Understanding the structure of minerals at the
atomic scale: a new perspective enabled by

advanced microscopy

A thesis submitted in fulfilment of the requirements for the degree of

Doctor of Philosophy

Alexandre La Fontaine

Department of Engineering /
Australian Centre for Microscopy and Microanalysis

The University of Sydney

2016






1 Abstract

From oxides to ores and rocks, minerals are the most prevalent materials on Earth. The majority of their
properties are the direct result of their microstructure. The investigation of their structure at the nano and
micron scale is routinely carried out using techniques such as optical and electron microscopy, X-ray
diffraction or secondary ion mass spectrometry. However, these techniques are usually limited in
resolution, either spatially or chemically. More recently, atom probe tomography (APT) has emerged as a
powerful microscopy technique that can provide 3D maps showing the position and atomic mass of
individual atoms with sub-nanometre resolution. The non-conductive character of most minerals, both
thermally and electrically, makes their investigation by APT challenging, from sample preparation to data
interpretation. However, with the relatively recent development of focused ion beam sample preparation
techniques and ultra-violet laser-assisted local electrode atom probe, the APT study of large band gap
materials such as oxides has become more successful in the last decade. Advanced microscopy techniques
such as transmission Kikuchi diffraction (TKD) or electron backscattered diffraction (EBSD) can also be
used in combination with APT, and bring a new perspective to the investigation of the atomic scale

structure of minerals, leading to a better understanding of their structure — properties relationships.

The overall purpose of this thesis is to develop and apply new methods and techniques for the
characterization of the structure of minerals at the atomic scale. This is achieved by means of various
advanced microscopy techniques, which are applied to a selection of important scientific questions. By
using a combination of APT, TKD, EBSD and transmission electron microscopy we investigate
intergranular corrosion in stainless steels, the atomic structure of dental enamel and the robustness of

zircon as a geological dating accessory.

In this work, intergranular corrosion mechanisms in a commercial austenitic stainless steel (ASS) were
revealed using EBSD and correlative TKD/TEM. Characterization by APT of the intergranular iron-
chromium spinel formed during corrosion of the ASS revealed new insights at the atomic scale on its role
towards the fast corrosion rate of the ASS. With the combined use of EBSD, TKD and APT, the atomic
scale distribution of trace elements within dislocations in deformed mineral zircons was investigated for
the first time to review the robustness of zircon for radiogenic dating. By using APT and TEM, new
structural and elemental analysis of human dental enamel at the atomic scale provided unprecedented

information for our understanding of human tooth decay.
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3 Motivation

Minerals are the most abundant inorganic solids on earth. They have shaped the development of our
civilizations and the interactions between societies throughout human history. From the Bronze Age to
the information age, technology and industrialization were based on the capacity of man to extract

elements such as iron or aluminium from mineral deposits.

There are over 5000 species of minerals with different physical and chemical properties. While ores and
mineral nutrients play a fundamental role in human technological and life development, some less well-
known minerals are equally important. For instance, stainless steels are protected from destructive
oxidation in air by oxide minerals. Human teeth are preserved from daily wear and acid attacks by
enamel, a biomaterial primarily made up of the phosphate mineral hydroxyapatite. Serving a totally

different purpose, the silicate mineral zircon is a key material to date the earth’s geological events.

Like most materials, the remarkable properties of these polycrystalline minerals are the result of their
microstructure. It is well established that the atomic architecture of a material and the arrangement of the
different species of atoms define its chemical and physical properties. A number of processes such as
grain boundary segregation or phase transformation also happen at the atomic scale and influence greatly

the properties of a material.

Microscopy plays a fundamental role in our ability to observe the structure of a material and to
experimentally measure such processes. Optical microscopy, electron microscopy, X-ray diffraction or
ion microprobe analyses are some of the techniques routinely used for minerals investigation. Yet these
techniques are usually limited in resolution, either spatially or chemically. With its unique ability to
determine the position of each atom and their chemical identity, atom probe tomography is an excellent
technique to study the structure of minerals at a sub-nanometre level. With the recent advances in atom
probe sample preparation using focused ion beam technology and the introduction of the ultra-violet laser
assisted atom probe equipment, the study of non-conductive materials using atom probe tomography has
become more common (2). Other advanced microscopy techniques such as transmission Kikuchi
diffraction have very recently begun to be used in combination with atom probe tomography (3).
However, there are still limitations and challenges associated with the non-conductive properties of

minerals including electron beam damage and charging effects in the scanning electron microscope,




which can render the sample preparation arduous, or the difficult field evaporation of mineral samples in

the atom probe, which can affect the overall data quality.

Throughout this thesis, I have developed novel techniques for the investigation of a selection of minerals
by the means of a range of advanced microscopy techniques principally including atom probe
tomography, transmission Kikuchi diffraction, electron backscattered diffraction and transmission
electron microscopy. The three minerals investigated in this work were primarily selected for their

industrial and scientific relevance.

High temperature corrosion of stainless steels is a major technological and economical drawback for a
number of industries. The first objective of this thesis is to enable a new level of investigation of
intergranular corrosion and protective oxide scale in stainless steel through the use of a range of advanced
microscopy techniques. These new insights into corrosion processes benefit the development of more
resistant stainless steels for their use in the aggressive environment of new generation energy

technologies such as concentrated solar power.

The mineral zircon (ZrSiOy) is ideally suited for radiogenic dating of rocks. Not only does it contain trace
amounts of uranium and thorium, enabling dating using radioactive decay in the U-Pb-Th system, but it is
also thought to be very chemically robust. However several recent studies have suggested that zircons
may not be as robust as once believed, especially on the micron and sub-micron scale (4-7). The second
objective of this work is to analyze trace element distribution and mobility within dislocations and low-
angle boundaries in deformed regions of zircons using a combination of electron backscattered

diffraction, transmission Kikuchi diffraction and atom probe tomography.

A staggering 60-90% of children and nearly 100% of adults worldwide suffer from dental decay (caries),
which occurs via the dissolution of enamel. However, the structure of enamel and the process by which
decay occurs, is not well understood. Human dental enamel is primarily composed of nanowires of the
phosphate mineral hydroxyapatite. The final objective of this thesis is to reveal the atomic scale structure
of human dental hydroxyapatite in order to better understand enamel formation and its resistance to acid

corrosion.




PART A Literature review




This literature review is composed of three chapters: a summary of the minerals investigated; a
description of the techniques of transmission Kikuchi diffraction and atom probe tomography; and review

of the literature involving in the characterization of minerals by atom probe tomography.

Chapter 4 starts with a general description of stainless steels used as tubing and piping in concentrated
solar power, a high temperature solar energy technology. The process of intergranular corrosion in a
selected austenitic stainless steel is described with a focus on the formation of iron-chromium spinel
oxides. Following this section, the rock-forming silicate mineral zircon is introduced. The need for atomic
scale characterization of trace elements distribution in deformed zircons is explained. The last part of this

chapter is a literature review on dental enamel hydroxyapatite and its formation in vivo.

Chapter 5 is a contemporary literature review of atom probe tomography and transmission Kikuchi
diffraction. Atom probe tomography is described first. Then transmission Kikuchi diffraction technique is

reviewed with a particular focus on its complementarity with other advanced microscopy techniques.

Chapter 6 is a literature review of the previous characterization of high resistivity materials and minerals

by laser-assisted atom probe tomography.

This literature review lays the foundation for the six publications that form the core of this thesis,

presented in part B.




4 Introduction to the minerals selected

Minerals are defined in geoscience as naturally occurring crystalline solids (&). There are more than 5000
known mineral species on Earth. They are classified by a unique combination of crystal structure and
composition. In the following chapter we describe the three minerals selected for this PhD: iron-

chromium spinel oxides, zircon and hydroxyapatite.

Iron-chromium spinels are oxide minerals with the general formulation Fe*'(Fe, Cr)*,0% 4. The end
members of this spinel are chromite (FeCr,O4) and magnetite (Fe;O4), the latest being the most abundant
of the spinel group (9). They are investigated here in the context of their role in the oxide layer that forms
when some stainless steels corrode. Specifically, we were investigating the type of corrosion that might

be expected in high temperature concentrated solar thermal energy production.

Zircon is an orthosilicate from the silicate group with the chemical formula ZrSiO4. The silicate minerals
compose 90% of the Earth crust and are the most abundant of all mineral groups. The base unit is a Si0,4*

tetrahedron.

The bio-mineral hydroxyapatite is a phosphate mineral with the chemical formula Cas(PO4);(OH). It
belongs to the apatite mineral group (Cas(PO4)3(OH, F, Cl) which makes up most of teeth and bones of

vertebrates.

4.1 Iron-chromium spinel oxides

4.1.1 Concentrated solar power (CSP)

Concentrating the sun to produce heat is an old concept. In 212 BC Archimedes supposedly destroyed a
Roman fleet concentrated the sun using polished shields (/7). In 1868, John Ericson designed the first
solar powered engine. Next, Aubrey Eneas produced a solar motor delivering 5 kW for water irrigation
(12). In 1913, the first CSP plant was installed in Al Meadi, again for water irrigation (/3). However it is
only at the end of the 20th century that real progress was made in power generation. Between 1984 and
1991, the first commercial CSP plants operated in California. Since 2006, the number of CSP plants has
noticeably increased, with the main contributors being the United States seconded by Spain (/4). Current

growth in the technology is extremely strong. In 2013, CSP plants produce a total of around 2 GW,




another 2.5 GW are under construction and around 17 GW of CSP projects were underway (/0). With
nearly 400 MW capacity of electricity generation, the largest CSP plant ever built on Earth is now fully
operational in California (Figure 4.1) (/35).

Figure 4-1 Ivanpah Solar Electric Generating System. (/5)

CSP uses mirrors to concentrate the sun direct normal irradiation (DNI) onto a receiver. The receiver
heats a Heat Transfer Fluid (HTF), which generates steam. Like other thermal power station (coal or
nuclear) the steam produced by the HTF powers a turbine, which generates electricity. CSP is also used
for gas production. The energy provided by the concentrator drives a chemical reaction that produces

solar gas, for example splitting methane into hydrogen and carbon monoxide.

CSP systems can be broken down into two different groups: line-focusing and point-focusing systems.
The Linear Fresnel Reflector (/6) and the Parabolic Trough Collector (PTC) are both line-focusing
technologies and focus the sun’s radiation along a focal line (Figure 4.2). The LFR uses a series of long
flat mirrors to concentrate the DNI onto a fixed long tube receiver whereas the PTC uses arrays of curved
mirrors that focus the sunlight onto a central receiver at the focal line of the collector. Both technologies

use a single-axis tracking system to focus the radiation onto the receiver (/).
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Figure 4-2 The four most common forms of CSP. (/7)

The two types of point-focusing systems, the Parabolic Dish (Stirling Dish) and the Central Receiver
(Solar Tower), focus the radiation to a single focal point. The Stirling Dish technology consists of a
parabolic dish that concentrates the DNI onto a receiver at the focal point of the dish. The Central
receiver systems use a field of mirrors (heliostats) that focus the DNI onto a receiver mounted high on a
central tower. Both technologies need a two-axis tracking system, which currently generate higher costs

compared to line-focusing systems (/8).

The main challenge for CSP is its commercial viability. According to IT power (/9) the ‘levelized cost of
energy’ (LCOE) for CSP is about $250 per MWh, which is twice the current revenue stream for main-
grid connections. To reduce the LCOE, CSP will need to increase its storage potential, a key point for
evening demand peak (20). Another key point is to operate at higher temperature, which will increase the
current efficiency of the solar to electricity conversion as well as the storage efficiency. Central Receiver
is the most promising technology due to its development potential. Central Receivers could reach
temperatures above 1000°C with new types of HTF and receivers. Some HTF in development include

molten salts, air and super critical carbon Dioxide (s-CO2) (21).

Working at such high temperatures will require development of cost-effective high temperature alloys
that are resistant to corrosion. For most components (heat storage, absorbers/receivers, structures, heat
exchangers) it will be essential to have a good understanding of the strength, corrosion resistance, and

high temperature performance of the materials used (Table 4.1).




Component / System Aims and Issues

. Long-term resistance to corrosion at increased temperature
Absorbers / Receivers

Tubing for direct steam generation Resist high temperature, pressure and thermal cycling

Tubing for super critical-steam cycle Resistance to temperature up to 1000°C and to high internal pressure

Heat storage

- Long term resistance to internal corrosion and thermal strains
Piping and tank structure

Heat exchangers Increase temperature and reduce cost

Table 4.1 Priorities for steel research for CSP systems. Adapted from (27)

High temperature environments have always been a challenge for materials. Stainless steels designed for
high temperature use have a good combination of high temperature properties and a reasonable cost.
However, like any alloy, there is a temperature limit at which the properties will drop under the effects of

corrosion and ageing.

In CSP technologies, solar radiation is focused on a receiver where stainless steel tubes are used to carry a
heat transfer fluid. The outer skin of these tubes can suffer high temperature atmospheric oxidation as
well as attack from other gases present in the atmosphere (salts if near the ocean for instance). The inner
skin of the tubes interacts with the heat transfer fluid. As described earlier, higher temperature heat
transfer fluids are being developed such as molten salts, super critical CO, or direct steam generation. A
good understanding of the different corrosion processes involved are therefore of great importance.
Stainless steels for solar thermal applications must not only resist corrosion but also retain their
mechanical properties, especially their creep resistance. Grain growth and precipitation during high

temperature ageing are the main processes impacting mechanical properties of the bulk alloys.

High temperature corrosion is due to the interaction at high temperature of gases, liquids or solids with
materials. The most important form of high temperature corrosion is oxidation. Air, oxygen and steam are
mainly responsible for the oxidation of materials. Carburization is another form of corrosion where
carbon-containing compounds such as CO,, CO and methane change the carbon composition of the
surface layer of a steel, modifying its corrosion and mechanical properties. Hydrogen can be responsible

for decarburization, depleting the steel of its carbon by forming methane (22).




Other forms of high temperature corrosion include nitridation (nitrogen), sulfidation (sulfur containing
gases), halogen corrosion and ash/salt deposit corrosion (23). Molten salt corrosion can be very
detrimental for steel due to the high ionic conductivity of the salts as well as the high flux at which

molten salts are usually used.

As described in the next section, stainless steels generally develop a passive layer protecting the steel
from detrimental corrosion. When used in extreme conditions at high temperature in an ultra-corrosive
atmosphere, together with thermal cycling or high pressure, this passive layer can be destroyed and leave

the steel exposed to corrosion resulting in material failure.

4.1.2 Austenitic stainless steels

Stainless steels are an important and large family of steels. They are commonly used for their corrosion
resistance and high temperature performance. Their corrosion resistance comes from the spontaneous
formation of a thin, passive chromium oxide layer at the surface of the steel protecting it from further

oxidation (Figure 4.3) (24).

STEEL STAINLESS STEEL
Protective
Chromium oxide
< 02\ l
Fe+C Fe+C+Cr>11%

Figure 4-3 Basics of stainlessness

According to the European standard EN10008 (25), steel is considered stainless when a minimum of
10.5% of chromium is present. The more chromium, the better the oxidation resistance. A useful property
of this passive chromium oxide layer is its ability to heal when scratched or damaged. Chromium reacts

rapidly with oxygen or moisture to reform a chromium oxide layer (24).

However low chromium stainless steels (12% chromium) are only passive in atmospheric conditions and

will corrode extremely quickly when placed in an acidic environment. More chromium and the addition




of alloying elements improves the corrosion resistance, but also modifies the microstructure and
mechanical properties of stainless steels (26). As illustrated in figure 4.4 the corrosion rate is

dramatically reduced when the Cr content is high enough to form a Cr,Os passive layer.

Fez05

ToEEs
/ Feo
/ =
Feg0y4

+_~FeO

1078

Fey,O4

b Fe—2Cr FelCr oxide

Fez05
ol mrmm o

Fe—-9Cr

Parabolic rate constant, 92 cemd- ¢!

10—10 -

1
0 10 20 30 40 50 60 70 80 20 100
Alloy chromium content, wit%%

Figure 4-4 Effect of Cr content on oxidation of Fe-Cr alloys at 1000°C in 0.13 atm O,. (23)

Without this protective layer, iron is oxidized at a high rate forming ferrous oxide (FeO), ferric oxide or
hematite (Fe,Cr),0s and Fe-Cr spinels (Fe*'(Fe, Cr)*,0%"4), which do not completely cover the surface,

and hence do not protect against further corrosion.

Stainless steels are generally classified into five distinct groups. The first four groups are classified based
on their microstructures:
1. austenitic stainless steels

ii.  ferritic stainless steels

iii.  martensitic stainless steels

iv.  duplex stainless steels

v.  precipitation hardened (PH) stainless steels
The fifth group, precipitation hardened (PH) stainless steels, is differentiated by their ability to be

hardened by heat treatment. PH stainless steels are generally either martensitic or austenitic-martensitic

(27).
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Stainless steels are primarily composed of Fe, C, Cr and Ni. The microstructure of the steels will depend
strongly on those elements but also on some other significant elements. Because the mechanical
properties of the steels are directly related to their microstructure, it is essential to have a good

understanding of the effect of alloying elements in stainless steels.

The two crystallographic forms of steels are body-centred cubic (b.c.c.) and face-centred cubic (f.c.c.). In
pure iron, the f.c.c. structure exists between 900°C and 1400°C and the b.c.c. above and below this
interval. Stainless steel structures vary from fully austenitic (y phase — f.c.c.) to fully ferritic (o phase —
b.c.c.). The transition between these two phases is highly dependent on the alloying elements. Chromium
is a strong ferrite stabilizer while nickel and carbon are strong austenite stabilizers (27). In order to
quantify the influence of alloying elements on phase stabilization, the concept of chromium equivalent (a
stabilizers) and nickel equivalent (y stabilizers) is widely used in conjunction with the Schaeffler diagram

(figure 4.5): (26)

Cr equivalent = (Cr) + 2(Si) + 1.5(Mo) + 5(V) + 5.5(Al) + 1.75(Nb) + 1.5(Ti) + 0.75(W) (wt%)

Ni equivalent = (Ni) + (Co) + 0.5(Mn) + 0.3(Cu) + 25(N) + 30(C) (wt%)

While the Schaeffler diagram was primarily designed for use in welding it does represent a simple way of

estimating the microstructure of the steel (Figure 4.5).

30

Austenite

Increasing Nieq

Ferrite
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Figure 4-5 Simplified Schaeffler diagram (26)

Alloying elements not only have an effect on the microstructure of steels but also have a strong influence
on their mechanical properties, high temperature resistance, corrosion resistance, machinability and so on.

The following table summarizes the effect of common alloying elements found in stainless steels:
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Element Effect
) Essential in forming the passive film. Oxidation resistance increases at Cr levels above 10.5%
Chromium ) ] ) S .
High Cr content can adversely affect mechanical properties, fabricability and weldability
Stabilize the austenitic structure to enhance mechanical properties and fabrication characteristics
el Resistance to stress-corrosion cracking is poorest at approximately 8 to 10% Ni but is restored at
Nicke
levels of about 30% Ni
Can minimize spalling of surface oxide during temperature cycling
In moderate quantities and when nickel is present, performs many of the functions attributed to
nickel
Manganese ) ) ) )
Interacts with sulfur to form manganese sulfides which can effect corrosion resistance
Can improve the adhesion of oxide film and improve oxidation resistance
In combination with chromium is very effective for passive film stabilization in the presence of]
Molybdenum chlorides
Especially effective in increasing resistance to the initiation of pitting and crevice corrosion
Provides strength in the high-temperature applications
Carbon Detrimental to corrosion resistance through reaction with chromium to form chromium carbides
Detrimental to toughness in ferritic grades
) Enhances pitting resistance in austenitic grades
Nitrogen ) ) ) o
Detrimental to the mechanical properties of the ferritic grades
Aluminum Enhance high-temperature oxidation resistance
Stabilizers used to preferentially combine with carbon and nitrogen to reduce the formation of]
Niobium Titanium chromium carbides and nitrides. This reduces the possibility of intergranular corrosion.
Titanium oxide may adversely affect brazability
» Provides high-temperature oxidation resistance
SlllCOn . . . . . . . . .
Provides resistance to stress corrosion cracking and to corrosion by oxidizing acids

Table 4.2 Common alloying elements found in stainless steels and their effects. Adapted from (28)

Austenitic stainless steels have been used for several decades in high temperature applications. They have

excellent high temperature tensile and creep strength and very good corrosion resistance. They are iron-

based alloys containing significant amounts of chromium and nickel. As described in the previous

section, ~10.5 wt% of chromium is usually required to reach a critical level of corrosion resistance.

Nickel is added to ensure the stability of the austenite phase. The composition of different austenitic heat-

resistant stainless steel is shown in table 4.3.

