pair if the output of this Python is less

than a user-specified tolerance. A function has been written for each commonly observed

OR (Kurdjumov-Sachs, Nishiyama-Wassermann, Greninger–Troiano and Pitsch for α′, and

Shōji-Nishiyama for ε) so the deviation from each OR can be calculated to determine

which OR has been observed. A number of Python tests have been written to verify
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functions used throughout the data analysis pipeline, such as the orientation relationship

detection outlined here. For the orientation relationship detection functions, Python tests

include parent austenite grains of random orientations, and check each crystallographic child

martensite variant to ensure that the orientation relationships are successfully detected. A

parent-child relationship can therefore be assigned to an austenite-martensite grain pair

if they pass both the radius-based distance check and their orientations are close to an

established orientation relationship. The underlying Python algorithm used for detecting

orientation relationships is described in detail in Chapter 8.

Martensite variant identification and prediction

The martensite variant detection and prediction routines utilised in this work are explained

in extensive detail in Chapter 8. Variant detections are performed by finding the minimum

angle between the expected and observed child grain orientations for all theoretically

expected parent-to-child relationships. To predict martensite variants given the orientation

of the parent γ grain, the "minimum strain work criterion" model is employed as described

in detail in papers by Humbert et al. [116] and S. H. Lee et al. [125].

4.4.9 Phase balance measurements

As of the time of writing, there is no well-established technique to determine the volume

fraction of individual phases in a multi-phase 3DXRD scan. Therefore, to evaluate the

change in martensite volume fraction with increasing applied load for Chapter 8, it was

necessary to treat the 3DXRD data as a traditional powder SXRD experiment. The

following procedure was therefore employed to extract the phase volume fractions at each

load step:

1. Take the mean of every detector frame across every letterbox scan in the load step.

2. Perform an azimuthal integration of the result using pyFAI [281] and export to a .xy

file.
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3. Import the .xy file into TOPAS [282].

4. Perform a Rietveld refinement with TOPAS following guidance by Daniel [283].

5. Extract volume fractions from Rietveld result.

The relative volumes of grains within each phase, as generated from the 3DXRD peak

intensity data, could then be scaled by the phase volume fractions to determine approximate

absolute 3DXRD grain volumes that could be compared across phases.

4.4.10 Summary

In the previous two sections, the current state of the 3DXRD indexing and analysis

pipelines have been introduced. The indexing pipeline enables rapid, automated, high quality

processing of raw 3DXRD data collected both at Diamond Light Source and the ESRF, and

can utilise both Diamond Light Source and University of Birmingham cluster computing

resources. With access to a computing cluster, an entire in-situ 3DXRD experiment

consisting of 60 letterbox scans (e.g Chapter 6) can be indexed within 6 hours with no

user involvement required. The data model and data post-processing pipeline tackles a

number of data processing challenges that face any in-situ 3DXRD experiment, such as

grain de-duplication, reference frame alignment, and grain tracking, enabling sophisticated

further data analysis. For reference, the entire 3DXRD post-processing pipeline as outlined

in Figure 4.21 can be launched with a Python script in under 100 lines of code and takes

less than 1 hour to complete on a multi-phase dataset containing tens of thousands of

grains (Chapter 8). The data model, indexing pipeline and post-processing pipelines total

over 14 000 lines of Python code written over the span of 4 years. A large fraction of

this code is unit tested for reliability, with over 300 existing unit tests, many leveraging

data and code from well-established programs such as pymicro and MTEX. These unit

tests are integrated into the development pipeline and are automatically deployed after any
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committed code change to maintain reliability. The entire codebase can be installed as a

Python 3 package with automatic dependency management.

4.5 Diffraction-Contrast Tomography

4.5.1 Acquisition

DCT measurements were performed on a Nanox-size sample of the modified 304L alloy to

characterise the alloy in 3D as well as to compare the capabilities of the DCT technique

against established EBSD principles. The reader is referred to Section 2.2 of Chapter 7 [221]

for a detailed description of the DCT acquisition geometry. DCT scans were performed at

the Xnovo Technology ApS (Køye, Denmark) facility using a LabDCT Pro™ module on a

ZEISS Xradia 520 X-ray microscope. Before a full DCT scan, samples were evaluated for

residual strain by examining the degree of spot smear on the detector – the DCT technique

is very sensitive to residual strains as orientation gradients within grains change the shape

of the projected diffraction spots on the detector.

4.5.2 Data analysis

The bulk of the data analysis process took place within the DCT reconstruction software

GrainMapper3D, also produced by Xnovo and discussed in Chapter 7. The output of this

reconstruction process was an HDF5 file containing a series of 3D maps of grain orientations,

grain IDs and phase IDs. To analyse the resulting DCT data, the pymicro Python package

[272] was primarily used. The pymicro package has support for processing DCT data

produced by GrainMapper3D, although this support was restricted to single-phase scans.

The pymicro package was therefore extended to support multi-phase DCT data. pymicro

was then primarily used to produce 3D plots of grain orientations coloured by inverse

pole figure colour, with the aid of Paraview to render the images. pymicro enabled the

systematic analysis of grain positions, orientations and morphologies that was required to
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perform the analyses included in Chapter 7. The reader is referred to Section 3 of Chapter 7

for a detailed exploration of the registration process used to find the EBSD-equivalent

plane within the DCT dataset required to directly compare the two datasets.

4.6 Electron Back-Scatter Diffraction

4.6.1 EBSD at University of Oxford

As described in Chapter 5 [238], EBSD data collection for Chapters 5 and 6 was performed

by Anna Kareer at the University of Oxford. A Zeiss Merlin field emission gun scanning

electron microscope (FEG-SEM) was used operating at 20 keV with a 5 nA probe current.

EBSD patterns were collected in a 5×6mm2 area with a Bruker e−FlashHR EBSD detector

controlled by Esprit 2.0 software.

4.6.2 EBSD at the University of Birmingham

Ex-situ post-mortem EBSD measurements were taken place for Chapter 7 [221] using a

JEOL 7000 FEG-SEM operating at 20 keV with a 13 nA probe current. EBSD patterns

were collected in a 1.2× 0.5mm2 area with a 1.25 µm step size on an Oxford Instruments

Nordlys EBSD detector controlled by Oxford Instruments AZtec software.

Ex-situ post-mortem EBSD measurements for Chapter 8 were taken place using a Ther-

moFischer Apreo 2 S HiVac FEG-SEM operating at 20 keV with a 15 nA probe current.

Large-area EBSD patterns were collected in a 1000× 508 µm2 area with a 0.7 µm step size

on an Oxford Instruments Symmetry S3 EBSD detector controlled by Oxford Instruments

AZtec software. Higher magnification EBSD patterns were also collected on the same

hardware in a 240× 240 µm2 area with a 0.25 µm step size.
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Deben Microtest in-situ module

Sample in grips

Un-tilted grips for imaging

Motion stage

Figure 4.24: Annotated photograph of Apreo 2 S HiVac FEG-SEM with Deben Microtest
MT2000 tensile stage installed.

In-situ EBSD measurements

In-situ EBSD measurements for Chapter 8 were taken using a ThermoFischer Apreo 2

S HiVac FEG-SEM operating at 20 keV with a 6.4 nA probe current. The FEG-SEM has

been recently equipped with an in-situ Deben Microtest MT2000 tensile stage that enables

interrupted-loading EBSD experiments to be performed. The machined and polished

samples were mounted in the pre-tilted EBSD grips as shown in Figure 4.24.

A series of interrupted-loading load steps were determined, similar to the strategy employed

for in-situ 3DXRD acquisition. To take advantage of the higher maximum indexable applied
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strains of the EBSD technique, a desired maximum applied macrostrain of at least 10%

was decided. A total of 11 load steps were chosen, at increasing applied loads. The Deben

tensile stage was operated in force target mode at a constant strain rate of 8×10−4 s−1. At

each load step, multiple SEM images were recorded at 500, 1000 and 2000 magnification.

A central microstructural feature (a small precipitate) was used to re-align the same area

under the incoming beam at the start of each load step. As some stress relaxation was

observed, a ∼5min pause was introduced before EBSD maps were collected to avoid sample

drift during the scans. The load steps are shown in Figure 4.25. As extensometry was not

available within the SEM chamber, the strain was calculated by tracking the separation of

surface features in the 500-magnification SEM during each load step.
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Figure 4.25: Load frame applied stresses and strain measurements from Apreo SEM in-situ
imaging.

EBSD patterns were collected at each load step in a 250 × 250 µm2 area with a 1 µm
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step size on an Oxford Instruments Symmetry S3 EBSD detector controlled by Oxford

Instruments AZtec software. Raw EBSD patterns were stored on disk for the in-situ

measurements to enable future re-indexing and high-resolution EBSD (HR-EBSD) analysis.

For the final load step, a larger area EBSD map was collected without saving patterns over

a 418.75× 287 µm2 area at a step size of 0.25 µm.
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CHAPTER 5

IMPLEMENTATION AND DEVELOPMENT OF 3DXRD

AT DIAMOND LIGHT SOURCE

5.1 Preface
As previously mentioned (see Chapter 3), one of the primary motivations of this work is

to implement the Three-Dimensional X-Ray Diffraction (3DXRD) technique at the I12

JEEP beamline of Diamond Light Source. 3DXRD is a powerful characterisation technique,

and the review of the literature (see Chapter 2) has included several examples of its use

in high-quality analyses of in-situ phase transformation phenomena. The primary hurdle

to the establishment of 3DXRD as a routine measurement technique at a high-energy

synchrotron beamline such as I12 is not necessarily the acquisition process – although

careful alignment and calibration of the diffraction geometry is required, this is not unusual

for experiments conducted at the beamline. Rather, the major bottleneck going from

inception to publication of results of a 3DXRD experiment is often the data analysis process.

3DXRD datasets are non-trivial and require a great degree of data processing to extract

useful microstructural information from the raw detector images. Consequently, it was

decided that this thesis chapter would be dedicated to the implementation and evaluation

procedure for 3DXRD at the I12 beamline. The results of this implementation form the

first published paper of this project [238], which is included in this chapter.

The main results of the paper follow. In the paper, the 3DXRD technique was demonstrated

to be possible at the I12 beamline, by measuring ∼2000 grains in a ferritic steel alloy sample.

The microstructural texture (in the form of per-grain orientations) was extracted from the

3DXRD data and compared against texture measurements from EBSD data on the same
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material, and good agreement was found between them. The 3DXRD grain centre-of-mass

positions also appeared to be well refined, as the macroscopic sample dimensions could be

easily discerned by plotting 3D grain positions. The distribution of grain volumes, inferred

from diffracted spot intensities, also matched well with EBSD observations. Grain centre-

of-mass, orientation and strain errors were found to be ∼80 µm, ∼0.1° and ∼1 × 10−3

respectively. A pathway to improving these statistics by modifying future experimental

parameters and correcting for detector module distortions was also provided. The strain

resolution achieved was still sufficient to identify a significant non-uniform distribution of

hydrostatic strains within the sample, which was attributed to lattice parameter modification

on the original galvanized surfaces of the sample source material.

A Diamond Light Source-based 3DXRD data analysis pipeline, utilising both established

3DXRD software and new approaches, was established to process 3DXRD data collected

at the I12 beamline. This pipeline leveraged the high-performance computing architecture

present at Diamond Light Source to automate and parallelise the procedure. This paper

also introduced in detail the duplicate grain detection logic used to stitch together multiple

3DXRD scans into a contiguous volume of grains, enabling the characterisation of extended

sample volumes.

In summary, the successful implementation of the 3DXRD technique at the I12 JEEP

beamline at Diamond Light Source was demonstrated. The development of the automated

data analysis pipeline has since proved crucial for the processing of 3DXRD data collected

both at Diamond Light Source (see Chapter 6) and at other synchrotrons (see Chapter 8).

3DXRD measurements taken at I12 by other research groups have also since been analysed

with the help of this pipeline [255], and there has been interest from other beamlines at

Diamond Light Source looking to process "spotty" X-ray diffraction data.
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Université Grenoble Alpes, France

Keywords: diffraction; 3DXRD; EBSD;

microstructure; texture.

Supporting information: this article has

supporting information at journals.iucr.org/s

Implementing and evaluating far-field 3D
X-ray diffraction at the I12 JEEP beamline,
Diamond Light Source

James A. D. Ball,a,b Anna Kareer,c Oxana V. Magdysyuk,b Stefan Michalik,b

Anastasia Vrettou,a Neal Parkes,a Thomas Connolleyb and David M. Collinsa*

aSchool of Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom,
bDiamond Light Source Ltd, Harwell Science and Innovation Campus, Didcot OX11 0DE, United Kingdom, and
cDepartment of Materials, University of Oxford, Oxford OX1 3PH, United Kingdom.

*Correspondence e-mail: d.m.collins@bham.ac.uk

Three-dimensional X-ray diffraction (3DXRD) is shown to be feasible at the I12

Joint Engineering, Environmental and Processing (JEEP) beamline of Diamond

Light Source. As a demonstration, a microstructually simple low-carbon ferritic

steel was studied in a highly textured and annealed state. A processing pipeline

suited to this beamline was created, using software already established in the

3DXRD user community, enabling grain centre-of-mass positions, orientations

and strain tensor elements to be determined. Orientations, with texture

measurements independently validated from electron backscatter diffraction

(EBSD) data, possessed a �0.1� uncertainty, comparable with other 3DXRD

instruments. The spatial resolution was limited by the far-field detector pixel

size; the average of the grain centre of mass position errors was determined as

��80 mm. An average per-grain error of �1 � 10�3 for the elastic strains was

also measured; this could be reduced in future experiments by improving sample

preparation, geometry calibration, data collection and analysis techniques.

Application of 3DXRD onto I12 shows great potential, where its implementa-

tion is highly desirable due to the flexible, open architecture of the beamline.

User-owned or designed sample environments can be used, thus 3DXRD could

be applied to previously unexplored scientific areas.

1. Introduction

Three-dimensional X-ray diffraction (3DXRD) is a materials

characterization technique developed by the Risø National

Laboratory (Poulsen et al., 1997). 3DXRD expands upon the

capabilities of traditional Debye–Scherrer diffraction experi-

ments by providing per-grain orientation, position and strain

state information for a large number of simultaneously

diffracting grains. Typically, Debye–Scherrer diffraction in

transmission mode through a polycrystalline sample yields

diffraction rings at specific values of 2� on a 2D detector.

These rings can be used to determine atomic planar spacing

(via Bragg’s law), average powder strain (from peak shifts)

and texture (variation of cone brightness with azimuthal angle

on detector). If a small number (<1000) of grains are illumi-

nated at one time, the Debye–Scherrer rings become indivi-

dual spots corresponding to each grain. In 3DXRD, the

sample is rotated about the vertical axis with multiple

diffraction detector images taken, yielding different spot

patterns on the detector. With reconstruction algorithms, per-

grain position, orientation, phase and elastic strain data can be

extracted for a large number of simultaneously illuminated

grains at a time (Poulsen, 2012), provided that spot overlap on

the detector is avoided.

ISSN 1600-5775

Published under a CC BY 4.0 licence

electronic reprint



3DXRD has since been implemented at several synchro-

trons, including the Advanced Photon Source (Lienert et al.,

2011; Shade et al., 2015), Cornell High Energy Synchrotron

Source (Nygren et al., 2020), SPring-8 (Hayashi et al., 2015),

PETRA III (Hegedüs et al., 2019) and ESRF (Jensen et al.,

2006; Poulsen, 2012). 3DXRD is currently being utilized to

produce significant developments in the field of polycrystalline

deformation characterization, including explorations into

grain neighbourhood effects during applied strain (Abdolvand

et al., 2018), in situ twinning and de-twinning during cyclic

fatigue in magnesium (Murphy-Leonard et al., 2019), and

grain recrystallization and growth around a tin whisker

(Hektor et al., 2019). These advances are possible thanks to

the ability of 3DXRD to quickly determine per-grain position,

orientation and lattice strain information for a large number

of simultaneously illuminated grains in millimetre-scale

samples.

The I12 beamline at the Diamond Light Source operates at

53–150 keV which presently offers several X-ray techniques

including monochromatic diffraction, small-angle X-ray scat-

tering, energy-dispersive diffraction, radiography and tomo-

graphy (Drakopoulos et al., 2015). The facility has an open

architecture, allowing users to bring their own sample envir-

onments with flexible size and complexity. The beamline aims

for the broadest possible compatibility with different types

of in situ processing equipment (Drakopoulos et al., 2015),

facilitating a wide range of novel experiments such as in situ

diffraction with custom biaxial deformation machines (Collins

et al., 2015), evaluating internal strain on a connecting rod

in a running motorcycle engine (Baimpas et al., 2013), and

measuring dynamic contact strain in a rotating ball-bearing

(Mostafavi et al., 2017). Utilizing this operational flexibility

with 3DXRD, with the possibility of combining this with other

techniques on I12, offers a tantalizing opportunity for the

investigation of previously unexplored science.

To determine the viability of successfully performing a

3DXRD study at the I12 beamline, a 3DXRD experiment was

performed on DX54 steel, a single-phase ferritic steel. This

microstructurally simple alloy was used to develop the

3DXRD data acquisition and processing pipeline at Diamond

Light Source – a necessary step before attempting the study of

more complex systems or in situ studies of dynamic behaviour.

As the DX54 alloy has been studied on the I12 beamline in

previous studies along with other complimentary character-

ization (Collins et al., 2015, 2017; Erinosho et al., 2016), the

data collected as part of this 3DXRD study can be indepen-

dently validated. This work aims to establish the 3DXRD

method onto the I12 beamline together with the development

of a user-friendly data acquisition and processing pipeline.

2. Experimental method

2.1. Material and microstructure characterization

A single-phase ferritic steel, DX54, with a body-centred

cubic (b.c.c.) crystal structure was studied; the composition of

the alloy is given in Table 1. This material, supplied by BMW

with a thickness of �1 mm, is typically used for automotive

metal forming applications due to its high ductility. The Zn-

galvanized surface, present for environmental protection, was

removed using abrasive media. The 3DXRD technique is

reliant on individual diffraction spots being distinguished on

the detector; this necessitates a limited number of grains

diffracting in a single acquisition frame. In conjunction with

limits on the incident beam size, determining the probed

volume, the grains must be sufficiently coarse to reduce the

likelihood of spot overlap on the detector given a relatively

large simultaneously illuminated volume of 1 mm � 1 mm

(horizontal) � 0.15 mm (vertical). The mean grain size was

increased via heat treatment; samples were subjected to an

isothermal hold at 980�C for 1 h and cooled at �1 K min�1.

Samples were encapsulated in quartz glass tubes back-filled

with Ar. This helped reduce the oxidation during the heat

treatment, necessary for the study of a single-phase ferrite.

For the characterization of the ferritic steel microstructure,

the sample was polished using abrasive media in progressively

finer grades, finishing with colloidal silica. The DX54 steel,

following heat treatment, was examined using a Zeiss Merlin

field emission gun scanning electron microscope (FEG-SEM)

equipped with a Bruker e�FlashHR EBSD detector operated

with Esprit 2.0 software. Electron backscatter diffraction

(EBSD) data were collected with the microscope operating

with a 5 nA probe current and a 20 keVelectron beam energy.

The maps were taken from an area of 5 mm � 6.5 mm, a

region of sufficient size to quantify the texture and grain size

of the material with statistical significance.

2.2. 3DXRD data collection

Experimental Hutch 1 (EH1) at the I12 beamline of

Diamond Light Source (DLS) (Drakopoulos et al., 2015) was

used to perform the 3DXRD experiment. A sample with a

square rod geometry and a cross section of 1 mm � 1 mm was

mounted on the sample stage with the long axis positioned to

be axisymmetric with the rotation axis of the sample stage, as

shown in Fig. 1(a), which describes the intended diffraction

geometry.

A multi-distance calibration method (Hart et al., 2013) as

implemented in DAWN (Basham et al., 2015; Filik et al., 2017)

was performed to determine the beam photon energy

(60.2 keV) and sample–detector distance, L (550.3 mm), using

a NIST 674b reference CeO2 calibrant (Cline, 2016) in a

dedicated sample holder. Prior to taking all calibration and

3DXRD diffraction measurements, sample alignment with

respect to the beam and rotation axis was confirmed using an

X-ray imaging camera.

A 1.5 mm (horizontal) � 0.15 mm (vertical) ‘letterbox’

beam was aligned 0.5 mm above the centre of the sample. For
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Table 1
Chemical composition of DX54 steel (Collins et al., 2015).

Element Fe C P S Mn

wt% Balance �0.06 �0.025 �0.025 �0.35
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a single letterbox scan, the sample was rotated about the y

(vertical) axis from �180� to 180� inclusive in steps of 1�. A
single 2D diffraction pattern (1 s expo-

sure time) from a Pilatus3 X 2M CdTe

detector (pixel size 172 mm) was taken

at each step, producing 361 patterns per

letterbox scan. Between each letterbox

scan, the sample stage was translated

by 0.1 mm in y, and the sample rotated

back to the initial rotation stage angle.

A total of ten letterbox scans were

collected, enabling all grains to be illu-

minated within a 1 mm length of the

sample.

2.3. 3DXRD analysis

A custom data analysis pipeline for

the 2D diffraction patterns was created

utilizing algorithms from ImageD11

for data preparation (Wright, 2020),

GrainSpotter for initial indexing

(Schmidt, 2014) and FitAllB for a0 and

lattice parameter distortion (Odder-

shede et al., 2010). All computationally

expensive processes were submitted to the Diamond Light

Source Scientific Computing cluster (Thorne, 2019) running

RedHat Linux 7. Each letterbox scan was indexed in parallel

using individual cluster compute nodes, thereby reducing

the total indexing time by a factor of ten. The data analysis

pipeline is currently run on-demand, after all letterbox scans

are collected. The letterbox scan grain maps were then stit-

ched together to generate one complete grain map. Grain

analysis scripts were written to automatically generate grain

statistics, 3D scatter maps and direct pole figures after

indexing.

The data indexing and analysis process is described in detail

in Fig. 2, and a full list of all software packages used can be

found in the table provided in the supporting information.

Peaks that overlap gaps between the detector modules were

automatically removed based on whether any pixels belonging

to that peak had a brightness value of �1, which would indi-

cate a module gap based on established diffraction image

masking criteria at the I12 beamline. Peaks were removed

during the cleaning process if they were more than 0.075�

away from an expected peak, as calculated by ImageD11 using

the reference unit cell and symmetry.

A number of input parameters are required that determine

how GrainSpotter assigns individual peaks to grains. For a

more complete description of the indexing process, the reader

is referred elsewhere (Schmidt, 2014). While the appropriate

GrainSpotter parameters for each input dataset are well

defined mathematically, and may be determined from first

principles, in reality the process for determining parameters

that yield a satisfying index must be achieved through a highly

iterative trial-and-error process. For this dataset, a script was

developed that can utilize the high-performance computing

cluster at Diamond Light Source to execute multiple Grain-

Spotter runs of the same input dataset in parallel. For each run,
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Figure 2
3DXRD in-house data processing flowchart.

Figure 1
3DXRD experimental diagram (a) with a typical single-frame diffraction
pattern from a 2D area detector (b).
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the parameters can be either randomly generated, linearly

varied within a specified range, or held at a specified value.

This significantly increased the rate at which the parameter

space was searched. This search was run once on a single

letterbox, and desired parameter values were chosen based on

the quality of the resultant grain map produced. The grain

map quality was judged based on a combination of the number

of grains found and the positioning of those grains in 3D space

compared with the known illuminated sample volume. The

initial GrainSpotter index was performed using a published

lattice parameter value of a0 = 2.8684 Å (Erinosho et al., 2016).

After the initial GrainSpotter index, FitAllB was used to refine

a0 of each letterbox. A geometric filtration on the grains data

was performed prior to the refinement to avoid surface effects.

After this, individual letterbox a0 values were averaged toge-

ther to provide a new a0 for the sample. A small change was

expected from the published value due to the heat treatment

subjected to the ferritic steel studied here. The error on the

new a0 was determined by propagating the quoted errors (one

standard deviation) on the a0 value calculated by FitAllB. The

analysis pipeline was repeated with the new a0 .

Each individual letterbox was stitched together using an

approach that identifies common grains in the overlap region

between the letterboxes. The grain tracking algorithm,

described in Algorithm 1, was used with a 50 mm distance

tolerance and a 2� orientation tolerance, between grain pairs,

to generate a stitched dataset. These parameters determine

whether the same grain has been detected in the overlap

region between two letterbox scans. First, the grain centre-of-

mass positions are offset by the vertical translation of the

sample between letterbox scans. Then, a square matrix of

distances (dist matrix) between all grain pairs is

constructed using the spatial:distance matrix func-

tion from the scipy Python library (Virtanen et al., 2020). This

matrix is masked to True/False values where True indicates a

distance that is within the supplied tolerance of 50 mm. A list

of grain pairs, pairs, is generated by extracting the locations

of the True values of the masked dist matrix. Then, for

each grain pair in pairs, the misorientation between the grains

in the pair is calculated using the disorientation function

from the crystal:microstructure:Orientation class

of pymicro (Proudhon, 2021). This calculation accounts for

the cubic symmetries of the grains. If the misorientation is less

than the tolerance (2�), that grain pair is added to a list of

candidate pairs. Then, for each pair in the list of candidate

pairs, the grains in the pair are checked to ensure that they do

not originate from the same original letterbox scan. If they

pass this check, the smaller of the two grains is selected as the

duplicate grain, and is removed from the overall grain data-

base. The grain volume is calculated by FitAllB based on the

median intensities of the diffracted spots associated with that

grain (Oddershede et al., 2010). While this method does not

alter the grain data as is output by FitAllB, a more accurate

technique would involve a volume-weighted average of the

different observations of the grain position, orientation and

strain. An error in grain position of around 32 mm (half of

an average grain radius) is estimated by using this technique

over the volume-weighted average technique. Finally, the

completed grain database, including offset centre-of-mass

positions, can be exported as a contiguous grain map.

2.3.1. Error determination. Errors in grain position, orien-

tation and strain tensor elements were produced by FitAllB as

a result of the minimization routine. Errors in grain position

and strain tensor elements are quoted directly, but orientation

errors are further processed. FitAllB provides one standard

deviation of each component of the Rodrigues vector

describing the orientation of the grain relative to the sample.

Given a Rodrigues vector of a grain,

r ¼ tan �=2ð Þ n ¼ r1; r2; r3ð Þ; ð1Þ
and the ‘error’ vector provided by FitAllB,

dr ¼ �r1; �r2; �r3ð Þ; ð2Þ
the error vector is converted into a 3 � 3 rotation matrix, Ue.

For small error vectors, this resultant matrix will represent a

small rotation close to the 3 � 3 identity matrix. The misor-

ientation angle between Ue and the identity matrix is calcu-

lated using the Umis function from the xfab Python module

(Sørensen et al., 2021). This misorientation angle is treated as

the ‘error’ in the orientation matrix for that grain.