12




C max. Si max. Mn max. Mo

Cr (wt%) | Ni (wt%) Ti (wt%) Nb (wt%)

(Wt%) (wt%) (wt%) (wWt%)
301 0.15 1.00 2.00 16-18 6-8
310 0.25 1.50 2.00 24-26 19-22
316 0.08 1.00 2.00 16-18 10-14 2.0-3.0
321 0.08 1.00 2.00 17-19 9-12 5 x %C min.
347 0.08 1.00 2.00 17-19 9-13 10 x %C

Table 4.3 The AISI 300 series. Adapted from (29)

Particular attention is placed on Sandvik 253 MA in this literature review as this specific steel was
investigated in this study. Sandvik 253MA (253MA) is a full austenitic stainless steel developed for high
temperature application. This grade has high creep strength and excellent corrosion resistance to
isothermal and cycling oxidation. It can be used at temperatures up to 1150°C (30). Table 4.4 shows the
composition of 253MA:

Fe C Ct Ni Si Mn Cu Mo N v P Ti  REM(Ce/La)

Bal. 008 209 108 164 058 044 019 017 0.058 0.024 0.01 0.05

Table 4.4 253MA typical chemical composition (wWt%). (37)

The addition of silicon and rare earth metals (cerium and lanthanum) improve the oxidation resistance as
well as the adhesion of the passive layer, allowing better resistance to thermal cycling. The addition of
nitrogen and carbon increases the strength and delays the formation of sigma phase providing good

resistance to embrittlement (32).

Overall, 253MA is a cost effective solution for high temperature applications in most corrosive
environment. However, 253MA is subject to sensitization due to the relatively high carbon content. In
thermal cycling conditions it is likely that the temperature will be in the range of 400 °C to 850 °C where
sensitization can occur. This might lead to intergranular corrosion, increasing the chances of stress

corrosion cracking (33).
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4.1.3 Sensitization and intergranular corrosion

Between 480 °C and 815 °C formation of chromium carbides can occur, usually taking place at the
austenitic grain boundaries (34). This process is referred to as sensitization. The chromium carbides
formed at the grain boundaries induce a chromium-depleted zone around the grain boundaries. If the
chromium content of those areas drops below 11% - 12% these zones are no longer corrosion resistant
and oxidation will occur (Figure 4.6) (26). In corrosive environment a sensitized stainless steel will suffer

intergranular corrosion potentially leading to complete failure of the material (35).

/ lecation of
grain boundary

chromium concentration

/Chromium

depleted zone | ouge |

276
I

Chromium-depleted zone

Figure 4-6 Schematic illustration of sensitisation process and intergranular corrosion (36)

It is possible to avoid and/or limit sensitization by: (26)
- Reducing the carbon content to a very low level (0.03 wt% to 0.08 wt%) so the precipitation of
carbides is limited
- Using strong carbide formers as alloying elements such as Nb, Ti, V or Ta in conjunction with
heat treatment to allow the formation of these carbides

- Performing a high temperature heat treatment to re-dissolve the chromium carbides completely

Sensitization and intergranular corrosion are often associated to welding of stainless steels due to the
temperature increase in and around the weld. Those steels can often be desensitized with a post-weld heat

treatment (37).

Thermal cycling can also be an issue when temperatures cycle through the sensitization range. In CSP
technology, temperatures cycle from room temperature at night up to > 900 °C when exposed to the sun.
This exposes the austenitic stainless steel pipes and tubes to the sensitization temperature-range everyday,

leading to intergranular corrosion. The stainless steel composition in and around the grain boundaries
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becomes depleted in chromium and as the temperatures cycle. The chromium-depleted area is then
oxidized as a result of the formation of less-protective oxides such as iron-chromium spinel oxides or

destructive oxides such as iron oxides.

The composition change within the stainless steel intergranular areas coupled with thermal cycling can
also trigger phase transformations, such as from austenite to martensite. The austenitic structure obtained
by heat treatment is stable above 800 °C. By quenching the steel after heat treatment the full austenitic
structure can exist at room temperature. However, the austenitic structure below 800 °C is metastable and
a phase transformation or precipitation can take place (38). The phase transformation from austenite to
martensite can occur in austenitic steels when the temperature decreases to a critical value, the martensite-
start temperature (Ms). The Ms temperature is affected by the solute content in the austenite and can be

predicted by empirical formulae such as the following: (38)

Ms(°C) = 502-810(C)-1230(N)-13(Mn)-30(Ni)-12(Cr)-54(Cu)-6(Mo) wt% (38)

Martensite that forms below the Ms temperature is called athermal martensite. The martensitic
transformation occurs “instantaneously” at a fixed temperature Ms, rather than being a gradual
transformation over a finite time. The Ms temperature is usually in the cryogenic level for austenitic
stainless steels. However the composition change within intergranular areas after sensitization can
potentially lead to Ms temperatures above room temperature, triggering the phase transformation.
Previous studies have reported the formation of martensite in sensitization-induced chromium-depleted
zones of austenitic stainless steels due to the raised Ms temperature (39, 40). However only little attention
has been paid to such phase transformations within intergranular corrosion, and the implication for

austenitic stainless steels used in high temperature thermal cycling conditions.

4.2 Silicate mineral zircon

4.2.1 Mineral zircon: a uranium-lead geochronometer

Knowledge of the ages of rocks is indispensable to understand the origin of Earth, as well as to record
geological processes such as extinction episodes or the formation of mountains (47). First discovered by
Boltwood about one century ago, the uranium-lead (U-Pb) decay is one of the most established ways of

dating rocks (42). It is based on the following decay system: (43)
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U > P+ 8o+ 6P (half-life 4.468 Gy)

U > *Pb+70+4p (half-life 704 My)

The U-Pb decay system is unique. The half-life of 2**U is long enough to date all of Earth’s history. Using
the ratios *"°Pb /**U and *"’Pb/ **°U, this system enables two age determinations from the same two
elements, improving the measurement accuracy by checking both dates against each other. There is also
the possibility of determining the age from the daughter ions using the ratio **’Pb/*°°Pb without knowing
the daughter-parent ratio (43).

It is important to note that the U-Pb decay system is also referred as the U-Pb-Thorium (Th) system due
to the following decay:

2Th - 2®Pb (half-life 14.010 Gy) (44)

For the U-Pb decay system to give an accurate age, the principal assumption is that the material hosting U
and Pb must be a closed system for those elements. In other words, the mobility of Pb and U has to be
minimal. This is one of the many properties of the accessory mineral zircon that makes it the material of
choice for geochronological application (figure 4.7). Zircon is an orthosilicate mineral with the
composition ZrSiOs4. This accessory mineral can be found in a wide range of rocks, usually in very small
amount. It occurs in igneous rocks, metamorphic rocks and it has even been extracted from meteorites

and lunar rocks (45).

Figure 4-7 SEM image by cathodoluminescence (photon emission induced by incident electron beam) of
the surface of zircon from Jack Hills, Australia. Adapted from (46)
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The typical size of a zircon crystal is hundreds of microns. When an igneous rock crystallizes from
magma, zircon crystal grows and small amount of many elements such as radioactive U and Th as well as

Y, Hf and rare earth elements (REE) are incorporated into the crystal lattice (44).

U and Th amongst other elements are usually present in the melt in the form of the cations U*" and Th*"
These cations can easily substitute for Zr*" ions during the crystallization of the zircon. The ionic radii of
the cations largely control this substitution process. The ionic radius of Zr*" is 0.083 nm. With an ionic
radius of 0.083 nm, Hf can heavily substitute for Zr*" explaining the large amount of Hf found in zircons.
The ionic radii of U*" and Th*" are respectively 0.10 nm and 0.105 nm. They can be accommodated in the
crystal lattice but are usually found in lower amount (maximum of 5000 ppm for U and 1000 ppm for
Th). Due to the large ionic radius of Pb** (0.129 nm) and its less positively charged character, Pb is not
incorporated at all in the growing zircon crystal (or only a few ppb) (41, 44, 47).

The ability of zircon to incorporate U (and other elements) but exclude Pb during crystallization enables
the use of the U-Pb decay system as geochronometer without the need for a complex non-radiogenic Pb
correction. The lattice structure of zircon, composed of isolated SiO4 tetrahedra, results in its refractory
and weather resistant nature. It also allows the zircon crystal to stay a closed system even at lower Earth

crust temperatures (600°C - 800°C) (48, 49).

In 1956, Wetherill introduced the Concordia diagram, a graphical procedure allowing the assessment of
zircon U-Pb decay (Figure 4.8) (50). It is obtained by plotting 26pp /238 vs 227Pb/ #°U. As a result of the
two different half-lives and the constant decay, a curve is obtained as shown in figure 4.7. For a single

296pp /2380 ratio there is a corresponding 297pp/ 23U ratio and an age derived from the half-lives.

Concordia curve representing
concordant Pb/U ratios
through time

4000

X

age since U-Pb
clock is set

Zircon which has lost
radiogenic Pb, hence
plotting below the curve

206Pb /238U ,

Lower intercept of the chord through
zircons which have lost Pb is
interpreted as the age at which the
Pb was lost

207pp /235y —

Figure 4-8 Wetherill Concordia diagram showing Pb/U isotope ratios of zircons and how to interpret data
where the two ratios are discordant. (48)

17



If the two ratios measured in a zircon fall on the Concordia curve, it means that they correspond to the
same age, which can directly be measured. This is a concordant zircon grain. However, there are cases
when the two ratios do not agree on the same age. In such case the zircon grain is said discordant. If the
ratios are below the curve, the zircon is normally discordant. If they are above the curve, the zircon is said

reverse discordant.

In the case of normal discordance, the zircon has lost some lead, usually through a geological event that
allowed lead to diffuse out. Generally, the loss of Pb in zircon after such an event is not homogeneous
throughout the grain with some microscopic parts of the grain retaining most of it and some losing a lot of
it. This effect leads to several points in the concordia diagram and a series of discordant analysis

generating a discordant line.

The lower intercept of this line with the Concordia curve will give the age of the geological event that

provoked the lead loss while the upper intercept is a measure of the original age of the zircon formation

(41, 48).

Mass spectrometry is the technique of choice for the measurement of the isotopic ratios of U and Pb. The
spatial resolution for zircon dating using mass spectrometers has evolved from hundreds of microns (in
the 1950s) to microns (10 — 20 pum) with high-resolution ion microprobe (SIMS) or sensitive high-
resolution ion microprobe (SHRIMP) (51, 52). The improvement in spatial resolution of isotopic ratio
measurement coupled with scanning electron microscopy techniques such as cathodoluminiscence or
backscattered imaging allow the analysis of microscopic areas within a single zircon grain. The accuracy
of dating zircon greatly improved as it allowed avoiding damaged parts of the crystal, leading to lead loss
and inaccurate dates. It is well understood that zircon grains can be damaged by the radioactive decay of
U. This process is called metamictization (53). As a result, lead and other trace elements can diffuse in or

out of the metamict grain making this part of the zircon an open system unsuitable for accurate dating.

4.2.2 Deformation in zircons and trace elements diffusion

As described earlier, the physical and chemical robustness of zircon is the reason for its wide use in a
large range of geological disciplines. A study of Pb diffusion within pristine zircons shows that it can
only occur at extreme temperatures (54). However, diffusion at lower temperatures than experimentally

predicted was revealed by a few studies in metamict areas (55, 56).
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Over the last decade a number of studies have documented significant changes in trace elements contents
and ratios in a range of zircons (4-7, 57, 58). In these studies, deformation microstructures (Figure 4.9)
such as low-angle boundaries formed during crystal plastic deformation, show a clear correlation with

changes in U, Pb, Th and associated deformation.

Figure 4-9 Deformation in zircon imaged by forescatter orientation contrast map in a scanning electyron
microscope (Courtesy Patrick Trimby)

The most common explanation for the isotopic ratios changes is that deformation microstructures provide
pathways for fast diffusion along dislocation cores. Such processes have been suggested for minerals
including zircon (4, 6, 7). However, unequivocal evidence and in-depth understanding of the diffusion

rate enhancement is still lacking.

Lead isotope and trace element mobility due to deformation structures has not previously been studied at
the atomic scale and the details of the relationship between deformation microstructures and Pb

migration, loss and / or enrichment remain poorly understood.

4.3 Human dental enamel hydroxyapatite

4.3.1 Hierarchical structure of enamel

Human dental enamel is the hardest tissue of the human body. It covers the crown protecting the tooth

from daily use. Its thickness varies from 0.1 mm to up to 2.5 mm at the cusp (59).

Dental enamel consists of a mineral phase (96 wt %), mainly in the form of highly oriented carbonated

hydroxyapatite (HAP) ribbon-like nanowires with cross-sectional dimensions of about 50 x 25 nm that
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are up to several millimeters long (60). These crystallites are packed into bundles, known as rods or

prisms.

(b)

Figure 4-10 “(a) Schematic illustration of enamel’s hierarchical structure. The occlusal surface is equal to
the natural tooth surface in which the cc-axis of the rods is parallel to the chewing force. (b) and (c) SEM
images of different faces. (Samples were etched in 37% H3;POj, for 5 s and observed by secondary
electron detector.)” (61, 62)

Each prism contains about 40,000 nanowires at a density of roughly 550 crystallites per pm® (63, 64). A
mineral phase present between the enamel prisms is referred as interprismatic enamel (Figure 4.10). The
prisms extend in an interwoven pattern through the entire thickness of the enamel, from the dentine-

enamel junction to the outer surface of the tooth (65).

Dental enamel is a bio-composite. Apart from a mineral phase, it contains enamel proteins (1 wt %) and
water (3 wt %). This combination of proteins, water and a highly anisotropic nano-structured mineral
phase lead to a unique combination of strength and toughness (66), visco-elastic properties (67, 68), wear
(69) and erosion (70) resistance, and resistance to carious attack (77). These features enable dental

enamel to last a lifetime in the harsh and variable environment of the oral cavity.

4.3.2 Formation of hydroxyapatite

The HAP composition in enamel differs slightly from the perfect HAP crystal (Ca;o(PO4)s(OH)). Dental
enamel HAP is carbonated and contains trace elements such as magnesium and sodium (72). Naturally

occurring peptides of the enamel-specific proteins, i.e. amelogenin, ameloblastin, and enamelin have been
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identified in mature human enamel (73). These proteins play an essential role in enamel formation i.e.
amelogenesis. During amelogenesis, ameloblast cells secrete an organic matrix containing enamel-
specific proteins, which is followed immediately by mineralization. As the HAP crystallization
progresses, specific enzymes degrade and eliminate most of the remaining organic matrix (74). HAP
crystallization is initiated by the mineralization of an amorphous calcium phosphate (ACP) precursor
(75). It was recently proposed that Mg ions play a critical role in the stabilization of this ACP phase and
the formation of the HAP mineral, where surface Mg ions retard the growth of HAP crystals, leading to
the nanometer-sized HAP crystallites (76). Knowledge of the distribution of Mg ions and the presence of
the precursor ACP in mature human dental enamel would provide much needed information for a better
understanding of amelogenesis, and may eventually allow the development of strategies to enhance
remineralisation, to slow or prevent caries, or even to restore lost dental enamel. However, until recently,
it has not been possible to observe the distribution of Mg ions within HAP nanowires at the nanoscale in

human dental enamel.

In a recent study of rodent tooth enamel, nanoscale heterogeneities in the distribution of Mg ions and
organic materials, as well as the presence of intergranular ACP, were revealed using the atomic-scale 3-

dimensional visualization and chemical analysis enabled by atom probe tomography (77, 78).

5 Advanced microscopy techniques

The rapid development of advanced microscopy techniques has enabled the characterization of materials
at the nanometer length scale. Transmission electron microscopy (TEM) is the most established technique
for atomic scale characterization of materials. High-resolution aberration corrected TEM can indeed
image individual atomic columns (79). When coupled with X-ray spectroscopy (/) or energy loss electron
spectroscopy (EELS), TEM is a powerful technique enabling precise chemical, electrical and physical
analyses of materials at the atomic scale. While TEM only gives access to 2-d information, the recent
development of transmission electron tomography allows imaging of 3-d nanostructures (80). However,
this technique is limited by the maximum analysis depth of ~20 nm corresponding to the sample
thickness. Atom probe tomography (APT) is a unique technique in that is able to achieve atomic-scale
tomography with large field of view (hundreds of nm) (78, 87). Section 5.1 is dedicated to introducing
APT.
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While TEM and APT are the ultimate techniques for atomic scale characterization, scanning electron
microscopy (SEM) has seen some interesting development in the past years with better instrumentation
leading to dramatic improvements in the spatial and chemical resolutions. One particular technique was
developed 4 years ago that uses electron-backscattered diffraction (EBSD) in transmission mode:
transmission Kikuchi diffraction (TKD). TKD gives access to structural information of a material at the
nano-scale and is proving to be to be an excellent complimentary technique to APT. TKD technique will

be introduced in Section 5.2.

5.1 Introduction to atom probe tomography

5.1.1 Overview of APT

APT is a microscopy technique that enables 3-dimensional visualization and chemical identification of
materials at the atomic scale. In this technique, ions are successively field-ionised from the tip of a needle
shaped sample, collected by a position sensitive detector and their mass-to-charge ratios are recorded by
time-of-flight spectrometry (78, §7). In a typical APT analysis chamber, the sample is cooled to cryogenic

temperatures (~ 50 K) and maintained at ultra-high vacuum (~ 10™"! Torr).

For APT the sample has to be a sharp hemispherical-shaped tip with a typical diameter of < 100 nm.
When a DC voltage (typically between 2 and 10 kV) is applied to such specimen, a high electric field can

be achieved at the surface of the tip according to this equation:

4
kfR

Where F is the electric field at the apex of the tip, V is the applied voltage, k¢ is the field factor (a
correction parameter accounting for experimental aspects such as sample shank angle) and R is the radius

of curvature of the tip.

The DC voltage applied to the sample is usually just below the value required to initiate field evaporation.
In the case of electrically conductive materials, high voltage pulses are applied to the tip creating an
electrical field strong enough to enable field ionization. For less conductive samples, laser pulses are
applied enabling thermal evaporation of the tip. Laser pulsing is generally used for higher resistivity
materials such as semi-conductors or minerals where high voltage pulses are inefficient (82-85). Laser-

assisted APT applied to high resistivity materials will be discussed in more detail in the next chapter.
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APT originates from the work of Erwin Miiller, with the development of the field ion microscope (FIM)
in the 1950s (86). In 1967, the first time-of-flight atom probe was developed as a combination of time-of-
flight mass spectrometer and FIM (87). Today, the most common design for APT is the local electrode
atom probe (LEAP®), manufactured by Cameca®.

In a LEAP®, the voltage is applied between the sample (positively charged) and a counter electrode (local
electrode). Once field ionised, the positively charged ions fly through a small aperture in the local
electrode toward a micro-channel plate detector (MCP) that converts the ions into a cloud of electrons.
The electron cloud then hits a delay-line position-sensitive detector and the detector position Xq4 and Yq4 of
each “hit” is recorded (78, 88).

Using the simple flight path geometry and the assumption that the sample is a hemispherical cap on a
truncated cone, the ions detector coordinates can then be used to determine the lateral positions (x and y)
of the atoms in the sample, and the in-depth coordinates (z) may be directly obtained from the sequence
of evaporation (Figure 5.1). The most common APT reconstruction algorithm is based on the work from

Bas et al., Geiser et al. and Gault et al. (§9-91).

Delay-line

Detector

LT

~/

Image compression factor Magnification Time of flight

Figure 5-1 Basic schematic of a straight flight path LEAP. Note X and y, are ions coordinates in original
sample (Courtesy B. Gault and M. Moody)

The high-voltage or laser pulse that triggered the evaporation event is correlated to the corresponding

ion(s) detection and its time-of-flight is recorded. The time-of-flight is converted into a mass-to-charge
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ratio (m/q) that is used to chemically identify each ion. m/q is simply derived from the time-of-flight

according to:

m t2
o 2€V TOF
q L2

where q is the charge state of the ion (e.g. +1, +2, +3), m is the mass of the ion, e is the charge of an
electron (69), V is the voltage applied to the specimen, L is the flight path (distance from specimen to
detector, e.g. 90 mm), tror is the time-of-flight (ttor = t; - to, where t; is the time at which ion reaches the
detector and ty is the time at which pulse was applied).

As a result, a histogram of the resulting m/q of ions can be created resulting in a mass-to-charge

spectrum, commonly referred to as an APT mass spectrum (Figure 5.2).
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Figure 5-2 Typical indexed APT mass spectrum of a Zircon sample. Data obtained with laser-assisted
APT.

A typical APT experiment results in a large number of collected ions (up to several hundred million). The
most prevalent software package to visualize APT data is the Interactive Visualization and Analysis
Software (IVAS™) which is the Cameca® LEAP® commercial software (92). This commercial software
enables the reconstruction of APT data through semi-automated steps and the 3-dimensional data
visualization capabilities. Once the data is reconstructed in IVAS® a POS file is created containing (x, y, z
and m/q) information. The information contained in the POS file can then be opened in IVAS® and the 3-

d data visualized and manipulated. Several data analysis techniques are available in IVAS® such as
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isosurfaces, proximity histograms (93), ion range selections, clipping and so on. Here we briefly

introduce the grid-based methods (or voxel-based analysis), as it is the most relevant for this work.

Grid-based data analysis techniques are based on dividing the whole dataset into small 3-dimensional
volumes. This is called voxelisation and it facilitates the management of large datasets (94). Each atom is
assigned to a voxel, which is a rectangular prism with a user-defined size. Typically, a voxel size can be
based on volume (defined size) or population (same number of atoms). The voxel size should be

optimized keeping in consideration the analysis time and the statistical significance.

Density or concentration analysis is one of the most common techniques that uses voxelisation by
volume. The concentration of a particular species can be calculated for each voxel. As a result, a 3-
dimensional density map can be used to visualize variations in density or composition through the whole
dataset. Microstructural features present within the whole volume such as precipitates or grain boundaries

can be revealed by this technique.

Isosurfaces or isoconcentration surfaces is a similar approach that can also be used to reveal
microfeatures within an APT reconstructed volume. An isosurface defines surfaces in the reconstruction
that join up adjacent blocks of a pre-defined concentration or density of one element. It allows a direct
visualization of elemental partitioning within the reconstructed volume of data. Isoconcentration surfaces
and isodensity surfaces are interfaces between regions of different concentration or density respectively..
Graphs, called proximity histograms (proxigrams), can subsequently be used to plot the variation of
composition or density away from the defined interface (93). This is extremely useful for the study of
matrix-precipitate interface for example (2). An example of isosurfaces and a proxigram is given in figure

5.3.
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Figure 5-3 Example of an isosurface used to highlight an Al-rich particle in a zircon mineral. The
variation of Al and H content within the precipitate is obtained through a proxigram analysis.

5.1.2 Spatial and mass resolution of APT

APT is a unique 3-dimensional technique providing one of the best combinations of chemical and spatial
resolution. However, there are limitations. The spatial and mass resolution, as well as the detector

efficiency, are limited by different factors. Here we briefly discuss the spatial and mass resolution

limitations.

The optimum spatial resolution of APT is estimated to be better than 0.06 nm in depth (z) and the lateral
resolution (x, y) below 0.2 nm (95-97). However, several factors can affect the spatial resolution.
Variations in the local geometry and composition on the surface of the tip can cause trajectory aberrations
in the flight path degrading the spatial resolution (98). The effect of atoms moving at the surface of the tip
just before field ionisation is known as surface migration and is a limiting factor for spatial resolution
(99). Trajectory aberrations can occur as a result of the tip becoming mis-shaped by the retention of, for
example, a high field precipitate. The local radius of curvature is thus decreased at the location of the
precipitate resulting in local increase in the magnification. Local magnification usually involves
preferential evaporation or non-evaporation of particular elements due to the difference of evaporation
field that typically occurs with the presence of precipitates. It results in a non-uniform sequence of
evaporation which is detrimental for the spatial resolution (/00). Finally the fact that the reconstruction
algorithm is based on several fundamental assumptions is a source of errors that limits the overall
accuracy of an APT experiment (2). A calibration protocol based on crystallographic information was

developed to calculate essential reconstruction parameters directly from the APT experiment (101, 102).
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However it can only be used when crystallographic information is visible in the desorption image of the

detector, which occurs principally for low-alloyed crystalline materials.

The mass resolving power (MRP) in APT is generally defined as m/Am, where Am is measured as the
full-width at half-maximum (FWHM) of the peak. MRP is typically up to 500 for voltage-pulsed atom
probe and up to 1000 for laser-pulsed atom probe (78). The mass resolution is dependent on many factors
such as voltage pulse fraction or laser energy, pulse frequency, temperature, thermal and electrical
conductivity of the specimen or the geometry of the tip. The experimental conditions need to be tested for
every sample to optimize the mass resolution. We will discuss optimization of laser-pulsed APT applied

to high-resistivity materials in the next chapter.

5.1.3 Specimen preparation techniques

The specimen preparation is an important and challenging part of a successful APT experiment. Here we
briefly introduce the two principal methods, which have been more extensively described elsewhere (2,

78, 103). Requirements for APT specimens include:

- The specimen should be needle-shaped with a radius of curvature at the apex of ~ 50-100 nm

- The specimen length must be ~ 20 — 30 um and the tip clearance (if several tips) ~ 100 um

- The specimen must have a smooth surface, be free from protrusions or cracks and be clean enough
for ultra-high vacuum conditions

- The feature of interest (i.e. grain boundary, precipitate,...) must be within hundreds of nm of the

specimen apex

There are two main preparation techniques. Electropolishing suits conductive materials, such as metallic
alloys, that do not require site-specific preparation. Focused ion beam (FIB) techniques suit all kind of

materials, but are usually applied to high resistivity materials, thin films and site specific preparation (2).

The electrochemical process removes material from the specimen surface within an electrolytic cell. The
electrolyte is suspended within a wire loop (cathode). The specimen (anode) is repeatedly pushed through
the electrolyte until sufficiently sharp. (Figure 5.4). There are two steps: rough and fine polishing. The
choice of electrolyte and specimen voltage is inherent to a specific material and are different for rough

(stronger electrolyte, higher voltage) and fine polishing (more diluted electrolyte and smaller voltage).
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There are several books available listing recommended electrolyte type for different materials (2, 103-
105).
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Figure 5-4 Schematic of electropolishing APT sample preparation. Adapted from (/03)

FIB methods rely on the use of a Ga™ beam to mill material out in a dual beam (ion/electron) scanning
electron microscope. Used for the first time almost 40 years ago, FIB techniques are today routinely used
for APT specimen preparation (/06-108). A Ga' beam is scanned across the surface of a sample
sputtering material exposed to the beam. Conical shapes are easily obtained using ion milling enabling the
preparation of needle-shaped samples suitable for APT. The optimum resolution of an ion beam is ~5 nm
with high acceleration voltage (30kV) and low ion current (30 pA). However, it is recommended to work
at lower ion energies during the final stages of APT sample preparation in order to limit ion beam
damage. The resolution is consequently reduced to ~50 nm. All the final stages of APT sample

preparation with FIB involve annular milling enabling the formation of a spherical tip. (Figure 5.5)
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Figure 5-5 Basics of annular milling to obtain sharp APT tips. (Courtesy J. Cairney)
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FIB can be used on an electropolished sample in order to position a feature of interest within the tip. This
method is quick and easy but can only be used for conductive materials (suitable to be electropolished)
and with a high density of the feature of interest (usually grain boundary). An example is given in figure
5.6 (109).

Figure 5-6 APT tip prepared by annular milling from an electropolished blank. (a and b are ion beam
images and c electron beam image) Adapted from (/09)

Another method uses a thin wedge usually polished by tripod polishing to produce several tips out of it.
The wedge is attached to a support grid and material is removed with the FIB to leave ~ 4 pm wide posts

with ~ 50 to 100 um opening. (Figure 5.7) APT tips are then milled using annular milling (109, 110).

Figure 5-7 Schematic of the FIB wedge method. Adapted from (7/09)

Depending on how thin the wedge is, this method can be time consuming due to the large amount of

material to mill out.

One great advantage of FIB is the use of gases that can be introduced into the chamber. Under the ion

beam (and electron beam) the gas decompose and material can be deposited onto the surface of the
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sample. A typical gas source used for deposition is a Platinum (Pt) containing gas. Deposition of Pt onto
the sample surface can be used to protect a beam-sensitive region of interest or attach pieces to a micro-

manipulator present in the instrument chamber.

The latter enables the lift-out method that was first developed for TEM sample preparation but rapidly
was routinely used for APT specimen preparation (///-113). First a wedge from the sample is cut free
and attached to a micromanipulator needle with Pt-deposition. Pieces of this wedge are then milled and
attached to a support structure (typically electropolished molybdenum grids or a commercial micro-tip
array) by ion beam assisted Pt-deposition (Figure 5.8 a). The sample is then milled to form a needle
shape. The final milling uses annular patterns to form an APT tip with a typical diameter of ~100 nm
(Figure 5.8 b) (113, 114).
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Figure 5-8 Illustration of the steps involved with in-situ lift out. (Courtesy Limei Yang)

FIB techniques are now routinely used for APT sample preparation and thanks to improved
instrumentation and methods, the quality and consistency of specimens prepared by FIB are very high.
There are many advantages in using FIB and one of them is imaging the sample during and after
preparation. For example, transmission Kikuchi diffraction (TKD) is one recent technique that can be

used to map the crystalline orientation of an APT tip during its preparation.
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5.2 Introduction to transmission Kikuchi diffraction

Transmission Kikuchi diffraction (TKD), also known as transmission electron backscattered diffraction
(t-EBSD) was introduced by Keller and Geiss a few years ago (/75). The basic principles of electron
backscattered diffraction (EBSD) are applicable to TKD. In the next section EBSD principle will be

briefly introduced and an overview of TKD will be provided.

5.2.1 Overview of EBSD and TKD

The type of diffraction on which EBSD is based was discovered by Nishikawa and Kikuchi in 1928 when
the first backscattered Kikuchi pattern was observed on calcite (/76). In this study, the same Kikuchi
pattern appears on a phosphor screen placed behind the sample (transmission) and on a screen in front of
the sample (backscattered). Most of the early work on Kikuchi patterns were done using transmission
electron microscopes. The first use of an SEM for “EBSD” was not until 1973 (/17). The development of
EBSD as a useful technique started in the late 1980s and early 1990s when computer aided indexing was
developed — since then it has continually improved and EBSD has become a technique of choice for the
characterization of the crystallographic structure of materials. EBSD gives access to the grain size, grain

orientation, grain boundary character, phase identity and texture of a material (//8).

When a beam of electron interacts with the surface of a flat-polished sample some backscattered electrons
are reflected out of the sample by elastic scattering of previously inelastically scattered electrons. Some of
these electrons can exit near the Bragg condition and as a result diffract to form Kikuchi bands that are
directly related to the crystal lattice with which the primary electrons interacted. An EBSD detector,
which is typically a phosphor screen equipped with a low light CCD camera detects some of these
backscattered electrons thanks to the fluorescence caused by the interaction of the electrons and the
phosphor screen (Figure 5.9 a). The Kikuchi bands can be indexed by comparing the angles between
Kikuchi bands with a look up table of calculated lattice planes in the relevant materials structure(s), as
long as the material structure and geometry is known. With accurate band indexation, the precise crystal

orientation of a material can be revealed (Figure 5.9 b).
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Figure 5-9 EBSD typical configuration in a SEM and EBSD principle. (Adapted from (//8))

The spatial resolution of EBSD is a function of the atomic number of the element and the accelerating
voltage of the incident electron beam. An optimum spatial resolution of 30 nm was measured for Cu

using a low acceleration voltage (//9-121).

The experimental configuration for TKD is almost the same as for EBSD with the main difference being
that it requires an electron transparent specimen in a suitable holder, and the EBSD detector is positioned
below the sample. The sample is usually positioned in a horizontal position in the microscope with a
relatively short distance between the sample and the phosphor screen in order to fill most of the detector
(Figure 5.10). Due to the reduced interaction volume, spatial resolution of TKD is much better than

EBSD. It has been shown to be in the range of 2-10 nm for a range of materials (/22).
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Figure 5-10 Image of a typical TKD configuration and schematic comparing EBSD and TKD (721, 123)

In order to maximize the penetration of incident electrons and consequently improve the Kikuchi patterns,
a high accelerating voltage (typically 30 kV) is usually used. It is however possible to use lower

accelerating voltage (down to ~10 kV) with very thin samples to improve the diffracted signal for low
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atomic numbers (/22, 124, 125). High resolution TKD with step sizes below ~ 5 nm requires long
acquisition times which can lead to the sample contamination and drift. This can be minimized by leaving

the sample in the chamber for a few hours, allowing for a better vacuum and stage stabilization.

The sample thickness should be taken into consideration for pattern quality and resolution. High quality
patterns are usually obtained for sample thicknesses of ~ 100 to 200 nm. However, if the grain size is
very small pattern overlap can be an issue and thinner samples should be used. The lower the atomic
number, the thicker the sample can be. For example, acceptable diffraction patterns have been obtained
for aluminium with a 3 um thick sample (722, 126). However, the spatial resolution will also degrade
with a thick sample due to beam broadening. Figure 5.11 illustrates well the degradation of pattern quality
with increasing sample thickness. The three diffraction patterns, collected (Figure 5.11 b-d) from three
increasingly thick areas of the sample (Figure 5.11 a), show a clear degradation in quality. A very thin
sample will minimize beam broadening allowing the resolution to be governed by the incident electron

probe size (125).

Figure 5-11 “Pattern quality vs sample thickness (a) Secondary electron (SE) image of the central
perforation in an Al-6060 TEM foil. The yellow line marks a transect along which diffraction patterns
were stored and analysed. (b) — (d) Example diffraction patterns collected at 22 kV using SEM-TKD from
the transect shown in (a).” (122)

The results obtained from a typical TKD experiment are usually in the form of different maps: phase map,
orientation map, pattern quality map (band contrast), inverse pole figure map and so on. The EBSD
detector can also be equipped with up to six forescattered detectors (/27). The diodes are fixed around the
phosphor screen. For TKD, the lower diodes collect dark field images, as on a TEM. By inverting one
diode’s signal and mixing with the other diode’s (normal) signal, the channeling (orientation) contrast can

be maximized. The combination of those signals is particularly useful to image thickness, density and/or
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orientation contrasts of the sample. (/2/) An example of a forescatter image, band contrast and

orientation map from the same region in an Al-alloy sample is shown in figure 5.12.

SEM forescatter oriented darkfield TKD pattern quality map TKD orientation map

s Lo

Figure 5-12 TKD data from a high pressure torsion deformed Al-6060 alloy sample. (Courtesy P.
Trimby)

5.2.2 Complementarity with other techniques

In a typical EBSD/TKD experimental set-up, the presence of an X-ray energy dispersive spectrometer
detector enables the use of energy dispersive spectroscopy (EDS) simultaneously with TKD acquisition.
The correlation between the structure and the chemistry of the sample is thus possible. For example,
useful insights can be gained into grain boundary segregation or phase transformations induced by

elemental partitioning.

Transmission electron microscopy (TEM) and TKD can be performed on the same sample and bring
complementary information. TKD is a simpler way of mapping the overall crystallographic structure of a
material if high resolution is not required. Different TEM imaging modes such as dark field imaging can

be used to image the sample at a higher resolution and reveal features unseen with TKD.

APT sample preparation in a FIB can be a difficult process when small features of interest such as a grain
boundary or dislocations need to be within ~ 100 nm of the tip apex. Recently TKD was performed
simultaneously with APT sample preparation to locate and position a grain boundary within the APT tip.
(128-130) The use of TKD during APT sample preparation in the same instrument not only facilitates site
specific APT sample preparation but also allows the crystallographic characterization of features such as

grain boundaries, dislocations or phases in an APT tip before its field evaporation. The 3d volume, once
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reconstructed, adds to the TKD information an atomic scale 3-dimensional chemical characterization of

the tip. A typical set-up is shown in figure 5.13.
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Figure 5-13 “a) Schematic set-up in the microscope chamber at a tilt angle of 0°. The ion source (57) is
located in an angle of 52° to the electron source. The beams have their intersection point at a working
distance of 10 mm; (b) schematic set-up in the microscope chamber at a tilt angle of 52°.” (128, 131)

6 Characterization of high resistivity materials using atom probe
tomography

In the following sections, we give an overview of laser assisted field evaporation in APT and we review
the state of the art of laser-assisted APT applied to high resistivity materials with a focus on the minerals

studied in this PhD thesis.

6.1 Laser-assisted atom probe tomography

6.1.1 Overview

As described in the APT section of this thesis, the evaporation of the surface atoms of an APT tip relies
on field-ionization triggered by a pulse, either voltage or laser, while a DC voltage is applied to the
sample. Modern LEAP® instruments can now be equipped with UV lasers (355 nm wavelength) and
generate ultra-fast pulses (picoseconds) focused on the tip of the sample (/6). The use of laser pulses in
place of high-voltage pulses to field-ionized surface atoms has opened up the range of materials that can
be analyzed by APT. It is now possible to investigate large band gap materials such as mineral oxides or

even bio-minerals.
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The laser-assisted field ionization mechanism has been the subject of much debate and is still not fully
understood. However, thermally-assisted evaporation is now considered by most to be the main
mechanism (76, 78, 132, 133). Thermal energy in the form of local temperature spikes is brought to the
tip by laser pulsing. The increased temperature has the effect of decreasing the required ionization field

(figure 6.1). The combination of DC voltage and local temperature rises allows field ionization of the

surface atoms of a tip (16, 82, 83, 133-135).
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Figure 6-1 Schematic of laser-assisted APT and the two mechanism (voltage and laser) used for field
evaporation of an atom at the tip. (/32, 136)

In a modern LEAP® equipped with a UV-laser, the spot size of the laser beam is typically < 5 um (137).
The diffraction effects result in the confinement of the absorption at the apex of the tip, limiting the
absorption area of about the wavelength of the laser, which is much smaller than the beam size. The
corresponding small heating zone allows for fast heat diffusion in the apex of the tip inducing both fast

thermally assisted field ionization and rapid cooling of the tip (/32).

The local spike in temperature reached by the tip during laser illumination is typically above ~ 200 K and
depends on the laser pulse energy and the material properties. (78) Because of the inhomogeneity in laser

absorption by the tip, the side of the tip facing the laser beam becomes hotter much faster than the other

side, and can cause preferential evaporation (/32, 138) (Figure 6.2).
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Figure 6-2 “(a) Temperature evolution (model response) and (b) evaporation rate of a steel tip after the
interaction with the laser pulse (red line: the illuminated side of the tip; black line: the opposite side)”
(132) (c) “Finite element model of an atom probe specimen showing the temperature distribution due to
the laser heating from one side” (/36).

6.1.2 Common challenges inherent to the APT characterization of high-resistivity
materials

The overall data quality is highly dependent on the specimen’s ability to quickly diffuse the heat out. The
material thermal conductivity, the sample geometry and the APT acquisition parameters all play an

important role (/36).

In an insulator (high resistivity material), the thermal conductivity is governed by phonon-phonon
interactions. At high temperature, the thermal conductivity of most insulators will decrease due to
phonon-phonon scattering (/39). For example, the thermal conductivity of pure Si peaks at around 40 K

and then decreases quite abruptly at higher temperature (/40) (figure 6.3).
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The heat after laser illumination of a high resistivity material will diffuse slowly and the sample will stay
at high temperature for some time (~ 150 ps) (/36). Consequently, the period during which evaporation of
surface atoms may occur will last longer, which in turn impacts the data quality (peak broadening,

thermal tail, delayed or DC evaporation and so on).

The specimen geometry also plays a role in how quickly the heat diffuses out. It has been shown that a
larger tip radius improves the mass resolution, leads to less ionic clustering and increases the fraction of

single event detection (97).

The laser pulse energy intensity is the main factor responsible for the temperature reached at the apex of
the sample and plays an important role in determining the mass resolution and the size of the thermal tail.
Typically, the lower the energy, the better the mass resolution but the higher the background counts
(135). The field applied to the tip is relatively higher with lower laser pulse energy. As a result, ionic
clusters that typically evaporate in the case of high resistivity materials are more easily dissociated, which

increases the proportion of multiple hits detected (2, 7141).

The stoichiometry of high resistivity materials has been shown to be greatly influenced by the laser pulse
energy. Preferential evaporation, peak broadening and ionic cluster dissociations all play a role in the
measured stoichiometry of the material. This is especially a problem for oxides where a loss of oxygen or

particularly wrong stoichiometry was documented in several studies (/42-146).
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‘Minerals’ is such a large class of material that the range of properties (such as mechanical, thermal and
chemical) involved is large. From one mineral to another, their suitability for laser-assisted APT and the

optimum acquisition parameters need to be separately assessed.

6.2 Laser-assisted APT of high-resistivity materials

6.2.1 State of the art

The first analysis of a bulk high-resistivity material by APT was done in 1982 on insulating glass with a
UV laser APT (/47). In this study, a chromium layer was used to coat the sample in order to facilitate the
heat absorption (and diffusion). However, a large number of molecular chromium oxides ions were
reported due to the thick chromium coating. It was only later that ultra-fast laser pulsing allowed the

evaporation of high-resistivity materials without a coating.