3. Results

3.1. Microstructure

The grain structure was assessed using EBSD character-

ization; an inverse pole figure map with respect to the

macroscopic direction z is shown in Fig. 3. The assessment was

made from the same sheet of the annealed DX54 material

as the 3DXRD measurements. A mean grain size (spherical

equivalent diameter) of 130 mm was found from these data;

this was calculated by determining grain boundaries in the

microstructure. 1797 grains from low-magnification EBSD

scans were used to calculate the mean grain size. Here, the

condition for a grain boundary was set as neighbouring pixels

with a misorientation of greater than 5�. Grains with fewer
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than five associated pixels were discarded from the mean grain

size calculation. The EBSD data also show that the grain

morphology is approximately equiaxed, and, by the preferred

blue colouring of the grains in Fig. 3, the material has a strong

h111i texture. This is typical for b.c.c. materials, such as DX54,

which are subjected to rolling operations during thermo-

mechanical processing. The distribution of grain orientations

is shown more clearly in the corresponding pole figures

presented in Fig. 4(a).

3.2. 3DXRD data

The 3DXRD data were processed using the processing

pipeline described earlier, producing for each grain (1) the

lattice parameters (corresponding to the basis vectors j a j, j b j
and j c j), (2) strain tensor, (3) orientation, and (4) position.

For the 1 mm � 1 mm � 1 mm sample volume illuminated, a

total of 1964 grains were identified over the ten letterboxes,

with a mean of 196 grains per letterbox. The orientation data

for each identified grain were extracted from the 3DXRD

dataset, and compared against the EBSD orientation data.

This is shown in Fig. 4, generated using the pymicro Python

library (Proudhon, 2021). Pole figure plots are shown for the

h100i, h110i, h111i and h310i directions; these are commonly

presented for b.c.c. materials to represent texture (e.g. Kocks

et al., 2000). The average error on a single measurement of the

orientation of a grain (one standard deviation) was found to

be 0.1�. This relatively small orientation error, coupled with

the successful reproduction of the EBSD texture analysis, is

suitable evidence that the determination of individual grain

orientations with far-field 3DXRD is accurate.

The GrainSpotter program is used to estimate the positions

of each indexed grain; example results for a single 3DXRD

letterbox are shown in Fig. 5. Fig. 5(a) demonstrates a typical

poor result where the GrainSpotter index has been performed

with a bad choice of parameters. The output is known to be

poor in this example as the positions of many grains lie outside

of the volume illuminated by a single letterbox. A drastic

difference in the quality of the resultant index can be seen,

when compared with the index shown in Fig. 5(b). In this case
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Figure 4
Pole figures with orientations plotted from (a) EBSD and (b) 3DXRD,
demonstrating that each method conveys a matching texture.

Figure 5
Grain centre-of-mass map of one letterbox scan, (a) with poor choices
for GrainSpotter parameters, (b) after iterative GrainSpotter parameter
refinement.

Figure 3
Grain orientations measured using EBSD for DX54 ferritic steel,
observed on the xy (RD-TD) plane of the material. IPF-z colouring is
shown, where z is equivalent to the normal direction, ND.
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the positions of the grains are found within a realistic cuboidal

volume that corresponds well to the illumination volume.

Fig. 5(b) represents the result of the iterative GrainSpotter

parameter search performed for a single letterbox to deter-

mine optimized indexing parameters for the rest of the

letterbox scans. The average per-grain positional errors (one

standard deviation) as reported by FitAllB were 101 mm and

36 mm for the horizontal and vertical directions, respectively.

In total, 1963 grains were retained in the stitched dataset,

representing a total illuminated volume of 1 mm3. Fig. 6

demonstrates the output of the stitching process, with grains

coloured by their orientations.

During the refinement process, FitAllB provides the lattice

distortion tensor for each grain in both the crystal and sample

reference frames. This a0 value is firstly refined here, which

was determined to be 2.8679(7) Å. This is within the error

range for the value previously published for this material

(Erinosho et al., 2016), indicating that the heat treatment

procedure applied to DX54 in this study had a minimal

influence on the lattice parameter. The lattice distortion is

presented here as an equivalent elastic hydrostatic strain, "H.
This is determined by taking the average of the diagonal

elements of the lattice distortion tensor. The parameter "H
for each grain can be monitored over time as the sample is

translated (Juul, 2017). Such inspection is useful as it provides

an indication of the stability of the incoming beam energy

against time – if the beam energy were to substantially change,

the value of "H would be calculated to increase or decrease

accordingly due to the observed changes in Bragg diffraction

angle. Such an increase or decrease in "H would be incorrect

for the DX54 material, as any residual elastic stress distribu-

tion would not vary along the long axis of the sample (trans-

lation direction). This is performed using grain data from the

full 1 mm � 1 mm � 1 mm volume (stitched grain map),

shown in Fig. 7, where values of "H are plotted against the

grain centre-of-mass height, as per previous studies (Juul,

2017). Here, each data point represents the "H value of a single

grain, which is overlaid with a line of best fit. As this fit shows

an approximately uniform "H for a given grain centre-of-mass

vertical position, there is no beam-related error (such as a shift

in beam energy over time) that influences the reliability of

grain elastic strain. This is also useful because the beam energy

at I12 cannot currently be directly monitored during the

course of the scan. A potential solution is to sputter the

sample with a powder calibrant such as CeO2 to monitor any

beam energy shift.

The calculated hydrostatic lattice distortion values have

also been plotted for every grain for the stitched grain map;

this is shown in Fig. 8. The size of each plotted data point

is proportional to the grain volume, scaled by the intensity

measured for its corresponding diffraction spots.

The degree to which the grain size distribution can be

estimated from the 3DXRD dataset is assessed here. For

benchmarking, the grain size distribution from the EBSD

measurements can be used; the grain sphere equivalent

diameter is shown in Fig. 9(a). EBSD grains were smoothed

using MTEX (Bachmann et al., 2010). Grains with fewer than

ten pixels were discarded from the EBSD dataset before

plotting. A full description of the EBSD analysis procedure

used is available in Appendix A. For the 3DXRD data, the

grain volume is proportional to the sum of the intensities of

the diffraction peaks associated with that grain (Oddershede

et al., 2010). Therefore, taking the cubed root of the intensities

sum for each grain creates a distribution that is proportional to
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Figure 6
Stitched grain centre-of-mass map of DX54 steel (bottom) with grains
coloured by their orientations as per the inverse pole figure (top) relative
to the y axis.

Figure 7
Plot of hydrostatic lattice distortion (hydrostatic strain) variation with
grain centre-of-mass vertical position.
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the distribution of grain diameters. The resulting 3DXRD

distribution is shown in Fig. 9(b).

4. Discussion

The aim of this study was to determine the feasibility of

collecting reliable 3DXRD datasets on the I12 beamline at

Diamond Light Source. By collecting data on a micro-

structurally simple single phase steel, key attributes of the

alloy have been obtained, with a sensitivity that is deemed

suitable for the study of grain-by-grain dynamic processes. The

limitations and constraints of the grain-by-grain orientation

measurements, lattice parameters and elastic strain measure-

ments (grain lattice distortion), grain positions and grain size

are discussed in turn here. An outlook on the future capability

for 3DXRD on the I12 instrument at Diamond is also given.

4.1. Grain orientation

The uncertainty of the grain orientation for the Diamond

collected data is first considered. An average per-grain

orientation error of 0.1� is around twice as large as that found

by studies with comparable detector pixel sizes (Bernier et al.,

2011; Dake et al., 2016). This is primarily due to the large steps

in ! – steps can be taken to further reduce this error, as

discussed in Section 4.5. The successful reproduction of the

EBSD measured texture analysis provides good evidence that

the determination of individual grain orientations with far-

field 3DXRD for data collected on the I12 instrument is

accurate. This demonstrates a significant leap forward in

non-destructive per-grain texture analysis of relatively thick

samples at Diamond Light Source. It shows that an accurate

determination of texture from ‘spotty’ diffraction data from

the I12 instrument, with a limited number of discrete grains, is

feasible. The primary limiting factors at present for orientation

precision are the step size in ! and the accuracy of the

detector calibration.

4.2. Grain position

While a few outliers can be seen in the grain position map

in Fig. 5(a), the approximate dimensions of the illuminated

volume of one letterbox scan are clearly visible, suggesting a

high degree of convergence with FitAllB. The grain outliers

are primarily caused by GrainSpotter mistakenly assigning a

collection of peaks to a grain. This could be caused by large

tolerance windows in 2�, ! or � space, or a particularly low

value for the minimum number of peaks required for a grain

to be generated. These parameters were increased to ensure

that grains were not overly discarded due to either the

increased error in grain position or spots overlapping on the

detector. This can be improved by reducing the number of

simultaneously illuminated grains (at the cost of data acqui-

sition speed) or by using a detector with a smaller pixel size.

Alternatively, a different peak searching procedure, such as a

seeded watershed algorithm (Sharma et al., 2012), could be

employed that is more adapted to separating peaks that are
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Figure 8
Stitched grain centre-of-mass map of DX54 steel, looking down y (top)
with grains coloured by the mean of the diagonal elements of the lattice
distortion tensor, "H.

Figure 9
Grain size distribution histogram from (a) EBSD and (b) distribution of
the cubed root of grain peak intensities from 3DXRD.

electronic reprint



very close together. This could allow for the detection of a

greater number of scattering vectors per grain on average,

which would reduce the number of outliers created by

GrainSpotter. The error in horizontal position provided by

FitAllB is primarily determined by propagating the experi-

mental errors in peak position and ! (Oddershede et al., 2010).

Therefore a grain position error of around half a detector pixel

(pixel size = 172 mm) is expected here, and comparable with

other 3DXRD studies (which typically use detectors with

much smaller pixel sizes) (Poulsen, 2012; Nervo et al., 2014;

Renversade & Borbély, 2017). A significant difference

between the horizontal and vertical positional errors was

observed, as in other 3DXRD experiments, such as that by

Nervo et al. (2014). In that paper, the discrepancy was

attributed to differences in systematic error between the

horizontal and vertical axes, as the vertical position of each

grain is roughly constant during rotation.

The problems caused by detector spot overlap can be

reduced by defining a smaller X-ray beam height, and stitching

together multiple grain maps (collected at different sample

vertical translations) during the data analysis process. This

procedure increases the data acquisition time, but allows for a

large number of grains to be indexed overall, to improve bulk

statistics for analyses of properties such as sample texture.

For this experiment, ten grain maps were collected and later

stitched together to form an overall grain map, as per Fig. 8.

While a few outliers can be seen, the approximate dimensions

of the sample are clearly visible in the grain map, and the

outliers could be easily removed by a bounding box filtration

routine. It is clear from the stitched grain map how 3DXRD as

a technique gives unparalleled access to bulk grain positional

information for in situ experiments. This shows promise for

obtaining rich datasets in further 3DXRD experiments at

Diamond Light Source.

4.3. Grain size

The grain size distribution is approximately log-normal in

both the EBSD and 3DXRD datasets (see Fig. 9) which is

expected for a single-phase ferritic alloy like DX54. A lack of

smaller grains is evident in the EBSD distribution compared

with the 3DXRD distribution. This is likely due to the removal

of small grains from the EBSD dataset prior to the grain size

distribution analysis.

4.4. Grain lattice distortion

The average grain lattice distortion tensor element error

in the two horizontal directions (xx and zz) in Table 2 are

approximately equal, for the same reasons as the similar effect

observed in grain positional error. The errors in relative lattice

distortion are quite large compared with the recorded lattice

distortion values, and errors achieved by other 3DXRD

beamlines, such as 1 � 10�5 at beamline ID11 of the ESRF

(Oddershede et al., 2010). The sources of these errors are

described in more detail in Section 4.5. Because of these

factors, individual grain lattice parameter measurements are

not generally useful due to the large relative error, but general

trends can be inferred. An example of where this has been

successful in this dataset is the identification of different grain

lattice distortions between grains towards the z-axis edges and

grains in the bulk in Fig. 8, which is explained in Section 4.6.

4.5. Resolution limitations

There are a number of current limitations that affect the

precision of the grain-resolved position, orientation and strain:

(1) Detector pixel size and point spread function.

(2) Sub-optimal calibration of experimental geometry.

(3) Large step size in ! (1�) – according to Oddershede et al.

(2010), if a peak only appears in one or two images due to the

large step size, the assumption that errors are Gaussian cannot

be entirely fulfilled.

(4) Uncorrected module misalignments in the detector.

(5) Higher than expected powder background affecting

peak searching efforts.

There are solutions to some of these factors, which are in

the process of being implemented at I12:

(1) Experimental geometry can be more accurately cali-

brated with the use of a single-crystal diffraction standard

(Wong-Ng et al., 2001).

(2) The step size in ! can be reduced for subsequent

experiments via the implementation of hardware-triggered

fly scanning of the rotation table (now implemented).

(3) Characterizing the detector module misalignments (and

correcting the peaks accordingly) via the acquisition of

multiple CeO2 patterns with different beam centres (Wright

et al., 2022).

With these changes implemented, grain scattering vectors

could be more accurately determined, which would signifi-

cantly improve the resolution in strain, and somewhat improve

the resolution in orientation and position.

4.6. Raw peaks

The first frame from the first letterbox scan is shown in

Fig. 1(b). While some spot overlap is visible, a large number

of discrete spots are observed, and the individual diffraction

rings are clearly seen. This demonstrates good choices for both

the illuminated sample volume and sample–detector distance.

The broad bright halo towards the centre of the pattern was

caused by low-angle X-ray scattering through the amorphous

carbon window on the sample holder. This low-angle scat-

tering was removed during the indexing procedure so can be

safely ignored.

An interesting feature of the alloy studied was the presence

of satellite peaks present at the leading and trailing edges of
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Table 2
Sample-average errors in grain strain tensor diagonal elements as output
by FitAllB.

Strain tensor
element

Sample-average error
in element (� 10�3)

"xx 1.5
"yy 0.6
"zz 1.6
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the ferrite reflections, as seen in the example {110} reflection,

Fig. 10(a). The exact source of these peaks is currently

unknown, but it is suspected that X-ray scattering upstream of

the sample could be the cause. This is currently under further

investigation. Although the unexpected peaks were mostly

filtered by peak-searching at multiple intensity thresholds,

some peaks may have remained that could be unintentionally

indexed during the data analysis procedure. Fig. 10(b)

demonstrates the grain peaks for the same letterbox scan

post-filtration.

The "H plots in Fig. 8 show some grains on the z = �0.5

surfaces appearing with an apparently high lattice distortion

(1 � 10�3) relative to the refined a0 value determined by

FitAllB. These originally galvanized surfaces (the x–y surfaces

in the sample grain plots) were mostly removed during sample

preparation; however, a small amount of Zn remained which

diffused into the surface during the annealing heat treatments.

The grains in the vicinity have a modified lattice parameter

compared with the bulk alloy due to the Zn impurity (Marder,

2000). This is shown most clearly by investigating the lattice

parameters calculated from the diagonal lattice distortion

tensor elements. Fig. 11 shows that the lattice parameters at

the sample edges are slightly different than the lattice para-

meter in the bulk of the material. No peak broadening or

smearing was observed from these surface grains.

4.7. Outlook

The ability to successfully index a significant number of

grains in this experiment establishes a wide range of possibi-

lities for future 3DXRD experiments at the I12 beamline, such

as in situ deformation, thermal treatment or fatigue studies,

which are all regularly carried out at the beamline. The flex-

ibility and adaptability of the equipment and experimental

layout of the I12 beamline lends itself very well to in situ

measurements that have previously been impossible to

perform on a per-grain level. The combination of in situ

3DXRD experiments at I12 and ex situ ‘post-mortem’

sample studies, utilizing techniques such as diffraction-

contrast tomography or scanning 3DXRD at other beamlines,

creates a powerful multi-facility data collection routine for the

analysis of complicated materials. Further developments of

the DLS 3DXRD data analysis pipeline are ongoing, with

explorations into the indexing of multi-phase materials, the

adoption of new peak searching routines, and the analysis of

in situ deformation studies.

5. Conclusion

A study was conducted to determine the feasibility for

3DXRD experiments at the I12 beamline at Diamond Light

Source, demonstrating this on a polycrystalline low-carbon

ferritic steel.

A demonstration far-field 3DXRD experiment on the

microstructually simple ferritic steel DX54 was performed on

the I12 beamline; around 2000 grains within a 1 mm3 region

were successfully identified. The position, orientation, strain

and relative volume of each of these grains were determined

with indexing and refinement software. This indicates per-

grain characteristics necessary for detailed grain-by-grain
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Figure 10
Radially integrated {110} plot of peaks from one letterbox scan (a) before
filtration and (b) after filtration.

Figure 11
Plot of lattice parameter variation calculated from the grain hydrostatic
lattice distortion (binned in z with a bin width of 0.05 mm) with grain
centre-of-mass position along z. Lattice parameter error bars are
standard deviations within the bins. The a0 range represents the value
obtained from the FitAllB a0 refinement � one standard deviation.
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studies of phenomena in polycrystals is feasible at this

instrument.

An analysis pipeline created for I12-generated 3DXRD

data has been developed, which integrates established

computational tools and software that are widely used by

the existing 3DXRD user community. Additionally, a grain

stitching procedure was created which combines data from

scans that have a constrained probed volume subset, to study

larger polycrystal agglomerates.

Grain orientations were determined to an average error of

�0.1� (one standard deviation). This allowed the generation

of pole figures that are in good agreement with EBSD data

collected on the same alloy – this is a significant result for this

experiment and shows that high-quality texture measurements

on ‘spotty’ X-ray diffraction data is possible using our

3DXRD analysis pipeline.

Grain centre-of-mass positions were determined to an

accuracy of �80 mm (horizontally, one standard deviation).

The sensitivity of initial indexing quality to GrainSpotter

parameter changes was demonstrated – future experiments

should explore methods to optimize this processing step.

Inferring the distribution of grain masses inferred from the

grain-intensity distribution also showed promising results.

Residual elastic grain strains were obtained with an error of

�1 � 10�3. This can be reduced during future experiments by

reducing the ! angular step size, which is recommended for

in situ 3DXRD experiments studied on the I12 beamline.

The grain size distribution from the EBSD dataset was

shown to be as expected for this alloy, and in good agreement

with the shape of the 3DXRD grain peak intensity distribu-

tion, after accounting for small grains discarded during the

EBSD analysis.

6. Related literature

The following references, not cited in the main body of the

paper, have been cited in the supporting information: Collette

et al. (2021); Harris et al. (2020); Hunter (2007); de Jager

(2021); Knudsen et al. (2013); McKinney (2010); Van Keme-

nade et al. (2021).

APPENDIX A
EBSD grain size analysis procedure

The procedure used to extract grain sphere equivalent

diameters from EBSD data is as follows:

(1) Import EBSD data into MTEX.

(2) Segment EBSD data into grains based on a 5� mis-

orientation tolerance.

(3) Remove grains with fewer than ten contributory pixels.

(4) Re-segment EBSD data with the same 5� misorientation

tolerance.

(5) Interpolate grain boundary coordinates with MTEX

grains:smooth function.

(6) Generate array of grain sphere equivalent radii from

MTEX grains:equivalentRadius function.

(7) Double each element in the array to generate an array

of grain sphere equivalent diameters.
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Buchner, J., Kulick, J., Schönberger, J. L., de Miranda Cardoso,
J. V., Reimer, J., Harrington, J., Rodrı́guez, J. L. C., Nunez-Iglesias,
J., Kuczynski, J., Tritz, K., Thoma, M., Newville, M., Kümmerer, M.,
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The table below lists each software package that was used in the data analysis of 3DXRD data collected from the I12
beamline, Diamond Light Source.

Table 1: Software package usage in data analysis process.

Software
package

Reference Usage

ImageD11 Wright (2020) Peak searching, merging, cleaning
xfab Sørensen et al. (2021) Orientation error determination
GrainSpotter Schmidt (2014) Initial index
FitAllB Oddershede et al. (2010) Refinement of lattice parameter and strain
numpy Harris et al. (2020) All stages
pandas McKinney (2010) Internal database management
matplotlib Hunter (2007) Graph plotting
pymicro Proudhon (2021) Grain tracking
scipy Virtanen et al. (2020) Letterbox stitching
h5py Collette et al. (2021) Detector image processing
Pillow Van Kemenade et al. (2021) Detector image processing
fabio Knudsen et al. (2013) Detector image processing
jsmin de Jager (2021) Processing input files
MTEX Bachmann et al. (2010) Grain volume distribution
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CHAPTER 6

GRAIN NEIGHBOURHOOD EFFECTS IN A SIMPLE

FERRITIC STEEL

6.1 Preface
With the establishment of 3DXRD at Diamond Light Source now achieved, the next step

was to apply the technique by characterising novel micro-mechanical phenomena in the

same ferritic steel alloy used for the first paper (see Chapter 5). The effect of grain

neighbourhood orientations on the stress state of a central grain has been established in

several crystallographic systems via both simulation [92, 93, 96] and direct measurement

[103, 106–108]. However, experimental studies remain sparse, largely due to the complex-

ities involved with capturing such phenomena in situ, in the bulk of a three-dimensional

sample. This chapter extends 3DXRD-led explorations of grain neighbourhood effects in

hexagonal systems by Abdolvand et al. [108] by taking similar measurements of the same

ferritic steel explored in Chapter 5. The results of these explorations form the basis of this

chapter.

The paper will now be summarised. 3DXRD measurements of a highly annealed ferritic

steel (130 µm mean grain diameter) were taken in situ at six different levels of applied

strain, with the help of a stress-strain rig designed for X-ray micro-tomography. Like

in Chapter 5, an extended volume (totalling 1 × 1 × 1mm3) of material was measured,

totalling ∼2000 grains. A grain tracking algorithm using the same duplicate grain detection

approach proposed in Chapter 5 enabled the complete tracking of 178 grains across all

load steps, after filtering surface grains. A substantial improvement in the convergence

of the grain parameters produced by the analysis pipeline was achieved. A change to
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the grain refinement software used in the analysis pipeline also necessitated the proposal

of a new "bootstrap" grain parameter error determination technique. Grain parameter

precision in position, orientation and strain was therefore refined to ∼7 µm, ∼0.03° and

∼2× 10−4 respectively. These improvements were primarily attributed to improvements in

the scattering peak filtering process to remove peaks near module gaps, as well as correcting

for detector module distortion.

A number of different micro-mechanical phenomena were explored in this paper. To evaluate

3DXRD measurements of grain strain, comparisons were made to post-mortem strain

measurements on the same sample performed with HR-EBSD. Grain stress distributions

behaved similarly in the 3DXRD data as in the HR-EBSD data, with the axial stress

distributions appearing much broader than the shear components. The tracking of individual

grains across the loading cycle enabled the characterisation of a number of phenomena. A

relationship was observed in the 3DXRD data between the initial Schmid factor of a grain

and the evolution of its von Mises stress – grains with a high Schmid factor had a wide

range of von Mises stress changes, but grains with a low Schmid factor were much more

restricted, with their von Mises stress almost always increasing with applied load. A stress

drop was observed in a number of grains once the applied stress surpassed the macroscopic

yield point. This drop was directly proportional to the initial (i.e. residual) axial stress of

the grain, with grains with a higher residual axial strain experiencing a greater stress drop

on average.

The primary focus of the study was the discovery of a small but measurable grain neigh-

bourhood effect in the ferritic steel sample. By identifying the serial (along the load axis)

and parallel (transverse to the load axis) neighbours of each grain, the effect of serial vs

parallel neighbour orientations on the stress state of the central grain could be explored.

The volume-weighted mean of the Schmid factors of both all serial and parallel neighbours
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of each central grain was determined. Central grains with serial neighbours with a low

mean Schmid factor (poorly oriented to slip) had a higher axial stress on average. As the

mean Schmid factors of the serial neighbours increased, the axial stress of the central grain

tended to decrease. Parallel neighbours did not have a measurable effect on central grain

stress. This phenomenon mirrors prior grain neighbourhood effect observations in hexagonal

systems by Abdolvand et al. [108]. Crucially, the neighbourhood effect observed was found

to get weaker as the applied stresses increased – this was attributed to grain rotation in

the early stages of plastic deformation, decreasing the load partitioning effect.

In summary, the 3DXRD technique implemented at Diamond Light Source in Chapter 5 was

extended to the successful in-situ characterisation of micro-mechanical phenomena such as

grain stress evolution and neighbourhood effects in a simple ferritic steel. This demonstrates

the capability of in-situ 3DXRD at Diamond Light Source and helps demonstrate that even

microstructurally "simple" alloys can exhibit remarkably complex deformation behaviour.

Significant improvements to the 3DXRD data analysis pipeline were crucial to enabling

this research, and have since been applied to 3DXRD experiments at the ESRF (see

Chapter 8).
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Abstract

The dynamic micromechanical behaviour of individual and interacting grains of a single-phase ferritic steel during uniaxial
deformation is revealed using three-dimensional X-ray diffraction (3DXRD). The initial grain orientation and magnitude of process-
inherited residual stresses are shown to strongly determine the intergranular stress change, range and distribution that can be
accommodated on a per-grain level. A grain well aligned for easy dislocation slip can possess a wide stress intergranular range,
controlled by per-grain dependent hardening activity. Contrariwise, grains orientated poorly for slip possess a comparably narrow
stress range. A grain neighbourhood effect is observed of statistical significance: the Schmid factor of serial adjoining grains
influences the stress state of a grain of interest, whereas parallel neighbours are less influential. This phenomenon is strongest at low
plastic strains only, with the effect diminishing as plasticity builds. The influence of initial residual stresses becomes less evident,
and grains rotate to eliminate any orientation dependent load shedding. The ability of the ferrite to eliminate such neighbourhood
interactions, which would otherwise be detrimental in crystal structures with lower symmetric and fewer slip systems, is considered
key to the high ductility possessed by these materials.

Keywords: High-energy X-ray diffraction, Crystallographic texture, 3D characterization, Neighbour orientation, Steel

1. Introduction

To fully understand the response of a polycrystalline mate-
rial to deformation, it is necessary to understand the factors that
govern the onset of plastic deformation for individual grains.
The behaviour of individual grains must be influenced by any
long-range stress acting over the whole sample or component,
referred to as Type I stresses, but additionally from the presence
of short/medium-range internal stresses at the microstructure
scale—these are referred to as the Type II (grain average, inter-
granular) or Type III (intragranular, varying stress within a grain)
stresses [1]. An important source of these inter- and intragranu-
lar stresses in a single phase material arises from dislocations
and dislocation structures that form during plasticity [2, 3, 4, 5].
For an idealised polycrystal, the resolved shear stress (RSS) is
the degree of shear stress applied to a slip plane of an individual
grain when an external load is applied [6]. The RSS is a function
of the applied stress and the orientation of the grain relative to
the loading axis of the polycrystal. When the RSS exceeds a
critical value (the critical resolved shear stress or CRSS), for a
slip plane within a grain, slip will initiate on that plane. The
RSS value presupposes, for an ideal polycrystal, that the onset
of plastic strain within each grain is entirely governed by the
orientation of the grain relative to the tensile axis. Recent stud-
ies, however, suggest that even microstructurally simple alloys
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may deviate from these Taylor law predictions at the meso- and
macroscale. In austenitic stainless steels, Juul et al. [7] found
deviations from predictions in both grain lattice rotations and the
dependence of stress state on grain orientation. Greeley et al. [8]
found inconsistencies between measured and predicted resolved
shear stresses in a simple Mg-Nd alloy; such studies reinforce
the need for new experiments to reveal these fundamental aspects
of deformation.

The requirement for understanding the governing agents of
deformation is certainly true of high-performance multiphase
steels, possessing complex microstructures and processing meth-
ods; a complete understanding of the micro- and macromechan-
ical mechanisms that govern plastic deformation is far from
trivial. However, there is evidence that even microstructurally
simple steel alloys respond to deformation in unexpected ways.
Recent analyses of single phase ferritic steels have shown strain-
path dependent deformation, in combination with initial texture,
influences hardening [9, 10]. The yield stress of interstitial-free
steels has also been shown to depend on the distribution of dislo-
cations, even with near-identical dislocation densities [11]. This
demonstrates an evolving understanding of even simple steel
alloys and how they perform under deformation.

One factor that can modify the stress state (and therefore the
onset of slip) for individual grains within a polycrystal is its im-
mediate local neighbourhood. Kocks et al. [12] found deviations
in grain strain rates from Taylor model predictions, which were
attributed to grain neighbourhood effects. For a grain of interest,

Preprint submitted to Nature Communications December 6, 2023



neighbourhood grains can generate stress concentrations that
modify the stress state of the grain, depending on the orientation
relationship between the grain and its neighbourhood grains.
Subsequent simulations by Raabe et al. [13] on the generation
of orientation gradients within grains during loading found a
significant dependence of orientation gradient strength on inter-
actions between grains and their immediate neighbours. Further
simulation studies have noted grain neighbourhood interactions
which significantly modify grain strain values [14], leading to
neighbourhood dependencies in dynamic strain aging [15], void
growth [16], and fatigue life [17].

Grain neighbourhood effects have also been directly ob-
served experimentally. Using surface-based electron backscast-
ter diffraction (EBSD) or digital image correlation (DIC), grain
neighbourhood effects have been found to significantly influence
deformation twinning in twinning-induced plasticity (TWIP)
alloys [18], strain localization in Ni-based superalloys [19], and
grain boundary sliding in Al alloys [20]. Subsurface studies
in three-dimensions of grain neighbourhood effects have been
seldom reported, however, 3DXRD has shown its strong influ-
ence to a grain stress state during loading in hexagonal close
packed (HCP) polycrystals [21]. Here, these effects are partially
attributed to the elastic and plastic anisotropies inherent to HCP
systems. Wong et al used HEDM to show that grains of similar
orientations, here in a Cu–Cr–Zr alloy, yield quite dissimilar
diffraction spots, indicative of their different grain deformation;
here concluded to be controlled by grain shape and local crystal
environment. In interstitial-free steel, it was shown that indi-
vidual grain slip activity is controlled by grain orientation, but
variations are due to grain boundary and grain interaction effects
[22].

However, grain neighbourhood effects may have been ob-
served in-situ in cubic systems by Neding et al. [23], who found
stacking faults being generated in grains that were poorly orien-
tated for fault formation according to their Schmid factor.

Another significant parameter that influences the response
of a grain to an external load is the residual stress of the grain.
These residual stresses can be desirable—residual compressive
stresses induced by shot peening, for example, can significantly
improve resistance to fatigue crack initiation [24]. However,
they can be deleterious to material performance: for example
by driving creep cracking at elevated temperatures in stainless
steels [25]. Residual stresses can be generated by many material
processing operations, such as welding [26, 27], forging [28]
and casting [29]. Significant efforts have been made to simulate
the formation of residual stresses during such operations [27,
29, 30], and to explore the effects of initial residual stresses
on further deformation [31, 25]. Although direct observation
of residual stresses in three-dimensional components is non-
trivial, synchrotron radiation has been used to quantify them in
two-dimensional projections [26, 31].

It is evident that direct in-situ measurements of individual
grain responses to deformation are required to further explore
these effects. Far-field Three-Dimensional X-Ray Diffraction
(ff-3DXRD) is an ideal technique for measuring in-situ defor-
mation response at the mesoscale. Also known as High Energy
X-ray Diffraction Microscopy (HEDM), the technique is now

well established within the synchrotron community, available at
the Advanced Photon Source (e.g. [32]); Cornell High Energy
Synchrotron Source (e.g. [33]); SPring-8 (e.g. [34]); PETRA
III (e.g. [35]), ESRF (e.g [36]) and Diamond Light Source
[37]. Using ff-3DXRD, per-grain centre-of-mass positions, ori-
entations, and Type II strain states can be evaluated for many
hundreds of grains simultaneously in large samples [38], and
recent advancements to the technique can also measure Type III
stresses and grain morphologies [39]. In the extreme case, with
far-field 3DXRD alone, highly accurate characterisation of grain
neighbourhoods can be performed in-situ for thousands of grains
[40]. These measurement capabilities have enabled newfound
microstructural insights into the deformation response of simple
steel alloys [7]. These techniques can also be utilised for the anal-
ysis of more complicated alloys such as shape-memory alloys
[41], duplex stainless steels [42] and transformation-induced
plasticity (TRIP) steels [43]. Of particular note is recent work
by El Hachi et al. [41], who used in-situ 3DXRD to observe
grain-neighbourhood effects of deformation-induced martensitic
transformations (DIMT) in a Cu-Al-Be alloy.

In-situ 3DXRD experiments are currently limited to spe-
cialised synchrotron beamlines around the world and are there-
fore not commonplace. New instruments that enable reliable
collection and analysis of 3DXRD data are highly desired by
the materials science community. The aim of this study is two-
fold: to establish and evaluate in-situ far-field 3DXRD at the
I12 beamline at Diamond Light Source, and to use the technique
to explore the effect of residual stress and grain neighbourhood
on grain responses to in-situ deformation in 3D. To validate ob-
servations of per-grain deformation and its relationship to grain
size and crystallographic orientation, post-mortem HR-EBSD
(high-resolution electron back-scatter diffraction) measurements
were also explored to corroborate 3DXRD findings.

2. Experimental Method

2.1. Material

A tensile dog-bone sample with a 1 mm wide gauge sec-
tion and a 6 mm gauge length was produced from a 1 mm thick
Zn-galvanized sheet of DX54 steel, a single-phase ferritic steel
with a body-centered cubic crystal structure. The nominal com-
position is given in Table 1. Prior to any testing, the galva-
nized surface was removed with abrasive media, then annealed
at 980 °C for 1 h and slow-cooled at ∼1 °C min−1 to achieve a
coarse equiaxed microstructure.

Table 1: Nominal chemical composition of DX54 steel [9].
Element Fe C P S Mn
wt.% Balance ≤ 0.06 ≤ 0.025 ≤ 0.025 ≤ 0.35

2.2. 3DXRD Data Acquisition

3DXRD data were collected in Experimental Hutch 1 of the
I12 beamline at Diamond Light Source [44]. The experimental
geometry is shown in Figure 1a; the axes represent the sample
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reference frame that will be hereon used. Prior to loading a sam-
ple, a multi-distance calibration [45], executed within DAWN
[46, 47] was performed with a NIST 674b CeO2 standard ref-
erence sample [48]. The energy of the monochromatic X-ray
beam was determined as 60.2 keV and the sample to detector
distance was 550.3 mm. The tensile specimen was placed in a
Deben CT5000 5 kN load frame designed for X-ray tomography
scans, with the loading axis set to be axisymmetric with the sam-
ple stage rotation axis. 3DXRD data were collected at multiple
applied vertical (y-axis) loads to allow tracking of individual
grains under different applied external loads.

Ten successive “letterbox” 3DXRD scans were taken along
the sample gauge (y direction) with a 1.5 mm (x, horizontal) by
0.15 mm (y, vertical) beam geometry, and 0.05 mm of overlap
along the y axis between each scan. The total illuminated sample
volume at each load step was ∼1 mm × 1 mm × 1 mm. During
each letterbox scan, the sample was rotated about the y axis from
−180° to 180°. Diffraction patterns were acquired with a Pilatus
2M CdTe area detector, recording data at 1° increments and a
1 s exposure time. This data collection procedure replicated a
previously established routine for the beamline [37].

The load frame was operated in displacement control at a
constant rate of 0.2 mm min−1 until the desired force targets were
reached. At each deformation step, the applied load was held
constant. Six load steps, shown in Figure 1b, were chosen to
explore the deformation response up to a small degree of plastic-
ity (maximum strain of ∼5 %). The final load step was recorded
after unloading the sample as far as possible, to investigate the
remaining residual stresses in the sample. Two small strips of
Kapton tape were affixed at each end of the sample gauge area
to act as fiducial markers. The macroscopic strain on the sample
was measured from large field-of-view radiographs, acquired
with an end-of-hutch X-ray imaging camera, at each load step
using the fiducial marker separation.

2.3. EBSD data collection
To ensure the grains measured with EBSD represented those

in the sample bulk, approximately 0.4 mm of material along the
z axis was removed from the sample with abrasive media prior
to polishing. The sample was then polished to a 0.04 µm surface
finish using colloidal silica, then examined with a Zeiss Merlin
field emission gun scanning electron microscope (FEG-SEM).
A Bruker e−FlashHR EBSD detector was used to collect EBSD
maps at a 5 nA probe current and a 20 keV beam energy. Elec-
tron backscatter diffraction patterns (EBSPs) were recorded at
high angular resolution (HR-EBSD), 800 × 600 pixels2 and were
saved for post-collection analysis; the scan and indexing was
performed using Esprit 2.0 software. A low magnification map
(5 mm × 6.5 mm, 2 µm step size) of the sample was also taken
in the undeformed grip region. A higher spatial resolution map
(1.0 mm × 0.8 mm, 2 µm step size) of the deformed specimen,
within the gauge of the tensile specimen was also performed.

HR-EBSD was used to estimate intragranular residual elastic
Type III stresses from the deformed specimen using an in-house
written method that measures subtle changes in the crystal geom-
etry, inferred from the EBSPs. This method extracts a reference
EBSP within a grain, from which image shifts are measured via
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Figure 1: (a) Tensile specimen and 3DXRD configuration at the I12 beam-
line, Diamond Light Source, and (b) stress-strain increments at which 3DXRD
measurements were made
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a cross correlation function between the reference pattern and
test patterns within this grain. A deformation gradient tensor is
defined from the diffraction pattern shifts, from which strain and
rotation components can be separated using a finite decomposi-
tion framework [49]. The resulting strain tensor, for each pixel,
is multiplied by the stiffness tensor for ferritic steel, using the
Voigt notation, to obtain the stress tensor. Comprehensive details
of the HR-EBSD method are provided elsewhere including its
mathematical descriptions [50].

2.4. 3DXRD analysis
Indexing and analysis of collected 3DXRD data broadly

followed routines established in [37]. However, a number of im-
provements have since been made to the analysis procedure that
yield significant gains in data quality. A flowchart showing the
data processing steps utilised in this study are shown in the Sup-
plementary Materials, Figure S1. A number of pre-processing
stages have been introduced to reduce error in detector peak
positions. Peaks close to gaps in the modules of the Pilatus
diffraction detector were deemed unreliable due to inaccurate
intensity profile shape and were removed. As the position and
orientation for each module on the detector is independent, small
distortions in peak position may have been introduced if these
displacements were not corrected for. Following an established
routine [51] applied to a series of reference CeO2 calibration pat-
terns, the module displacements were determined—this allowed
a correction file to be generated which specifies the sub-pixel
adjustments required to correct the peaks data. Diffraction peak
searching and determination of grain positions, orientations and
strain states was performed with ImageD11 [52], with each indi-
vidual letterbox scan indexed separately. The reader is referred
to Table S1 in the Supplementary Material for parameters related
to peak searching and grid indexing.

To enable higher-level analyses of the 3DXRD data, as a
complete dataset, in-house pre- and post-processing software
was developed using the Python programming language. This
software coordinated the parallel initial indexing of each Im-
ageD11 letterbox scan. An object-orientated model was devised
to store and manipulate grain data at a number of different levels:
the sample as a whole; individual load steps; individual scans
within those load steps; single phases within those scans; and
finally individual grains within each scan. This data model en-
abled sophisticated post-processing and data analysis, such as
duplicate grain detection, sample rigid body transform detec-
tion, grain nearest neighbour identification, and positional grain
filtering.

A new “bootstrap” approach was devised to determine errors
in grain positions, orientations, and strains. More specifically,
the grain Biot strain and stress tensors were determined from
the reciprocal lattice lengths of the grain as described in the
Supplementary Material. After each grain was indexed with
the grid indexing procedure, the detector peaks associated with
that grain were isolated. Next, 100 copies of these peaks were
generated. For each copy, a random 50 % of the peaks were
removed. Then, using each copy containing only 50 % of the
peaks, the grain position, orientation and strain was refined using
ImageD11. This allowed the convergence of the grain parameter

refinement to be probed—if a large variation in grain parameter
outcomes was observed, it would indicate a high degree of error
in each peak, leading to a poor degree of convergence of the
refinement routine. Conversely, if only a small variation in grain
parameter was observed between refinements, the error in each
peak would have to be lower. The means of the grain positions,
orientations and strain tensor elements of each copy were taken
as the final parameters for that grain. The standard deviations
of the parameter distributions were used as the errors for those
grain parameters.

After the bootstrap routine, a cleanup process removed any
duplicated grains created by the grid index procedure. Using
these cleaned grain data, each individual “letterbox” scan was
stitched together to form a single grain map for each load step,
with duplicate grains removed in the overlap regions. Grains
were then tracked across subsequent load steps to identify grains
common to all load steps. For the cleanup, stitching and tracking
stages, the same grain de-duplication algorithm, described in
detail in the Supplementary Material, was used to identify and
group together repeated grain observations.

Once grains were tracked across multiple load steps, tracked
grain positional data was used as an input to a rigid body trans-
formation solver using the coherent point drift algorithm as
implemented in the pycpd Python library [53]. The resultant
orientation matrix was then used to generate a modified orienta-
tion matrix at a load-step level in which individual grains could
be subsequently assessed, with any sample rotations effectively
removed.

3. Results

3.1. Microstructure
The grain mean spherical equivalent diameter was deter-

mined to be 130 µm, calculated from a low-magnification EBSD
scan of 1797 grains with a 2° misorientation tolerance to deter-
mine the grain boundaries. The reader is referred to Figure S2
in the Supplementary Materials for an IPF-Z EBSD map of
these results. The sample examined with 3DXRD was also
characterised post-deformation with a HR-EBSD scan acquired
within the sample gauge. An IPF-Z map is shown in Figure 2a.
The results of the mean grain diameter calculation, as well as
the EBSD (Supplementary Materials Figure S2) and HR-EBSD
maps (Figure 2a) confirm that a sufficient quantity of sample
material was removed to observe bulk grains towards the center
of the sample, enabling a direct comparison between HR-EBSD
and 3DXRD strain data. Using the stress (residual elastic Type
III) tensor elements obtained from the cross-correlation method,
the per-pixel von Mises stress, σVM, was calculated, shown in
Figure 2b. The reader is referred to Figure S3 in the Supplemen-
tary Materials for maps of each stress tensor component of the
HR-EBSD scan. The magnitude of these localised intraganular
stresses is seen to far exceed the macroscopic yield stress of the
material (∼100 MPa), with evidence of steep stress gradients in
most grains. Stress banding is also evident in several grains,
featuring as yellow, approximately vertical streaks that traverse
part or whole grains; these structures are evidence of residual
stresses developing from plasticity structures.
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Figure 2: HR-EBSD map obtained from the sample gauge, post deformation
with ∼5 % plastic strain; (a) IPF-Z colouring and (b) the corresponding per-pixel
Type III von Mises stresses. The white regions are grains determined to have a
low quality and were eliminated from the analysis. The loading axis is left-right.

3.2. 3DXRD grain indexing

In total, 18 320 raw grains were indexed over the six load
steps. After the grain de-duplication and letterbox stitching rou-
tines, 10 741 grains remained, with an average of 1790 grains per
load step. Table 2 shows the number of stitched grains remaining
at each load step. An overview of the sample volume probed,

Table 2: Number of stitched grains remaining per load step.

σApplied (MPa)
Number of

stitched grains
Grains remaining

after filtration

0 2012 133
100 2343 153
132 1999 153
142 1817 156
162 1275 143
35 (unload) 1295 141

given for an example unloaded state (prior to deformation) is
shown in Figure 3. The distribution of the grain orientations
are represented on an inverse pole figure, and the corresponding
grain position map is shown in Figure 3a and Figure 3b, respec-
tively. Here, the grains are coloured by their orientation and
the size of each point in the grain position map is scaled by the
grain volume. The centre-of-mass positions of indexed grains
is seen to conform well to the sample geometry, representing
the probed volume of the tensile specimen within the gauge. A
rolled texture is observed in grain orientations as shown in the
{1 1 0} pole figure; Figure 3c.

As the original DX54 sample sheet was hot-dip galvanized
with a Zn coating, a variation in lattice parameter was expected
in grains located close to the original galvanised surfaces. This
arises from any remnant surface Zn diffusing into the surface
during the heat treatment stage used to tailor the grain size. The
effect of remnant surface Zn is also evident in the variation of
grain size between surface and bulk grains; this is visible in
Figure 3b. The increased Zn solute levels at the surface also
hinder grain boundary migration during annealing, restricting
grain growth, thereby causing a non-uniform grain size distri-
bution throughout the sample. To investigate this, grain lattice
parameters were extracted from the strain data, as shown in
Figure S4 in the Supplementary Materials. A geometric filter
was applied to the 3DXRD dataset to remove grains close to
the surfaces (where a variation in lattice parameter is evident)
with centre-of-mass positions more than 0.3 mm from the origin
along x or z. The remaining grains can then be safely evaluated
for changes in strain.

3.3. Stress development

With each indexed grain assigned a stress tensor, position,
orientation and size for every load step, general trends for the
deformation accumulation in the ferritic steel can be described.
Figure 4 shows the filtered grain centre-of-mass map at multi-
ple load steps, coloured by the vertical component of the stress
vector in the lab frame (co-axial with the applied load from
the load frame). The changes in grain stress over the loading
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Figure 3: In the condition prior to loading, grains within the tensile specimen
gauge region have crystal orientations shown on Z-axis inverse pole-figure (a),
with the corresponding colours shown in (b) grain position map, and (c) a texture
evident on the Z-axis direct {1 1 0} contoured pole-figure. The size of the points
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Figure 4: Grain maps at multiple applied loads, coloured by the vertical,
σyy, stress in the sample reference frame (tensile direction). Applied stresses
(σApplied) included at top right of each grain map. All dimensions in mm.

sequence are clearly visible; the mean average stresses follow
the applied stress steps, with a wide distribution. Notably, a
wide range in initial grain stresses was observed in the first load
step (σApplied = 0 MPa), a trend which continued throughout
subsequent load steps. To investigate the grain stress distribu-
tions further, histograms are plotted for each component of the
3DXRD Type II stress tensor, σ, in the lab frame, as shown in
Figure 5. The components of the HR-EBSD Type III stress ten-
sor from the post-deformation condition have also been plotted.
At no applied load, a broad distribution in σyy, centered roughly
at the origin, is observed. This distribution shifts positively as
stress is applied to the sample, but broadens substantially at
σApplied =132 MPa, indicating a wider range of grain stresses in
the early stages of plasticity. The distributions in the transverse
normal stresses (σxx and σzz) are broader than σyy, and share the
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Figure 5: 3DXRD Type II grain stress distributions across multiple load steps, with added EBSD Type III grain stress distributions.

broadening at σApplied =132 MPa, but the degree of broadening
is reduced compared to σyy. The shear components, σxy, σxz &
σyz show a stress distribution that is characteristically narrower
than the linear components. As σApplied increases, these distri-
butions broaden slightly, with bumps developing in the leading
and trailing tails. This demonstrates several grains that differ
from the majority as plasticity builds. In every direction, the
Type III grain stress distributions from the HR-EBSD dataset
show substantially broader distributions than the 3DXRD Type
II stresses, indicating that the localised grain stresses can devi-
ate significantly, higher or lower, than the grain averaged Type
II stress as measured by 3DXRD. Additionally, the σxy shear
component in the EBSD scan is narrower than the axial stress
component (σxx), which is narrower still than the transverse
stress component (σyy), again mirroring the behaviour of the
Type II grain stresses.

3.4. Grain tracking

After the individual letterbox scans were stitched together,
the stitched grain maps were tracked over all applied load steps,
yielding 674 fully-tracked grains. 178 fully-tracked grains re-
mained after geometric filtration, matching well with the number
of grains remaining after filtration in Table 2. The evolution of

grain parameters can therefore be explored across multiple load
steps. Figure 6a depicts the development of σyy stress (tensile
direction) in the lab frame for each tracked grain. In general,
good agreement is observed between the external applied load
from the load frame and the individual tracked grain data. Most
grains follow the trend of the macroscopic stress-strain curve.
Grains with high initial stresses (residual stress) tend to maintain
a higher stress state throughout the loading series. There are
several grains that experience a stress drop when passing the
yield point, a phenomenon also observed by Hedström et al. [42]
(in a duplex steel) and Abdolvand et al. [21] (in Zr and Ti).

The influence of grain initial (residual) stress on the change
in grain stress between the first two load steps is examined in
Figure 6b, where a clear negative correlation is observed between
the initial von Mises stress of a grain and its ability to further
increase in total stress. The relationship here indicates a grain
with a low initial stress may experience a significant increase
in von Mises stress, whereas a grain with a high initial stress is
more likely to see only a small increase, or a stress drop.

The influence of the initial grain orientation on the grain
stress development can be analysed, as per Figure 6c. Grains
with a lower initial Schmid factor are much more likely to in-
crease rather than decrease their von Mises stress over the load-
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Figure 6: Tracked grain correlations: (a): following macroscopic yield, coloured by their initial σyy values; (b): initial von Mises stress vs change in von Mises
stress between first two load steps (σApplied = 0 MPa and 100 MPa); (c): initial Schmid factor vs change in von Mises stress between no load and max applied load
(σApplied = 0 MPa and 162 MPa); (d): σyy change between σApplied = 132 MPa and 100 MPa vs initial σyy.

ing series. Grains with a higher Schmid factor have a wider
range of permissible von Mises stress changes over the loading
series; the stress of these grains may increase or decrease. This
provides strong evidence that the orientation alone does not de-
termine whether a grain hardens or softens, at the grain average
stress level.

Figure 6d shows that the extent of the stress drop (after
plastic deformation has commenced) appears to be negatively
correlated with grain residual stress (σApplied = 0 MPa). Grains
with a higher residual stress tended to experience a greater stress
drop. As proposed by Hedström et al. [42], this may be evidence
of the activation of multiple competing slip processes beyond a
certain threshold strain that act to lower the overall lattice strain
of the grain.

4. Discussion

During this investigation, the deformation behaviour of a
single phase ferritic steel has been studied to reveal the interplay
between the size, orientation, position and elastic stress/strain
state, on a per-grain basis, within a volume of interest. The
interplay between these parameters is considered key to under-
standing the macroscopic behaviour of engineering alloys, where
the method of far-field 3DXRD has been utilised for this purpose.
Following an initial proof of concept on the I12 beamline [37],
the method implementation and its analysis have been developed
significantly, as part of this work, enabling a first in-situ 3DXRD
investigation at Diamond Light Source. This discussion includes
firstly a critique of the data processing and analysis method cre-
ated for Diamond, followed by the resulting phenomenological
micromechanical mechanisms that govern and control the tensile
response of the ferritic steel during the onset and low levels of
plasticity. The addition of complementary HR-EBSD orientation
and Type III stress measurements to supplement the per-grain
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3DXRD observations are also discussed.

4.1. Indexing quality

An average of 1790 grains per load step were indexed, after
grain de-duplication and letterbox stitching, with 2012 grains re-
maining in the first load step. A variation in the number of grains
indexed at each load step is observed in Table 2, both before
and after filtration, which may have been caused by a number
of factors. A decrease in the number of grains indexed at high
applied loads is expected – peaks from highly-strained grains
can shift beyond the indexer tolerance window and are therefore
not registered. Additional fluctuations in the number of grains
remaining after filtration may be due to small sample movements
between load steps causing the inclusion or exclusion of some
edge grains within the filtration bounds. The increase in the
number of grains between the first two load steps is linked to
similar fluctuations in the total number of identified diffracted
peaks used to index each load step. The peak shift due to chang-
ing lattice strain, combined with the automatic removal of peaks
near detector module gaps, is likely to blame for this. While
grain numbers per load step are often not included in prior re-
ports of in-situ 3DXRD experiments, similar variations in grain
number over different load steps have been observed [21, 54].

The success of the indexing strategy utilised here is evident
in the grain map (Figure 3): the edges of the sample are well
defined, matching the macroscopic dimensions of the sample.
Any spurious “satellite” grains in unfeasible positions relative
to the sample are absent, indicating satisfactory convergence
in the grain centre-of-mass position refinement. A number of
large grains are present in the bulk of the material as shown in
Figure 3b – these grains have caused an expected reduction in the
grain density in their immediate vicinity, further supporting the
convergence of the position refinement procedure. The measured
texture also matches other prior studies from DX54 steel of
similar pedigree [9, 10, 37].

Table 3: Indexing technique precision summary for 3DXRD datasets obtained
from I12, Diamond.

Parameter Error

Orientation (°) 0.03
Position, horizontal (µm) 8
Position, vertical (µm) 6
εxx (×10−3) 0.2
εxy (×10−3) 0.1
εxz (×10−3) 0.2
εyy (×10−3) 0.1
εyz (×10−3) 0.1
εzz (×10−3) 0.2

A summary of the grain parameter precision is given in
Table 3. The quoted values are derived from the parameter
distributions, produced from the bootstrap data analysis; they
represent one standard deviation from each distribution. The
magnitudes are comparable to those obtained by other authors
[55]. The orientation precision achieved here is attributed to the

detector module distortion corrections; without this inclusion
the orientation error is significantly higher (0.1° [37]). The po-
sition and strain accuracy are determined by the indexing and
refinement procedure, as well as grain errors calculations. The
high precision is evidence of a low degree of divergence between
individual refinements during the bootstrap error determination
process—this is due to the high number of average peaks per
grain, and an accurate peak location afforded by the detector
module distortion corrections. The grain strain error of 3DXRD
at I12 at Diamond is considered acceptable in the context of
engineering alloys, and is approximately one decade from state-
of-the art implementations of the method, such as 1 × 10−5 at
the ID11 beamline of the ESRF [38]. Further improvements to
grain strain accuracy with the current detector are only likely
to be possible by reducing the ω step size in subsequent exper-
iments. Using the present data analysis method, the precision
in orientation and grain centre-of-mass position are now limited
by the experimental geometry, detector pixel size, and detector
dynamic range.