The first successful analyses of high-resistivity materials by APT were done on thin films of oxides. In
2004, the analysis by voltage APT of an alumina oxide tunnel barrier between iron-nickel electrodes was
reported (/48). Other studies reported the analysis of thin layers of HfO, and MgO by laser-assisted APT
(149, 150). In 2006, an iron oxide scale grown on a pure iron sample was analyzed by femtosecond laser-
assisted APT (/51). In 2009, the first laser-assisted APT study of a bulk oxide, zirconia, was reported
(152). The last decade saw an increase of APT studies of high resistivity materials such as aluminium
oxide (/53), cerium oxide (/54), zirconium oxide (/55), zinc oxide (/56) or iron oxides (/42, 145). The
more frequent successful APT analyses of large band gap materials in the last decade is primarily due to
major progress in sample preparation techniques using FIB (108-110, 114, 157-159), the development of
commercial laser-assisted APT instrumentation, for instance the use of the new UV-laser in the LEAP®,
and also a better understanding of the laser-assisted field evaporation. As a result, laser-assisted APT is

now starting to be used across a wider range of disciplines, including biology and geosciences.

6.2.2 Laser-assisted APT of the selected minerals: a review

A limited number of APT studies of corrosion of metals and alloys have been carried out in the past
decade. APT has been used to characterize stress corrosion cracking and intergranular attacks in Ni-based
alloys (160-164), oxidation of stainless steels (165, 166) and stress corrosion cracking in stainless steels

(157, 167-169). Chromia (/70) and alumina (/7/) scales, which protect stainless steel from further
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oxidation have also been studied. However, the intergranular oxides formed during intergranular

corrosion of high temperature austenitic stainless steels have never been analyzed by APT.

It is only very recently that the first APT study of the accessory mineral zircon was reported (46, 172).
Using laser-assisted APT, the age of the oldest zircon on Earth was confirmed to be ~ 4.4 Gyr. Nano-

sized clusters enriched in Pb and other incompatible elements were revealed (figure 6.4).
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Figure 6-4 “The clusters of co-localized Y and Pb in Hadean zircon a) Projections of Y and Pb from the
same 1,000-nm-long segment. The tip of the specimen points upwards. b) Enlarged view of 100 nm
segment of specimen 2. ¢) Individual Y and Pb atoms for one cluster: small red dots, Y; green dots, 206Pb;
and yellow dots, 2’Pb. The volume shown in ¢ measures 20 x 20 nm in the plane of the image by 10 nm

deep.” (46)

This study demonstrated that the Pb-rich clusters do not lead to age biasing. However, and as described in
the zircon section, there is a need for atomic scale analysis of elemental diffusion induced by deformation

in zircon. There was no laser-APT study of such processes in zircon available prior to this project.

The first APT characterization of bio-minerals was done on chiton tooth in 2011 (/73). In 2012, the same
group analyzed apatite and bone-type mineralized tissues (/74). Laser-assisted APT was also used to

analyze a bone-implant interface in 2014 (/75). Finally, in 2015 the first atomic scale study of rodent
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tooth enamel was published revealing intergranular amorphous phase in rodent tooth enamel (figure 6.5)
(77, 176). The discovery of an amorphous intergranular phase in rodent tooth enamel has some major
implications in our understanding of demineralization processes. The presence of such intergranular

phase in human dental enamel has not been yet investigated.

Figure 6-5 “(A) Mg (24Mg2+) ion positions in mouse outer enamel. (B) F (**Ca'’F") ion positions in
fluoride-treated mouse inner enamel. (C) Fe (*°Fe*") ions in pigmented rat enamel. Scale bars, 10 nm. The
view direction is parallel to the long axis of the nanowires. (D to F) Representative concentration profiles
across grain boundaries. (G) Isosurface (0.5 atomic %) surrounding Mg-rich multiple grain boundary in
(A). (H) Isosurfaces (5 atomic %) enveloping Fe-rich multiple grain boundary in (C). Scale bars in (G)
and (H), 5 nm. (I to K) Representative proxigrams of multiple grain boundaries in (I) mouse outer
enamel, (J) fluoride-treated outer mouse enamel, and (K) pigmented rat enamel.” (77)
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7 Aims and scope of this thesis

As described, important characteristics of minerals originate from atomic scale processes and structures.
Accessing chemical and physical information at this scale necessitates the use of advanced microscopy
techniques such as EBSD, TEM, TKD and APT. The three minerals selected in this PhD thesis were
chosen for their scientific, industrial and biological significance. Moreover, atomic scale characterization
of minerals using TKD and APT is at its infancy and many challenges remain to be addressed. In the
previous chapter, several gaps in the literature were identified for each selected mineral both in terms of

material’s properties significance and advanced microscopy techniques applied to those minerals.

The scope of this thesis is to develop the necessary skills and methods for the successful atomic scale
characterization of minerals using advanced microscopy techniques and apply them to these important

scientific problems.

There is a need for a better understanding of microscopic and atomic scale processes that are involved in
intergranular corrosion of austenitic stainless steel during high temperature thermal cycling. Particular
attention is given to the composition of the oxide minerals formed within the intergranular corrosion areas

and an associated martensitic phase transformation. This is addressed in chapter 8, 9 and 10.

One of the principal properties of zircon is its robustness in terms of U-Pb dating and the assumption that
it stays a closed system throughout its entire life. However, several studies revealed anomalies in the
dating of deformed zircons with the loss of Pb, and suggested that a deformation-induced diffusion
mechanism via dislocations and low-angle boundary could be responsible. The high chemical sensitivity
and atomic spatial resolution of APT is ideally suited for such investigation. The use of laser-assisted
APT combined with EBSD and TKD for the specific study of deformation in zircons was assessed and
optimized in order to reveal key trace elements diffusion in deformed zircons. This is addressed in

chapter 11 and 12.

Human dental enamel is the essential tissue protecting the tooth from daily chemical and mechanical
attacks. However, it can easily decay and be destroyed as a result. The incredible properties of human
tooth enamel come from its hierarchical level of organization from nano to micron scale. Heterogeneities

in the distribution of magnesium ions and residual organic materials at the atomic scale were recently
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revealed in rodent tooth. These recent findings have major implications on our understanding of enamel
properties and tooth decay. However, human tooth enamel has never been investigated in this way. Laser-
assisted APT was used to investigate the atomic scale structure and chemistry of human dental enamel.

This is described in chapter 13.

In summary the particular aims of this thesis are as follow:

e Develop new skills and improve existing microscopy methods for the nanoscale characterization
of physical processes and the chemical identification of mineral oxides in intergranular corrosion

of austenitic stainless steels (chapter 8, 9 and 10)

e Optimize the use of laser-assisted APT combined with EBSD and TKD for the analysis of

deformed mineral zircon (chapter 11)

e Apply laser-assisted APT, EBSD and TKD techniques to reveal an important diffusion

mechanism in deformed mineral zircons (chapter 12)

e Use laser-assisted APT to characterize for the first time the atomic structure and chemistry of

human dental enamel (chapter 13)

13
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8 New insights on intergranular corrosion of austenitic stainless steel: an
oxidation-induced phase transformation

This publication contributes to the present thesis by using a combination of advanced microscopy
techniques to reveal a new and important failure mechanism of an austenitic stainless steel exposed to
oxidation during high temperature thermal cycling. A combination of TKD, EBSD and TEM is used to
characterize the oxide minerals and the adjacent steel within an intergranular corrosion area. This
investigation revealed a displacive martensitic phase transformation occurring in oxidation-induced
chromium-depleted zone that is thought to play a major role in the rate at which intergranular corrosion
take place. The austenitic stainless steel that was investigated in this work is a key material for the
successful development of new generation concentrated solar power, a growing large scale power
generation technology. This chapter is the initial part of the investigation of the intergranular corrosion

area of the 253MA austenitic stainless steel used in concentrated solar power.

In this publication, the recently developed TKD technique, together with conventional TEM, is applied
for the first time to oxide minerals allowing the discovery of an oxidation-induced martensitic phase

transformation.

The content of this published letter is largely the product of the work of Alexandre La Fontaine under the
supervision of Julie M. Cairney, Simon P. Ringer and Sarah Miller. Hung-Wei Yen revised the
manuscript, contributed to the theoretical background of this letter and contributed to the experimental
work. Patrick Trimby carried out the EBSD and TKD experiments together with Alexandre La Fontaine
and Hung-Wei Yen. He has also significantly contributed to the interpretation of results. Steven Moody

assisted in the sample preparation. Martin Chensee provided the material for this investigation.

This letter has been published in Corrosion Science, Volume 85, Pages 1-6 (2014)
DOI: 10.1016/j.corsci.2014.04.

45



Corrosion Science 85 (2014) 1-6

Contents lists available at ScienceDirect

Corrosion Science

journal homepage: www.elsevier.com/locate/corsci

Letter

Martensitic transformation in an intergranular corrosion area

@ CrossMark

of austenitic stainless steel during thermal cycling

Alexandre La Fontaine *™*, Hung-Wei Yen *°, Patrick Trimby °, Steven Moody ®, Sarah Miller,

Martin Chensee ¢, Simon Ringer *, Julie Cairney *"

2School of Aerospace, Mechanical, Mechatronic Engineering, The University of Sydney, NSW 2006, Australia
b Australian Centre for Microscopy and Microanalysis, The University of Sydney, NSW 2006, Australia

€CSIRO Energy Centre, Newcastle, NSW 2304, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 10 April 2014
Accepted 28 April 2014
Available online 6 May 2014

Keywords:

A. Stainless steel

B. SEM

B. TEM

B. Thermal cycling

C. Intergranular corrosion

C. High temperature corrosion

An oxidation-assisted martensitic phase transformation was observed in an austenitic stainless steel after
thermal cycling up to 970 °C in air in a solar thermal steam reformer. The intergranular corrosion areas
were investigated by electron backscatter diffraction (EBSD), transmission Kikuchi diffraction (TKD) and
transmission electron microscopy (TEM). The structural-and-chemical maps revealed that within
intergranular corrosion areas this martensitic transformation primarily occurs in oxidation-induced
chromium-depleted zones, rather than due to only sensitization. This displacive transformation may also
play a significant role in the rate at which intergranular corrosion takes place.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

For high temperature applications, such as in new-generation
energy technologies, austenitic stainless steels offer an attractive
combination of economy and mechanical/corrosion properties.
For example, concentrated solar power (CSP) is a growing renew-
able energy technology, but its effective use requires cost-effective
and corrosion resistant materials for tubing and piping that can
operate for extended periods at high temperatures and withstand
thermal cycling between around 900 °C in the day and room
temperature at night [1]. Like many energy technologies, this
application demands affordable alloys characterized by high
strength and superior high temperature corrosion resistance. Due
to the high cost of Ni-based alloys, austenitic stainless steels (ASSs)
are presently the most suitable materials.

However, a major concern affecting the deployment of ASSs in
these applications is the well-established fact that they are suscep-
tible to sensitization [2,3]. Sensitization is a phenomenon where
intergranular corrosion (IGC) occurs when chromium-nickel
(Cr-Ni) ASSs are heated to temperatures between 500 and 800 °C
[2]. This kind of IGC usually results from the formation of Cr-rich

* Corresponding author at: School of Aerospace, Mechanical, Mechatronic
Engineering, The University of Sydney, NSW 2006, Australia.
E-mail address: alex.lafontaine@sydney.edu.au (A. La Fontaine).

http://dx.doi.org/10.1016/j.corsci.2014.04.048
0010-938X/© 2014 Elsevier Ltd. All rights reserved.

M,3Cg carbides at the grain boundaries (GBs) leading to a
Cr-depleted zone that is vulnerable to corrosion. Although this
phenomenon has been well known for many years, new microscopy
methods are still providing insight into the complex process via
which it occurs [4].

Some studies have reported the formation of martensite in the
sensitization-induced Cr-depleted zone [5-8]. The primary cause is
an increase in the martensitic transformation start (M) tempera-
ture due to the depletion of Cr [7,8]. However, little attention has
been paid to phase transformation that occurs in the IGC area.
Especially, martensite and ferrite may play important roles in the
IGC area and hence in the failure mechanism of ASSs at high tem-
perature or during thermal cycling [5-8]. This study investigates
the mechanism behind this phase transformation within IGC areas
in the ASS during thermal cycling.

2. Experimental procedures

The component investigated is the reactor tube of a solar steam
reformer made from Sandvik 253 MA. Sandvik 253 MA ASS is a
Fe-0.08C-21Cr-10.8Ni-1.64Si-0.58Mn-0.02P-0.44Cu-0.19Mo-
0.06V-0.01Ti-0.17N-0.05Ce/La (in wt.%) alloy and it has good
high-temperature corrosion resistance and can operate up to
1150°C [9]. The seamless steel tubes were manufactured by
Sandvik with a tube thickness of 3.5 mm and a nominal diameter
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of 1 inch (2.54 cm). They were used as the outer tube material of a
20 kW prototype solar steam reformer from the CSIRO Energy
Centre in Newcastle, Australia. These outer tubes were directly
exposed to sun in air with no mechanical stresses. During 100 h
service (four day-and-night cycles), the specimen was subjected
to thermal cycles between room temperature (without sun expo-
sure) and up to 970 °C (with sun exposure). Each cycle starts from
room temperature, ramps up to ~970 °C in about 10 min, stays
between 700 °C and 970 °C for around 10 h (sun exposure), slowly
cools down in air, and stays at room temperature overnight.

Cross-sectional specimens were sampled from the tube outer
surface and cut to a size of approximately 10 mm by 5 mm. Spec-
imens for electron backscatter diffraction (EBSD) mapping were
ground with SiC abrasive paper and mechanically polished with a
9 um diamond suspension for 10 min, a 3 pm diamond suspension
for 20 min and finally a 0.05 pum silica suspension for 6 min.

The intergranular corrosion areas were also analysed by trans-
mission Kikuchi diffraction (TKD), a relatively new microscopy
technique where an electron transparent specimen is examined in
scanning transmission mode in a scanning electron microscope
(SEM), dramatically improving the spatial resolution of orientation
maps compared to EBSD [10,11]. For TKD, electron transparent
specimens for mapping were prepared from the previous SEM-
EBSD bulk specimen using a Zeiss-Auriga focused ion beam (FIB)
equipped with a Kleindiek micromanipulator system. SEM mea-
surements were performed on a Zeiss Ultra SEM equipped with a
Schottky field-emission source with high-current mode capability
for extended depth of field and EBSD. Both EBSD and TKD mapping
was performed with a Nordlys-NANO EBSD detector. Energy
Dispersive X-ray Spectroscopy (EDS) maps were collected using
an X-Max 20 mm? silicon drift EDS detector. EBSD, TKD and EDS
maps were collected and processed using Oxford Instruments
Aztec-integrated EBSD/EDS software. TEM bright field imaging
and diffraction was also performed on one of the thin samples
before and after TKD measurements using a CM12.

3. Results and discussion
3.1. Microstructure of intergranular corrosion

A cross section of the tube after 100 h service is shown in Fig. 1a.
Extensive intergranular corrosion is present, with several large IGC
cracks starting from the outer surface and penetrating beneath the
surface by about 1.3 mm, which is almost half the thickness of the
tube. Because all of the tubes used were seamless there was little
internal stress and there are no welding defects. Hence, the failure
of the material is expected to be the result of oxidation, thermal
stress, and other phase transformations during the thermal cycling.
Fig. 1b shows an EBSD pattern quality map (also known as an Image
Quality (IQ) map) of an IGC area. The grey-contrast matrix is aus-
tenite (a face-cubic centered (fcc) crystal) and there are extensive
chromite-type oxide layers (Fe,Cri_,)304 (where x ~ 2/3) along
the cracks and grain boundaries, which can be seen from the corre-
sponding EDS maps from the Cr-K line and the O-K line [12].
Besides the spinel chromium oxides, thin layers of a body-centered
cubic (bcc) phase, highlighted in red in Fig. 1b, were found along the
grain boundaries as well as within the corrosion layers. These layers
of bcc phase have low Cr contents as marked with arrows in Cr-K
line map. In previous studies, the formation of bcc phase along
the grain boundary in stainless steels is attributed to a martensitic
transformation in a Cr-depleted zone due to sensitization [5-8].
However, as shown in Fig. 1b, the layers of bcc phases are not sig-
nificantly present in the austenite matrix, but only around the
IGC areas. The depletion of Cr can be explained by Cr diffusion
towards the carbides along the grain boundaries due to sensitiza-
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tion and by Cr diffusion towards the oxides due to oxidation. The
fact that bcc layers are extensively observed only around the IGC
areas as shown in Fig. 1b implies a possible oxidation-assisted pro-
cess for the formation of these bcc phases.

3.2. Martensite transformation induced by oxidation

Fig. 2 shows results from an EBSD-EDS analysis along a section
of one single ICG crack at higher magnification. The boundaries
highlighted in white in Fig. 2b indicate the bcc/fcc interfaces that
correspond to the Kurdjumov and Sachs (K-S) orientation relation-
ship (OR): [111],,]|[1 Oi]y.and (011),[I(111), [13]. Most of the bec/
fcc interfaces were within 5° of the K-S OR, as shown by the white
boundaries in many of the figures of this paper. This relationship
originates from the crystallographic nature of the fcc-to-bcc trans-
formation [14,15] and it can occur for both diffusional ferritic and
diffusionless martensitic transformations. Fig. 2b reveals a thick
bcc layer formed between two chromite layers, and two thin bcc
layers between the oxides and the austenite. EDS results (Fig. 2¢)
reveal that the bcc phase occurs in regions that are depleted in Cr.
Although austenite and chromite were separated by the bcc phase,
the {100} pole figures reveal that they actually hold the cube-on-
cube OR: [IOO]Chmmite”[lOO]y' and (00])Chr0mite|‘(001>y []6] (See
Fig. 2d). It is therefore concluded that the formation of chromite
along the grain boundary during high-temperature oxidation leads
to the Cr-depleted zone. The Cr-depleted zone of the ICG crack is
then able to transform into the bcc structure after cooling.

Table 1 shows the average measured composition (by EDS) of
Fe, Cr, Ni, Si and O in the fcc, bcc, and chromite phases. The equi-
librium phase ratio as functions of temperature were computed
by Thermo-Calc software using a TCFE7 database [17,18] for the
Cr-depleted bcc zone martensite as shown in Fig. 3. The computa-
tion shows that austenite is completely stable in the temperature
range between 700 °C and 970 °C. Diffusional ferrite transforma-
tion can only occur during cooling but the kinetics of diffusional
ferrite transformation can also be suppressed by the high nickel
and high nitrogen content [19,20].

Images from higher resolution studies, conducted using TEM
and SEM-TKD, of the fine structure of a Cr-depleted bcc zone sur-
rounded by chromite and austenite are displayed in Fig. 4. The
grains shown in Fig. 4a are mostly bcc crystals, as shown by the
SEM-TKD analysis in Fig. 4b. Fig. 4c shows several bcc laths with
a twinning relationship (grain boundaries highlighted in red).
Hence, the bcc phase is believed to be lath martensite based on
its microstructure [21,22] with the twin-related laths resulting
from the self-accommodation by two K-S variants [23]. The two
inset TEM images in Fig. 4a show the twinned martensitic laths
by the alternating dark and bright contrast. The region with bcc
crystals is again Cr-depleted (Fig. 4d) as compared to the austenite.
The TEM observations confirm that most of these bcc grains are
twinned martensite laths. The austenite in the Cr-depleted zone
transformed to martensite when the temperature drops below
the M; temperature. The M; temperature was estimated by the
empirical formula derived by Steven and Haynes [24]:

M;(°C) = 561 — 474(wc%) — 33 (Wpn%) — 17(We:%)

—17(Wni%) — 21 (Wnmo%) (1)
where w% is the content of element i in martensite region. Based on
Table 1, the M temperature for the austenite in a region far from
the Cr-depleted zones is around —50 °C, but in the Cr-depleted zone
the M, temperature is around 265 °C. The martensitic transforma-
tion in Cr-depleted zones is therefore due to this increased M tem-
perature. During each thermal cycle, more oxidation occurs,
inducing more Cr-depleted zones and upon each pass of cooling,
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Fig. 1. (a) Z-contrast back-scattered electron image of a cross section of the sample. (b) EBSD pattern quality map of the inter-granular corrosion (IGC) area with the bcc phase
highlighted in red. EDS O-K map and Cr-K maps are inset. Note the extensive bcc phase layers in the IGC area and along oxidized and chromium-depleted grain boundaries
(marked with arrows in Cr-K map inset). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) Secondary electron image showing a section of an IGC area. (b) The EBSD phase map shows a large bcc layer (red) between two chromite-type oxide layers (green)
and two thinner bcc layers between the oxides and the austenite (blue). The fcc/bcc phase boundaries that correspond to the Kurdjumov and Sachs (K-S) orientation
relationship are highlighted in white. (c) EDS elemental maps and Cr concentration profile across the IGC section showing the depletion of Cr in the bcc layers. (d) (100)
Austenite pole figure and (100) chromite pole figure showing that they hold the cube-on-cube orientation relationship. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Table 1

The composition of partitioning elements in austenite, bcc and chromite (in wt.%).
Phase Fe Cr Ni Si (o}
Austenite 57 20.3 12 1.6 0
bcc 78 2.5 11 0.1 1
Chromite 23 36 1 1.8 26

the temperature drops below 265 °C and the martensite layers
form.