4.2. Errors

Using the bootstrap approach for grain error determination,
Figure 7 shows the distributions of errors in grain centre-of-mass
position (a), orientation, (b) and stress tensor elements (c). Grain
volume-weighted averages of these distributions are provided in
Table 4. Position errors follow a broadly bimodal distribution,
with most position errors around 5 µm. The outlying grains with
larger position errors are likely caused by grains truncated by
the X-ray beam at the top and bottom of the illuminated volume.
As these values remain significantly below the average grain
size, the conclusions of this work reliant on grain position re-
main valid. Orientation and stress error histograms are normally
distributed, and increase slightly with increasing applied load,
as expected from the increased diffracted peak spread due to
plastic mosaicity [56].

Table 4: Mean grain parameter errors at each load step.

σApplied
(MPa)

Position
(µm)

Orientation
(°)

Stress
(MPa)

0 3 0.02 62
100 3 0.02 50
132 4 0.03 53
142 4 0.03 52
162 5 0.03 58
35 5 0.03 64

It is important to acknowledge systematic sources of error
and how they relate to the grain parameter errors provided in
Table 4. The detector module distortion has been characterised
and corrected using an established correction strategy [51]. If a
substantial distortion remained after this correction procedure,
this would likely be identified by the bootstrap error determi-
nation process, due to the selection of differently-shifted peaks
during the bootstrap error determination.
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Figure 7: Per-grain error parameter distributions, shown for each loading step.

Bias in the grain indexing procedure must also be considered
– if such a bias were present and systemic, it may not modify the
results of the bootstrap error determination. However, there are
a number of qualitative observations that support the neutrality
of the grain indexing procedure – grain positions conform well

to the geometry of the sample as observed in Figure 3; sample
texture matches well with previous observations of this alloy
[37], indicating no significant orientation bias, and grain stresses
at no applied load are evenly distributed about 0 MPa as shown
in Figures 4 and 5.

Variations in beam energy during the data collection proce-
dure are another potential source of error. A change in incoming
beam energy would modify all diffraction angles recorded on
the detector (equivalent to a ring dilation or contraction), thereby
manifesting as a phantom grain hydrostatic strain. If beam
energy were to substantially change during the course of one
letterbox scan, the bootstrap error determination would detect
this, as peaks from a single grain would be shifted based on their
ω rotation value. However, if a slower energy drift were present,
this phantom grain hydrostatic strain would instead change more
gradually over the course of multiple letterbox scans within a
load step. Because grain centre-of-mass vertical position (y)
in the sample changes with time as successive letterbox scans
are recorded, grain hydrostatic strain can be plotted against y
position – a gradual change in beam energy would manifest as a
gradient on this plot [57, 37]. Figure S5 in the Supplementary
Materials demonstrates this for each load step. This shows, with-
out ambiguity, that no measurable drift in beam energy occurred
during the data collection for an individual load step.

4.3. Grain parameter correlations
Grain volumes measured using far-field 3DXRD alone are

determined using the mean intensity of the X-ray scattering
peaks of that specific grain relative to the intensity of scattering
peaks from all other grains [58]. From these values, the grain
size can be estimated by multiplying each 3DXRD grain vol-
ume by a constant scale factor. Here, this corresponded to a
value to match the grain size distribution obtained from EBSD
measurements. Comparing grain diameter against grain stress
in the lab frame, as shown in Figure 8a, yields an inverse cor-
relation between the grain diameter and both von Mises stress.
Stresses were smaller and closer to the macroscopic applied
stress for larger grains than smaller grains. This behaviour is
evidence of a Hall-Petch dependency at the intergranular level,
which is heavily governed by intragranular grain-size dependent
backstresses [59]. To validate this as a real phenomenon, and
not an artefact from the grain parameter refinement process, the
grain-averaged misorientation from HR-EBSD is used as an
analog for the 3DXRD intergranular stress. As is evident in
Figure 8 both follow a matching inverse relationship to the grain
size. The misorientation-grain size relationship is explained by
the heterogeneous nature of plasticity; greater misorientation is
correlated with increased residual elastic strains/stresses [60].

Again using the grain-averaged misorientation from EBSD
data as an analogue for intergranular stress, the relationship be-
tween 3DXRD-measured grain stresses and the final Schmid
factor is explored in Figure 8c. The relationship replicates the
observation of the intergranular von Mises stress change at yield,
as in Figure 6c, where grains with a high Schmid factor have a
larger allowed range of stresses, and grains with a lower Schmid
factor are much more restricted in stress. This is an intrigu-
ing observation as it implies that even though a grain may be
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Figure 8: Grain diameter relationship in the deformed, unloaded condition
(σApplied = 35 MPa) to the (a) 3DXRD grain von Mises stress and (b) EBSD
grain-averaged misorientation. These variables are described as a function of
Schmid factor, shown in (c), to ascertain crystal orientation dependency.

favourably orientated for easy slip, it may experience elastic
stresses that are (i) very high (behaving as a hard grain), (ii)
moderate stresses where plasticity is easy, (behaving as a soft
grain), or (iii) stresses below the critical resolved shear stress, so
no slip at all. The range of conditions indicates that grains with
a high Schmid factor are more susceptible to grain-neighbour
interactions, in a way that grains with a lower Schmid factor are
not.

Whilst intergranular stresses as measured via 3DXRD are
clearly important, grain neighbour interactions from compatibil-
ity (amongst other mechanisms) can generate significant intra-
granular stress gradients [61]. Any stress localisation, governed
by Type III stresses in particular for BCC steels, is predicted
to ultimately determine locations of failure [62]. Given the
magnitude of the Type III stresses present in this material, signif-
icantly higher than the 3DXRD measured Type II stresses, their
role cannot be neglected. The enormous difference between the
Type II and Type III stress distribution widths were similarly ob-
served by Hayashi et al. [63], which also proposes that locations
within grains of high triaxial stresses have low plastic strains,
with adjacent regions compensating with large plastic strains.
Deformation in the present study is highly heterogeneous (see
Figure 2b), with the behaviour of a given grain influenced by
both Type II and Type III stress, its own and of the neighbours.

4.4. Grain rotation during straining
Given there was strong evidence that the orientation (i.e.

Schmid factor) will influence the stress development, the orien-
tation changes of individual grains are considered. Figure 9a
shows the evolution in tracked grain orientation, plotted on an
inverse pole figure, over all load steps. Most grain rotations are
seen to be small in magnitude. This may be expected give the
total plastic strain is ∼5 %. Interestingly, grain transformations
are markedly different across load steps, with large changes in
orientation direction visible once the applied stress passes the
macroscopic yield point (at σApplied = 100 MPa). For certain
similarly-orientated grains, such as those labelled G54 & G247,
the grain orientation changes are very similar in direction, indi-
cating a strong correlation between grain initial orientation and
subsequent rotation transformation under load. Other similarly-
orientated grains, such as grains G137 and G219, have markedly
different orientation changes under load. One key difference
between these two pairs of grains is their Schmid factor, with
values for G54 & G247 significantly lower than G137 & G219.
This may be the reason a narrower stress range was observed for
grains with a lower Schmid factor (see Figure 6c), and a wide
range of stress states for those with a high Schmid factor, affect-
ing their magnitude of rotation. Whilst the observations here
are limited to a few grains, observations of grains with similar
initial orientations but dramatically different stress development
were reported by Hedström et al. [42] in an in-situ investigation.
This also reflects the findings of Juul et al. [7], who found that
in-situ grain rotations under load were much more scattered than
predicted by finite-element models. Figure 9b further explores
this discrepancy by plotting the overall grain orientation to the
maximum applied load—the majority of tracked grains are ob-
served to rotate as predicted for BCC crystals deforming by
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Figure 9: Z-axis inverse pole-figure, stereographic projection (shaded by Schmid factor), showing tracked grain rotations across multiple load steps (a), between no
load (σApplied = 0 MPa) and max load (σApplied = 162 MPa) (b), and predicted rotations of BCC grains deforming by ⟨1 1 1⟩ pencil glide [64] (c).

⟨1 1 1⟩ pencil glide [64] as per Figure 9c, although some grains
do not rotate as expected from their starting orientation. This is
primarily because the rotation of a grain, at any single moment
in time, is governed by its intergranular and intragranular stress
state. It is evident from this study that the global Schmid factor
alone cannot be used to predict the stress state for a given grain;
it must instead be controlled by grain interactions.

4.5. Grain neighbourhood

There are several factors that are known to contribute to the
stress state of the grain in polycrystals, which are often well cor-
related to significant orientation gradients. Firstly, this depends
on the initial orientation of a strained crystal and its orientation
path as plasticity develops [65]. The magnitude of per-grain
stresses may well develop from any remnant residual elastic
stress, accumulating from low strains, or present from prior
processing [66]; this was unequivocally evident in the present
study for grains with a measured stress initial stress inversely
proportional to the subsequently accumulated stress change (see

Figure 6b and 6d). Within a grain, there may be domains or
differing orientations that gives rise to different dislocation glide
systems, and thereby hardening [67]. Continued subdivision of
cell structures developing within a grain, arising from plasticity
structures, will themselves influence both the inter- and intra-
granular stresses [68]. Finally, the grain stress will also depend
on the stress and crystallography attributes of the neighbouring
microstructure environment [12, 13, 14, 21].

For a given grain of interest, the influence of neighbour-
ing grains is explored here. For each grain, a Schmid factor
was devised by taking the highest Schmid factor for slip in
any ⟨1 1 1⟩ direction. Here, a soft grain is defined as a crystal
exhibiting a high Schmid factor that is well aligned for easy
slip, relieving stress, whereas a hard grain is orientated poorly
for easy glide and would be expected to build higher elastic
stresses. The existence of such effects are well reported in al-
loys with HCP crystal structures [69], but its significance is
seldom reported for highly symmetric cubic systems. To ascer-
tain the effect in ferritic steel, the nearest neighbours of each
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grain using a Delaunay triangulation [70] were identified at (i)
the yield point, σApplied = 100 MPa, and (ii) at ∼5 % plastic
strain, σApplied = 162 MPa. The Delaunay triangulation algo-
rithm yielded an average of 17 neighbour grains for a given
central grain. Neighbours were then subdivided into series and
parallel neighbours, depending on their position relative to the
central grain. From a vector that connects grain-to-grain centroid
coordinates, an inclination angle was calculated between this
and the tensile axis. Serial neighbours were classified as those
with an inclination angle less than 45° and parallel neighbours
were those with an inclination angle greater than 45°; such clas-
sification has been established by other authors [21]. The list
of input central grains was then filtered to only include grains
that possessed both “serial” and “parallel” neighbours. Whether
a grain is hard or soft could next be ascertained for serial and
parallel neighbours of a central grain of interest, calculated for
the tensile direction stress, σyy. This analysis is reported in
Figure 10; stresses of a central grain are provided as a function
of the volume-weighted average Schmid factor of its serial and
parallel neighbours, but also for its components cos λ and cos ϕ
to explore which of these components govern the response, as
defined by the Schmid factor equation for the critically resolved
shear stress, τ:

τ = cos(ϕ) cos(λ)σ (1)

where ϕ is the angle between the slip plane normal and the ten-
sile axis, λ is the angle between the slip direction and the tensile
axis, and σ is the applied stress. While the scatter is large, a
statistically significant (p < 0.05) negative correlation is evident
between the mean Schmid factor of serial neighbours and the
stress achieved by that grain, Figure 10c at the onset of yield
(σApplied = 100 MPa). If a grain is in series with hard grains
(low Schmid factor), it tends to experience a greater stress in
the loading direction compared to softer grains (high Schmid
factor). This finding, reported in-situ for a BCC system for the
first time, replicates the trend for HCP crystals [21], though crit-
ically, is a weaker effect. By plotting the individual components
of the Schmid factor, the influence of slip direction vs slip plane
normal orientation relative to the loading axis can be separately
observed. For serial neighbours, the negative correlation be-
tween a central grain σyy and the Schmid factor is also observed
with cos λ; interestingly, this is the converse to the slip plane
normal component behaviour, cos ϕ (Figure 10b), showing a
positive correlation with σyy stress. This indicates that the slip
direction in an adjoining grain determines the Schmid factor
dependent neighbourhood effect. The analysis is also shown
for σApplied = 162 MPa (Figure 10d–f). The trends replicate the
observations at the yield stress, but the gradients are shallower.
This indicates that the neighbourhood effect diminishes as plas-
tic strain increases. One can postulate that such neighborhood
effects may disappear entirely as plasticity builds; grains must
continue to rotate, which is likely to eliminate any grain-to-grain
load partitioning as their respective Schmid factors become more
similar. Given there are 48 slip systems for BCC, with a great
degree of freedom for crystal distortion/rotation, this operation
will be easy. It is also plausible that the elimination of grain
neighbour stress partitioning, which would otherwise be detri-

mental to fracture strain, is a key reason why these materials
exhibit exceptional ductility.

The effect of parallel neighbours on central grain maximum
stress is minimal in this case (see Figure 10g–l), matching ob-
servations by Abdolvand et al. [21]. There is no strong re-
lationship between the mean Schmid factor of neighbouring
grains, and the central grain σyy stress; the trend lines when at
σApplied = 162 MPa (Figure 10j–l) are notably flat. In short, the
axial stress for a central grain is correlated with the orientation of
neighbouring grains located in series along the loading axis with
it. Neighbouring serial grains with a lower Schmid factor lead to
higher overall axial stresses in the central grain. This supports
the conclusions of prior modelling studies of cubic systems by
Bretin et al. [14], who found that the influence of neighbouring
grain orientations on the stress state depends on the relative
position of the central grain and the neighbouring grain with
respect to the loading axis. This observation has implications
for future modelling endeavours—for crystal plasticity finite
element method (CPFEM) simulations of a very small number
of grains, for example, simply randomising all grain orientations
may not be sufficient to remove influences of nearest neighbour
orientation on grain stress states. Instead, a number of model
iterations with shuffled grain orientations may be required, as
observed in face-centered cubic systems by Kocks et al. [12].
Naı̈ve simulations (with a larger number of grains) of macro-
scopic stress anisotropy due to sample texture may be similarly
affected by “unlucky” shuffles of grain orientation due to this
effect. To establish the significance of the grain neighbour ef-
fect observed in the present study, on a cubic system, future
investigations at high plastic strains, for other cubic structure
polycrystals, and the role of Type III intragranular stresses are
exciting future areas for exploration in this field.

5. Conclusion

An in-situ three-dimensional X-ray diffraction experiment
during mechanical loading of a low-carbon ferritic steel has been
performed to reveal individual crystal behaviour. Significant
developments on existing 3DXRD analysis methods, combined
with HR-EBSD measurements, have revealed several insights,
which are summarised here:

1. This experiment is the first example of an in-situ 3DXRD
experiment at Diamond Light Source, demonstrating the
feasibility to track the response of a polycrystalline mate-
rial during deformation on a per-grain level.

2. A rigorous approach to quantifying uncertainties related
to per grain stress and orientation analysis provide con-
fidence that reliable in-situ 3DXRD measurements can
be performed on I12 at Diamond. Confidence in orienta-
tion is stable at around 0.03°, and the stress error varies
between 50 MPa to 64 MPa

3. The initial Schmid factor of a tracked grain was found to
influence the increase in the per-grain von Mises stress.
Grains with a low initial Schmid factor were found to
almost exclusively increase in stress, whereas grains with
a high Schmid factor had a wider range of allowed changes
in stress.
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Figure 10: Dependence of grain stress in the tensile direction, σyy, on the slip direction component, cos λ, the slip plane normal component, cos ϕ, and the Schmid
factor. This is shown for both serial and parallel neighbours, and for each at the onset of plasticity, σApplied = 100 MPa and at ∼5 % plastic strain, σApplied = 162 MPa.
The size of the circles represent the relative volumes of the grains.
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4. The change in per-grain von Mises stresses between the
first two load steps was found to be strongly negatively
correlated to the initial von Mises stress of a grain. This
demonstrates that grain residual stresses are dominant
over subsequent grain stress evolution.

5. Grain σyy (axial) stresses were found to broadly follow the
macroscopic stress-strain curve, but a significant fraction
of grains experienced a stress drop beyond the global yield
point. The magnitude of the stress drop was found to be
proportional to the grain residual stress—grains with a
higher starting σyy tended to experience a greater stress
drop.

6. Most grains followed an orientation change that is ex-
pected from ⟨1 1 1⟩ pencil glide, however, examples that
do not follow this trend were evident; similarly orientated
grains may posses quite dissimilar orientation paths dur-
ing straining. This may be explained by their Schmid
factor, stress state, and grain neighbour interactions.

7. A grain neighbourhood effect is evident at low plastic
strains. Grains with hard series neighbours were found
to have a higher axial stress at the macroscopic yield
point, whilst parallel neighbours had limited effect on a
grain stress state. The strength of this effect diminishes at
higher macroscopic strains, as grains rotate and Schmid
factors between neighbours become more similar, load
partitioning becomes less significant. The ability for fer-
ritic steels to eliminate these neighbour effects is believed
to contribute to the exceptional ductility they possess.
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Supplementary Content

1 3DXRD Processing and Analysis Details

1.1 Indexing parameters

The parameters used for the peaksearch and grid indexing procedures are given in Table S1.

Table S1: Peak searching and indexing parameters used for the 3DXRD indexing procedure.

Stage Parameter Value

Peak search Intensity thresholds 1000, 5000, 10 000, 50 000, 100 000, 500 000

Peak filtration Rings kept (1 1 0), (2 0 0), (1 1 2), (2 2 0), (3 1 0)

Min. completeness 0.38

d∗ tol. (Å
−1

) 0.01

cosine tol. 0.004363

Grid index (h k l) tol. 0.05

Grid makemap tols. 0.05, 0.04, 0.025

Final makemap tols. 0.03, 0.02, 0.01

Grid boundaries (mm)
x: [-0.6, 0.6]
z: [-0.6, 0.6]
y: [-0.1, 0.1]

Number of grid points
x: 5
z: 5
y: 5
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1.2 Data Processing Steps

Detector 
Images

Peaksearch at
multiple intensity

thesholds
(ImageD11)

Peak �les at
multiple

thresholds

Remove 
peaks near 

module gaps
Filtered 

peaks �le

Merge peaks
together

(ImageD11)
Merged
peaks

Correct detector
module distortion

Corrected
peaks

G-vectorsTrimmed peaks

Grain maps
Re�ned

grain maps
Grain maps
with errors

Split peaks for
each phase

Calculate
scattering 

vectors
(ImageD11) Grid indexing

(ImageD11)
Iterative

re�nement
(ImageD11)

Bootstrap 
error

determination
For each phase

Figure S1: Indexing and analysis procedure for 3DXRD datasets.

1.3 Strain and stress tensor determination

The Biot strain is used as the default representation of lattice strain for grains defined by ImageD11. The derivation
of the Biot strain tensor from grain lattice lengths is provided here. First, the deformation gradient tensor F is
determined:

F = (U ·B)
−T ·BT

0 (1)

where U rotates a vector in the Cartesian grain system, G⃗c, to the sample reference frame, G⃗s:

G⃗s = U G⃗c (2)

B transforms a vector in reciprocal space, G⃗hkl, to the Cartesian grain system G⃗c [1]:

G⃗c = BG⃗hkl (3)

and is defined by the deformed lattice parameters of the grain in reciprocal space (a∗, b∗, c∗, α∗, β∗, γ∗):

B =



a∗ b∗ cos (γ∗) c∗ cos (β∗)
0 b∗ sin (γ∗) −c∗ sin (β∗) cos (α)
0 0 c∗ sin (β∗) sin (α)


 (4)

and:

cos (α) =
cos (β∗) cos (γ∗)− cos (α∗)

sin (β∗) sin (γ∗)
(5)

B0 is calculated from the reference unit cell lattice lengths. F is then used to determine the Biot strain tensor E:

E = C
1/2 − I =

(
F−T · F

)1/2 − I (6)

where C is the right Cauchy-Green deformation tensor and I is the identity matrix. ImageD11 uses polar composition
to determine C1/2:

F = V ·R = R ·C1/2 (7)

The stress tensor σ is then determined from the strain tensor as defined by Oddershede et al. [2] using the stiffness
values in Table 2.

Table S2: Stiffness constants used for ferrite phase [3].

Stiffness Constant Value (GPa)

c11 231.4
c12 134.7
c44 116.4

It is noted that the Biot strain tensor E determined by ImageD11 is not equivalent to the linear Lagrangian strain
tensor ε used by Oddershede et al. [2]. Therefore, the Biot stress tensor equivalent does differ from σ. However, the
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tensors must be equivalent in the small strain limit, and the error between representations is assumed to be negligible
at the strain levels observed in this study. The strain and stress tensors in the sample coordinate system (Es and σs

respectively) are also determined by rotating E and σ [2]:

Es = UEU T (8)

σs = UσU T (9)

1.4 Grain de-duplication algorithm

A new de-duplication algorithm has been devised to identify repeated observations of the same grain, given a list of
grains, a distance tolerance, and a misorientation tolerance. First, a list of all possible grain pairs within a specified
centre-of-mass distance (the distance tolerance) is produced. A nearest-neighbour search algorithm using K-dimensional
trees (as originally defined by Maneewongvatana and Mount [4]) is performed using an implementation in the scipy
Python library [5] to generate a list of candidate grain pairs. Once the candidate grain pairs list is identified, the
misorientation between the grains of each pair is calculated. The misorientation algorithm, originally defined by
Proudhon [6] in the pymicro Python library, has been vectorised with the help of the Numba Python library [7], then
parallelised. This is much faster than the single-threaded approach—with a modern 12-core AMD Ryzen processor,
calculating the misorientation of 100 000 grain pairs takes 5 s with the parallelised approach, vs 47 s with the original
approach. Once the misorientation for each grain pair is determined, grain pairs with a misorientation that is greater
than the misorientation tolerance are removed. The remaining grain pairs are therefore close together in position and
orientation.

Once the final grain pairs list is produced, a graph is constructed using the NetworkX Python library [8]. Each
node in the graph represents a grain, and nodes are connected with edges if the grains in the nodes are paired. Then, a
list of all connected component sub-graphs is generated. Each connected component sub-graph represents a group of
nodes that is connected together. For example, if grains A and B are paired, and grains B and C are paired, grains A,
B and C form a connected component subgraph. This connected component sub-graph ABC is then said to represent
a single physical grain, observed more than once.

In practice, the outputs of this algorithm are used slightly differently depending on the purpose. At the grain
cleaning stage, all grains provided in the grain list are from the same individual 3DXRD scan. Therefore, each
grain group returned from the algorithm is associated to a single “clean grain”, which may consist of multiple raw
observations, or “raw grains”. The parameters of the “clean grain” (such as grain position, orientation, and strain
state) are determined from the parameters of the raw grains. A volume-weighted average of raw grain positions is used

for the position of the clean grain. The UBI matrix of the clean grain (where UBI = (U ·B)
−1

) is taken from the
UBI of the largest contributing raw grain. The volume of the clean grain is determined by the sum of the volumes of
the raw grains. The same procedure applies to the letterbox stitching stage. When the algorithm is applied to grains
across load steps, multiple grains from each load step may be found in each grain group returned by the algorithm. In
this instance, only the largest grain in each load step is used.

2 Supplementary EBSD Results

Figure S2 is a low magnification EBSD map from the undeformed grip section of the DX54 ferritic steel sample. A
large equiaxed single-phase ferritic microstructure is observed. These data were used to determine the average grain
size of the material.

Figure S3 is a map of each component of the σ stress tensor obtained from the processed HR-EBSD data. Outlying
grains with non-physical stress distributions (due to poor quality data for these grains) have been masked in white.
Significantly wide stress distributions (on the order of ∼3GPa) are observed in the in-plane axial and transverse
directions (σxx and σyy respectively). Narrower distributions are observed in the shear directions (σxy, σxz and σyz).
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Figure S2: Low magnification IPF-Z map from EBSD data on undeformed DX54 ferritic steel.
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Figure S3: HR-EBSD maps obtained from the sample gauge, post deformation with ∼5% plastic strain and per-pixel
Type III stress tensor elements. The loading axis is left-right.
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3 Supplementary 3DXRD Results

Figure S4 is a map of 3DXRD grain centre-of-mass positions for the first load step (σApplied = 0MPa). Grain points in
the figure are coloured by the mean crystal unit cell length of the grain, as determined from the B matrix by ImageD11.
A significant near-surface variation in grain lattice parameter is observed at the surfaces perpendicular to the z-axis.
These were the original external galvanized surfaces of the steel sheet from which the samples were cut. Note the effect
was not observed on sample surfaces perpendicular to the x-axis, which were originally in the bulk of the sheet.

Figure S5 is a plot of the hydrostatic strain for each grain, with respect to the grain centre-of-mass y (vertical)
position, for each load step. Due to the multiple scan collection strategy, a substantial drift in beam energy over
the course of a load step would result in a significant non-zero gradient in grain hydrostatic strain against grain
centre-of-mass y position. No such gradient is observed in Figure S5, indicating a stable beam energy throughout the
3DXRD data collection routine.
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Lattice parameter (�A)
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)
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−0.25
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Figure S4: Grain map at no applied load, observed as a cross section of the dog bone specimen. The points here
represent grains, which are coloured by lattice parameter and their size is scaled by their volume.
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CHAPTER 7

DEVELOPING A NOVEL STAINLESS STEEL ALLOY TO

EXPLORE DIMT

7.1 Preface
To enable the exploration of the deformation-induced martensitic transformation (DIMT) in-

situ with 3DXRD, an alloy system was developed that undergoes substantial transformation

at very low applied strains, as far-field 3DXRD has a practical strain limit of around 2%.

The details of the novel alloy development, performed by David M. Collins, are provided in

the Methodology of the final paper in Chapter 8. In the current chapter, the resultant alloy

was characterised in the as-received condition, using both EBSD and a recently developed

laboratory-based X-ray technique called Diffraction-Contrast Tomography (DCT). The

DCT technique produces space-filling three-dimensional segmented maps of grain phase and

orientation, allowing the 3D morphology of individual grains to be captured non-destructively.

However, until very recently laboratory-based DCT has been limited to the exploration of

single-phase systems. The multi-phase nature of the novel stainless steel alloy produced

for Chapter 8 provided a good opportunity to explore recent developments in simultaneous

multi-phase DCT grain map reconstructions by Xnovo Technology ApS.

In the current chapter, DCT measurements were first performed on an alloy sample, then the

same sample was mounted, sectioned, and EBSD measurements were performed within the

same region that was captured with the DCT scans. This enabled a performance evaluation

of the DCT technique on multi-phase systems, with a like-for-like comparison against the

more widely established and accepted EBSD technique. To enable this comparison and

identify the corresponding two-dimensional EBSD "slice" within the three-dimensional DCT
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dataset, a novel registration technique was devised that only required the grain-averaged

orientations from both datasets. This technique successfully identified the corresponding

slice, enabling the desired like-for-like comparison of the techniques.