3.3. Role of sensitization

The occurrence of martensitic transformation along the sensi-
tized grain boundaries was also observed in the current study.

However, when it occurs, the martensite layer is usually extremely
thin and discontinuous as shown in Fig. 5. Cr,3Cg carbides are pres-
ent at the grain boundaries (marked with arrows in Cr-K and C-K
EDS maps) and the Cr-depleted zone is the result of diffusion of Cr
toward the carbides along the grain boundary [5-8]. When the
grain boundary is oxidized the Cr-depletion is stronger (see O-K
and Cr-K EDS maps) and as a result the martensite layer is more
pronounced. Although sensitization by Cr,3Cs is not responsible
for the extensive formation of martensite, which has been shown
in Figs. 1, 2 and 4, it is still a critical reaction for the occurrence
of the IGC. At high temperature, oxygen diffuses quickly into the
sensitized GBs and the GBs are easily attacked by further oxidation
due to their lower Cr contents at high temperature. Sensitization is
therefore still concluded to be the initial stage for the occurrence of
the IGC.
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Fig. 3. Equilibrium phase ratio as a function of temperature, computed by Thermo-
Calc using a TCFE7 database for the Cr-depleted bcc zone. M(C, N) phase represents
the vanadium or titanium carbonitrides, (Ti, V)(C, N), in this steel.

3.4. Potential failure mode due to martensite

As shown in Fig. 6, the TEM images revealed an interfacial layer
between the oxide and the martensite (marked with arrows in
Fig. 6a). The interface seems porous and irregular, and no TKD pat-
terns were indexed due to the bad quality of the patterns (as
shown in Fig. 6b). The EDS maps in Fig. 6¢ show that composition
of the interface is a mixture of all the elements present (Fe, O, Cr,
Si). This is typical of a re-deposition layer formed during FIB mill-
ing in porous areas [25,26]. It implies that there are voids or gaps
between the martensite and chromite in the sample prior to TEM
specimen preparation. Many high temperature alloys including
ASSs rely on Cr to form protective chromium-rich oxide scales. At
high temperature, a minimum Cr content of nearly 20% is required
to develop a continuous and protective chromium-rich oxide scale
[27], while Cr contents below 18% will lead to less protective
oxides [28]. Sandvik 253MA ASS should have superior oxidation
resistance to conventional stainless steels at high temperatures
due to formation of a dense oxide layer through silicon and cerium
additions [9]. Hence, the formation of martensite as a potential
path to failure during the thermal cycling is discussed here.
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Fig. 5. EBSD and EDS maps of a sensitized GB in process of oxidation. Note the more
extensive martensite layer in the oxidized and strongly Cr-depleted part of the GB
compared to the discontinuous martensite layer around the chromium carbides
(marked with arrows).

The martensitic transformation from fcc to bcc (or bet) leads to a
rapid volume dilatation and surface relief due to an invariant-plane
strain in the displacive transformation [29]. Both of these factors,
accompanied by thermal stress, could cause the existing oxides to
detach, leaving the steel susceptible to further oxidation attack at
high temperature in the next cycle. Although chromite-type oxide

TKD/EDS Area
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I... 5;3!‘

Fig. 4. (a) TEM bright field image of a small section of an IGC area containing chromite-type oxide (green), martensite (bcc phase in red) and austenite (blue). (b-d) TKD phase
map, IPF-z orientation map and EDS elemental maps. Note the GBs highlighted in red in (c) showing martensitic laths with a twinning relationship. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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chromite

Fig. 6. (a) TEM bright field image showing an interface (marked with arrows) between martensite (bcc) and chromite-type oxide. (b) TKD phase map. (c) EDS elemental maps
showing a mixture of Fe, Cr, O and Si in the interface marked with arrows. Note the presence of silicon-rich oxide (bright contrast adjacent to the interface layer in (a))

between the chromite and the martensite.
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(a)

Cr depletion zone

Oxide

e

20 °C

[ ——
1 day (1 cycle)

A. Inital stage

.— E. Oxidation

e Gi0°C hermal
B. Sensitization Several
— cycles.. |

D. Martensitic Transformation

“Maﬁensite

Chromite i

Fig. 7. (a) Sketch showing the oxidation cycle at the grain boundary scale. (b) EBSD phase map and EDS elemental of martensitic layers that have invaded into one austenitic
grain within an IGC section. bcc/fcc Phase boundaries that correspond to the K-S OR are highlighted in white.

scale can form again at high temperature, martensite then forms
again in the Cr-depleted zone during cooling. Fig. 7a illustrates
the proposed mechanism based on our observations. After the tube
is heated to high temperature, sensitization can occur along GBs
(from Stage A to Stage B). The sensitized GBs can be more easily oxi-
dized due to the Cr-depleted zone and these zones appear along the
oxide layer (Stage C). After cooling below the M temperature, a
martensitic transformation occurs in the Cr-depleted zone (Stage
D). The nature of this displacive transformation leads to defects at
the martensite/oxide interface or in oxides (black holes in Stage
D). When the tube is heated again in the second cycle, the existing
martensite is easily oxidized due to its very low Cr content (Stage E)
and new oxidation-induced Cr-depleted zones then form. After
cooling, the martensitic transformation occurs again. If this reaction
repeats with thermal cycling, martensite-oxide corrosion areas
invade into the austenite layer-by-layer, parallel to the prior grain
boundary. Fig. 7b shows evidence of this mechanism; the phase
map and EDS maps reveal three parallel cracking layers, with
martensite that has invaded into one austenite grain. Moreover,
some martensite regions were embedded into oxide regions. This
is also consistent with the proposition that martensite can be
oxidized at Stage E.

This martensitic transformation is thought to be detrimental to
the corrosion performance of this alloy. A possible alloy design strat-
egy to avoid this transformation may be to either reduce the carbon
content, or increase the content of microalloyed elements, such as Ti,
V, or Nb, to prevent the occurrence of sensitization. High tempera-
ture corrosion resistance still requires the formation of dense and
continuous oxide layers. To prevent martensitic transformation
after oxidation, Ni or N contents can be increased to suppress the
M; temperature when the Cr depletion zone forms in austenite. Also,
some ferritic stainless steels could be good candidates for solar
thermal applications, but higher Cr and lower C contents will be
required to prevent the ferrite-to-austenite transformation at high
temperatures.

4. Conclusion

Through orientation and compositional maps, the formation of
martensite in an IGC region has been explored for thermally cycled
ASS. A martensitic transformation occurred, primarily as a result of
the Cr-depleted zone created upon chromite-type oxide formation.
The displacive characteristics of the martensitic transformation
could disrupt the passive oxide layers and is thought to play an
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important role contributing toward the rate of failure during ther-
mal cycling. The results shown here have implications for alloy
design to avoid such a transformation, possibly improving the cor-
rosion performance of stainless steels for applications in energy
production.
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9 Optimization and data quality assessment of laser-assisted APT of
chromium oxides

This publication contributes to the present thesis by providing an assessment of the influence of APT
analysis parameters on the data quality of chromium oxide scale and chromium-rich oxide spinel. As
described in the literature review, there is a need to optimize the laser-assisted APT analysis parameters
(essentially laser pulse energy) for each type of mineral, as they all have different thermal, electrical and

mechanical properties.

The impact of essential APT analysis parameters (laser pulse energy and frequency, temperature) on data
quality was investigated for a chromia scale thermally grown on a model alloy. Parameter tests were also
done on iron-chromium spinel from the intergranular corrosion area of the austenitic stainless steel
selected in this PhD. It is important to note that laser pulse energies below 20pJ were not reported due to

the low specimen yield at such high field conditions.

This publication provides a good base for the high quality investigation of chromium oxides by laser-
assisted APT and serves as a preliminary chapter for the atomic scale characterization of the iron-

chromium spinel formed during intergranular corrosion of austenitic stainless steel.

The content of this published article is largely the product of the work of Alexandre La Fontaine under
the supervision of Julie M. Cairney, Jiangiang Zhang and David Young. Baptiste Gault significantly
contributed to the interpretation of results. Andrew Breen, Anna Ceguerra and Leigh Stephenson assisted
in the data processing. Limei Yang carried out the chromia sample preparation. Thuan Dinh Nguyen

produced and provided the chromia sample.

This article has been published in in Ultramicroscopy, Volume 159, Pages 354-359 (2015) DOI:
10.1016/j.ultramic.2015.02.005.
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Picosecond-pulsed ultraviolet-laser (UV-355 nm) assisted atom probe tomography (APT) was used to
analyze protective, thermally grown chromium oxides formed on stainless steel. The influence of analysis
parameters on the thermal tail observed in the mass spectra and the chemical composition is in-
vestigated. A new parameter termed “laser sensitivity factor” is introduced in order to quantify the effect
of laser energy on the extent of the thermal tail. This parameter is used to compare the effect of in-
creasing laser energy on thermal tails in chromia and chromite samples. Also explored is the effect of
increasing laser energy on the measured oxygen content and the effect of specimen base temperature
and laser pulse frequency on the mass spectrum. Finally, we report a preliminary analysis of molecular
ion dissociations in chromia.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Stainless steels have wide applications in new energy tech-
nologies thanks to a combination of high-temperature strength,
corrosion resistance and affordability. However, they require im-
proved high-temperature corrosion resistance for extreme condi-
tions, such as within a concentrated solar power plant, where
temperature cycles can range from room temperature up to
1000 °C in air or carbonaceous atmosphere. The protective oxide
layer that forms on the stainless steels plays a major role in the
performance of these components. Investigation of the structure
of these oxide layers at the nano-scale is critical for the develop-
ment of more stable protective layers.

While atom probe tomography (APT) [1] is an excellent tech-
nique to the study of the nano-structure of such oxides, the as-
sociated data analysis still presents many challenges. In the last
ten years, there have been many studies of oxide materials by laser
assisted APT [2-10]. However, it is only recently that laser-assisted
APT has been used to study the corrosion of stainless steels, pro-
viding new insight into the microstructure of the passive oxide

* Corresponding author at: School of Aerospace, Mechanical, Mechatronic En-
gineering, The University of Sydney, NSW 2006, Australia.
E-mail address: julie.cairney@sydney.edu.au (J.M. Cairney).

http://dx.doi.org/10.1016/j.ultramic.2015.02.005
0304-3991/© 2015 Elsevier B.V. All rights reserved.

layer that protects the alloy [11-13]. Thermally-assisted field
evaporation of oxides leads to data that can be difficult to interpret
[14-16]. With increasing interest in applying atom probe to the
study of oxides, it is essential to assess the effect of analysis
parameters on the data quality. Recent studies reported the in-
fluence of analysis parameters on the investigation of wiistite [16]
by femtosecond laser assisted APT. The authors recommended that
infra-red (IR) laser should be used to analyze wiistite as green and
ultra-violet (UV) modes gave a measured oxygen content con-
siderably below its expected value. They showed that an increase
of IR-laser energy reduced the oxygen content measured. An in-
crease of the thermal tail was also observed with increase of IR-
laser energy.

Here, we aim to understand how atom probe data from ther-
mally grown chromium oxides in stainless steels is affected by
analysis conditions (laser pulse energy, laser pulse frequency and
base temperature), specifically for data obtained by picosecond UV
laser assisted APT. In particular, data from chromia (Cr,0O3) was
used to test the effect of different analysis parameters on the ex-
tent of the thermal tails that follow each peak in the mass-to-
charge spectra and the measured composition that results. The
results obtained from chromite-type spinel layers (Fe(FeCr),04)
are then compared to the chromia data.
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2. Experimental

Two chromium oxide scales were investigated, chromia (Cr03)
and chromite (Fe(FeCr),04). The chromia scale was thermally
grown from a Fe-20Cr (wt%) model alloy. The alloy was exposed to
Ar-200, for 24 h and then to Ar-20CO, for 70 h at 650 °C. As a
result, a protective scale of chromia was formed on the alloy sur-
face. A more detailed description of the sample and how this data
informs corrosion studies can be found in [13]. The chromite-type
scale was formed in an intergranular corrosion region in a Sandvik
253MA austenitic stainless steel (ASS). The composition of the
scale varies from Fe-rich chromite, Fe(Fe,Cr),0,4, to near-stoichio-
metric chromite, FeCr,04. Details of the material and relevant
corrosion studies can be found in [17]. APT samples were prepared
using a Zeiss-Auriga focused ion beam (FIB) equipped with a
Kleindiek micromanipulator system. Bars of oxide layers were
lifted-out from milled cross sections using a micromanipulator.
Samples were milled from these bars, attached to electropolished
molybdenum grids and finally milled to form APT tips with a ty-
pical diameter of around 60 nm [18]. The APT experiments were
conducted on a Cameca LEAP 4000 x Si™ atom probe equipped
with a picosecond-pulse ultraviolet laser (355 nm, spot size
<4 pm). The data were reconstructed using Cameca IVAS™ 3.6.6.
EPOS files were generated using the same software and treated
using custom-designed scripts in Matlab (TM, Mathworks ), al-
lowing access to the raw detector information collected for each
ion, which enabled the study of singles and multiples ions events
per pulses [19,20].

355

3. Results and discussion

In this section, we outline the methods used to range the mass
spectra, since this is known to have a significant influence on the
measured chemical composition [21]. We then focus on the in-
fluence of the laser pulse energy and repetition rate, as well as the
base temperature, on the overall quality of the mass spectrum,
with specific reference to the thermal tailing effect. Finally, we will
investigate the influence of molecular ion dissociation events on
the overall analysis.

3.1. Ion identification and ranging

Correct ion identification in the mass spectrum is critical for
compositional accuracy and can be challenging for complex oxides.
Two typical mass spectra from chromia and chromite are shown in
Fig. 1a and b respectively. These two datasets were collected at a
base temperature of 55K and laser energy of 70 pJ with a laser
pulse frequency of 500 kHz. For clarity, the spectra are shown in
two parts, each with a different scale. Only minor peaks of Cr;0™"
(173 Da) and Cr,05™* (185 Da) were detected above 105 Da for both
oxides. Oxygen was evaporated either as an oxide-ion species or as
O* and O, ™. Based on the work of Bachhav et al. [22] the peak at
16 Da was identified as O*, rather than 0,?*. Chromium was
evaporated as Cr?*, CrO*2*,Cr0,*2*, CrO;* and Cr,0s*. Iron
evaporated as Fe*2*, FeO* and Fe,0°*,

We have investigated the influence of the ranging method for
the chromia dataset used in Fig. 1a. There is still no agreement or
standards on how mass ranges should be defined. Hudson et al.
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Fig. 1. lon identification. (a) Mass spectrum of chromia (Cr,0s), and a corresponding 5 nm-thick atom probe volume (red: oxygen atoms, blue: carbon atoms and black: iron
atoms), the specimen contains grain boundaries decorated with carbon and iron. (b) Mass spectrum of chromite (Fe(FeCr),0,4) and a corresponding 3D atom probe volume
(green: oxygen atoms, blue: iron atoms and red: chromium atoms). The chromite sample contains thin layers of Fe-rich chromite type spinels within near-stoichiometric
chromite (FeCr,0,). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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[19,23] found that ranges defined as full-width nine-tenth max-
imum gave the most accurate composition for simulated data.
With mass ranges defined as full-width nine-tenth maximum,
the oxygen and chromium concentrations measured were
58.2 + 0.6 at% and 39.8 + 0.5 at% respectively. The measured Cr/O
ratio is 0.68 4+ 0.02. With mass ranges including most of the peak
tail, the oxygen and chromium concentrations measured were
57.0 +£ 0.6 at% and 39.4 4+ 0.5 at% respectively, giving a measured
Cr/O ratio of 0.69 + 0.02. Interestingly, the compositions measured
using these two extreme ranging methods are not significantly
different.

There is a deficit in the oxygen measured compared to the
stoichiometric chromia (60 at% O and Cr/O ratio of 0.67). A deficit
in oxygen composition measurements within oxides studied from
APT was also reported for the study on haematite by Bachhav et al.
[22] as well as alumina by Marquis et al. [5]. However, in this work,
the deficit of oxygen measured is less than was noted in the work
of Bachhav et al. Care should be taken in interpreting the sig-
nificance of the extent of the deficit observed here, as it could be
affected by the non-stoichiometric character of the chromia used
in this work. The sample was heat-treated in a carbon dioxide
atmosphere and segregation of carbon and iron was found in the
chromia grain boundaries. Due to the carbon dioxide atmosphere,
it is likely that oxygen penetrated through the chromia scale, in-
creasing the content of oxygen to a higher level than expected for
stoichiometric chromia.

3.2. Effect of laser energy

The influence of laser energy on the mass spectra quality was
investigated for the two different oxides to provide guidance on
selecting the appropriate laser energy. For the experiment on
chromia, a single tip was used and the laser energy was progres-
sively increased from 22 to 115 pJ. The base temperature was 50 K,
laser pulse frequency 500 kHz and ions were detected at an eva-
poration rate of 0.5%. Fig. 2a shows several mass spectra of the
CrO?+ peaks (33 Da, 34 Da, 34.5 Da and 35 Da) for data collected at
different laser energies. The tail after each peak increases with
increasing laser energy. Such effect was also reported by Bachhav
et al. on the analysis of wiistite by femtosecond laser-assisted APT
[16]. It reflects an increase in the local heating due to the laser
pulse, which in turn affects the mass resolution due to a broad-
ening of the thermal tail [24]. By normalizing the mass spectra to
sum to unity, the extent of the thermal tail can be quantified and
compared more easily for different laser energies. A method was
developed to quantify the peak-to-tail (P,/T,) ratio between the
different spectra. A mass-to-charge window for each peak (P,) and
tail (T,,) was arbitrarily selected, as shown in Fig. 2a, ensuring that
the same procedure was applied to all spectra. The normalized
counts within each window were then summed together and used
to calculate the peak-to-tail (P,/T,) ratio.

This ratio for the three CrO?+ peaks is then plotted against the
laser energy in Fig. 2b. For all three CrO?>* peaks the ratio de-
creases with increasing laser energy, which reflects a more ex-
tensive tail. It is important to note that the peak at 34 Da con-
tributes to the tail of the peak at 34.5 Da and both will contribute
to the tail at 35 Da. A proper fitting of each peak is necessary to be
able to subtract the contribution of the previous peak [25]. How-
ever, the method used allows a simple comparison of the influence
of the tails under different conditions, or even across different
samples.

For example, Fig. 3 shows the evolution of >*Cr0?+ peak-to-tail
ratio for chromia and chromite with an increase of laser energy.
The slope of the curve for a specific peak could be defined as a
‘laser energy sensitivity factor’ (for the chromite, data from three
different specimens with similar tip radii (25-30 nm) were
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Fig. 3. Laser sensitivity factor for chromia and chromite: Peak-to-tail ratio as a
function of laser energy for 2*CrO®* for chromia and chromite. Note the similar
slope (laser sensitivity factor) for both samples.

collected with laser energies increasing from 20 pJ to 68 pJ, at a
base temperature of 55K and with a laser pulse frequency of
500 kHz). The peak-to-tail ratios for chromite are nearly half of
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Fig. 4. Measured oxygen content as a function of laser energy.

those for chromia, primarily due to the much larger thermal tail
observed for chromite, which can be seen in Fig. 1. This could be
the result of different tip geometries, such as the shank angle
[26,27] or even the distance from the tip to the underlying metal.
For this reason, the laser energy sensitivity factor (i.e. the slope) is
an alternative metric and is thought to be independent of the tip
geometry. The laser energy sensitivity is quite similar between
both materials, which suggests that increasing laser energy is
equally detrimental for both materials. This data adds to the ex-
isting evidence suggesting that the evaporation process is thermal,
and provides evidence that higher laser energy is detrimental for
the mass resolution of both chromia and chromite.

Several studies have reported a change in the measured oxygen
composition with a variation of laser energy [16,28] so the oxygen
composition was investigated here to see if a similar trend was
observed. Only the chromia data was used for this part of the
study, as the chromite datasets contained heterogeneities that are
thought to influence the oxygen content.

Fig. 4 shows the evolution of the oxygen concentration mea-
sured in the same chromia tip with laser energy increase but, in-
terestingly, no significant variation of the oxygen content was
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Fig. 5. Effect of laser pulse frequency and base temperature. (a) Normalized mass
spectrum (sum to unity) as a function of laser pulse frequency for CrO?>* ions.
Insert is the peak-to-tail ratio as a function of laser pulse frequency. (b) Normalized
mass spectrum (sum to unity) as a function of base temperature for CrO?*. Inset is
the peak-to-tail ratio as a function of base temperature.

observed. The measured oxygen content for all laser energies
tested averages 58.4 + 0.5 at%. These results show that the influ-
ence of laser energy on oxygen composition is small for this par-
ticular oxide. In this case, the accuracy of the peak identification,
and the methods used for peak ranging appears to be of greater
importance for accurate compositional measurement.

3.3. Effect of laser pulse frequency and base temperature

The effect of laser pulse frequency was also investigated. For
this, a single chromia specimen was analyzed with a laser energy
of 40 pJ and at a base temperature of 50 K, while the laser pulse
frequency was varied from 500 kHz to 250 kHz. There was no
major change to the thermal tail with decreasing laser pulse fre-
quency, as shown in Fig. 5a. A slight increase in the size of the tail
after the 3°CrO?* peak was observed at 100 kHz. This could be
explained by the fact that the sample fractured before the desired
number of ions was collected. The data here shows that, for
chromia, changing laser pulse frequency does not significantly
affect the mass resolution or thermal tailing. Slower pulse fre-
quencies were expected to correspond to lower levels of thermal
tailing, since there is more time for the heat to be dissipated from
the tip. A possible reason that this was not observed is that there is
no build up of heat between the pulses, even at higher frequencies.
The thermal tails are relatively short meaning that the heat is
sufficiently dissipated between the pulses.

The effect of temperature on the thermal tailing effect was
investigated by increasing the base temperature of a single chro-
mia tip from 24 K to 64 K, with constant a laser energy of 40 pJ and
a pulse frequency of 500 kHz. Fig. 5b shows the three mass spectra
collected. The data demonstrates that, for chromia, there is no
major change with increasing base temperature up to 64 K.
However, running the chromia tips at higher base temperatures is
generally beneficial for decreasing the tip fracture rate due to a
lower field and thus a lower electrostatic pressure [29].

3.4. Correlation histograms

In order to better understand the complexity of oxide ion
evaporation during laser atom probe tomography, which often
leads to noise and data loss, we have applied an approach pio-
neered by Saxey [30] that uses field evaporated ions correlations
to reveal in flight molecular ions dissociations. Although
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Fig. 6. Correlation histogram from chromia with its associated mass spectrum. The two subfigures show details of 4 dissociation tracks as highlighted in the main correlation
histogram. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

preliminary, these results are valuable as they highlight the com-
plexity of the field evaporation and molecular ion dissociation
process.

A correlation histogram is shown in Fig. 6 for a chromia dataset
containing about 20 million atoms with 85% single hits/pulse and
14% double hits/pulse. The rest of the ions detected were either
partially detected or formed part of multiple ion hits of 3 or more.
For this analysis, only the mass-to-charge information corre-
sponding to multiple events was used (i.e. two or more ions de-
tected from the same pulse). All events were accumulated in a
two-dimensional histogram with the largest mass-to-charge value
assigned first (the x-coordinate). The corresponding 2D mass-to-
charge spectrum (Fig. 6) is displayed below and, as expected, most
of the histogram counts are located at coincidences between easily
identifiable major peaks [30]. The full graph is symmetrical but
everything above x=y was set to 0 to help with the readability of
the graph.

The histogram shows traces of molecular ion dissociation tracks
following a parabolic line as described by Saxey [30], pointing
either towards the bottom-right or the top-left. These are high-
lighted in Fig. 6, and specific areas of the plot are enlarged in the
subfigures to better reveal this effect. Based on the work of Saxey
[30], we have identified some of the possible dissociations

highlighted in the subfigures of Fig. 6 as follows:

(1) 3%(Cro?*)—>>4(Cr*)+3%(0, ).
(2) ")(Fe0?*)—>¢ (Fe+)+1%(0™).
(3) 84(Cr022+)—>68(Cr0+)+16(O+).
(4) 100(Cr032 + ) _ 84(Cr02 + )+ 16(0+ )

Interestingly the dissociation (1): CrO,2*—Cr*+0,* has oc-
curred close to the detector (late in the flight) while all the other
dissociations happened quite early (close to the tip). There was no
dissociation observed for CrO*->* reflecting the higher stability of
this ion.

These dissociations have several implications on the mass
spectrum. Depending on when the dissociation occurs some of the
daughter ions will appear in the mass spectrum with a slightly
lower mass and some with a higher mass. As a result the corre-
sponding peak will appear wider or asymmetrical. The graphs
showed herein are displayed in log scale, and the number of ions
resulting from such dissociative processes is relatively small
compared to the amount of ions found along the thermal tails.
However, the dissociation of molecular ions does affect, for in-
stance, the relative abundance of various ions or charge states. It is
common in the literature to use changes in the charge state ratio
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as evidence of tip heating [31], assuming that changes in the
electric field linked to the increase in temperature directly affect
the probability of post-ionization process and consequently the
charge-state ratios. Here, we show that dissociation also plays a
role. The actual influence of such processes on the analytical
capabilities of APT are still not fully apprehended, but such pro-
cesses do occur and their in-depth investigation is expected to
lead to a better understanding of the field evaporation process of
oxide materials. The two traces of dissociations labelled 5 and 6
(circled in light blue in Fig. 6) were particularly interesting. By
following the traces back to the parent molecular ions, we iden-
tified these two molecular ions as CrO,* at 84 Da and CrO;™* at
100 Da. However dissociation from these single-charged molecular
ions would produce two daughter ions, one singly-charged and
the other neutral. We do not fully understand these dissociations,
and the role that neutrals may have in the interpretation of atom
probe data, but we believe such dissociations could have a po-
tential impact in the form of data loss.

4. Summary and conclusion

We have investigated the influence of laser parameters on the
evaporation of chromium oxides by APT. We have shown that the
thermal tails after each peak increase in relative size as laser en-
ergy is increased, as would be expected for a thermally-assisted
process. However, we did not observe a strong effect of laser en-
ergy on the measured oxygen concentration. The laser pulse fre-
quency and the base temperature (up to 64 K) had little impact on
the data quality. Correlation histograms revealed evidence of ion
dissociation, which can affect the charge state ratios, the mass
spectrum quality and the overall measured composition.
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10 Atomic scale structure and composition of intergranular chromium
oxide spinels

Austenitic stainless steels can be subject to intergranular corrosion when exposed at high temperature in a
corrosive environment. This is especially true for concentrated solar power applications, where the
operation temperature cycles every day and night from room temperature up to ~1000 °C in air (see
chapter 8 and 4.1). As discussed in the literature review, there are important physical and chemical
processes at the micron and nano scale that influence the rate at which intergranular corrosion occurs. For
example, in chapter 8, a martensitic phase transformation induced by the formation of chromium-rich

oxides was revealed in the intergranular corrosion areas of a commercial austenitic stainless steel.

In this publication, a particular focus is on the structure and composition of the iron-chromium oxides that
formed in the same specimen. For the first time, the oxide minerals that constitute the intergranular
corrosion areas are characterized by laser-assisted APT. This chapter is the final part of the investigation
of the intergranular corrosion area in a commercial austenitic stainless steel by the means of advanced

microscopy.

The content of this published article is largely the product of the work of Alexandre La Fontaine under
the supervision of Julie M. Cairney and Simon P. Ringer. Hung-Wei Yen revised the manuscript and
significantly contributed to the interpretation of results. Peter Felfer carried out the sample preparation for

one of the specimens used in this study.

This article has been published in Scripta Materialia, Volume 99, Pages 1-4 (2015)
DOI: 10.1016/j.scriptamat.2014.09.028.
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Atom probe microscopy has been used to study the inhomogeneous nature of chromium oxide spinels in intergranular corrosion of a 253 MA
austenitic stainless steel after thermal cycling up to 970 °C in air. The results indicate that the non-continuous character of the spinel layers originates
from nanoscale phases such as iron-rich oxides along the chromite grain boundaries and silicate particles. Their role in the rate of intergranular

corrosion is discussed.
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For better efficiency, higher operating temperatures
are required for thermal energy production technologies
such as coal, nuclear, geothermal and solar thermal electric.
This will lead to an increasing demand for affordable
advanced high-temperature alloys. Austenitic stainless
steels (ASSs) are the alloys of choice for high-temperature
energy technologies that require a combination of afford-
ability, strength and corrosion resistance. However, the
high-temperature corrosion resistance of these stainless
steels must be improved if it is to withstand the extreme
operating conditions of new high-temperature technologies
such as concentrated solar power (CSP), where tempera-
tures can cycle from room temperature to up to 1000 °C
[1]. For example, a recent study highlighted the failure of
a commercial high-temperature ASS (253 MA) used as a
CSP receiver via an oxidation-induced martensitic transfor-
mation associated with intergranular corrosion (IGC) [2].
The composition and structure of the intergranular scale
formed during CSP operation play a significant role in
the rate at which IGC progresses.

It is well established that Cr-rich oxide scales such as
Cr,0; or FeCr,05 are more protective than Fe-rich oxide
scales [3]. Numerous studies have characterized surface
oxide scales formed in (Cr—Ni) ASS at high temperature
in air [4,5]. These studies were carried out mainly by ther-
modynamic calculations and by using X-ray diffraction,
spectroscopy techniques and analytical electron microscopy

* Corresponding author at: School of Aerospace, Mechanical, Mech-
atronic Engineering, The University of Sydney, NSW 2006,
Australia; e-mail: alex.lafontaine@sydney.edu.au

http://dx.doi.org/10.1016/].scriptamat.2014.09.028

for microscale observations. Characterization of the inter-
granular oxide scale at an atomic level can provide addi-
tional insights useful for the development of alloys with
improved high-temperature corrosion resistance. In the last
decade, local electrode atom probe (LEAP) has also been
applied to study oxide layers. For example, metallic oxide
phases, such as wustite [6], hematite [7], chromia [8], as well
as surface oxide layers in stainless steels or nickel-based
alloys [9-11], have been characterized by using laser-pulsed
LEAP. Here we use LEAP to reveal the atomic-scale struc-
ture of intergranular oxides that have formed in a commer-
cial ASS (253 MA) used as a receiver in a CSP plant.

A Sandvik 253 MA ASS (Fe-0.08C-21-Cr-10.8Ni—
1.64Si-0.58Mn-0.02P-0.44Cu-0.19M0-0.06V-0.01Ti-0.17N—
0.05Ce/La in wt.%) alloy was subjected to thermal cycles
in air between room temperature up to 970 °C for four
day-and-night cycles [2]. A cross-section of the tube was
prepared by mechanically polishing for scanning electron
microscopy. The oxides within the IGC region were ana-
lyzed by energy-dispersive X-ray spectroscopy (EDS) and
electron backscatter diffraction (EBSD) on a Zeiss Ultra
scanning electron microscope. APT samples were prepared
from IGC layers using a Zeiss-Auriga focused ion beam
(FIB) equipped with a Kleindiek micromanipulator system.
Two bars of corrosion layers from two different IGC areas
were lifted-out. Samples were milled from these bars,
attached to electropolished molybdenum grids and finally
milled to form APT tips [12]. The APT experiments were
conducted on a Cameca LEAP 4000X Si™ atom probe
equipped with a picosecond-pulse ultraviolet laser. The
data were reconstructed using the Cameca software IVAS
3.6.6. The dataset shown in Figure 2 was collected at a

1359-6462/© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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temperature of 50 K, with a pulse energy of 75 pJ and a fre-
quency of 250 kHz operating at an evaporation rate of
0.5%. The dataset shown in Figures 3 and 4 was collected
at a temperature of 55K, with a pulse energy of 40 pJ
and a frequency of 500 kHz operating at an evaporation
rate of 0.5%.

Scanning electron microscopy investigation of a cross-
section of the receiver tube after 100 h of service revealed
extensive IGC cracks penetrating beneath the surface of
the tube by ~1.3 mm (Fig. la). This IGC is the result of
sensitization [13,14] during thermal cycling. Sensitization
leads to a depletion of Cr at the grain boundaries (GBs)
such that a protective Cr-rich scale cannot be formed and
the alloy is preferentially oxidized in and around the
GBs. Based on previous studies in which similar alloys were
oxidized in air at above 900 °C, possible oxide phases
include a mix of spinels (FeCr,O4, Fe;04, Mng sCrg 504,

Fig. 1. Intergranular corrosion (IGC) in 253MA after thermal cycling.
(a) Z-contrast backscattered electron image of a cross-section of the
sample showing several large IGC cracks. (b) Secondary electron
image of a section of an IGC area. The marked area shows where the
EBSD/EDS mapping was done. (¢) EDS O-K, Cr-K, Fe-L and Si-K
maps. (d) EBSD pattern quality map. (¢) EBSD phase map. (f) IPF-z
orientation map. Note the multiple grains of chromite revealed by
EBSD (d-e).
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Fig. 3. APT reconstructed volumes of an IGC chromite layer
containing Fe-rich oxides. (a) Isoconcentration maps of, respectively,
30 at.% Cr, 22at.% Fe and 34 at.% Fe from the upper part of the
reconstructed volume (dashed box). Zone I corresponds to chromite,
zone II to a diffusion layer from chromite to Fe-rich oxide and zone III
to a mix between ferrous oxide and Fe-rich spinel. (b) Concentration
profile in the Z-direction across the upper part of the sample (see
highlighted volume in (a)). Zones I, II and III are shown in the graph.
(c) Isoconcentration maps of, respectively, 30 at.% Cr, 22 at.% Fe and
34 at.% Fe from the full reconstructed volume. (d) Proximity histo-
gram (proxigram) analysis of a silicate particle (circled in (e)). (e)
Isoconcentration maps of Si (6 at.%), O (61 at.%), H (1 at.%) and C
(1 at.%) from the bottom part of the reconstructed volume.
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Fig. 4. Sketch showing the two proposed mechanisms for the
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Si0,) and corundum (Cr,O3-Fe,03) [5,15]. Other studies
have showed the formation of (Fe,Cr,Ni)O [16]. EBSD/
EDS maps of a small area within a single IGC layer are
shown in Figure 1b-d. The maps reveal that the primary
oxide is the chromite-type oxide, Fe(Fe,Cr),0O4.The austen-
ite phase is the stainless steel and the body-centered cubic
layers are caused by oxidation-induced Cr depletion [2].
With a high Cr content, the 253 MA ASS has been
designed to withstand high-temperature corrosion in
various environments [17]. However, the Cr depletion due
to sensitization along GBs leads to the formation of inter-
granular Fe-Cr spinels instead of the more protective
Cr,03; scale [3]. Moreover, some studies done on ASSs in
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air + water vapor at high temperature revealed a reduction
of the protective Cr,O; growth and a loss of Cr through
vaporization [16,18].

Based on Figure 1 and our previous results [2], the oxi-
dation layer can be summarized as consisting of spinel-type
oxides, such as FeCr,04 or Fe(Fe,Cr),0,4. Here we reveal a
striking nanoscale structure within the spinel layer. Figure 2
displays the APT results of a tip sampled from an inter-
granular chromite region similar to the chromite region dis-
played in Figure 1. The sample was prepared from a bar
lifted out parallel to the initial ASS GB. This 6 million
atom data set contains two grain boundaries, as seen in
Figure 2a. Figure 2 shows a series of images from a 6 nm
thick slice of data. The different images show isoconcentra-
tion surfaces (29 at.% Cr, red; 21 at.% Fe, blue) and a 3 nm
slice Fe atom map (second from the left). The mass spec-
trum from this region is shown in Figure 2b. Chromium
was evaporated as cr?t, cro™?t . Ccro3?t, CrO7and
Cr,07. Iron was evaporated as Fe™*, FeO' and
Fe,O”". Oxygen was evaporated both as oxide-ion species
and as O, OH" and OF. No Ni was detected in the scales
and a trace amount of Mn was detected. The measured
composition of the GBs and the chromite is summarized
in Table 1 and a concentration profile through a boundary
shown in Figure 2c. With a Fe:Cr ratio of 1:1.9 the mea-
sured composition is very close to a stoichiometric chromite
spinel FeCr,Oy4. There is a deficit in O measured within the
chromite. A “loss” of oxygen during APT evaporation has
previously been observed, documented and tentatively
explained [6,7,10,19]. For example, around 3 at.% O, a def-
icit was observed in the case of a-Fe,O3 [7]. The measured
composition of the GBs is very close to a spinel (Fe,Cr),O,
with x/y ranging between 0.8 and 1. This grain boundary
layer of Fe-rich oxide is thought to be a mixture between
ferrous oxide, (Fe,Cr)O (x/y=1), and Fe-rich spinel,
Fe(Fe,Cr),04 (x/y =0.75). This is similar in composition
to the oxide in the Cr diffusion zone in the case of surface
oxide scales [16].

In addition to the grain boundary oxides, thicker regions
of the Fe-rich oxide are also observed. Figure 3 shows a 10
million atom data set of an oxide layer lifted-out from an
IGC area. This reconstructed volume contains several
zones, as illustrated in Figure 3a and in the concentration
profile (Figure 3b): a Cr-rich spinel (in red, labeled I),
which surround san Fe-rich mixed oxide (in blue, labeled
IIT) sandwiched between two gradient zones (in green,
labeled II). The composition of the two Cr-rich and Fe-rich
regions is summarized in Table 1. Based on their composi-
tion, the Cr-rich zone is close to stoichiometric chromite,
FeCr,04. The Fe-rich oxide, (Fe,Cr),O,, has an x/y ratio
between 0.8 and 1, and is a mixture of ferrous oxide,
(Fe,Cr)O (x/y = 1) and Fe-rich spinel, Fe(Fe,Cr),04. Thus,
the Fe-rich oxide in Figure 3a—c and the oxides along the
GBs in Figure 2 are thought to have the same spinel struc-
ture with a different Fe:Cr ratio. The thicker spinel contains
more Fe.

Table 1. The composition of oxides in different regions.

Fig. 2 Fig. 3

Chromite  GBs Chromite  Fe-rich layer
O (at.%) S3+1.7 50£1.7 554+1.0 SI1.5+1.0
Cr (at.%) 299+£15 25416 29+1.0 15.5+0.9
Fe (at.%) 157+£13 25+14 148+0.7 324+1.0
Fe:Crratio 1:1.9 1:1 1:1.95 2.1:1

Although the chromite layer appears homogeneous on
the microscale (Fig. 1), laser-pulsed atom probe reveals
nanoscale heterogeneities in the Fe-rich oxides in this
layer. The Fe-rich oxides, a mixture of (Fe,Cr)O and
(Fe,Cr);04, can be classified as (1) thin and (2) thick as
shown in Figures 2 and 3a—c, respectively. Their forma-
tion mechanism depends on whether sustainable Cr diffu-
sion can be achieved for the growth of FeCr,O4
chromites. Figure 4 illustrates the proposed mechanism.
When the Cr supply is sustainable, FeCr,O4 spinels can
continuously grow toward each other. Hence, a thin Fe-
rich/Cr-depleted zone can remain between two FeCr,O4
chromites. After this zone is oxidized, films of Fe-rich
oxide form along the grain boundary of chromite, as
shown in Figure 2. On the other hand, when the Cr sup-
ply is not sufficient, larger Fe-rich oxides will form before
chromite grows over the zone. As a result, blocks of Fe-
rich oxide can form between chromites (Fig. 3a—c). The
Cr depletion can result from sensitization and prior oxida-
tion during the thermal cycling. This mechanism is also
supported by the gradient of Cr between two FeCr,Oy4 spi-
nel domains observed in Figure 3b. These Fe-rich oxides
are in general less protective than the chromite layer
[16]. These nanostructures within the chromite affect the
alloy’s high-temperature oxidation behavior. The presence
of thicker regions of Fe-rich oxide within the chromite is
more detrimental to its protective character than the thin
films formed between chromite grains.

These results show the inhomogeneity of the scale
formed in IGC during thermal cycling. To limit diffusion
of Fe through the Cr-rich protective scale, and to obtain
a more adhesive Cr-rich protective scale, 1.64 wt.% Si has
been added to the ASS 253MA [17]. The beneficial role of
Si in improving the high-temperature corrosion resistance
of ASSs has been demonstrated. Above 800 °C, alloys with
1-2 at.% Si can form a thin and continuous layer of SiO,
and/or Fe,SiOy (fayalite) at the surface of the steel, improv-
ing the adherence of the Cr-rich oxide scale and limiting Fe
diffusion [20,21]. However, some studies have shown that
the Si-rich layer can be subject to spallation during thermal
cycling [22]. The Si-L line map in Figure 1b confirms the
presence of a Si-rich discontinuous oxide layer between
the chromite and the stainless steel as well as some Si-rich
particles within the chromite. Close investigation of atom
probe data from the chromite phase revealed small Si-rich
particles, as shown in Figure 3e. The composition of several
silicate particles were measured using a proximity histo-
gram (proxigram) analysis [23]. The proxigram of a typical
particle is shown in Figure 3d. Several particles were
analyzed and their composition was very similar within
experimental error. The composition of a typical particle
(circled in Fig. 4a) was 15+ 1at.% Si, 64+ 1.3 at.% O,
8+09at.% Fe, 9+ 1at.% Cr. Trajectory aberrations
due to the particle-matrix interface are often a concern
and can lead to inaccuracy in the measured composition
of the particle, so we have investigated further by looking
at the density evolution within the whole dataset. The Si-
rich particles have a much lower density than the surround-
ing matrix. Lower-density areas are the result of higher field
evaporation. Based on the work of Larson et al. [24] in the
case of high evaporation field precipitates with regards to
the matrix, the matrix ions will be pushed away from
the precipitate. Thus, in our case, there is not thought to
be an issue with overlap from the matrix Fe/Cr in the
Si-rich precipitate. Most of these particles contained a

62



4 A. La Fontaine et al. | Scripta Materialia 99 (2015) 1-4

non-negligible amount of H (1.2+0.3at.%) and C
(0.3 £ 0.1 at.%). Considering that Cr ions can occupy the
Fe ions sites, the ratio (Fe,Cr):Si in the silicate particles is
1:1.1,which is very close to the Fe:Si ratio in stoichiometric
ferosilite (FeSiOs3). Ferosilite is the result of the mix
between SiO, and Fe,SiO4 [25]. However, the measured
ratio Si:O is 1:4 instead of 1:3 for stoichiometric ferosilite.
This is due to the high O content measured in the particles.
The presence of H and C could be explained by absorption
of H,O and CO, in the silicates. The water and carbon
dioxide coming from the atmosphere can diffuse in the
IGC through the cracks. Olivines are often used to seques-
trate CO, and can easily react with water [26]. Here we were
able to confirm that the protective SiO, layer is not stable in
IGC during thermal cycling. If chromium oxide has formed
before SiO,, diffusion of Si in oxide will be difficult. It is
suggested that the tiny SiO, particles engulfed in the chro-
mium oxide could be internal oxides in the steel matrix
from before the matrix was oxidized. The oxygen from
the environment can penetrate through the scale of chro-
mium oxide via the iron-rich domain, and diffuse into the
austenite.