The main conclusions of this chapter are now outlined. A novel registration technique

was devised to enable the registration of two-dimensional and three-dimensional datasets

of grain orientations. This technique is highly performant, analysing the datasets in the

paper in under five minutes, and is applicable to a wide range of electron-based and X-ray

based datasets. The complicated grain morphologies observed in the EBSD data posed

a significant challenge for the DCT reconstruction algorithm, with the length scales of

some microstructural features being similar to the DCT size detection limit. This challenge

affected the three-dimensional grain morphologies produced by the DCT reconstruction

software – DCT grains were often much larger and rounder than their EBSD counterparts,

and some small ferritic grains were missed by the DCT measurements, which affected

the final grain size distributions. However, the DCT technique was able to capture some

phenomena missed by the EBSD technique, such as a more complicated texture in the

ferritic phase, because the DCT technique captured a much larger volume of material.

Overall, the DCT technique can provide extensive three-dimensional non-destructive char-

acterisations of multi-phase materials, capturing phenomena that can be missed with

two-dimensional techniques such as EBSD. Nevertheless, the DCT reconstruction faced

some challenges due to the complicated microstructural morphology present in the novel

stainless steel alloy system, which demonstrates the need for both two-dimensional and three-

dimensional techniques to adequately characterise complex multi-phase materials.
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A B S T R A C T

The ability to characterise the three-dimensional microstructure o multiphase materials is essential or under-
standing the interaction between phases and their associated materials properties. Here, laboratory-based
diraction-contrast tomography (lab-based DCT), a recently-established materials characterization technique
that can determine grain phases, morphologies, positions and orientations in a voxel-based reconstruction
method, was used to map part o a dual-phase steel alloy sample. To assess the resulting microstructures pro-
duced by the lab-based DCT technique, an electron backscatter diraction (EBSD) map was collected within the
same sample volume. To identiy the two-dimensional (2D) slice o the three-dimensional (3D) lab-based DCT
reconstruction that best corresponded to the 2D EBSD map, a novel registration technique based solely on grain-
averaged orientations was developed – this registration technique requires very little a priori knowledge o
dataset alignment and can be extended to other techniques that only recover grain-averaged orientation data
such as ar-eld 3D X-ray diraction microscopy. Once the corresponding 2D slice was identied in the lab-based
DCT dataset, comparisons o phase balance, grain size, shape and texture were perormed between lab-based DCT
and EBSD techniques. More complicated aspects o the microstructural morphology such as grain boundary
shape and grains less than a critical size were poorly reproduced by the lab-based DCT reconstruction, primarily
due to the dierence in resolutions o the technique compared with EBSD. However, lab-based DCT is shown to
accurately determine the centre-o-mass position, orientation, and size o the large grains or each phase present,
austenite and martensitic errite. The results reveals a complex errite grain network o similar crystal orienta-
tions that are absent rom the EBSD dataset. Such detail demonstrates that lab-based DCT, as a technique, shows
great promise in the eld o multi-phase material characterization.

1. Introduction

Understanding the deormation behaviour o multiphase poly-
crystalline structural alloys, such as αβ titanium alloys or compressor
discs in aeroengines or high strength dual phase (erritic–martensitic)
steels or automotive, load bearing chassis components, is vital or
guiding the design o uture materials. The micromechanical material
behaviour is intimately linked to the material microstructure, not only to
the phase ractions, but also to the phase specic grain size distributions
(i.e. ne-grained/coarse-grained/bimodal, narrow/wide), grain shapes
(i.e. equiaxed/needles/plates), and textures. These eatures will have an

associated distribution throughout the material in 3D; this may be uni-
orm or heterogeneous, oten inherited rom the prior processing.

Interaction between phases, such as load shedding, is a critical
attribute that must be well known or predicting ailure initiation and
deormation evolution. For probing the load sharing among phases,
experimental techniques such as ar-eld 3DXRD (3-Dimensional X-ray
Diraction)/HEDM (High Energy X-ray Diraction Microscopy) have
proved to be excellent methods as they are sensitive to the phase, center
o mass position, crystallographic orientation, and lattice distortions
(and hence grain averaged type-II stress) o every grain, non-
destructively, in 3D [1,2]. Non-destructive experimental techniques to
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map out the 3D grain structure comprise near-eld 3DXRD/HEDM e.g.
[3–6] and synchrotron DCT [7–10]. Obtaining such data without the
need to access national or international acilities is also possible via lab-
based DCT [11–14], which is highly attractive i it has the capability to
accurately describe microstructures o engineering alloys.

For a multi-phase material, lab-based DCT has been used to good
eect to elucidate hydrogen embrittlement in a duplex stainless steel
consisting o a dual-phase errite-austenite microstructure [15]. Here, an
old version o the reconstruction engine, GrainMapper3D™, was used to
reconstruct each phase separately. The sotware constrained the analysis
to provide only grain sizes, center o mass positions, and crystallo-
graphic orientations, while the movement o diraction spots was used,
ater hydrogen inusion, to qualitatively evaluate stress evolution.

EBSD (electron backscatter diraction) can be used to characterise a
2D region on the sample surace o a polycrystalline material (e.g.
[16–20]), with comparably better spatial resolution than 3D techniques.
The use o 3D-EBSD, where an individual EBSD scan is acquired with
successive serial sectioning (e.g. [21–24]), is attractive. However, being
a destructive method, in-situ studies are impossible with 3D-EBSD,
which limits its applicability to study deormation. EBSD is used
routinely or investigating multiphase structural materials [25], while
only a very limited number o 3D space lling grain maps o dual phase
materials exist, e.g. [26].

To directly compare grain center-o-mass data to space lling 2D/3D
grain maps, or grain maps to each other, a registration approach is
needed. Oten, the registration technique used during the comparison is
not specied [8,10]. In some cases, both measurement techniques are
perormed at the same acility and thereore use the same reerence
rames and length scales, so a post-mortem registration is unnecessary
[27]. For cases where algorithmic registration is required, a range o
dierent dataset registration strategies have been employed, such as
manual alignment [11], plane tting using porosity data [28] and
misorientation minimization [29,30]. As the reconstructed grain maps
are inherently multi-dimensional, and/or multimodal, visualization
packages such as PolyProc oer dataset ltration and analysis capability
[31].

For microstructures comprising multiple constituent phases, there is
no registration algorithm developed to date that can handle a combi-
nation o center o mass or space lling data, or each phase present, in
both 2D and 3D. Hence, this study seeks to implement such a registration
algorithm and test its perormance on a dicult case, namely a two-
phase metastable austenitic stainless steel with an austenite and
martensitic-errite structure mapped by both EBSD and lab-based DCT.
A direct one-to-one comparison between the two methods is considered
unreachable due to a morphologically complex, ne-grained dual-phase
microstructure o the sample – some o these microstructural eatures
are outside o the detection limits o the DCT method (10–40 μm [32]).
However, comparing statistical properties o the 2D-EBSD map to the
nearest 2D slice in the 3D-DCT is reachable. This can be determined by
the registration between the datasets. In this study, the corresponding
properties are also derived or a ull 3D-DCT volume to ascertain the
advantages and disadvantages o EBSD versus DCT or the grain map-
ping o multiphase samples.

2. Experimental method

2.1. Material

The alloy studied was a two-phase austenitic metastable stainless
steel alloy with the composition given in Table 1.

The alloy was cast as a 10 kg billet (80× 30× 210 mm3) and hot
rolled at 1050 ◦C in a 3:1 ratio. This was ollowed by an annealing heat
treatment o 1250 ◦C or 12 h, then a quench in air to room temperature.
A small dog-bone shape specimen was machined rom the billet with a
05× 05 mm2 gauge cross-section and a 239 mm gauge length. For the
purposes o this study, the sample was measured in a simple static
condition; only the microstructure within the gauge section was o
interest.

2.2. DCT data collection

The DCT scans were collected on a ZEISS Xradia 520 Versa X-ray
microscope equipped with a LabDCT Pro module and a fat-panel
extension. An accelerating voltage o 110 kV was used with a power
o 10 W. A fat-panel detector (75 μm pixels) was used to collect the
diracted X-ray signal in projection geometry with a source-sample
distance o 12 mm and a sample-detector distance o 246 mm, as
shown in Fig. 1a. This gives a geometric magnication actor o 21.5. A
150× 750 μm2 beam-dening aperture was placed between the beam
and the sample to limit the exposed sample region, while the direct beam
was blocked with a beamstop. A helical phyllotaxis scan strategy [33]
was employed to scan a∼ 1 mm-tall region o the sample gauge section.
851 projections were captured, see example in Fig. 1(b), each with a 60 s
exposure time, or a total scan time o 16 h 45 min.

1601 absorption contrast X-ray tomography (ACT) projections (the
fne tomography scan) were also taken with a 1 s exposure time and a
5 μm voxel size to dene the absorption mask required or the grain
reconstruction process. Finally, a coarse whole-sample tomography scan
was perormed with a 13 μm voxel size, 801 ACT projections and a 0.5 s
exposure time. The reconstructed coarse and fne ACT volumes are pre-
sented in Fig. 2. The reconstruction process utilised to generate the
Figure is outlined in Appendix A.

Table 1
Experimental alloy composition.
Element C Ni Cr Mn Si P S Fe

wt% 0.04 7 19 2 1 0.04 0.03 Bal. Fig. 1. DCT data collection projection geometry (a) and example detector
image showing diracted peaks (b).

J.A.D. Ball et al.
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2.3. DCT reconstruction

To reconstruct the nal 3D grain map, a prototype version o
GrainMapper3D allowing simultaneous indexing omultiple phases was
used to process the DCT raw images. This is an extended version o the
ast geometric indexing outlined by Bachmann et al. [34], assigning to
each voxel in space both the phase and the orientation giving the highest
completeness score, where completeness is the ratio between the
observed and expected number o reciprocal vectors associated with the
solution. A region o 660× 655× 930 μm3 was reconstructed with a
5 μm voxel size, or a total grid o 132× 131× 186 voxels. Grains were
dened using a 0.25◦ misorientation threshold between adjacent pixels.
This yielded 1888 austenite and 685 errite grains. The nal result
comprised 3D maps o orientation, grain ID, phase ID and completeness,
a selection o which are shown in Fig. 3.

2.4. EBSD data collection

The sample was mounted in conductive bakelite, polished to a
004 μm surace nish using colloidal silica, then electro-polished at
20 ◦C with an 80:20 mixture o ethanol and perchloric acid at 15 V or
20 s with a fow rate o 10 l min1. The sample was examined with a
JEOL 7000 eld emission gun scanning electron microscope (FEG-SEM)
equipped with an Oxord Instruments Nordlys EBSD detector to collect
an EBSD map across the ull width o the sample gauge. A 125 μm step
size at a 13 nA probe current and a 20 keV beam energy was used. The
EBSD scan and indexing was perormed using the Oxord Instruments
sotware AZtec.

2.5. EBSD post-processing

The EBSD map dataset was imported into the MTEX MATLAB library
[35]. First, the dataset was cropped to the geometry o the sample. Next,
the dataset was segmented into individual grains. A rst pass comprised
the segmentation o grains by pixel orientation with a 5◦ tolerance.
Then, grains with ewer than 20 contributory pixels were marked as
unindexed to exclude grains with potential inaccuracies using a metric
o grain mean orientation or centroid position. The rst segmentation
was then repeated with the updated dataset to regenerate the EBSD
grain IDs. Then, the EBSD map was denoised to ll unindexed pixels
within individual grains using an MTEX denoising method with a hal-

quadratic lter [36]. Finally, the grains were re-segmented to re-
associate the updated pixels to the grains. Grain ID and phase ID
maps, along with grain-averaged orientations as Euler angles, were
exported rom MATLAB to an HDF5 le to acilitate urther processing
with Python. The processed EBSD map o the sample, comprising 750
austenite and 648 errite grains, is shown in its entirety in Fig. 4, with
both IPF-X orientation colouring and phase colouring.

3. Registration

3.1. Importing EBSD and DCT data

A registration procedure was devised to locate the 2D slice within the
3D DCT data that best corresponded to the EBSD image plane. First, both
EBSD and DCT datasets were imported using the pymicro Python library
[37], to generate Microstructure class instances. The pymicro li-
brary stores grain orientations as a single 3× 3 orientation matrix per
grain (g) transorming a vector in the sample reerence rame (Vs

←
) into

the crystal reerence rame (Vc
←
), as per Eq. 1.

Vc
←

= gVs
←

(1)
Due to dierences in grain orientation and array axis conventions

between GrainMapper3D, MTEX and pymicro, DCT grain ID, grain ori-
entations and phase ID inormation were veried using the

Fig. 2. Schematic o sample design (let), 13 μm coarse whole-sample tomog-
raphy reconstruction (centre), 5 μm fne gauge-only tomography reconstruc-
tion (right).

Fig. 3. Reconstructed DCT maps. (a, b) whole sample; (c) austenite phase only;
(d) errite phase only. (a, c, d) are coloured by IPF-Z orientation; (b) is coloured
by phase.

J.A.D. Ball et al.
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reconstruction report generated by GrainMapper3D, and EBSD grain ID,
grain orientations and phase ID inormation was veried using the
MTEX-processed datasets.

3.2. Initial transormation

The longitudinal axis o the sample in the original EBSD dataset was
parallel to the XE axis o the EBSD reerence rame. In the DCT dataset,
the sample longitudinal axis was parallel to the ZD axis o the DCT
reerence rame. Consequently, a new rotated EBSD reerence rame was
devised such that the EBSD sample longitudinal axis was made parallel
to the new Z axis (ZR). Given a vector in the original EBSD reerence
rame (VE

←
), a rotation matrix R was dened that transorms the vector

into the equivalent vector in the rotated reerence rame (VR
←
), as per Eq.

2.

VR
←

= RVE
←

(2)
To represent the EBSD grain orientations (gE) in the new reerence

rame, a right multiplication o the rotation matrix transpose is applied,
as per Eq. 3.
gR = gER⊺ (3)

3.3. Initial matching grain search

Once the EBSD and DCT datasets were approximately aligned by
applying this initial transormation, an initial search or matching grain
pairs was perormed. A Python unction based on the match_grains 
method o the pymicro Microstructure library was devised to search
or matching EBSD grains within the DCT dataset, as per Algorithm 3.3.
The EBSD microstructure instance was ltered to keep only austenite
grains, as initial observations o the crystal orientations revealed a
highly textured martensitic-errite phase, which may have generated
alse matches due to the grouping o errite grains in orientation space.
750 austenite EBSD grains remained ater this ltration. The DCT
microstructure instance was similarly ltered, leaving 1888 austenite
grains.

Fig. 4. Reconstructed EBSD maps o sample, with IPF-X (axial) orientation colouring (top) and phase colouring (middle). Individual phases are also plotted (bottom)
with IPF-X colouring.

J.A.D. Ball et al.
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Algorithm 1. A Python unction to nd matching grains between
EBSD and DCT microstructures.

With a small misorientation tolerance (3◦), only 222 matching
austenite DCT grains were ound. Additionally, the matching DCT grains
did not lie on a specic YZD plane, which would be anticipated or
legitimate matches. It was then theorised that a misorientation remained
between the rotated EBSD and DCT reerence rames, larger than a 3◦
misorientation tolerance would allow or. This misorientation was
attributed to misalignment between the EBSD spatial and grain orien-
tation reerence rames, compounded with spatial distortions introduced
by the large eld-o-view map collected at low magnications.
Repeating the search with a wider tolerance o 12◦ also yielded no
specic matching plane signal, likely due to the signicantly increased
noise foor.

3.4. Corrective rotation search

Applying a specic corrective rotation to each EBSD grain orienta-
tion to realign the EBSD reerence rames beore searching or matches
would negate any remaining misorientation between the datasets and
will lead to the discovery o legitimate grain matches. A search through
rotation space was thereore required to determine the corrective rota-

tion to apply to each EBSD grain orientation. To perorm the search, a
global optimization strategy was employed. A modied grain matching
unction was devised, based on Algorithm 1. Beore determining the
misorientation between grain pairs, gR was right-multiplied by a
candidate corrective rotation matrix C representing a specic point in
rotation space. Rotation space was parameterized by three successive
elemental rotation matrices ollowing the Proper Euler angle ZXZ
convention with angles (α, β, γ) yielding a rotation matrix C as per Eq. 4:

C = Z(α)X(β)Z(γ)

=




cαcγ  cβsαsγ cαsγ  cβcγsα sαsβ

cγsα + cαcβsγ cαcβcγ  sαsγ cαsβ

sβsγ cγsβ cβ




(4)

where s and c represent sin and cos respectively, and X and Z represent
elemental rotation matrices about xed-rame axes [38]. Dening the
corrective rotation matrix in this way yields a 3D search space through
(α, β, γ). A search or grain matches with a tight misorientation tolerance
should achieve a maximum number o matches at a specic value o

J.A.D. Ball et al.
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(α, β, γ), corresponding to the real corrective rotation that must be
applied to the EBSD grains in order to bring the EBSD and DCT reerence
rames into coincidence.

In order to eciently perorm this search through rotation space, the
previously dened grain matching algorithm (Algorithm 1) was modi-
ed to include the three angles o rotation (α, β, γ) in an array as an input
argument, then calculate the corresponding corrective rotation matrix
C, right-multiply the EBSD grain orientation matrix gR, and search or
matches. The algorithm was also modied to return only the raction o
missed matches (using the number o matching DCT grains ound, and
the number o input EBSD grains as the maximum number o potential
matches) as a foating-point number between 0 and 1. This way, the
returned number would be equal to 1 i no matches were ound, and
would decrease towards a minimum o 0 i all input EBSD grains had a
corresponding DCT match.

With an objective unction now dened, the PySwarms Python li-
brary [39] was employed to perorm a global minimization over (α, β, γ)
space. A search space o 20◦ to 20◦ in each dimension was employed.
To speed up the evaluation o each point in rotation space, only the 10
largest austenite EBSD grains were used. A small misorientation toler-
ance o 2◦ was used to minimise the likelihood o the algorithm
returning a alse positive match. A global Particle Swarm Optimisation
(PSO) based minimisation search was perormed with the parameters as
per Table 2. The reader is reerred to the original denitions o the PSO
or urther detail on the optimisation parameters [40,41]. The search
was parallelised across 20 cores o an AMD Ryzen 9 3900x CPU. The
global Particle Swarm Optimisation algorithm returned a rotation
sequence o CPSO = Z(323◦)X(904◦)Z(335◦).

3.5. Local corrective rotation optimisation

Once approximate values or (α, β, γ) were ound that maximised the
number o matches between EBSD and DCT grains, a local optimisation
was perormed to urther rene these values. To do this, the original
matching algorithm, Algorithm 1, was used, still with only the 10 largest
austenite EBSD grains, to get the matching EBSD and DCT grain ID pairs
ater applying the optimised rotation C to the EBSD grains. Once the list
o matching grain pairs was obtained, a new objective unction was
obtained that returns the mean misorientation between each grain pair
in the matched grains list ater applying C. This way, more accurate
(α, β, γ) values would result in a reduced mean misorientation. For the
local optimisation search, the minimize unction rom the scipy. 

optimize Python library was used [42]. The limited-memory Broy-
den–Fletcher–Goldarb–Shanno (L-BFGS) nonlinear optimization
method was automatically selected [43]. The search space was bounded
to 4◦ to 4◦ in each dimension around the result determined by the PSO
method. A nal optimised rotation o Cfin = Z( 346◦)X(1041◦
)Z(309◦) was determined.

3.6. DCT slice determination

Once an optimised corrective rotation matrix was determined, a nal
search or matching grain pairs was perormed, using both errite and
austenite phases o all DCT and EBSD grains, and a misorientation
tolerance o 1◦. This match was perormed with both the uncorrected

and corrected EBSD grain orientations, generating two lists o matched
grain pairs. The results o this grain-matching algorithm were then
explored by plotting the X coordinate o the centroids o the DCT grains
that were returned by the grain-matching algorithm, both beore and
ater applying the optimised corrective rotation to the input EBSD
grains, as shown in Fig. 5.

The position in the DCT reerence rame o all matched DCT grains in
both these lists was then investigated - as the matched DCT grains in the
corrected grain pair list were all roughly co-planar with a consistent
X-axis o their centroid position, the nearest corresponding DCT
microstructure slice was extracted and could thereore be compared
directly to the transormed EBSD grain map. From the peak o the his-
togram in Fig. 5(b), an X slice position o X = 022 mm rom the centre-
o-mass o the DCT scan was determined, corresponding to a 3D array
slice index o 109.

3.7. DCT slice registration

As the EBSD map was taken over a larger region o the sample than
the DCTmap, it was necessary to accurately determine the crop required
to generate a new EBSD map representing only the region explored by
the DCT scan. To do this, the 2D centroids o the matching grain pairs
were determined in the reerence rames o the ull EBSD map and the
matched DCT slice respectively. With a list o matching 2D coordinate
positions, a rigid transormation was perormed to determine the
translation required to transorm the DCT grain 2D centroids to the
EBSD grain centroids. This translation was then rounded to the nearest
EBSD integer pixel, and applied to the origin point o the 2D EBSD map
to generate a cropped EBSD sub-region with new grain centroids that
closest matched the corresponding DCT centroids. Fig. 6 shows the nal
cropped EBSD map with corrected grain orientations compared to YZ
slice 109 o the DCT dataset.

Ater limiting matched DCT grains to those that appeared in the YZ
slice, a total o 166 matching grain pairs were ound between the EBSD
and DCT grain maps. With all registrations perormed, the embedding o
the DCT and EBSD grain maps within the sample geometry (as generated
rom the tomography data) could then be perormed, as presented in

Table 2
Global Particle Swarm Optimisation
parameters.
Parameter Value

c1 0.5
c2 0.3
w 0.9
Nparticles 20
Niters 50

Fig. 5. Histograms o X coordinates o centroids o matched DCT grains
generated rom matching algorithm beore (a) and ater (b) correcting EBSD
orientations.
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Fig. 7. Details o the processing pipeline used to generate the tomogra-
phy model are available in Appendix A.

4. Results and discussion

With both datasets reconstructed and a registration perormed,
direct statistical descriptions and comparisons between the DCT and
EBSD grain maps were undertaken. For all subsequent comparisons,
calculations were perormed or both the ull as-reconstructed EBSD and
DCT grain maps (labelled as EBSD (ull) and DCT (ull) respectively), the
EBSD region cropped to the region that overlaps the DCT volume
(labelled as EBSD (crop)) as well as the extracted DCT slice. It is some-
times valuable to distinguish between the DCT 2D slice (similar to an
EBSD map, labelled as DCT (2D slice)), and a subset o the 3D DCT
dataset that contains only the grains that appeared within the 2D slice
(labelled as DCT (3D slice)).

4.1. DCT 3D grain map

The reconstructed 3D DCT orientation and phase maps in Fig. 3 show
an equiaxed microstructure with both austenite and errite phases

present. Reerring to Fig. 3(b), austenite is the majority phase and errite
is distributed uniormly throughout the volume. The grains rom the
individual phases presented in Fig. 3(c) and (d) show that the volumes o
austenite and errite are dominated by grains measuring ∼ 100 μm.
Coloured by the IPF-Z orientation, errite possesses distinct bands o
similarly oriented grains, as evident with those shown as red ([100]
parallel to Z) and green ([110] parallel to Z). These macrozones extend
along the gauge direction (Z) with a width o three or our grains.

4.2. EBSD 2D grain map

The processed 2D EBSD map o the entire sample, shown in Fig. 4,
displays a dual-phase austenite (approximately equiaxed) and
martensitic errite (laths) microstructure with the ormer being the
majority phase as in the 3D DCT grain map. Given the higher spatial
resolution o the EBSD measurements over DCT, the grain morphologies
are more accurately determined. Features such as twins, or example,
are clearly evident in the austenite phase in the EBSDmap. Similar to the
DCT, the errite has an interconnected network o grains, as is evident by
several neighbouring grains o the same phase. The macrozone eature,
as was very clear in the 3D DCT reconstruction, is not replicated in the
EBSD 2D slice. It is urther evident rom the EBSD that the grain shape
or both phases is complex; this aspect will be quantied in a later
section.

4.3. Phase balance

Fig. 8 shows the phase balance comparisons, calculated by pixel area
or volume raction, or both EBSD and DCT datasets. A signicant di-
erence in per-voxel phase raction is observed between the EBSD and
DCT grain maps. The EBSD map suggests a microstructure that is
approximately 40% erritic by area, but DCT datasets average only
around 20–25% erritic by area or volume.

The larger austenite volume raction in the DCT experiment may be
related to the lattice distortions caused by residual stressed in the
austenite grains, which make the diraction spots rom this phase streak
radially (see Fig. 1(b)) leading to overestimated austenite grain sizes.
Furthermore, according to the high resolution EBSD map (see Fig. 4 and
the corresponding grain size distributions in Fig. 9) the erritic grains
tend to be smaller than the austenitic grains. In act most o these are so
small that they all below the detection limit o the DCT method, which
is o the order 10–40 μm [32] or undeormed samples with well dened
diraction spots displaying no radial streaking, hence probably some-
what poorer or the present sample. Thus it is possible that a large
number o smaller errite grains were just missed in the DCT experiment,
and their corresponding voxels assigned to nearby austenite grains
during the reconstruction, creating the observed phase imbalance. To
additionally exclude the contribution o small surace grains being
missed by the DCT reconstruction (and thereore leading to larger-than-
expected grains at the edges o the sample), the same phase balance
calculation was perormed or a trimmed DCT dataset with 20 μm o data
trimmed in the X and Y directions – this had little eect on the phase
balance results, thereby excluding surace eects as a primary cause o
the dierences between DCT and EBSD techniques.

4.4. Grain size

Fig. 9 shows grain size distributions o the ull EBSD and DCT
datasets, as well as the extracted DCT slice, and phase-specic grain
diameter distributions rom EBSD (crop) and DCT (2D and 3D slice)
datasets. Both 2D DCT grain circle-equivalent diameters (as estimated
rom only the 2D DCT slice) and 3D sphere-equivalent diameters (as
estimated rom all 3D DCT grains that appear in the 2D slice) are
provided.

It is evident that there is a signicant dierence in grain size pre-
sentation between DCT and EBSD techniques. EBSD grains, both in the

Fig. 6. DCT map, YZ slice 109 o 130 (a, c) vs cropped EBSD map (b, d),
coloured by IPF-Z (a, b) and phase (c, d). Select DCT grains are outlined (a)
with their corresponding EBSD matches (b).

J.A.D. Ball et al.
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ull and cropped grain maps, possess signicantly smaller diameters
overall, with a peak diameter o around 15 μm. EBSD grain diameters
have an approximately log-normal distribution. In contrast, DCT grains
present substantially larger on average, with a larger distribution o
sizes, and a peak in the ull dataset o approximately 40 μm Addition-
ally, there were very ew EBSD grains observed with diameters
≥ 60 μm, but a signicant raction o DCT grains in the ull dataset have
diameters larger than this. To ensure that this eect was not solely
caused by the size underestimation common in 2D sections o 3D vol-
umes [44], DCT grain diameters were calculated or the ull 3D volume
as well as how they appear in the 2D slice.

Regarding the phase specic grain size distributions, errite grains
appear smaller than austenite grains in the cropped EBSD map. The
reasons or this dierence between phases being much less pronounced
or the DCT map, both or 2D and 3D slices, are undoubtedly the in-
fuence o lattice distortion in the austenite phase and the grain size
detection limit o the DCT technique, as described above or the phase
ractions. A challenging grain morphology is also a likely reason or DCT
grain appearing larger in size as outlined urther in the ollowing
section.

4.5. Grain shape

The compactness, as calculated by taking the ratio between the grain
area (or volume) and the area (or volume) o the complex hull o the
grain, provides a metric or grain morphology, with values close to 1
representing smoother, more circular grains. Ater determining grain
size distributions or Fig. 9, grains consisting o ewer than 10 pixels
(125 μm or the EBSD dataset, 50 μm or the DCT dataset) were
removed rom each dataset prior to compactness calculations to avoid
non-physical convex hull results. Fig. 10 shows phase-specic grain
compactness distributions rom EBSD (crop) and DCT (2D and 3D slice)
grain maps.

It is evident rom the EBSDmap that a large number o airly complex
grain boundaries are present, primarily between grains with dierent
phases, which is common or duplex steels [45,46]. Quantiying the
phase specic grain shapes o the EBSD map in Fig. 10, the austenite
grains appear slightly more compact than the errite grains, indicating a
simpler austenite grain morphology. This is to be expected due to the
thermal history o the sample - the austenite grain morphology is
inherited rom the annealing stage, but the errite grew rapidly during
the quenching stage.

Interestingly, the DCT reconstruction appears to capture the same
compactness distribution or the austenite grains in the 2D slice as or
the EBSD map. This is likely because the errite laths take up only very
small area ractions o the austenite convex hulls, and with this
approximation the 2D shapes o the austenite grains appear similar be-
tween EBSD and DCT. Contrary to this, the DCT 3D slice compactness o
the austenite grains is signicantly dierent. This marked dierence in
compactness between DCT 2D and 3D slice highlights the need or 3D
characterisation techniques (rather than traditional 2D techniques such

Fig. 7. EBSD (centre) and DCT (right) IPF-Z orientation maps embedded in sample geometry rom coarse tomography (let).

Fig. 8. Phase balance comparisons between EBSD (ull), EBSD (cropped), DCT
(ull), DCT (2D slice) and DCT (3D slice).
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as EBSD) in order to accurately capture the complicated grain
morphology present in this alloy system.

The errite grains appear more compact and with a much narrower
distribution o compactness than the austenite grains in the DCT 2D and
3D slices, contrary to the observations made or the EBSD map. The
aorementioned complex grain boundaries between phases observed in
the EBSD map clearly pose a challenge or the DCT reconstruction -
many o the intricate eatures at the edge o the grain boundaries are
only a ew pixels in size, and, owing to the dierences in technique
resolution, are poorly represented in the DCT slice. More accurate grain
morphologies have been observed in prior lab-based DCT studies
[11,12,15], and there is no reason to suspect that the challenges
encountered here are related to the new dual phase indexing algorithm
rather than the complexity o the sample microstructure.

4.6. Texture

Fig. 11 shows comparisons in austenite and errite texture between
EBSD and DCT grain maps. It is clear that the austenite phase is broadly
untextured in both the DCT and EBSD datasets. A substantial
{111}〈112〉 texture is observed in the errite phase in the EBSD (ull)
scan in Fig. 11, typical or rolled body-centered cubic materials [47].
Interestingly, a clear dierence between the errite texture is observed
between EBSD and DCT techniques. This may be caused by a more
complicated 3D texture which the DCT (ull) plot is capturing - a close
look at Fig. 3d supports this hypothesis as large regions o the DCT
volume have broadly dierent errite textures. This explains the more
complicated presentation o texture visible in the DCT (ull) Ferrite
subplot o Fig. 11. However, when grains being plotted are ltered to
just those in the registered slice, as shown in the DCT (slice) Ferrite
subplot, the result matches much closer with the EBSD (crop) Ferrite

Fig. 9. Grain size distributions rom EBSD and DCT datasets. Fig. 10. Grain compactness distributions or EBSD and DCT datasets.
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subplot. This indicates that the DCT technique is accurately determining
sample texture o both phases, but the more complicated 3D texture o
the errite phase is poorly captured by a single 2D slice, demonstrating
the need or 3D characterisations to accurately determine sample
texture.

4.7. Registration

Fig. 6 demonstrates the validity o the proposed registration tech-
nique to determine the location o the 2D slice in the DCT volume that
best corresponds to the EBSD map. A substantial number o larger grains
in the cropped EBSD dataset can be identied within the DCT 2D slice.
Grain orientations as represented by their IPF colour appear well
matched between techniques, and many matching grain pairs can be
visually identied solely by their similar centre-o-mass position and IPF
colour.

The proposed registration algorithm has a number o advantages
when compared to other registration techniques dened in the litera-
ture. PolyProc, or example [31], includes an advanced registration
technique that utilises genetic algorithms to iteratively align two 3D
datasets by maximising the number o shared voxels between datasets
using the shape o the sample. This involves a search through 6D space
as both translations and rotations are explored. Due to the increase in
eciency rom the parallelised genetic algorithm search, the PolyProc
registration technique is relatively ast, taking approximately 10 min to
align two 3D datasets. PolyProc is well-suited or the alignment o 3D
datasets, but can only be applied in the case where the input datasets are
both 3D and recorded with the same apparatus.

The registration technique employed by Renversade et al. [30]
minimises the mean misorientation between corresponding voxels in
two dierent datasets by modiying the magnication, distortion, shear,
rotation and translation, leading to a 9D search, which they perormed
using non-linear optimisation. This is a robust technique and was suc-
cessully applied to register a 2D EBSD slice within a DCT volume.
However, the technique is likely signicantly slower than the PolyProc
technique, due to the high computational cost o misorientation calcu-
lation between a large number o pixels, although the problem is easily
parallelised by splitting the misorientation calculations across dierent
processor cores.

In contrast, the technique applied in this paper relies only on the
average crystallographic orientation o grains (a 3D search) which
makes it highly applicable to a range o materials characterisation
techniques such as 3DXRD, EBSD, and HEDM. As a subset o 10 grains
were selected or both the parallel PSO search and nal L-BFGS search,
this registration technique is ast, with the entire slice determination
procedure taking less than 5 min.

4.8. Outlook

First established at the European Synchrotron Radiation Facility in
2008 [7,8], then subsequently implemented at other synchrotrons such
as SPring-8 [9] and Soleil [10], synchrotron-based DCT has proved to be
a excellent tool or revealing metallurgical phenomena related to
deormation andmicrostructure. Whilst DCT perormed at a synchrotron
acility has a number o benets; oremost is the high-intensity o the X-
ray sources, oering rapid acquisition rates necessary or time-resolved
studies, diculties include signicant lead times and set-up costs,
limited availability and accessibility restrictions. Such constraints are
alleviated with lab-based DCT results; initially developed in 2013 [11]
and later made commercially available on select ZEISS X-ray micro-
scopes under the name LabDCT™ [12,48]. Improvements in grain shape
reconstructions [34], acquisition strategies [33,49] and the data
reconstruction pipeline [50] have been signicant. I one considers
synchrotron-based DCT as the benchmark to which lab-based DCT will
target, uture advancements must collectively consider developments to
hardware, data collection and post-processing.

In this study, several dierences have been identied between the
characterisations perormed by EBSD and DCT techniques. The
complicated grain morphologies caused by the dual-phase microstruc-
ture, combined with lattice distortions in one o the phases and the
presence o a number o small grains in the other, presented signicant
challenges or the DCT grain reconstruction process. However, impor-
tant phase specic eatures were observable including a subsurace
errite grain network o similarly oriented grains; an observation that
was absent in the EBSD map. It is suggested that the technique is well
suited or the observation o multi-phase systems, particularly or well
chosen microstructures with coarse grains o simple morphologies.
There is no reason why in-situ lab-based DCT experiments cannot be
perormed on such multi-phase materials, particularly or experiments
that are uneasible at synchrotrons (e.g. extended duration experiments,
high-risk pilot studies, or experiments that demand a rapid lead-time
rom conception to results). Very recent synchrotron scanning 3DXRD

Fig. 11. {111} orientation distribution unctions rom all EBSD and
DCT grains.
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results indicate that using a smaller beam may improve the recon-
struction quality o dual-phase structures with complicated grain shapes
[51] – the uture development o lab-based DCTwith a smaller beam size
may yield similar improvements. The implementation o this adaptation
combined with higher-intensity laboratory X-ray sources and more
ecient, higher resolution X-ray detectors enables a wealth o new
science using the lab-based DCT method on a compendium o multi-
phase, polycrystalline materials across several disciplines.

5. Conclusions

In this study a dual-phase steel sample was analysed using two
techniques - DCT and EBSD. A novel registration technique was devel-
oped and used to identiy the 2D slice within the 3D DCT volume that
best corresponds to the EBSD grain map. Many larger EBSD and DCT
grains with matching IPF colours were visually identied, demon-
strating the success o the registration algorithm in determining the
correct 2D DCT slice. The algorithm is ast, and requires only grain-
averaged orientations, so could thereore be adopted by similar tech-
niques such as 3DXRD and HEDM.

From the EBSD scan, a complicated grain morphology was observed,
especially at the interaces between the austenitic and erritic phases
where a lath-like morphology was present with characteristic lengths on
the order o 10–20 μm. These ne microstructural details were similar
in size to the size detection limit o the DCT technique, which infuenced
a number o dierences in microstructural statistics such as phase
ractions, grain size and shape distributions, as outlined:

1. The sample was measured as 40% erritic by area using EBSD data.
DCT techniques showed a errite phase raction o 20% both by area
and volume. This discrepancy is ascribed to dierences in austenite
and errite grain size - smaller errite grains may have been missed by
the DCT reconstruction and incorrectly assigned to neighboring
austenite grains, skewing the phase balance results.

2. Grain diameters measured with EBSD appeared signicantly smaller
than diameters measured with DCT. Furthermore, a dierence in
grain diameter distributions was observed between errite and
austenite phases in the EBSD scan, with errite grains appearing
smaller in diameter. This dierence was also observed in the DCT
datasets but to a much lesser degree.

3. In the EBSD dataset, errite grains were less spherical than austenite
grains, whereas the DCT dataset reports errite grains as more
spherical.

While the austenite phase was broadly untextured in both EBSD and
DCT scans, a strong {111}〈112〉 rolling texture was observed in the
errite phase with EBSD. In contrast, a more complicated texture was
observed in the errite phase with DCT. This dierence was resolved
when plotting the texture o just the grains in the 2D DCT slice. This
indicates a complex 3D texture o columnar networks o similarly
orientated errite grains in the sample; an important microstructural
eature absent rom the 2D measurements, demonstrating the need or
3D characterisations to accurately determine texture.
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Appendix A. Tomography post-processing

To present the 3D shape o the sample using the ACT data, a simple
sotware pipeline was used. The ACT data were reconstructed into 3D
volumes by the ZEISS sotware and output as a sequence o TIFF images
representing each vertical slice o the sample. First, Fiji [52] was used to
import the entire image stack, crop each image to the sample region and
apply a threshold based on pixel intensity to distinguish between the
sample and the surrounding air. Secondly, Paraview [53] was used to
import the thresholded image stack and generate a surace corre-
sponding to the sample dimensions. An STL le describing this surace
was exported rom Paraview, and imported into Blender [54]. Finally,
within Blender, the Decimate modier was used with the Planar setting
to simpliy the geometry o the fat aces o the sample and reduce the
number o triangles in the mesh.
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CHAPTER 8

IN-SITU 3DXRD INVESTIGATION OF

MICROSTRUCTURAL DEVELOPMENT DURING DIMT

8.1 Preface
With the as-received condition of the novel metastable stainless steel alloy characterised in

Chapter 7, the primary aim of the project can now be addressed: the characterisation of the

deformation-induced martensitic transformation (DIMT). To perform this characterisation,

two in-situ deformation techniques were used: in-situ EBSD using an in-chamber tensile

stage; and far-field 3DXRD at the ID11 beamline at the European Synchrotron Radiation

Facility in Grenoble, France. Using the 3DXRD data, a significant number of γ → ε events

were captured within the ∼2% strain window. In the EBSD study, a substantial amount

of γ → α′ transformation was captured, with the volume fraction of γ going from ∼60%

to just over 30% at ∼15% applied strain. This demonstrates a significant DIMT at very

low strains (much lower than typical for commercial 304L [284]), proving that the alloy

design choices were broadly successful in promoting a highly destabilised retained austenite

phase.

With the majority of ε forming above the approximate global yield point of the sample,

it can be fairly assumed that the martensite formed beyond the yield point is all "strain-

induced", and that the two-step γ → ε→ α′ transformation pathway is dominant. With

this assumption made, the detection of ε in the 3DXRD data was used as a direct measure

of γ grain stability against transformation. With over 900 such γ → ε nucleation events

detected, a sophisticated analysis of the relationship between microstructural properties such

as grain size, orientation, neighbourhood configuration and γ grain stability could then be
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performed. The paper included in this chapter focuses primarily on these relationships.

Statistically significant correlations were found between austenite grain stability and grain

size, orientation, and local neighbourhood configuration, for the first time for a large number

of austenite grains. Grains with ε had larger diameters on average than grains without

ε, supporting some literature findings and contradicting others. A strong orientation

effect was observed supporting prevailing understanding – grains with {1 0 0} close to

parallel with the loading axis were found to preferentially transform with lower stresses.

Grains with ε were found to have a more ferritic or martensitic neighbourhood than grains

without ε, suggesting that neighbouring ferrite or existing martensite can promote further

transformation. The minimum strain work criterion model was also evaluated for every

ε-forming γ grain – the model was found to be mostly successful, correctly predicting

the formed variant ∼70% of the time. Additionally, γ grains with different variants than

predicted tended to possess lower von Mises stresses on average when compared with

correctly predicted grains, indicating that the use of the global stress state in the model

predictions may not always be sufficient to accurately predict the variant that forms.

The reader is informed that some sections of the respective methodologies of the included

paper and Chapter 4 are duplicated – this is in order to provide a complete contextual

understanding for both the development of the methods described in Chapter 4 as well as

the specific implementation used for the paper.
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Abstract

A novel complex-phase steel alloy is conceived with a deliberately unstable austenite, γ, phase that enables the deformation-induced
martensitic transformations (DIMT) to be explored at low levels of plastic strain. The DIMT was thus explored, in-situ and non-
destructively, using both far-field Three-Dimensional X-Ray Diffraction (3DXRD) and Electron Back-Scatter Diffraction (EBSD).
Substantial α′ martensite formation was observed under 10 % applied strain with EBSD, and many ε grain formation events were
captured with 3DXRD, indicative of the indirect transformation of martensite via the reaction γ → ε→ α′. Using ε grain formation
as a direct measurement of γ grain stability, the influence of several microstructural properties, such as grain size, orientation and
neighbourhood configuration, on γ stability have been identified. Larger γ grains were found to be less stable than smaller grains.
Any γ grains oriented with {1 0 0} parallel to the loading direction preferentially transformed with lower stresses. Parent ε-forming γ
grains possessed a neighbourhood with increased ferritic/martensitic volume fraction. This finding shows, unambiguously, that the
nearby presence of α and α′ promotes ε formation in neighbouring grains. The minimum strain work criterion model for ε variant
prediction was also evaluated, which worked well for most grains. However, ε-forming grains with a lower stress were less well
predicted by the model, indicating crystal-level behaviour must be considered for accurate ε formation. The findings from this work
are considered key for the future design of alloys where the deformation response can be controlled by tailoring microstructure and
local or macroscopic crystal orientations.

Keywords: Martensitic phase transformation, Micromechanics, 3D characterization, Austenitic stainless steels

1. Introduction

Contemporary Advanced High-Strength Steel (AHSS) al-
loys, such as dual-phase (DP), complex-phase (CP), quenching
and partitioning (Q&P) and Transformation-Induced Plasticity
(TRIP) steels, exploit a deformation-induced martensitic trans-
formation (DIMT) to achieve both high strength and ductility
[1]. In these steel alloys, a deformation-induced phase trans-
formation from face-centered cubic retained austenite (FCC γ)
to body-centered tetragonal martensite (BCT α′) is combined
with other deformation modes including dislocation slip and me-
chanical twinning to achieve substantial total plasticity, allowing
the material to work-harden significantly and thereby increasing
ductility [2, 3]. To achieve this response, judicious alloy design
is employed to achieve a suitably unstable austenite for the TRIP
effect to initiate during loading, whilst remaining sufficiently
stable for the DIMT to occur over a large plastic strain range
[4]. Given its role in controlling the macroscopic mechanical
properties of the alloy; a mature understanding of what affects
austenite grain stability is key to new alloy development [5].

Email address: dmc51@cam.ac.uk (David M. Collins)

When TRIP steels are subjected to applied stresses above the
global yield, retained austenite can transform to α′ martensite
via one of two possible routes. The α′ martensite can form di-
rectly from γ [6–8] at grain boundaries and triple points [9–11].
An indirect two-stage transformation is also possible, governed
by deformation bands formation along {1 1 1} planes in the γ
grain. This is typical of TRIP alloys with a low stacking fault
energy (SFE); here the {1 1 1}⟨1 1 0⟩ perfect dislocations will
dissociate into Shockley partials of type {1 1 1}⟨1 1 2⟩ with a
stacking fault between them. The formation of {1 1 1} type de-
formation bands are created due to the successive formation of
these faults as plasticity builds [12]. In low SFE alloys, these
faults preferentially form on every second {1 1 1} plane, the re-
gions of which are now crystallographically distinct, well known
as the intermediate hexagonal close-packed (HCP) martensite
phase, ε martensite [13, 14]. The α′ phase can then form from
the intersection of these shear bands [7, 14–16], within indi-
vidual shear bands [10, 17, 18], or at the intersection of shear
bands and grain boundaries [17, 19, 20]. It is widely accepted
that the kinetically favoured formation route follows the trans-
formation γ → ε → α′ [19]. Recent work by Tian et al. has
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demonstrated that a relationship exists between the underlying
stability of the austenite grain against transformation and the
specific transformation mechanism observed [10, 18], making
it possible to probe austenite grain stability by identifying the
martensite transformation pathway.

Austenite grain stability is known to depend on many ma-
terial and microstructural properties, such as alloy chemistry
[21, 22], stacking fault energy [10, 13, 17, 23, 24], grain size
[25–28], grain orientation [29–32], and grain neighbourhood
[8, 28, 33–38]. However, the exact correlations between austen-
ite grain stability and some of these properties are still under dis-
pute. Recent work by Jimenez-Melero et al. [26], Turteltaub and
Suiker [39], Haidemenopoulos et al. [40], Jung et al. [41] have
shown that larger austenite grains are less stable than smaller
austenite grains, and that refining the overall retained austenite
grain size has a beneficial effect on stability against transforma-
tion. However, explorations of both ultra-fine (>1 µm) [42–44]
and coarse (52–284 µm) grain size regimes [45] disagree with
these findings and show that larger grains can be more stable
against transformation.

Measuring individual austenite grain stability during in-
situ deformation is challenging and requires sophisticated ex-
perimental design and data analysis. As such, in-situ studies
of austenite grain stability are limited – recent notable work
has leveraged in-situ electron back-scatter diffraction (EBSD)
[28, 46, 47], neutron diffraction [48–50] and synchrotron X-ray
diffraction (SXRD) [8, 32, 33, 35, 51, 52]. In-situ explorations
of austenite grain stability at the individual grain level are lim-
ited further still, and usually consider only a handful of grains,
primarily due to methodological and technological limitations
[8, 28, 30, 32, 33, 35, 47].

This study seeks to rectify the lack of mesoscale explorations
of the DIMT by utilising two in-situ experimental techniques –
EBSD and Three-Dimensional X-ray Diffraction/High-Energy
Diffraction Microscopy (3DXRD/HEDM). A novel multi-phase
stainless steel alloy, recently characterised in a previous paper
[53], is developed to facilitate substantial deformation-induced
martensitic transformations at low applied strains, enabling in-
situ characterisation with far-field 3DXRD at the European Syn-
chrotron Radiation Facility (ESRF). An advanced 3DXRD recon-
struction pipeline recently developed at Diamond Light Source
(DLS) [54, 55], is employed to facilitate large-scale multi-phase
analysis of 3DXRD data collected at multiple load steps. Direct
spatially resolved microstructure measurements were obtained
from an in-situ EBSD experiment with tensile deformation, to
further elucidate the transformation behaviour under applied
strains greater than those reachable by 3DXRD.

2. Experimental Method

2.1. Material

To investigate the DIMT, the 304L steel alloy was identi-
fied as a suitable candidate as it possesses a well established
deformation-induced γ → α′ transformation. At room tempera-
ture under uniaxial tension, the initiation strain for martensite
formation is > 0.1 [56]; this represents a difficulty for 3DXRD

which cannot accurately measure per-grain information at strain
levels this high. To address this shortcoming, a new steel was
designed, bespoke for this study, that enables such a DIMT to
be studied, but within the observable strain range permitted by
3DXRD.

A modified composition of 304L steel, hereon referred to as
304LM steel, was designed to destabilise the γ phase, promoting
the γ → α′ transformation at a lower macroscopic strain. A
matrix of compositions with varying Ni (5-10 wt.%), Mn (0-
4 wt.%), Cr (19-21%) and C (0.01-0.04 wt.%) was simulated
using the CALPHAD software Thermo-Calc 2021 using the
FCFE7/MOBFE2 databases. A down selection of suitable alloys
was determined based on compositions where: (1) 100% γ is
possible but with (2) the AC3-AC4 heat treatment window as
small as is practicable, (3) the martensitic start temperature, Ms,
is as high as possible but, critically, is below room temperature,
(4) the transformation of γ → α can be avoided during cooling,
as predicted by Time-Temperature Transformation (TTT) dia-
grams, and (5) a stacking fault energy (γSFE) that does not differ
significantly from the unmodified 304L alloy composition. Here,
this is calculated via [14]:

γSFE = nρ
(
∆Gchem + Estrain

)
+ 2σ(n) (1)

where ∆Gchem = ∆Gγ↔ε, calculated by Thermo-Calc using the
TCFE7 database, and ρ is the density of atoms along a {111}
fault, calculated by Wang and Xiong [57]:

ρ =
4√
3

1
a2

FCCNA
(2)

For an austenitic stainless steel, n = 2, representing the number
of atomic rows per stacking fault, the strain energy Estrain =

0, the lattice parameter aFCC = 3.5925 (Å) and the interfacial
energy, σ = 8 mJ m−2 [58]. NA is the Avogadro constant. Using
this approach, the stacking fault energies, γSFE, are estimated
as 14.7 mJ m−2 and 14.3 mJ m−2 for alloys 304L and 304LM,
respectively.

Following the aforementioned downselection criteria, the
chosen composition is given in Table 1 [53]. The selected al-
loy was cast in a large billet followed by rolling, then solution
annealed for 12 h at 1250 ◦C to increase the grain size, then
quenched in air to room temperature.

Element C Ni Cr Mn Si P S Fe

wt.% 0.04 7 19 2 1 0.04 0.03 Bal.

Table 1: Composition of alloy 304LM, selected using data obtained from
Thermo-Calc thermodynamic equilibrium calculations. [53].

2.2. EBSD with in-situ deformation
In-situ EBSD samples were machined from the annealed

billet via wire-EDM to a tensile dogbone geometry. Samples
were polished in progressively finer grades of SiC paper from
400 to 4000 grit, followed by a colloidal silica polish to 0.04 µm
surface finish, then a final electro-polish at 20 ◦C with an 80:20
mixture of ethanol and perchloric acid, at a voltage of 15 V for
20 seconds with a flow rate of 20 L min−1.
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Figure 1: Macromechanical response of alloy 304LM with interrupted loading
points during in-situ EBSD measurements.

In-situ EBSD measurements were taken using a ThermoFis-
cher Apreo 2 S HiVac FEG-SEM equipped with an Oxford
Instruments Symmetry S3 EBSD detector. Interrupted-tensile
loading at a series of stress targets (shown in Figure 1) was
applied using an in-situ Deben Microtest MT2000 tensile stage
operating at 8 × 10−4 s−1. At each deformation step, the sample
was re-aligned to the beam, and EBSD patterns were collected in
a 250 × 250 µm2 area with a 1 µm step size, with data collection
and pattern indexing conducted with the Oxford Instruments
AZtec software. The diffraction patterns were acquired at a
1244 × 1024 pixel resolution, and were saved for offline data
analysis. For the final load step, a larger area EBSD map was
collected without saving patterns over a 418.75 × 287 µm2 area
at a step size of 0.25 µm. For all data acquired, the FEG-SEM
was operating at 20 keV with a 6.4 nA probe current.

Analysis of EBSD data was performed with the MTEX MAT-
LAB library [59]. An initial grain segmentation was performed
with a 10◦ misorientation tolerance. Grains with an area of
fewer than 3 pixels (3 µm2) were unassigned, then the segmenta-
tion was run again. Kernel-average misorientation maps were
calculated with a tolerance of 2.5◦. Geometrically necessary
dislocation (GND) density maps were also calculated using the
high-resolution EBSD (HR-EBSD) analysis software, Cross-
Court [60]. Here, the method utilises the measured lattice curva-
ture to calculate GND density [61] by solving Nye’s dislocation
tensor [62]. Established methods exist to obtain GND density
field estimations from EBSD measurements [63, 64]. The re-
ported GND density maps indicate the total dislocation density
from all possible dislocation line vector combinations with a
Burgers vector for the FCC austenite, γ, phase. It is assumed
that all dislocations are perfect.

2.3. 3DXRD with in-situ deformation

In-situ 3DXRD samples were machined from the cast bil-
let via wire-EDM to a tensile dogbone geometry with a 0.5 ×
0.5 mm2 gauge cross-section and a gauge length of 2.39 mm.
Interrupted-loading far-field 3DXRD data were collected at the
ID11 beamline, ESRF, as per Figure 2a. An incident monochro-
matic X-ray beam with a beam energy of 44.0 keV and dimen-
sions of 1.0 mm (horizontal) by 0.20 mm (vertical) illuminated
the full width of the sample. Diffracted X-ray beams were de-
tected by a 2048 × 2048 px Frelon4M detector with a pixel size
of 50 µm, placed at a sample-detector distance, L, of 145 mm.
Beam energy and sample-detector distance were calibrated with
a CeO2 reference calibrant. A Nanox tensile load frame [65]
was used to apply a series of increasing tensile stresses on the
sample, following a load step sequence outlined in Figure 2b.
The Nanox load frame was operated in constant force incre-
ments. Converting these force increments into strain increments
using a nominal Young’s Modulus for steels of 200 GPa gives
an effective strain rate of 1 × 10−5 s−1 in the elastic region. At
each load step, four "letterbox" scans were collected, where the
sample was rotated in a fly scan by 360◦ in ω. Detector images
were collected every 0.25◦ in ∆ω. After each "letterbox" scan,
the sample was translated vertically by 0.20 mm, creating a total
illuminated volume of 0.5 × 0.5 × 0.8 mm3. After increasing the
load for each load step, the sample was approximately re-aligned
to the beam using a near-field camera. The total strain applied
to the sample was limited to less than 2 %. At strains higher
than this, accumulated plastic deformation within the grains
can cause the isolated diffraction spots on the detector to smear
as sub-grain misorientation gradients build, causing individual
diffraction spots to overlap and making 3DXRD indexing much
less successful.