Laser-pulsed APT revealed additional nano structured
phases in the protective chromite layer formed within
IGC after thermal cycling. Fe-rich oxides were located
between chromite grains. Moreover, small silicate particles
are observed within the chromite, instead of a protective
SiO, layer, as the sample goes through thermal cycling.
These “less protective” in homogeneous nanostructures in
the chromite oxide layer may play an important role in
the rate of IGC development.
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11 Laser-assisted APT analysis parameters influence on zircon minerals
data quality

As described in the literature review and previous chapters, APT is no longer limited to conductive
materials due to the use of a pulsed laser to field evaporate ions. The unique resolution of APT, both
spatial and chemical, makes this technique an ideal tool for the characterization of atomic scale processes
that occur in rock-forming minerals, in particular, zircons. Recently the first successful laser-assisted APT
investigation of a zircon confirmed its age as being the oldest zircon ever dated. It also revealed nano-size
clusters well dispersed throughout the samples (46, 172). The dating of zircons relies on the assumption
that the mineral is a closed system and trace elements such as Pb or U cannot integrate the crystal after its
formation, and neither can they diffuse out. As previously described in the literature review, several
studies reported a possible diffusion of Pb and other trace elements in deformed regions within zircons.
However, such processes have never been characterized due to the scale at which they happen. Laser-
assisted APT is ideally suited to characterize such mechanisms. It is thus important to assess the data

quality and optimize the laser analysis parameters for the APT study of deformed zircons.

This publication contributes to the present thesis by providing a full assessment of the influence of laser-
assisted APT analysis parameters on overall data quality for a range of deformed zircons. Detection limits
of key trace elements are also discussed and the use of combined EBSD/TKD to characterize the

deformations in zircons is presented.
The content of this article (in submission) is largely the product of the work of Alexandre La Fontaine
under the supervision of Julie M. Cairney. Sandra Piazolo and Patrick Trimby contributed to the

interpretation of results and assisted in the writing. Limei Yang carried out the sample preparation.

This article has been submitted the 15™ of March 2016 to the journal Microscopy and Microanalysis.
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Abstract

The application of atom probe tomography (APT) to the study of minerals is a rapidly
growing area. Picosecond-pulsed ultraviolet-laser (UV-355 nm) assisted APT has been used
to analyze trace element mobility within dislocations and low-angle boundaries in plastically
deformed specimens of the non-conductive mineral zircon (ZrSiO4). Here we discuss
important experimental aspects inherent in the APT investigation of this important mineral,
providing insights into the challenges in APT characterization of minerals as a whole. We
studied the influence of APT analysis parameters on features of the mass spectra, such as the
thermal tail, as well as the overall data quality. Three zircon samples with different uranium
(U) and lead (Pb) content were analyzed, and particular attention was paid to ion
identification in the mass spectra and detection limits of the key trace elements, Pb and U.

We also discuss the correlative use of electron backscattered diffraction (EBSD) in a

65



scanning electron microscope (SEM) to map the deformation in the zircon grains, and the
combined use of transmission Kikuchi diffraction (TKD) and focused ion beam (FIB) sample
preparation to assist preparation of the final APT tip.

Keywords

Atom probe tomography, mineral zircons, lead detection, deformation, dislocations, TKD

1. Introduction

The non-conductive mineral zircon (ZrSiOy) is ideally suited for radiogenic dating of rocks.
Not only does it contain trace amounts of uranium (U) and thorium (Th), enabling radiogenic
dating (Hay & Dempster, 2009; Williams, et al., 1984), it is also physically and chemically
robust, surviving a range of geological processes such as erosion, deformation and high-grade
metamorphism (up to 900 °C) (Harley, et al., 2007). However, several recent studies have
suggested that zircons may not be as chemically robust as once believed, especially on the
micron and sub-micron scale in regions of the sample that have been affected by deformation
(Reddy, et al., 2006). Measuring such chemical variations is a challenge, since the spatial
resolution of conventional geochemical analysis techniques such as sensitive high resolution

ion microprobe (SHRIMP) and laser — ICPMS is in the range of 5-15 um and 15- 50 um

respectively,

Atom probe tomography (APT) is a powerful microscopy technique that can provide 3D
maps showing the position and atomic mass of individual atoms with sub-nanometre
resolution. In the last ten years laser-assisted APT has been increasingly used to analyse
oxide-based materials (Bachhav, et al., 2011b; Baik, et al., 2013; Hono, et al., 2011;
Kirchhofer, et al., 2014; La Fontaine, et al., 2015a; La Fontaine, et al., 2015b; Larson, et al.,
2008; Marquis, et al., 2010; Mazumder, et al., 2011; Oberdorfer, et al., 2007; Stiller, et al.,

2016; Stiller, et al., 2013). APT is ideal for studying the spatial distribution of atoms across
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small volumes. The isotopic sensitivity of APT analysis is also an advantage for its
application in the study of geological materials, where isotope ratios are commonly used to
derive characteristics of the geological history of a specimen (Davis, et al., 2003). For
example, APT has recently been applied for the first time to U/Pb isotope dating in zircon
(Valley, et al., 2014; Valley, et al., 2015), where the results were found to agree well with
SIMS-based results. APT was also used to reveal the diffusion of trace elements at
dislocations and low-angle boundaries in deformed zircons (Piazolo, et al., 2016). However,
unanswered questions remain about the distribution of trace elements within zircons, and the
unique capabilities of APT applied to the fundamental study of zircons at the atomic level
mean that the technique is likely to become a common approach to investigate this important

geological mineral.

However, the study of large band gap materials such as oxides with laser assisted APT
remains challenging due to their poor thermal conductivity (Balasubramaniam & Callister,
2009). There is a need for more detailed information about the influence of APT analysis
parameters on data quality from zircons and the limitations in the quantification and
detectability of significant trace elements such as Pb and U. In addition, in order to
investigate potential trace element diffusion within dislocations in deformed zircons it is
important to be able to identify the nature of local deformation within the region of the
sample that is analysed. This may be achieved by correlating electron backscattered

diffraction (EBSD) and/or transmission Kikuchi diffraction (TKD) (Trimby, 2012) with APT.

In this paper, we focus on the influence of APT analysis parameters (laser pulse energy and
frequency, base temperature) on the overall data quality and mass spectrum thermal tail. We
discuss the important topic of ion identification in the APT mass spectrum and assess the Pb

and U detection and quantification limits for 2 different zircons. Finally, we present a
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correlative EBSD, TKD and APT approach for the study of trace element mobility in

deformed zircons.
2. Materials and methods

The zircons used in this study come from two different regions: plastically deformed Archean
zircons (~2.5 Ga old) from the Napier complex in Antarctica and younger zircons from a
decimeter wide high strain zone developed on the island of Krossey within the Bergen Arc of
southwest Norway (age range ~ 760 Ma to 405 Ma). The Archean zircons, namely DN5 and
DN77 contain ~ 2000 ppma U, ~ 600 ppma Pb and ~150 ppma U, ~ 60 ppma Pb respectively.

In contrast, those from the Bergen Arc contain ~10 ppma U and ~1 ppma Pb.

The general microstructure of the zircons was characterized using combined EBSD and
energy dispersive X-ray spectroscopy (Arvizu) in a Zeiss Ultra Plus field emission gun (FEG)
SEM. Regions of interest (low-angle boundaries with small misorientations, < 4°) were then
selected based on the EBSD deformation maps. APT samples were prepared using a Zeiss-
Auriga focused ion beam (FIB) SEM equipped with a Kleindiek micromanipulator system.
Bars of selected areas were lifted-out from milled cross sections using the micromanipulator.
Samples were milled from these bars, attached to electropolished molybdenum grids and
finally milled to form APT tips with a typical diameter of around 60 nm. (Felfer, et al., 2012)
The deformation structures within each APT tip were analyzed in the FIB-SEM using TKD
after the final annular milling. The APT experiments were conducted on a Cameca LEAP
4000X Si™ atom probe equipped with a picosecond-pulse ultraviolet laser (355 nm, spot size

<4 um). The data were reconstructed using Cameca [VAS 3.6.6.
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3. Results and discussion
3.1 Effect of laser energy

The influence of laser energy on the mass spectra quality was investigated to determine the
optimum laser energy for zircon, as an example of a typical mineral. A single tip of the
Krossey zircon was used and the laser energy was progressively increased from 25 pJ to 700
pJ. This experiment was carried out at a base temperature of 60 K, a laser pulse repetition rate
of 250 kHz and an evaporation rate of 1%. A total of 1 million atoms per laser energy
condition were collected. It is important to note that several factors such as tip radius and
voltage are changing with laser energy increase. The tip radius is increasing slightly after
each million atoms collected. The interaction volume with the laser becomes greater
improving the thermal conductivity at the apex. However, this effect is thought to be minimal
due to the small volume evaporated between each laser energy. Fig.1a shows the mass spectra

of the ZrO*" and SiO," peaks for data collected at different laser pulse energies.

a) b) 65
0.14 ZrOz’ Single events
—_ Energy (pJ/pulse) 55
o . )
8 [ 1) Sio, s
> oo} — 700 £ 45
g ’ Uit | r\ - ?90 Multiple events
£ 1y | \ — 200 30 200 400 600
§ \l W C) 800" FWHM
° ‘ AR \ a — 50
g 1E-3 \ VA ‘ 25 - 600
T _— 3
£ L = 400 FWTM
S o
200
= ©°)
1E-4 0
52.5 57.5 62.5 67.5 725 0 200 400 600
Mass to charge ratio (Da) Laser pulse energy (pJ/pulse)

Fig.1. Effect of laser pulse energy on zircon data quality. (a) Normalized mass spectrum of ZrO*" and SiO," for

different laser pulse energies (25 pJ to 700 pJ). (b) Evolution of single and multiple events rate with laser pulse
energy. (c¢) Full-width half maximum (FWHM) and full-width tenth maximum (FWTM) calculated at 32 Da

(0,") for different laser pulse energies.
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Laser-assisted field ionization is a thermal process inducing local heating of the tip, which in
turn provokes a broadening of the peak tail (Vurpillot, et al., 2009). The extent of the tail
broadening (thermal tail) is function of the local heating intensity and tip cooling rate. The
thermal tail after each peak only slightly increases with increasing laser energy. We therefore
conclude that the local heating of the tip due to the laser pulse is minimal with only a limited
effect on the extent of the tail behind each peak. It shows that mineral zircon has a
sufficiently high thermal diffusivity and fast cooling rate when exposed to the picosecond UV
laser. The temperature conductivity of zircon was reported to have only a minimal
dependency on temperature above 300 K - 400 K (Kingery, et al., 1954). This explains the
relatively fast thermal diffusivity of the zircons at high laser energy. The mass resolving
power (mass resolution of a specific peak) in APT is usually measured as full-width half
maximum (FWHM) and full-width tenth maximum (FWTM) on a peak around 30 Da
(Larson, et al., 2013). The FWHM and FWTM measured at 32 Da (O,") increases with
increasing laser energy and reaches a plateau from ~400 pJ with FWHM ~780 and FWTM

~320.
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Fig.2. Effect of laser pulse energy on measured oxygen content.
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Fig.1b shows that increasing laser energy results in an increase in the proportion of single
events (and a decrease in the proportion of multiple events). Multiple events often lead to
noise and data loss can occur from in-flight molecular ion dissociations. (Saxey, 2011) An

increase in the rate of single hits/pulse thus improves APT data quality.

Fig.2 shows the evolution of the measured oxygen content with an increase of laser energy.
Between 25 pJ and 400 pJ, the oxygen content increases from 65 at. % to 66.5 at.%. There is
no significant variation above 400 pJ. Overall the laser pulse energy has only a very limited
effect on measured oxygen concentration with less than 2 at. % variation of measured O
content. Here we find that the measured O content is almost identical to the nominal O
composition of 66.7 at%. This result contrasts with the observation of O loss with increasing
laser energy that was reported in several studies (Bachhav, et al.,, 2013; Bachhav, et al,,

2011a; Kirchhofer, et al., 2014, Kruska, et al., 2012; Tsukada, et al., 2011).
3.2 Effect of laser pulse frequency and base temperature

The effect of the laser pulse frequency on the mass spectrum quality was also investigated. A
single tip of zircon (Krossey sample) was used with a laser pulse energy of 400 pl, at a base
temperature of 60 K and an evaporation rate of 1%. One million atoms were collected for
each laser pulse frequency. Fig.3a shows the mass spectra of the ZrO*" and SiO," peaks for 5

different laser pulse repetition rate (from 50 kHz to 625 kHz).
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Fig.3. Effect of laser pulse frequency and sample base temperature. Normalized mass spectrum of ZrO*" and

Si0," (a) for different laser pulse frequencies (50 kHz to 625 kHz) (b) for different specimen base temperatures

(20 K to 120 K).

There is a significant increase in the size of the thermal tail with increasing laser pulse
frequency. The slower the repetition rate, the more time there is for the heat to dissipate,
decreasing the thermal tailing effect. A higher pulsing rate means a shorter time detection
window, which could induce a specific loss of the heavier molecular ions due to their time of
flight out of the detection time window (Gault, et al., 2012). However, a slower laser pulse
frequency increased the experiment duration due to a considerably slower evaporation flux,
which potentially increases the probability of sample failure by increasing the length of time

under electrostatic pressure.

The effect of sample base temperature on mass spectrum quality was also investigated for a
single tip with laser pulse energy of 400 pJ, a laser pulse frequency of 250 kHz and an

evaporation rate of 1%. As shown in Fig. 3b there is no change in thermal tail with increasing
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base temperature up to 120 K. A higher temperature is usually beneficial for a decrease of tip

fracture as it lowers the field and the electrostatic pressure (Wilkes, et al., 1972).
3.3 Ion identification in zircon

In APT the mass-to-charge ratios of ions are recorded by time-of-flight mass spectroscopy
(Gault, et al., 2012). Correct identification of the peaks in the mass spectrum is essential for
accurate elemental analysis. High resistivity materials such as complex oxides lead to
particularly challenging mass spectra especially when using high laser energy leading to
higher probability of molecular ion evaporation but also due to the large number of elements
and the potential for peak overlaps. In order to discriminate peaks when they overlap the
isotopic ratio is generally used to deconvolve those particular peaks, resulting in a more
accurate composition measurement (Kunicki, et al., 2006). However, this method cannot be
used with radiogenic elements such as Pb or U in zircons, which limits the isotopes we can
use for dating. Three mass spectra from the different zircon samples (DN5, Krossey and
DN77) are shown in Fig. 4. The main elements detected were, as expected, Zr, Si and O.
Silicon was detected as Si*", SiO”, SiO,", Si*", Si', 8i0*', SiOs", ZrSiOs*", Si,04" and Si,O5"
(in order of importance). Zirconium was detected as 7r0*, 71", 7zrO*", 71", 7r**, ZrSi0s™,
ZrO" and ZrO,'". Oxygen was mainly detected as O" and O,', as well as in the form of
molecular ions combined with Si, Zr and some of the trace elements. The main trace elements
detected were U (UO,*", UO*", UO*", U*"), Pb (Pb*"), Al (Al" and AI*), Li (Li"), Y (Y*),
and Hf (HfO*"). The following elements were also detected in some of the samples: Mg, P,
Yb, Gd, Ta, Be, Lu. The mass spectra from the 3 different samples were very consistent with

only very minor differences. Mg is only detected in DN77. (Fig.4)
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Fig.4. lon identification in mineral zircon. (a) Mass spectrum of zircon DN5 (~15M atoms dataset, ~2.5 Ga,
~2000 ppma U, ~600 ppma Pb). Inset is the corresponding APT reconstructed volume (AI** in blue and Pb*" in
green) (b) Mass spectrum of zircon Krossey (~30M atoms dataset, ~500 Ma, ~10 ppma U, ~1 ppma Pb). Inset is
the corresponding APT reconstructed volume (A’ in blue) (¢) Mass spectrum of zircon DN77 (~42M atoms
dataset, ~2.5 Ga, ~150 ppma U, ~ 60 ppma Pb). Inset is the corresponding APT reconstructed volume (Al*" in
blue)

The high laser energy necessary to thermally ionized zircon could explain the large number
of molecular ions detected in the mass spectra (Affatigato, 2015). For the most prominent
radiogenic elements (O, Si and Zr), we used isotopic ratios to validate the identification of
ions and molecular ions. No major isobaric interference was encountered. While there is
always H present in an APT dataset it is found to be reasonably low in all the datasets
analyzed, which is indicative of a clean vacuum system. The presence of H during an APT
experiment may lead to hydrides after each peak, impacting the composition measurement

accuracy. The O content was around 66.5 at.% for all samples, very close to the nominal
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composition of 66.7 at.%. A small deficit of measured Zr (~ 16 at.% instead of 16.7 at.%) and

Si (~ 15.5 at.% instead of 16.7 at.%) was noted.

Some of the key trace elements for dating zircons are U, Pb, Th and Hf. Th was not detected
in our datasets. Hf was only detected as HfO*". While it is possible to isolate the relative
abundance for each HfO isotopes, most of them overlap. Only HHF'°0 at 190 Da, "*Hf'7O at
191 Da and "*°Hf'®O at 198 Da have no overlaps. However geologists use Hf176/Hf177 ratio
(Scherer, et al., 2001), so it is impossible to use the Lutetium-Hafnium clock with APT
analysis. The only Pb isotopes detected with no interference are *°Pb** and **’Pb*" at 103
and 103.5 Da respectively, whereas *Pb>" overlaps with '*Si,0;" at 104 Da (Valley, et al.,
2014; Valley, et al., 2015). U and **°U decay to “°Pb and **’Pb respectively, allowing
geologists to use the ***Pb/*"’Pb ratios to provide accurate dating of zircons. In the case where
both Pb isotope counts can be measured with good confidence, their ratio can be used to date

an APT sample.
3.4 Key trace element detection and quantification limits

The minimum detection limit of a specific element mainly depends on the position of the
peak in the mass spectrum and its associated background or noise level. The detection limit is
also function of the number of ions collected, to achieve sampling statistics, and whether the
element is homogenously distributed within the material. Overlapping peaks are also an
important factor as it is not always possible to deconvolve them. Generally, where conditions

are optimal, the APT detection limit is ~10 ppma (Gault, et al., 2012).

Fig. 5 contains the mass spectra from 102 Da to 105 Da and 126 Da to 136 Da for sample
DNS, containing a Pb-rich precipitate and the Krossey sample, containing Al-rich

dislocations.
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(a) DN5 (2.5Gy / ~ 2000 ppma U / 600 ppma Pb) (b) Krossey (~500 My / ~10 ppma U / ~5ppma Pb)

Pb/Al-rich precipitate (~110000 atoms) Full dataset (~15 M atoms) Full dataset (~30 M atoms)
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Fig.5 Pb and U detection limits. (a) Mass spectra from 102 Da to 105 Da and 126 Da to 136 Da for the sample

DNS. The first two mass spectra show Pb for the precipitate only and for the full data set. (b) Mass spectra from

102 Da to 105 Da and 126 Da to 136 Da for the Krossey sample.

In the Krossey sample, Pb is below detection limit and U was detected as UO"" just above the
noise level (Fig.5-a), whereas both are able to be detected in the DN5 sample (Fig.5-b). The
detection and quantification limits of a peak can be calculated based on the Currie definition
(Currie, 1968). For a peak to be detected 95% of the time (Lpr), its net value in counts should
be > 4.65 times the square root of the background. For a peak to be quantified at a
satisfactory level (Lg) its net count should be above 14.1 times square root of the background

(Larson, et al., 2013). The background should be assessed for each peak.