2.4. XRD Data Analysis

2.4.1. Quantitative phase assessment
A Rietveld refinement using the software TOPAS [66] was

performed on the Frelon detector images recorded during each
load step, following the procedure below:

1. Take the mean of every detector frame across every letter-
box scan in the load step.

2. Perform an azimuthal integration of the result using the
pyFAI Python package [67] and export to a .xy file.

3. Import the.xy file into TOPAS.
4. Perform a Rietveld refinement with TOPAS following

guidance by Daniel [68].
5. Extract volume fractions from Rietveld result.

2.5. 3DXRD Data Analysis

The 3DXRD data analysis strategy followed procedures re-
cently established at DLS [54, 55].
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Figure 2: Geometry (a) and interrupted loading strategy (b) for 3DXRD mea-
surements taken at the ID11 beamline, ESRF.

Figure 3: 3DXRD data analysis procedure [55].

Elastic constant Phase
γ α/α′ ε

C11 (GPa) 204 231.4 266.8
C12 (GPa) 133 134.7 130.5
C13 (GPa) 72.7
C33 (GPa) 324.7
C44 (GPa) 126 116.4 65.7
a (Å) 3.5925 2.872 2.541
c (Å) 3.5925 2.872 4.140

Table 2: Elastic and lattice constants used for γ [71], α/α′ [72], ε [70] phases. a
and c values for α′ are assumed to be equal for 3DXRD indexing purposes.

2.5.1. Indexing pipeline
An initial indexing and refinement pipeline, shown in Fig-

ure 3, was employed to extract individual grain positions, orien-
tations, strain states and relative volumes, utilising the ImageD11
Python library [69] for peak searching, indexing and refining
each letterbox scan.

Grain parameter errors were calculated using a "bootstrap"
error detection routine, utilising multiple parameter refinements
per grain with different sub-sets of diffraction peaks to probe the
degree of convergence of the minimisation routine employed by
ImageD11. The reader is referred to the first implementation
of this technique [55] for a more detailed description of the
underlying error algorithm.

2.5.2. Lattice parameters and stiffness constants
The reference stress-free lattice parameters and stiffness

constants were used as provided in Table 2. For ε, the HCP
stiffness constants were calculated from the γ stiffness constants
using the method outlined by [70].

2.5.3. Post-processing pipeline
To stitch together the individual letterbox scans into con-

tiguous volumes, and track grains across multiple load steps,
a post-processing pipeline also developed at DLS was utilised.
Within each letterbox scan, duplicate grains were removed if
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their centre-of-mass positions and misorientation were within
100 µm and 1.0◦ respectively, following the approach outlined
by Louca and Abdolvand [73] using an optimized form of the
misorientation function found in the pymicro Python library [74].
When stitching letterbox scans together, a modified form of the
above approach was employed with separate distance tolerances
in xy (100 µm) vs z (200 µm) and the same misorientation tol-
erance. When tracking grains across multiple load steps, the
original duplicate grain detection was used with 100 µm and
1.0◦ tolerances.

2.5.4. Sample reference frame alignment
Before tracking grains across load steps, consistent sample

reference frames were created for each load step that removed
residual sample-beam misalignments caused by sample move-
ment while increasing the applied load. Grain positions in the
first load step were used as the ground truth reference. At each
load step, a temporary list of grains were generated that could
be matched to reference grains using the duplicate grain de-
tection algorithm previously described. The sample rotation
between load steps was determined using grain orientations, tak-
ing advantage of the high orientation-space precision afforded by
far-field 3DXRD [75]. An initial sample rotation was generated
for each load step, and a minimisation routine was employed
following the DIRECT algorithm [76, 77] implemented by the
scipy Python package [78]. Here, the mean misorientation was
minimised to obtain a ground truth value across all grain pairs by
varying the sample rigid body rotation in Euler space. With the
sample rigid body rotation determined, updated grain positions
were generated with the sample rotation taken into account. The
pycpd Python package [79] was then employed to perform a
rigid body transformation between the reference grain positions
and the grain positions at the given load step. This allowed the
translation of the sample to be accurately determined between
load steps.

2.5.5. Macroscopic strain determination
Due to the size of the tensile rig used for the 3DXRD ex-

periments, it was not possible to determine macroscopic strain
in-situ. To determine macroscopic strain values for Figure 2b,
the centre-of-mass positions of grains within the illuminated
volume were tracked across each load step, then an affine reg-
istration was performed using the pycpd Python library [79]
between tracked grain positions at the first load step and each
subsequent load step. The scale parameters were extracted from
each 4 × 4 affine transformation matrix by taking the length
of the first three column vectors [80]. Given a 4 × 4 affine
transformation matrix:



a b c d
e f g h
i j k l
0 0 0 1


(3)

the column vector lengths were extracted:

sx = ∥⟨a, e, i⟩∥
sy = ∥⟨b, f , j⟩∥
sz = ∥⟨c, g, k⟩∥
s⃗ =
〈
sx, sy, sz

〉
(4)

to give a scale vector s⃗. The macroscopic strain tensor element
ϵzz at each load step was then taken as sz − 1.

2.5.6. Austenite to epsilon martensite transformation detection
The list of all trackable austenite grains (that appeared in

more than one load step) was used as the input to the detection
algorithm. For each tracked γ grain gγ, a list of its γ grain
representations [gi

γ] at each load step was generated. For each
[gi
γ] element at a given load step, a list of candidate ε grains [g j

ε]
was selected that represented ε newly-formed at that load step
(i.e they could not be tracked back to a prior load step). The
detection algorithm, like the duplicate grain detector, utilised
checks in both position and orientation space to verify γ ↔ ε
matches.

From grain lists [gi
γ] and [g j

ε], a list of grain pairs [(gi
γ, g

j
ε)]

was generated. A separation check for each grain pair was per-
formed, following work by Louca and Abdolvand [73] – g j

ε was
considered to be embedded in gi

γ if their centre-of-mass sepa-
ration, d, was less than the austenite grain radius Rγ multiplied
by a constant χ, such that d < χRγ. χ was set to 1.5 to ensure
that ε grains embedded within elongated γ grains (that differed
substantially from a spherical morphology) were still detected.
Grain pairs that passed this check were then evaluated to see if
they possessed an orientation relationship. The minimum de-
tected ε sphere-equivalent diameter was ∼5 µm. These detection
limits are discussed in more detail in Section 4.4.1.

For the purposes of this study, all deformation-induced marten-
site transformations were assumed to be of the two-step γ →
ε → α′ character. This approach permits the strain-induced
mechanism (with ε forming within shear bands) to be isolated,
as well as exploring the γ stability against ε formation as the
direct precursor to α′ formation. It is noted that commonly used
alloy systems such as 304L have much more stable austenite
phases, so the direct γ → α′ transformation in those alloys is rare
[10]. The second reason is the experimental difficulty of distin-
guishing between ferrite and martensite from far-field 3DXRD
data alone – this is discussed in more detail in Section 4.1.1.

2.5.7. Orientation relationship detection
An orientation relationship detection algorithm, described

in the Appendix as Algorithm 1, was used to detect orientation
relationships between austenite and epsilon grains.

2.5.8. Martensite variant detection
Martensite variant IDs were determined by iterating over

the theoretical γ → ε transformation matrices, calculating the
predicted ε orientation from the γ orientation, then determining
the misorientation angle between theoretical and predicted ε
orientations, taking into consideration the hexagonal symmetry
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of the ε grain. The misorientation angle for each variant was
determined, and the final variant ID was taken as the index of the
minimum misorientation angle. Like the orientation relationship
detection, the validity of the variant ID calculation routine was
verified against established MTEX variant ID routines.

2.5.9. Minimum strain work prediction
The prediction of a martensite variant ID using the minimum

strain work criterion follows work by Humbert et al. [81] and
[35]. A temporary reference frame, Kt, was defined using basis
vectors given below:

K̂1
t =

1√
6

[1 1 2]

K̂2
t =

1√
2

[1 1 0]

K̂3
t =

1√
3

[1 1 1]

(5)

In this reference frame Kt, the plane strain Dγ→ε
Kt

that facilitates
the shear necessary to transform the FCC γ to HCP ε lattice can
be given:

Dγ→ε
Kt
=


1 0

√
2

4
0 1 0
0 0 1

 (6)

Rotating this strain matrix to the standard reference frame Kγ
(where the basis vectors

(
K̂1
γ , K̂2

γ , K̂
3
γ

)
are the direct lattice vec-

tors) yielded Dγ→ε
Kγ

:

Dγ→ε
Kγ
=

1
12


13 1 1
1 13 1
−2 −2 10

 (7)

The deformation tensor εγ→ε
Kγ

in the standard reference frame
could then be defined:

ε
γ→ε
Kγ
=

1
2

(
Dγ→ε

Kγ
+

[
Dγ→ε

Kγ

]⊺)
− I =

1
24


2 2 −1
2 2 −1
−1 −1 −4

 (8)

However, this deformation matrix only describes a single shear
operation leading to a single ε variant [81]. Humbert et al. [81]
specifies that three equivalent deformation matrices exist for
each ε variant, totalling 12 deformation matrices overall. To

generate the 12 deformation tensors εγ→ε
Kγ

∣∣∣∣∣
i

given εγ→ε
Kγ

, both

the three-fold rotation symmetry in the {1 1 1}γ planes and the
four γ → ε lattice transformation matrices Vγ→εi must be con-
sidered. A 3× 3× 3 hexagonal symmetry operator matrix H was
defined using the pymicro Python library [74], containing three

symmetry operators:

H = [H1,H2,H3]

H1 =


1 0 0
0 1 0
0 0 1



H2 =



− 1
2

√
3

2 0
−
√

3
2 − 1

2 0
0 0 1



H3 =



− 1
2 −

√
3

2 0√
3

2 − 1
2 0

0 0 1



(9)

Using H3 and a misorientation matrix for MTEX variant 2,

Vγ→ε
2

, as an example, a rotated deformation tensor εγ→ε
Kγ

∣∣∣∣∣
3,2

was

calculated:
R|3,2 = Vγ→ε

2
·H⊺

3
· Vγ→ε

1

ε
γ→ε
Kγ

∣∣∣∣∣
3,2
= R|3,2 · εγ→εKγ

· R⊺|3,2

=
1

24


2 1 2
1 −4 1
2 1 2



(10)

corresponding to variant Vε4 in Table 1 of the work by Humbert
et al. [81], which defines variants in a different order to MTEX.
This process was automated in a Python function that calculated

the three deformation tensors εγ→ε
Kγ

∣∣∣∣∣
i

from H given a variant

ID and εγ→ε
Kγ

. The deformation work E given a deformation

tensor εγ→ε
Kγ

could then be determined from the matrix double-
dot product:

E =
1
2
σKy : εγ→ε

Kγ
(11)

To determine the predicted ε variant given the orientation of a
γ grain Uγ and the stress tensor in the sample reference frame
σKs , the stress tensor was first rotated into the grain standard
reference frame Kγ, then the deformation work was calculated
for each equivalent deformation tensor. The maximum value
across all three deformation tensors was taken for each variant,
then the maximum value across all variants was determined,
and the corresponding variant ID with the matrix that yielded
maximum work was returned.

2.5.10. Grain neighbourhood identification
To identify the neighbouring grains (Bi) of a given grain A,

their centre of mass distance, d, was evaluated against their radii,
RA and RB, via the equation below, after Louca and Abdolvand
[73]:

d < ϕ (RA + RB) (12)

where ϕ is a scaling constant, chosen to be 1.5. To determine the
optimal value for ϕ, the EBSD maps were used in combination
with the MTEX MATLAB library. First, the nearest neighbours
of each austenite grain were identified using the grain bound-
aries as determined by the MTEX segmentation algorithm. Then,

6



across a range of ϕ values, the above radii-based criteria was
used to list potential neighbours. The value of ϕ = 1.5 was cho-
sen to capture at least 90 % of the MTEX-identified neighbours,
while keeping the mean number of incorrect neighbours below
4. A plot of the data used to inform this decision is provided in
the Supplementary Materials as Figure 1.

3. Results

3.1. Microstructure

The 304LM steel alloy possesses a complex multi-phase
microstructure, as shown in the first row of Figure 4.

The as-received microstructure of this material has been
extensively characterised with the use of Diffraction-Contrast
Tomography (DCT) and ex-situ EBSD in a previous study [53],
the results of which will be briefly described here. The final
material had a multi-phase microstructure comprising ∼60–80 %
retained austenite, with the remainder a mixture of polygonal
ferrite and athermal martensite. Grain size distributions from
3DXRD data gave a mean grain diameter of ∼15 µm across all
phases. The combined polygonal ferrite and athermal martensite
had a mean grain size of 9 µm, calculated from EBSD measure-
ments.

A large fraction of retained austenite (γ, blue in the phase
map) is visible. Some polygonal ferrite (α, red in the phase map)
is also present. The retained austenite grains contain varying
amounts of pre-existing martensite (α′, red in the phase map).
Although the BCT martensite is indexed as BCC ferrite in the
EBSD map, it can be unambiguously distinguished from the
polygonal ferrite in the EBSD maps via its increased kernel-
averaged misorientation, likely due to the highly twinned or
slipped martensitic sub-structure [82]. The reader is referred to
Section 3.3 for an analysis of the martensite/ferrite proportions.
The retained austenite phase is broadly untextured, whilst the
ferrite and martensite phases have a significant {1 1 1}⟨1 1 2⟩
texture, as given in Figure 5.

3.2. 3DXRD

3.2.1. Indexing
In total, 72 947 grains were indexed over ten load steps. The

breakdown of indexed grain numbers by load step and phase
is given in Table 3. The error parameters, as determined by
the bootstrap process, are given in Table 4, averaged across
all recorded raw grains in the experiment. The tracking data
algorithm was able to track a total of 10 360 grains across more
than one load step.

3.2.2. In-situ phase transformation
The phase evolution as a function of applied stress, as deter-

mined by the Rietveld refinement, are shown in Figure 6.
The initial balance of phases comprises predominantly austen-

ite, with α/α′ making up ∼13 % of the volume. A very small
amount (<5 %) of ε is present in the as-received condition – an
exact volume fraction cannot be given here due to the errors as-
sociated with the Rietveld quantitative phase assessment. These
starting proportions remain approximately constant until around

Applied Load (MPa) Number of grains indexed
γ α/α′ ε

0 4930 3054 9
40 4888 3184 15
80 4858 3242 23

120 4732 3277 25
160 4607 3319 59
200 4459 3323 257
240 4098 3254 651
280 3068 3117 910
320 1202 2688 747
36 1305 2878 768

Table 3: Number of 3DXRD grains indexed, per phase, at each load step

Parameter Error

Orientation (◦) 0.01
Position (µm) 3

ϵ
(
×10−3

)

0.12 0.10 0.08

0.13 0.08
0.11



σ (MPa)


33 22 22

33 22
32



Table 4: Mean 3DXRD grain parameter errors in laboratory reference frame.

0.005 macroscopic strain, where the volume fraction of γ starts
to decrease, coupled with an increase in α/α′. Maps of grain
positions across a selection of load steps, coloured by grain axial
(zz) stress in the sample reference frame, for each phase, are
provided in Figure 7.

A small amount of residual tensile stress can be seen, par-
ticularly on the xz surfaces of the α/α′ map ((b) and (e)), likely
caused by sample polishing prior to measurements. These resid-
ual stresses are not observed to affect the nucleation of ε, as
no significant bias is observed in the positions of ε grains. The
grain axial stresses in the γ and α/α′ phases are observed to
increase as the applied load increases. The stress development
of the ε phase is more complex. To investigate this further,
the volume-weighted mean grain axial stresses as a function
of applied strain for each phase are plotted in Figure 8a. The
mean stress in each phase was close to zero with no load applied,
indicating a good choice of reference lattice parameters for each
phase. The stress in α/α′ was observed to increase significantly
beyond the stress in the γ phase, indicating substantial stress
partitioning to the BCC phase, which has been observed in other
XRD studies of metastable steels [83]. The ε phase, in this axial
direction, is subjected to substantial compressive stresses. The
formation of ε is observed to modify the Type-II stress state of a
parent γ grain, albeit to a small degree, as shown in Figure 8b
– this is discussed further in Section 4.3.1. By also plotting the
von Mises stress state of each grain, the negative nature of the ε
axial stress can be explored. The stress state of the γ and α/α′

phases is largely dominated by the applied stress, especially
beyond the approximate global yield point. The stress state of
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Figure 4: Interrupted-loading EBSD (first three columns) and SE maps (last columns) over increasing applied stress across four load steps (rows). EBSD maps
coloured by IPF-Z (first column), phase (second column), logarithmic GND density (third column).
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Figure 5: Initial texture of γ and α/α′ from 3DXRD grains (a) and the EBSD
map (b) via IPF-z plots.

Figure 6: Change in Rietveld volume fractions of austenite (γ) and fer-
rite/martensite (α/α′) against applied stress.

the ε phase, however, is highly variable and must therefore be
strongly influenced by local crystallographic effects associated
with its creation and interface with the surrounding γ.

To evaluate the ε nucleation kinetics, the number of new ε
grains appearing at each load step (as determined by the tracking
algorithm) was plotted against the macroscopic axial strain in
Figure 9. The scipy Python library [78] was used to fit a modified
form of the Olson-Cohen equation (given below) [16] connecting
the number of ε martensite grains nε to the degree of plastic
strain applied:

nε = s
(
1 − exp

{−β [1 − exp (−αϵ)]n}) (13)

where s is a scale factor, and all other terms have their original
Olson-Cohen meanings [16]. The scipy-optimized values for s,
α, β, n were 1500, 309, 1.76, and 7.38 respectively. The result
of this fit is also plotted in Figure 9. In total, 935 unique ε grains
could be matched to the tracked γ grains using their positions
and orientations.

3.2.3. Correlation with grain diameter
With the γ and ε grains associated, the stability of the γ

grains could then be probed, using the formation of ε within
them as a measure of the γ resistance to transformation. All
tracked γ grains that appeared at an applied stress of 240 MPa
were extracted, and divided into two groups depending on whether
or not ε had been detected by that point within said grains. His-
tograms of the diameters of these two groups, plotted in Fig-
ure 10a, show a clear difference in distribution, where grains
containing ε were much larger on average than grains without.
The statistical significance of this was confirmed with a Student’s
t-test utilising the scipy Python library stats.ttest_ind func-
tion, yielding p < 0.001. This suggests that larger γ grains are
less intrinsically stable against transformation than smaller γ
grains.

3.2.4. Correlation with grain neighbourhood
To investigate whether austenite grain stability was con-

nected to the configuration of its immediate neighbourhood, the
directly adjacent grains were identified for every tracked γ grain,
with or without ε, as appeared at 240 MPa. The neighbours of
each tracked γ grain were split into austenitic and
ferritic/martensitic neighbours, and their volumes were used
to compute a α/α′ neighbourhood volume fraction value. The
histograms of these values for both ε-containing and ε-lacking
γ grains are plotted in Figure 10b. From the distributions plot-
ted, it is evident that γ grains with a lower stability tended to
have a greater ferritic/martensitic volume fraction in the local
grain neighbourhood. A t-test was again employed to determine
the statistical significance, yielding p < 0.001. No statistically
significant correlation between neighbourhood grain orientation
and austenite grain stability was observed.

3.3. Interrupted-loading EBSD
A total of 11 load steps were studied; for each, an interrupted-

loading EBSD measurement was obtained. A selection of the
EBSD maps collected at four load steps is shown in Figure 4. At
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Figure 7: Grain maps of austenite, γ, (a, d, g), ferrite/martensite, α/α′ (b, e, h) and epsilon, ε (c, f, i) phases at three different applied stress levels, coloured by
grain-level axial stress, σzz.

each load step, the orientation map (by IPF-z), phase map, GND
density, and secondary electron map is provided. The DIMT is
clearly visible, with a significant portion of most γ grains trans-
forming to α′, as shown in Figure 11a. From the GND maps, a
clear difference is seen between the GND values in the polygonal
ferrite and athermal martensite. This is more clearly apparent
in the kernel-averaged misorientation (KAM) data – taking a
histogram of these values across all BCC-indexed pixels of the
as-received EBSD map yielded Figure 11b. The distinction in
KAM values of polygonal ferrite (the sharp low-angle peak)
and athermal martensite (the broad higher-angle peak) is clearly
visible. This allowed the area fraction of polygonal ferrite, α,
and athermally-produced martensite, α′T , to be calculated, which
were assumed constant under deformation, thereby allowing the

changing fraction of deformation-induced ferrite, α′D, to be de-
termined. Deformation-induced martensite is observed to grow
both via the growth of pre-existing "blocky" α′ (e.g the boxed
grain on the IPF-z map), and by the formation of thin laths from
shear bands (the grain just below it), which is associated with
substantial surface relief, as is evident in the secondary electron
images.

4. Discussion

4.1. As-received alloy condition

4.1.1. Microstructure
It is clear from the EBSD maps present in Figure 4 that the

as-received microstructure is complicated and requires careful
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Figure 8: Development of grain zz stress ((a) and (b), left axis) and von Mises
stress ((a), right axis) vs applied strain.

Figure 9: Epsilon grain nucleation with increasing applied strain, and Olson-
Cohen kinetics equation fit.

description. Large grains of polygonal ferrite are present, indi-
cating that the ferrite "nose" was hit during cooling, either due
to inaccuracies in composition, simulation of the cooling curves
with CALHPAD software, or an insufficient cooling rate during
the air quench. Due to the high solution annealing temperature
and time used (1240 ◦C for 12 h), it is unlikely that the sam-
ple was not fully austenitized during this process. The sample
also contained ∼20 % martensite at room temperature – it was
possible to separate polygonal ferrite from this martensite (see
Figure 11a) using the kernel-averaged misorientation, due to
the highly disordered internal structure of the martensite. The
"blocky" morphology of the martensite suggests that it likely
formed athermally as a result of the air quench – prior observa-
tions by Tian et al. [10], Naraghi et al. [84] support this claim
and suggest grain boundaries as the primary nucleation site of
this "autocatalyic" martensite; this is evident in this alloy. The
additional presence of polygonal ferrite also suggests that the
discrepancy between expected (fully austenitic) and observed
microstructures is due to compositional variability (most likely
carbon, due to its strong influence on martensite start tempera-
ture [85]) during the alloy production. This martensite is unlikely
to be induced by mechanical preparation of the sample due to
the final electrolytic polishing step which removed the deformed
layer induced by the mechanical polishing alone [86]. A search
of the literature for alloys with similar morphologies yields a
study by Naraghi et al. [84] who found similar large "blocky"
athermal martensite in a 301 stainless steel (17Cr, 7Ni) similar to
the steel composition used in this study (19Cr, 7Ni) that had been
quenched to LN2 temperatures. These observations suggest an
extremely unstable retained austenite phase, and although some
of the less stable austenite had already transformed into athermal
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Figure 10: Comparison of distributions of austenite grain diameter (a) and
ferrite/martensite density of neighbourhood (b) with and without a detected ε
transformation at an applied stress of 240 MPa.

Figure 11: EBSD phase fraction development across increasing deformation (a)
and kernel-average misorientation distributions for EBSD BCC phase (b).
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martensite, it is clear from the phase fraction development in
Figure 11a that substantial further transformations did occur. A
large difference in phase balance is observed between 3DXRD
(Figure 6) and EBSD (Figure 11a) datasets, which is attributed to
variability between samples - this discrepancy was also reported
in prior measurements of this alloy with diffraction-contrast
tomography (DCT) [53]. A number of inclusions are also vis-
ible in the SEM images in Figure 4. Due to their morphology,
and the composition of the alloy, these may be MnS inclusions,
which are common to stainless steel alloy systems [87]. This
may signify another degree of microstructural inhomogeneity
throughout the cast billet that could help explain the observed
differences in phase fractions between samples.

A lack of ε presence in the initial 3DXRD phase balance
suggests no substantial deformation-induced transformation in
the initial condition for the 3DXRD sample. The initial grain-
averaged axial stresses being approximately zero for each phase
(as per Figure 8a) suggests good choices of reference lattice
parameter for all phases. The challenges faced with separating
athermal martensite from polygonal ferrite also apply to the
3DXRD data. Like in the EBSD maps, the BCT martensite
and the BCC polygonal ferrite will index the same way in the
3DXRD indexing pipeline. Unlike the EBSD maps, the differ-
ences between the BCT and BCC phases in grain-averaged far-
field 3DXRD data are extremely difficult to discern. Like marten-
site, polygonal ferrite is expected to exhibit the same orientation
relationships as martensite to the parent austenite phase [88],
ruling out this property as a means to distinguish between the
two phases. These difficulties, coupled with the lack of substan-
tial α′ volume fraction growth in the 2 % strain region measured
with the 3DXRD technique, explains why deformation-induced
α′ was not explored in the 3DXRD data as part of this study.

4.1.2. Texture
Figure 5 shows the initial texture for the γ and α/α′ phases

using both EBSD and 3DXRD techniques. A mild texture in
the γ phase is seen in the 3DXRD data, although this is much
stronger in the EBSD data, likely due to the small number of
grains measured with EBSD. The α/α′ phases have a strong
[1 1 0]||TD rolled texture in both 3DXRD and EBSD plots, sup-
porting prior measurements of this alloy [53], indicating no
significant orientation bias in the 3DXRD dataset.

4.2. 3DXRD indexing
The initial 3DXRD results presented in Table 3 demon-

strate a very large total number of grains indexed (72 947 across
all load steps). This is a significant undertaking for a phase-
transforming alloy – very few prior studies of the DIMT in
steels using 3DXRD have been found in the literature, with
most recent work being performed by Hedström and Neding
[8, 30, 32, 33, 89], usually on a very small number of grains.
The grain tracking procedure reduced this number of grains
to 10 360, demonstrating an accurate sample reference frame
alignment and grain tracking methodology.

The maps of grain centre-of-mass position, as shown in
Figure 7, show a high degree of convergence in the grain param-
eter refinement stage of the indexing pipeline, reflecting a good

choice of indexing parameters for all phases indexed. The macro-
scopic cross-sectional shape of the sample is clearly visible, and
the density appears uniform. A substantial decrease in the num-
ber of γ grains between the first and last load step is evident
– this is likely due to the early stages of α′ nucleation, which
will introduce significant strain fields into the parent austenite
phase (as can be seen from the GND maps in Figure 4), making
3DXRD indexing more difficult. The 3DXRD errors presented
in Table 4 are more than suitable for the analysis performed in
this paper, and are very similar in magnitude to prior far-field
3DXRD studies performed at the ID11 beamline which charac-
terise their errors using different software approaches [90].

4.3. Deformation-induced transformation
It is clear from the increase in the number of unique ε

grains with increasing deformation (Figure 9) that a deformation-
induced phase transformation was induced within the strain
range limits imposed by the 3DXRD technique. This is a major
success for this study and indicates a very low degree of austen-
ite stability, as theorised from the as-received microstructural
analysis. Prior studies that have directly analysed ε formed un-
der in-situ deformation with XRD are rare [30, 35, 52, 91–93],
and 3DXRD studies of ε are rarer still [30] and consider only
a few grains, compared to the 935 unique ε grains measured
with this study. Nevertheless, the evaluation of the Olson-Cohen
model in Figure 9 employed ε grain number as a proxy for
volume fraction – the relatively low volume fraction of ε seen
in the Rietveld refinement results in Figure 6 makes accurate
quantitative phase assessment of this phase difficult, a problem
well-known to the Rietveld refinement community [94].

The development of the ε texture under applied load was
determined and is shown in Figure 12. A clear texture effect
is observed, with {1 0 1 3} forming parallel to the loading axis,
which, to the author’s knowledge, has only been observed once
before using synchrotron X-rays [91], although it has also been
observed with EBSD [95]. Ullrich et al. [91] attributes this tex-
ture to the preferential transformation of γ grains with {1 0 0}
oriented parallel to the loading axis - this mirrors in-situ obser-
vations of the DIMT by Neding [89], Blondé et al. [96] who
found decreased stability for austenite grains oriented in this
way. To investigate this further, the angle between the {1 0 0}
axis and the loading axis can be plotted against the grain-level
von Mises stress just before transformation – grains less stable
against transformation should require a lower overall applied
stress to transform. Figure 13a shows the result of this – a
clear statistically significant (p < 0.001) correlation is observed,
with grains oriented close to {1 0 0} ∥ z tending to have a lower
von Mises stress just before ε formation, demonstrating a clear
effect of austenite orientation on stability against transformation.

From the EBSD data, α′ growth is observed to occur from ex-
isting α′ colonies and grain boundaries. From the SEM images,
two different morphological forms of transformation-induced
α′ can be seen – some γ grains, such as the grain in the middle
of the left-hand edge (yellow with blue martensite in the IPF-z
plot of the first load step), are almost entirely transformed to
α′ over the course of the loading cycle. However, there is little
change to the surface profile of this grain, as can be seen in SEM
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Figure 12: Evolution of ε texture over increasing applied load via IPF-z plots.

images (see Figure 4). In contrast, other grains, such as the deep
orange grain above the grain previously mentioned, form very
thin martensite laths, which cannot be indexed by the EBSD
process during the early stages of deformation, but are clearly
visible via the surface relief in the SEM images. These different
modes are attributed to the range of initial morphologies present
in the as-received condition of the alloy. Pre-existing "blocky"
α′ in these highly unstable γ grains appears to promote the fur-
ther growth of α′ in its surrounding γ grain, while suppressing
substantial lath α′ that would cause a clear surface profile effect,
which is supported by prior literature [10, 84].

The polygonal ferrite grains, clearly distinguished by their
lack of transformation, are significantly affected by martensite
transformation in the surrounding grains. This can be most
clearly seen in the higher-resolution post-mortem EBSD maps
in Figures 2 and 4 of the Supplementary Materials. Substantial
orientation gradients are observed, indicating increased accumu-
lated plastic deformation, particularly in regions of the polygonal
ferrite grains close to γ grains with substantial martensite trans-
formations. It is important here to distinguish between two
potential sources of strain localisation in grains surrounding
transformed martensite: the first being the effect of the transfor-
mation itself on the surrounding lattice, where the volumetric
expansion caused by α′ formation induces a strain in the sur-
rounding matrix; and the second being the increased hardness of
the martensite itself causing stress concentrations. Prior studies
have shown evidence to support the second source, with work
by Kang et al. [97], Kang et al. [28], Marteau et al. [98], Tasan
et al. [99] indicating strain localisation in ferrite grains that
neighbour pre-existing martensite grains, without in-situ trans-
formation. With the interrupted-loading EBSD data collected
as part of this study (Fig. 4, it is suspected that both mecha-
nisms can be observed, with increased GND densities (which
are likely to correlate with Type III stress concentrations) in
polygonal ferrite grains at the boundary with existing thermal
martensite, as well as orientation gradients at the boundary with
deformation-induced martensite. Thus, there is clear evidence
of a neighbourhood effect caused by the formation and/or pres-
ence of martensite in the microstructure. Further X-ray based
explorations of this phenomenon would require techniques ca-
pable of capturing Type III stresses in-situ, such as Scanning
3DXRD. The inverse effect (of grain neighbourhoods on the
transformation) is also explored in Section 4.4.2.

4.3.1. Effect of DIMT on grain stresses
By connecting ε grains to their γ parents, the effect of the

ε transformation on the individual stress states of parent grains
can be determined. As shown in Figure 8b, γ grains with ε
had lower axial stresses on average than grains without ε, an
effect that only manifested after the approximate macroscopic
yield strain of 0.005 as seen in Figure 2b. Although this is a
small effect, roughly on the order of the stress error, it persists
beyond the macroscopic yield point until the highest applied
load. This is explained by the significantly-harder ε phase,
accumulating high levels of elastic stress compared to its parent
γ grain. This phenomena is supported by prior literature [100,
101]. Using ε formation as a direct measurement of γ grain
stability has enabled the effect of a number of micromechanical
phenomena on austenite stability to be explored, which will
hereby be discussed.

4.4. Influences on austenite grain stability
The influence of austenite grain orientation on stability has

been clearly demonstrated in Figure 13a. The influence of other
microstructural properties such as grain size and neighbourhood
configuration will now be explored.

4.4.1. Grain size
As shown in Figure 10a, there is a clear difference in grain

size distribution between grains with and without ε, where grains
with ε appear significantly larger. The relationship between γ
grain size and stability has been a point of significant contention
in the literature. Many modelling and experimental studies
demonstrate that larger austenite grains are less stable, and that
refining the grain size increases stability against transformation
[26, 39–41] for a range of grain sizes from 0.1–20 µm. However,
select studies have shown the opposite effect, for both very small
grains >1 µm in ultra-fine-grained austenitic stainless steels [42–
44], grains between 2.5 µm in size [38], and very large grains 52–
284 µm [45]. Our data, in contrast, exist somewhere in-between
these ranges, but shows a clear statistically-significant difference
in size distributions between grains with and without a detected
ε formation, supporting the idea that larger grains are less stable
than smaller grains, for the grain size range presented in this
study. This conclusion must be taken with some scrutiny - larger
γ grains can form larger ε grains within them, as the length of
the ε is restricted by the grain diameter. Therefore, the detection
limits must be considered, to determine the critical γ grain size
below which ε detections are unlikely. The detection limit of ε
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Figure 13: von Mises stress before transformation vs Austenite grain minimum
angle between {1 0 0} and loading axis (a) and ratio of austenite grain diameter
to mean neighbourhood grain diameter (b)

is set as the minimum recorded ε grain diameter of ∼5 µm. Next,
the mean ratio of (ε child):(γ parent) diameters was determined
to be ∼0.4. The minimum γ grain diameter above which ε
nucleation could theoretically be detected is therefore equal to
∼12.5 µm. By taking the cumulative distribution function of all
recorded γ grain diameters, it was found that ∼98 % of all γ
grains were larger than this critical diameter. Therefore, it is
determined that the detection limits are not the primary cause
of the difference in grain size distributions, and the difference is
attributed to reduced transformation stability in larger grains.

4.4.2. Grain neighbourhood
Given the influence of the α′ martensite transformation on

the stress state of neighbouring ferrite grains previously iden-
tified in the EBSD data, it is prudent to explore the inverse –
whether the neighbourhood configuration can influence the sta-
bility of γ grains. Figure 10b contains the results of this explo-
ration in the 3DXRD dataset - grains with a more ferrite-dense
neighbourhood seemed to be more likely to contain detectable
ε at a given load step. This finding is supported by prior explo-
rations of the EBSD data, with pre-existing athermal α′ increas-
ing the driving force for transformation and therefore reducing γ
grain stability. This finding has some established literature sup-
port – variability in austenite grain stability has been cautiously
assigned to stress localisation in the immediate neighbourhood
[38]. El Hachi et al. [102] recently found, using 3DXRD, that
martensitic transformation in unfavourably-oriented grains was
promoted by transformation in neighbouring grains. In-situ
XRD studies of α′ initiation by Hedström et al. [8] have also pro-
posed that existing α′ can promote direct autocatalyic (γ → α′)
transformation in neighbouring grains – this study demonstrates
its role in the two-step (γ → ε→ α′) transformation, suggesting
that the governing α′ nucleation mechanism is stress localisation.

Figure 10a has shown a relationship between grain size and γ
grain stability. Figure 13b also explores the relationship between
γ grain stability against the relative size of the γ grain compared
with the mean grain size of its immediate neighbours. A clear
inverse relationship is seen (p < 0.001), where γ grains signifi-
cantly smaller than their neighbours are more stable against trans-
formation. This supports prior observations by Tirumalasetty
et al. [103], who found that austenite grains positioned near
multiple ferrite grains tended to transform earlier, but austenite
grains entirely embedded inside larger ferrite grains were more
stable against transformation.

4.5. Martensite variant prediction

For the first time, the ε martensite variant has been both
predicted and detected for a large number of ε-forming γ grains
under in-situ deformation. The ability to non-destructively iden-
tify a large number of per-grain crystallographic orientations is
largely limited to the far-field 3DXRD technique employed in
this paper. The Shōji-Nishiyama variant of each ε grain was
both determined and predicted from the orientation of the par-
ent γ for each tracked γ grain, using the macroscopic uniaxial
(zz) stress tensor. The variant prediction routine was able to
accurately predict the ε variant given the parent γ orientation
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Figure 14: Comparison of γ grain von Mises stress in γ grains where the ε
variant was successfully vs unsuccessfully predicted.

for 71.7 % of tracked γ grains. To determine the factors that
influenced whether a variant prediction would be successful, the
tracked γ grains list was split into two groups based on whether
or not the variant prediction succeeded. Then, the histograms of
the grain-level von Mises stress were plotted for each group in
Figure 14.

There are a large number of variant prediction models that
have been employed, primarily to the direct γ → ε transfor-
mation. The reader is referred to a recent study by Tomida
[104] that collated and evaluated a number of these selection
mechanisms. In the scope of the current work, the "minimum
strain work" criterion proposed by Humbert et al. [81] has been
evaluated. This model has been experimentally verified in small
numbers of EBSD grains [37, 105] and grains captured with
XRD micro-diffraction [35]. In this study, the model has been
probed on a much larger scale, and a high proportion (71.7 %)
of ε formation events were shown to agree with model predic-
tions, demonstrating a high level of model performance. More
recent studies by Wang et al. [37], Tomida [104], Yamashita
et al. [106] have found deviations to the minimum strain work
model predictions, replicating the findings of this study. In this
prior literature, deviations were attributed to complexities in
the local stress field, as well as favourable minimisation of the
interfacial energy to neighbouring grains. The findings of the
current study, shown in Figure 14, support these assumptions –
γ grains with a successful ε variant prediction tended to have a
greater grain-level ε-onset von Mises stress than γ grains with-
out, indicating the local neighbourhood effect can modify grain
stresses to the extent where variant predictions that rely on the
global stress state will fail. These local neighbourhood effects
are likely governed by Type III (stress variability at a sub-grain

level) stresses, that alter the local stress field sufficiently to de-
termine which variant forms. This type of stress concentration
is evident in regions of high density in the GND maps, within
individual grains, as shown in Figure 4. This also explains the
lower parent γ von Mises stress seen just before the onset of
ε, as shown in Figure 14 – these Type III stress concentrations
(not observable in the far-field 3DXRD data) promote early ε in
grains which are otherwise less stressed overall, where the Type
II stress (the mean stress over a single grain, as measured in our
3DXRD data) is lower.

It is clear from the complicated multi-phase microstructure
observed in the ESBD data (Figure 4) that any explorations of
austenite stability provided in this study must be considered
within the context of a complex-phase alloy system consisting
of multiple phases with different responses to stress, rather than
a model system consisting of pure austenite. Indeed, the direct
influence of the phase makeup of the immediate neighbourhood
has been explored as part of this study in Section 4.4.2. Because
of this microstructural complexity, from the far-field 3DXRD
data collected in this study alone, it would not be possible to
both isolate the intrinsic stability of the austenite phase and
maintain adequate statistical significance on the relationships
determined in this work. In addition, the complex makeup of the
alloy system presented in this study is closer to TRIP and CP
alloys that are already widely-used in the automotive industry,
strengthening the possibility to directly apply the conclusions
of this work to existing models of DIMT behaviour in real alloy
systems.

5. Conclusions

A novel complex-phase stainless steel alloy, a derivative of
the 304L alloy system, has been developed, with a specified re-
duction in the retained austenite stability to enable explorations
of the deformation-induced martensitic reaction under low ap-
plied strains. Evidence from both in-situ EBSD and 3DXRD
have demonstrated this reduced stability, with significant γ → α′
transformations occurring within 10 % applied strain. Within
the 2 % strain range observable with far-field 3DXRD, a sig-
nificant number of γ → ε deformation-induced transformation
events were captured, for the first time on a per-grain level. The
ε phase formation followed the Olson-Cohen kinetics model
connecting shear band density to applied strain, and had a strong
texture. The ε phase formation was also found to reduce the
axial stress of its parent γ grain. In addition, the grain-level
stress evolution of the γ and α/α′ phases was dominated by the
applied stresses, but the stress states of the ε grains were highly
variable, indicating that local crystallographic effects dominated
the stress response for ε but not γ or α/α′ phases. Using γ → ε
events as a direct measurement of austenite grain stability against
transformation, a number of correlations have been observed to
microstructural properties:

1. Grain diameter: γ grains containing ε at a given load
step had much larger diameters than γ grains without
ε, suggesting that larger γ grains are less stable under
deformation than smaller γ grains.
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2. Grain orientation: γ grains with their {1 0 0} directions
near-parallel to the load direction tended to transform with
lower grain-level von Mises stresses, indicating that they
have reduced stability.

3. Grain neighbourhood: γ grains containing ε had an
increased level of BCC/BCT phase (α/α′) in their imme-
diate neighbourhood on average than γ grains without ε.
It is evident that a richer "ferritic"/"martensitic" neigh-
bourhood promotes further martensite transformations. γ
grains significantly larger than their immediate neighbours
had reduced stability against ε nucleation. In addition,
deformation-induced α′ formation imposed significant
levels of plastic strain to neighbouring polygonal ferrite
grains, either by the new presence of the harder martensite
phase, or via the strains generated by the transformation
process itself.

The minimum strain work criterion for predicting ε variants
was also evaluated - it was shown to usually accurately predict
the ε variant that eventually formed in a given γ grain. For γ
grains where the model failed to predict the variant that formed,
these exhibited lower grain-level stress states. This is explained
by the model using a global stress state, rather than individ-
ual grain stresses or the average stress state of the immediate
neighbourhood.

6. Data Availability

Data supporting this study will be available in 2024 from the
ESRF Data Portal [107] following an embargo period.
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Appendix A. Martensite orientation relationships

A list of theoretical γ → ε rotation matrices was defined
from the variants of the Shōji-Nishiyama orientation relationship
[108, 109], as defined below, using the MTEX MATLAB library
[59]:

{1 1 1}γ ∥ {0 0 0 1}ε
⟨1 1 2⟩γ ∥ ⟨1 1 0 0⟩ε

(A.1)

For each theoretical γ → ε rotation matrix from all ε variants,
the misorientation between that and the observed γ → ε rotation
matrix was determined, considering both cubic and hexagonal
symmetries. The misorien_from_delta function and symme-
try operators were obtained from the Pymicro Python library
[74]. If a misorientation less than 1.5◦ was found, the grain pair
(gi
γ, g

j
ε) was considered a match. For each tracked γ grain gγ,

the first (i.e earliest load step) appearance of a match to one of
its γ grain representations [gi

γ] was considered to be the point
of ε nucleation within the tracked grain. The output of Algo-
rithm 1 was verified against established orientation relationship
evaluation routines inside MTEX.
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Algorithm 1: A Python function to verify orientation
relationships between austenite and epsilon grains.

def misorien_from_delta(misorien_delta):
Data: misorien_delta: Misorientation matrix
Result: misorien_deg: Angle in degrees

cw = (np.trace(misorien_delta) - 1.0) / 2.0 if cw
> 1:

cw = 1
if cw < -1:

cw = -1
mis = np.arccos(cw);
misorien_deg = np.rad2deg(mis);
return misorien_deg

def check_for_OR(aus_grain, epsi_grain,
variant_matrices, cubic_symmetries,
hex_symmetries, misorien_tol):

Data:
aus_grain: γ grain gi

γ

epsi_grain: ε grain g j
ε

variant_matrices: variant misorientations
Result: True/False

for desired_misorien in variant_matrices:
for cubic_symm_op in cubic_symmetries:

for hex_symm_op in hex_symmetries:
observed_misorien = (aus_grain.U ·
cubic_symm_op).T · (epsi_grain.U ·
hex_symm_op);

misorien_delta = desired_misorien.T ·
observed_misorien;

misorien_deg =
misorien_from_delta(misorien_delta);

if misorien_deg < misorien_tol:
return True

return False
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Supplementary Content

In this section, an exploration of the grain nearest-neighbour scaling criterion ϕ is provided (Figure 1), followed by the
larger-area final EBSD maps of the interrupted-loading EBSD sample, in IPF-Z colouring (Figure 2), phase colouring
(Figure 3) and kernel-average misorientation (KAM) colouring (Figure 4). A significant amount of plastic deformation
is observed in both the IPF and KAM maps, which can be seen most clearly in the polygonal ferrite grains due to the
lack of martensite within them.

Figure 1: Neighbourhood identification technique, explored with the scaling constant, ϕ, compared against an MTEX-
based approach applied to EBSD data.
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Figure 2: EBSD map of final alloy condition, coloured by IPF-Z.

Figure 3: EBSD map of final alloy condition, coloured by phase.
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Figure 4: EBSD map of final alloy condition, coloured by kernel-average misorientation.
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CHAPTER 9

SUMMARY AND CONCLUSIONS

The primary aim of this project was to study phase transformations in metallic materials

using 3D X-Ray Diffraction (3DXRD). A secondary aim was to establish 3DXRD at

the Diamond Light Source X-ray synchrotron. In Chapter 5, preliminary 3DXRD data

was collected at the I12 JEEP beamline at Diamond Light Source, enabling both the

development of an acquisition strategy and analysis pipeline for future data, and the

evaluation of the potential future performance of the technique at Diamond Light Source.

In Chapter 6, the technique was extended to in-situ deformation, which necessitated more

sophisticated analysis techniques to track grains over multiple scans. The technique was

successfully applied to capture statistically significant grain-level neighbourhood effects in

a microstructurally simple ferritic steel alloy system, an observation that was previously

restricted to a small number of grains in situ. The results of Chapter 6 demonstrated

the potential of 3DXRD measurements collected at I12 for cutting-edge materials science

research.

With a data analysis pipeline now established for in-situ 3DXRD experiments, Chapters 7

and 8 were devoted to the primary aim of the project. The deformation-induced martensitic

transformation (DIMT) in metastable stainless steels was chosen as an alloy system widely

utilised in the automotive industry, but still poorly understood. To explore the DIMT within

the ∼2% total strain range afforded by 3DXRD, a novel complex-phase steel alloy was

developed with a destabilised austenite phase that would transform under very low applied

strains. This new alloy was characterised in Chapter 7 with both EBSD and laboratory-based

Diffraction Contrast Tomography (DCT), and was also used to evaluate the multi-phase

performance of laboratory-based DCT reconstructions. Finally, in Chapter 8, the alloy was
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used to analyse the DIMT in situ with EBSD and 3DXRD at the European Synchrotron

Radiation Facility (ESRF). The novel alloy design successfully enabled extensive explorations

of retained austenite stability, and correlations with austenite grain size, orientation, stress

state and local neighbourhood effects were identified. The minimum strain work criterion

model for ε variant selection was also evaluated for the first time against a large number of

grains, and potential explanations were provided for the cases where the model had reduced

accuracy.

Far-field 3DXRD is a powerful measurement technique, and can enable highly-desirable

explorations of in-situ micromechanical phenomena for a range of polycrystalline systems.

However, the data generated by the technique is notoriously difficult to analyse, and many

careful considerations must be made to ensure the data can be conducive to cutting-edge

materials science research. The implementation of 3DXRD at Diamond Light Source

proved invaluable to assist further analysis of 3DXRD data collected at the ESRF. 3DXRD

has been successfully used in this project to improve the understanding of micromechanical

phenomena in both a "simple" single-phase steel and a much more complex austenitic

stainless steel. For the first time, the deformation-induced γ → ε phase transformation

has been captured at a per-grain level for a large number of grains, enabling extensive

explorations of the underlying microstructural properties that govern austenite grain stability.

Data from this study can be immediately used to improve existing models of the DIMT in

metastable austenitic stainless steels, which has significant consequences for the automotive

industry which is already heavily exploiting these mechanisms to produce highly-performant

alloys.
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9.1 Future Work
A number of directions for future exploration of the DIMT are clear. A primary limitation

of the far-field 3DXRD technique is that it does not directly capture sub-grain Type III

stresses. Measuring these stresses would enable the detailed exploration of neighbourhood

effects that do not significantly modify the grain-averaged stress state, such as the effect

of the formation or presence of ε on neighbouring polygonal ferrite grains identified in

Chapter 8, or the ε variant prediction failures attributed to Type III stresses that could not

be directly measured with far-field 3DXRD. A more detailed in-situ exploration of grain

morphology is also desirable – directly capturing grain shapes in three dimensions allows the

grain neighbourhoods to be immediately identified, without the need for the tessellation- or

radius-based methods employed throughout this thesis. Finally, the complex microstructure

demonstrated by the model alloy system developed in Chapters 7 and 8, although useful for

exploring the response of complex-phase or TRIP steel alloy systems, hinders the detailed

exploration of α′ formation due to the substantial presence of α and athermal α′ in the

as-received microstructure.

Thankfully, an in-situ X-ray based measurement technique capable of capturing Type-III

stresses and grain morphologies does exist. Initially developed by Hayashi et al. [190],

Scanning 3DXRD (S3DXRD) is similar to the far-field arrangement described in this thesis.

However, the full-sample-width "letterbox"-shaped beam is replaced with a much smaller

"pencil"-type focused beam, typically less than 10× 10 µm. An individual z-layer of the

microstructure is measured by translating the sample in y (across the beam) and performing

a full rotation in ω at each y position. With this approach, the number of simultaneously

diffracting grains is significantly reduced to the region of interest traced by the path of

the beam through the sample. The three-dimensional shapes of each grain can also be

reconstructed in a voxel grid, and the local strain can be determined at each position on
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this grid. This enables the measurement of grain morphology and Type III stresses, which

in turn enables the direct determination of grain neighbourhoods as well as the exploration

of previously discussed phenomena such as ε variant prediction failures.

Another advantage of S3DXRD is that it can support the measurement of highly-deformed

samples, due to the significantly reduced number of grains that are simultaneously illu-

minated. The inclusion of a conical or spiral slit between the sample and detector, used

to further reduce spot overlap by limiting the origin point of scattered X-rays within the

sample, allows higher levels of deformation to be reached [285, 286]. These advances

may allow the direct exploration of commercial DIMT alloys that remain fully austenitic

at room temperature (such as 304L), simplifying the microstructures and allowing for the

direct detection of deformation-induced α′. Recent work by Renversade et al. [287] has

demonstrated the ability to couple traditional far-field 3DXRD with peak profile analysis –

this approach could also be used to distinguish between polygonal α and α′ by investigating

the orientation spread of diffracted peaks, which should differ substantially between these

phases as is demonstrated in the EBSD maps in Chapter 8.

Another area of ongoing development is the acquisition, indexing, post-processing, and

storage of 3DXRD data itself. The indexing and post-processing pipeline developed as part

of this thesis is in the early stages of being deployed more broadly at Diamond Light Source

for the analysis of "spotty" diffraction data. Similar analysis pipelines are being explored at

the European Synchrotron Radiation Facility with the use of the ESRF Workflow System

[288]. The more widespread establishment of a NeXus-compatible data format standard for

the storage and manipulation of 3DXRD datasets is also being investigated. Establishing

standards for 3DXRD datasets in this way may simplify the process of comparing 3DXRD

data with other measurement techniques, such as DCT and EBSD, as well as finite element

models employed by groups such as El Hachi et al. [101] and Abdolvand et al. [108].
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3DXRD DETAILS

A.1 Improving the speed of grain de-duplication
As discussed in Section 4.4.3, detecting duplicate grains given a list of grains can be

expensive due to the requirement of calculating the distance and misorientation between

every grain pair. A significant speedup can be obtained by parallelising the function across

multiple CPU cores with the help of Numba, as shown below. A simplified misorientation

check function, misorientation_single_check_numba, is defined, again based on the

misorientation function in pymicro [272]. This time, the function immediately returns

True if any calculated misorientation is less than the supplied misorientation tolerance.
import numpy as np
from numba import njit , prange

@njit(fastmath=True)
def misorientation_single_check_numba(matrix_tuple , misd_tol , symmetries

):
gA, gB = matrix_tuple
gA = gA.T
gB = gB.T

for k in range(symmetries.shape [0]):
sym_k = symmetries[k]
o_k = np.dot(sym_k , gB)
delta = np.dot(o_k , gA.T)

misd = misorientation_from_delta(delta)

if misd < misd_tol:
return True

return False

@njit(fastmath=True , parallel=True)
def are_grains_duplicate_array_numba(pos_array , U_array , pair_indices ,

symmetries , dist_tol =0.10 , angle_tol =1.0):
# determine number of grain pairs
n_pairs = pair_indices.shape [0]

# produce empty boolean array containing the de-duplication result
for each grain pair

pairs_match_bool_array = np.zeros(n_pairs , dtype=np.bool_)

# iterate over each grain pair in parallel
for pair_index in prange(n_pairs):
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gi , gj = pair_indices[pair_index]
# get grain positions
pos_i = pos_array[gi]
pos_j = pos_array[gj]

# check distances
distance = np.sqrt((pos_i [0] - pos_j [0]) ** 2 + (pos_i [1] -

pos_j [1]) ** 2 + (pos_i [2] - pos_j [2]) ** 2)

if distance < dist_tol:
# distance matches , so check misorientations
gi, gj = pair_indices[pair_index]

U_a = U_array[gi]
U_b = U_array[gj]

pairs_match_bool_array[pair_index] =
disorientation_single_check_numba ((U_a , U_b), angle_tol ,
symmetries)

return pairs_match_bool_array
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