Pb is not detected in the Krossey sample. Lp. (*°°Pb*") and Lpp (*°’Pb*") are respectively
~410 counts (~13 ppma) and ~325 counts (~10 ppma). U is more complicated as it evaporates
in the form of molecular ions and all the three peaks should be considered and decomposed.
For instance, while Lp. (P*UO*") is ~320 counts (~14 ppma) the equivalent Lp for U
corresponding to this peak would be ~14 ppma. For the Krossey sample, U was detected but

cannot be quantified at a satisfactory level.

Pb and U are detected in the DNS sample. In the full 16 million atom dataset, Lo (**°Pb*") and

Lo (2°7Pb2+) are ~3890 counts (~55 ppma) and ~5500 counts (~65 ppma) respectively. The
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measured net counts for 2*°Pb*" is ~5660 (~350 ppma), which is well above the quantification
limit. However, the measured net counts for “’Pb*" is ~300 (19 ppma), which means it
cannot be satisfactory quantified. However, when we isolate the precipitate, the net counts for
2%%pp? and *’Pb*" are ~1425 (~13000 ppma) and ~310 (2820 ppma) respectively. In this case
the quantification limits are ~77 counts (~700 ppma) for *°Pb*" and ~235 counts (~2100

ppma) for 2’Pb*".

Here we have shown the limits and possibilities of APT for key trace element analysis in
zircons. It is necessary for zircons to have a minimum U content (> 50 ppma) and/or to be old
enough so the U decay produces enough Pb to be detected and quantified. The number of
ions collected in an APT experiment is also of importance and greater sampling will improve
the detection and quantification limits. Finally, the clustering of key trace elements in

features such as dislocations or precipitates improves their detectability.
3.5 Correlative TKD/APT

APT is the only technique that combines sub-nanometer spatial resolution, high chemical
sensitivity and isotopic resolution. It is therefore highly suited to the study of trace element
distribution about deformation structures such as dislocations and low-angle boundaries in
mineral zircons. To identify suitable areas within deformed regions, the use of EBSD is a pre-
requisite before preparing the APT sample. Fig. 6 illustrates a typical EBSD deformation map
of the zircon from Bergen Arc, Norway. A forescatter electron image (fig. 6a), collected
using backscatter electron detectors mounted below the EBSD phosphor screen (DAVID,
1996), shows regions of deformation within the zircon grain. These can then be quantified
using EBSD orientation mapping (fig. 6b) allowing areas of interest to be identified for APT

tip preparation in the FIB-SEM (fig. 6¢).
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Fig.6. EBSD deformation mapping. (a) Forescattered electron image of part of the zircon grain. (b) EBSD

relative orientation map (using the lower part of the map as the reference orientation). The colour change from

blue to red represents 20° orientation change. (c) Area of APT tip lift-out

Once a sample has been lifted-out and thinned down to a suitable APT tip shape, TKD can be
performed on the tip in the FIB/SEM to characterize any deformation structures in the tip
(such as low angle boundaries and even the plastic strain associated with individual
dislocations) with a spatial resolution below 10 nm and an angular resolution of 0.1-0.5°. If
any features of interest are found, the APT tip can be taken out of the FIB/SEM and field
evaporated in the APT. If TKD resolves no deformation structures, the tip can be further
thinned down and the process repeated until a feature of interest appears. The advantages of
using TKD in a FIB/SEM to simultaneously mill and image an APT tip were recently
demonstrated (Babinsky, et al., 2014a; Babinsky, et al., 2014b). A highlight is no exchange
between microscopes and very quick switchover between the 2 techniques. It is important to
note that the TKD information arises dominantly from the lowermost analytical surface
meaning that deformation structures that lie close to horizontal in the APT tip during TKD
analyses may not be detected. This was the case in a low angle boundary running the length
of one of the tips shown in recent work (Piazolo, et al., 2016). For a more complete
characterization of the structures in a single tip, it would be better to perform at least 2 TKD
scans (top and bottom surfaces of the tip, with a 180° rotation in between) and, ideally, 4
scans with the tip rotated 90° following each TKD scan. With multiple tips mounted on a

polished Mo grid, it may only be possible to scan 2 surfaces of each tip using TKD due to
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shadowing problems caused by other tips, but this is usually sufficient to detect all

deformation structures.

(a)

300
Distance (nm)

580 nm
5

60 nm

; 5'(;': s

° 0.4 at% * Mg atoms e« Al atoms
isosurface Y ® 0.4 at% isosurfaceY

* Oatoms « Alatoms

Fig.7. Correlative TKD/APT of a deformed zircon DN77. (a) APT atom maps of O (grey) with 0.4 at%

isosurface Y (green), Mg (red) and Al (blue). Note the Al and Y segregation in all the dislocations and a cloud
of Mg around the dislocations. (b) TKD deformation map (showing misorientations relative to the tip end) and
associated misorientation profile. (¢) APT 3D volume of 2 dislocations with 0.4 at.% isosurface of Y (green)

and Al atoms (blue).

Fig. 7 illustrates correlative TKD/APT microscopy applied to the deformed zircon DN77.
Fig. 7a shows the reconstructed 3D volumes for Mg and Al. The dislocations are readily
apparent with a strong segregation of Al and Y (Fig. 7a, ¢ and d). Interestingly, there is also
segregation of Mg around the dislocations but it is much more spread out compared to Al.
Fig. 7b contains both the TKD deformation map and the APT 3D reconstructed volume with
the misorientation profile obtained from the TKD data laid over both images. Here we show
that high-resolution TKD orientation mapping provides essential structural information on the

degree of deformation across the tip due to geometrically necessary dislocations. The use of
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APT on the same tip completes the nano-scale characterization of the sample deformation by
revealing the elemental distribution within the dislocations that accommodate the observed

deformation.
4. Conclusion

The optimum acquisition parameters for the mineral zircon using UV-laser-assisted LEAP
400X Si™ were found to be ~ 400 pJ laser pulse energy, 250 kHz laser pulse frequency and ~
60 K base temperature. These parameters generate very limited thermal effects, a good mass
resolving power, an acceptable rate of single events per pulse and a good specimen yield. The
mass spectra from different zircons were all similar and most of the peaks detected were
identified. The detection and quantification limits of the key trace elements, U and Pb, were
assessed using 2 different zircons and as expected they were found to be a function of the size
of the dataset, the initial U content, the age of the zircon as well as the potential clustering of
U or Pb. Finally, we demonstrate the necessity of correlative EBSD/TKD/APT microscopy

for the study of the behaviour of trace elements in deformed zircons.

Acknowledgement

The authors acknowledge the facilities and the scientific and technical assistance of the
Australian Microscopy & Microanalysis Research Facility at the Australian Centre for
Microscopy & Microanalysis at the University of Sydney. SP acknowledges funding through

the Australian Research Council through FT1101100070 and DP120102060.

16

80



References

AFFATIGATO, M. (2015). Modern Glass Characterization. Wiley.

ARvizU, D., P. BALAYA, L. CABEzA, T. HOLLANDS, A. JAGER-WALDAU, M. KONDO, C. KONSEIBO, V.
MELESHKO, W. STEIN, Y. TAMAURA, H. Xu, R. ZILLES, 2011: DIRECT SOLAR ENERGY. IN IPCC
SPECIAL REPORT ON RENEWABLE ENERGY SOURCES AND CLIMATE CHANGE MITIGATION [ O.
EDENHOFER, R. PICHS-MADRUGA, Y. SOKONA, K. SEYBOTH, P. MATSCHOSS, S. KADNER, T.
ZWICKEL, P. EICKEMEIER, G. HANSEN, S. SCHLOMER, C. VON STECHOW (EDS). (2011).

BABINSkY, K., DEKLOE, R., CLEMENS, H. & PRIMIG, S. (2014a). A novel approach for site_specific

atom probe specimen preparation by focused ion beam and transmission electron
backscatter diffraction. Ultramicroscopy 144, 9-18.

BABINskY, K., WEIDOW, J., KNABL, W., LORICH, A., LEITNER, H. & PRIMIG, S. (2014b . Atom probe
study of grain boundary segregation in technically pure molybdenum. Materials
Characterization 87, 95-103.

BACHHAV, M., DANOIX, F., HANNOYER, B., BASSAT, J. M. & DANoIX, R. (2013). Investigation of O-18
enriched hematite (a-Fe203 ) by laser assisted atom probe tomography.
International Journal of Mass Spectrometry 3350, 57-60.

BACHHAV, M., DANOIX, R., DANOIX, F., HANNOYER, B., OGALE, S. & VURPILLOT, F. (2011a).
Investigation of wistite (Fe1-xO ) by femtosecond laser assisted atom probe
tomography. Ultramicroscopy 1116, 584-588.

BAcHHAV, M.N., DANOIX, R., VURPILLOT, F., HANNOYER, B., OGALE, S.B. & Danoix, F. (2011b).

Evidence of lateral heat transfer during laser assisted atom probe tomography
analysis of large band gap materials. Applied Physics Letters 998, 084101-084103.

BaIk, S.—I., YIN, X. & SEIDMAN, D.N. (2013). Correlative atom—probe tomography and

transmission electron microscope study of a chemical transition in a spinel on an
oxidized nickel-based superalloy. Scripta Materialia 68(11), 909-912.

BALASUBRAMANIAM, R. & CALLISTER, W.D. (2009). Callisters Materials Science and Engineering.

CuRrrig, L.A. (1968). Limits for qualitative detection and quantitative determination.
Application to radiochemistry. Analytical chemistry 403, 586-593.

DAVID, J.D. (1996). Orientation contrast imaging of microstructures in rocks using
forescatter detectors in the scanning electron microscope. Mineralogical Magazine
60, 859-869.

Davis, D.W., KROGH, T.E. & WiLLIAMS, |.S. (2003 ). Historical development of zircon
geochronology. Reviews in mineralogy and geochemistry 53(1), 145-181.

FELFER, P.J., ALAM, T., RINGER, S.P. & CAIRNEY, J.M. (2012). A reproducible method for damage-
free site_specific preparation of atom probe tips from interfaces. Microscopy
Research and Technique 75¢4), 484-491.

17

81



GAULT, B., MENAND, A., DE GEUSER, F., DECONIHOUT, B. & DANOIX, R. (2006 ). Investigation of an
oxide layer by femtosecond-_laser_assisted atom probe tomography. Applied Physics
Letters 88(11), 114101.

GAuULT, B., Mooby, M. P., CAIRNEY, J.M. & RINGER, S.P. (2012 . Atom probe microscopy.
Springer.

HARLEY, S.L., KELLY, N.M. & MOLLER, A. (2007). Zircon behaviour and the thermal histories of
mountain chains. Elements 3(1), 25-30.

HAY, D. & DEMPSTER, T. (2009). Zircon behaviour during low-temperature metamorphism.
Journal of Petrology, egp011.

Hono, K., OHKuBO, T., CHEN, Y., KODZUKA, M., OH-IsHI, K., SEPEHRI-AMIN, H_, LI, F., KINNO, T,
TomivA, S. & KaNITANL, Y. (2011). Broadening the applications of the atom probe
technique by ultraviolet femtosecond laser. Ultramicroscopy 1116, 576-583.

KINGERY, W., FRANCL, J., COBLE, R. & VAsILOS, T. (1954). Thermal conductivity: X, Data for several
pure oxide materials corrected to zero porosity. Journal of the American Ceramic
Society 3725, 107-110.

KIRCHHOFER, R., DIERCKS, D.R., GORMAN, B.P_, IHLEFELD, J.F., KOTULA, P.G., SHELTON, C.T. &
BRENNECKA, G.L. (2014). Quantifying Compositional Homogeneity in Pb(Zr,Ti)03
Using Atom Probe Tomography. Journal of the American Ceramic Society 97(9),
2677-2697.

KRuskA, K., LozANO—PEREZ, S., SAXEY, D.W., TERACHI, T., YAMADA, T. & SMITH, G.D.W. (2012).
Nanoscale characterisation of grain boundary oxidation in cold—worked stainless
steels. Corrosion Science 630, 225-233.

Kunicki, T., BEERMANN, D., GEISER, B., OLTMAN, E., ONEILL, R. & LARSON, D. Atom probe data

reconstruction, visualization and analysis with the Imago Visualization and Analysis
System (IVAS). In Vacuum Nanoelectronics Conference, 2006 and the 2006 50th

International Field Emission Symposium., IVNC/IFES 2006. Technical Digest. 19th
International: |EEE.

LA FONTAINE, A., GAULT, B., BREEN, A., STEPHENSON, L., CEGUERRA, A. V., YANG, L., NGUYEN, T.D.,
ZHANG, J., YOUNG, D.J. & CAIRNEY, J.M. (2015a). Interpreting atom probe data from
chromium oxide scales. Ultramicroscopy.

LA FONTAINE, A., YEN, H.—-W., FELFER, P.J., RINGER, S.P. & CAIRNEY, J.M. (2015b). Atom probe
study of chromium oxide spinels formed during intergranular corrosion. Scripta
Materialia (2015).

LARSON, D., ALvis, R., LAWRENCE, D., PROSA, T., ULFIG, R., REINHARD, D., CLIFTON, P., GERSTL, S.,
BUNTON, J. & LENz, D. (2008. Analysis of bulk dielectrics with atom probe
tomography. Microscopy and Microanalysis 14(S2, 1254-1255.

LARSON, D.J., PROSA, T.J., ULFIG, R. M., GEISER, B.P., KELLY, T.F. & HUMPHREYS, C.J. (2013). Local
Electrode Atom Probe Tomography: A Users Guide. Springer New York.

18

82



Marauts, E.A., YAHYA, N. A, LARSON, D.J., MILLER, M. K. & ToDpD, R.1l. (2010). Probing the
improbable: imaging C atoms in alumina. Materials Today 13(10), 34-36.

MAZUMDER, B., VELLA, A., DECONIHOUT, B. & AL-KAssAB, T.A. (2011). Evaporation mechanisms of
MgO in laser assisted atom probe tomography. Ultramicroscopy 1116, 571-575.

OBERDORFER, C., STENDER, P., REINKE, C. & SCHMITZ, G. (2007 . Laser-assisted atom probe
tomography of oxide materials. Microscopy and Microanalysis 13(5, 342-346.

PiazoLo, S., LA FONTAINE, A., TRIMBY, P., HARLEY, S., YANG, L., ARMSTRONG, R. & CAIRNEY, J. M.
(2016 ). Deformation-induced trace element redistribution in zircon revealed using
atom probe tomography. Nat Commun 7.

Reoby, S.M., Timwms, N.E., TRiMBY, P., KINNY, P.D., BucHAN, C. & BLAKE, K. (2006 ). Crystal-plastic
deformation of zircon: A defect in the assumption of chemical robustness. Geology
34(4, 257-260.

Saxey, D.W. (2011). Correlated ion analysis and the interpretation of atom probe mass
spectra. Ultramicroscopy 111(6), 473-479.

SCHERER, E., MUNKER, C. & MEZGER, K. (2001). Calibration of the lutetium-hafnium clock.
Science 293(5530), 683-687.

STILLER, K., THUVANDER, M., POVSTUGAR, |., CHOI, P. & ANDREN, H.—O. (2016 ). Atom probe
tomography of interfaces in ceramic films and oxide scales. MRS Bulletin 4101, 35—
39.

STILLER, K., VISKARI, L., SUNDELL, G., Liu, F., THUVANDER, M., ANDREN, H.—O., LARSON, D., PROSA, T. &
ReEINHARD, D. (2013). Atom probe tomography of oxide scales. Oxidation of metals
79(3-4),227-238.

Timwms, N.E., REDDY, S. M., GERALD, J.D.F., GREEN, L. & MUHLING, J.R. (2012). Inclusion-localised
crystal_plasticity, dynamic porosity, and fast_diffusion pathway generation in zircon.
Journal of Structural Geology 35, 78-89.

TriMBY, P.W. (2012). Orientation mapping of nanostructured materials using transmission
Kikuchi diffraction in the scanning electron microscope. Ultramicroscopy 120, 16-24.

TSUKADA, M., TAMURA, H., MCKENNA, K. P., SHLUGER, A.L., CHEN, Y.M., OHKuBO, T. & HONO, K.
(2011). Mechanism of laser assisted field evaporation from insulating oxides.
Ultramicroscopy 1116, 567-570.

VALLEY, J.W._, Cavosig, A.J., UsHikuBo, T., REINHARD, D. A., LAWRENCE, D.F., LARSON, D.J., CLIFTON,
P.H., KELLy, T.F., WiLDE, S.A., MOsER, D.E. & Spicuzza, M.J. (2014 ). Hadean age for a
post-magma-ocean zircon confirmed by atom_probe tomography. Nature Geosci
7(3),219-223.

VALLEY, J.W., REINHARD, D.A., CAVOSIE, A.J., UsHIKUBO, T., LAWRENCE, D.F., LARSON, D.J., KELLY,
T.F., SNOEYENBOS, D.R. & STRICKLAND, A. (2015). Presidential Address. Nano-and
micro_geochronology in Hadean and Archean zircons by atom_probe tomography
and SIMS: New tools for old minerals. American Mineralogist 1007, 1355-1377.

19

83



VURPILLOT, F., HOUARD, J., VELLA, A. & DECONIHOUT, B. (2009. Thermal response of a field
emitter subjected to ultra_fast laser illumination. Journal of Physics D: Applied
Physics 42(12, 125502,

WILKES, T.J., TITCHMARSH, J. M., SMITH, G.D.W., SmMITH, D.A., MORRIS, R.F., JOHNSTON, S., GODFREY,
T.J. & BIRDSEYE, P. (1972 ). The fracture of field—ion microscope specimens. Journal of
Physics D: Applied Physics 5¢12, 2226.

WiLLIAmS, |., CompsTON, W, BLACK, L., IRELAND, T. & FOSTER, J. (1984 ). Unsupported radiogenic
Pb in zircon: a cause of anomalously high Pb_Pb, U_-Pb and Th-_Pb ages. Contributions
to Mineralogy and Petrology 884, 322-327.

20

84



12 Laser-assisted APT investigation of the mobility of trace elements in
deformed zircons

Following chapter 11 and the optimization of laser-assisted APT analysis parameters for the study of
zircon, this chapter focuses on applying APT to the study of the diffusion of key elements in deformed
zircons. As described in the literature review, investigating the deformation-induced diffusion in the
mineral zircon has never previously been carried out at the atomic scale and this data is needed to answer

critical questions for the particular problem of dating zircons that have undergone deformation events.

This publication is an important contribution to the field of geoscience and demonstrates the new

perspective brought by APT to zircon atomic scale structure investigation.

Sandra Piazolo initiated this project, selected samples, assisted in data reduction and interpretation, and
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Deformation-induced trace element redistribution
in zircon revealed using atom probe tomography
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Trace elements diffuse negligible distances through the pristine crystal lattice in minerals: this
is a fundamental assumption when using them to decipher geological processes. For example,
the reliable use of the mineral zircon (ZrSiO,4) as a U-Th-Pb geochronometer and trace
element monitor requires minimal radiogenic isotope and trace element mobility. Here, using
atom probe tomography, we document the effects of crystal-plastic deformation on atomic-
scale elemental distributions in zircon revealing sub-micrometre-scale mechanisms of trace
element mobility. Dislocations that move through the lattice accumulate U and other trace
elements. Pipe diffusion along dislocation arrays connected to a chemical or structural sink
results in continuous removal of selected elements (for example, Pb), even after deformation
has ceased. However, in disconnected dislocations, trace elements remain locked. Our
findings have important implications for the use of zircon as a geochronometer, and highlight
the importance of deformation on trace element redistribution in minerals and engineering
materials.
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chemically sensitive analytical techniques has enabled

routine geochemical characterization of geological samples;
this allows the use of trace element distributions in single grains
as indicators of the Earth’s large-scale processes’?. Fundamental
to these studies is the assumption of element immobility and/or
predictable element diffusion. Theoretically, deformation may
induce differential element mobility> resulting in substantial
changes to both absolute and relative element concentrations.
However, even though many rocks undergo crystal-plastic
deformation, the link between trace element mobility and
deformation is still poorly understood.

Zircon is one of the main minerals routinely analysed in situ
for several trace elements. The ability of the zircon lattice to
incorporate U, Th, Hf and a number of geochemically important
rare earth elements, while remaining physically and chemically
robust?, has resulted in the use of zircon geochemistry in man
geoscience disciplines (igneous petrology”; provenance studies®;
metamorphic processes®’; Earth evolution®®°).  Although
experimental determination of diffusion rates within pristine
zircons shows that substantial Pb diffusion should only occur at
extreme temperatureslo, there is some evidence that Pb diffusion
can take place at lower temperatures!!. This is often attributed to
the annealing of regions of radiation damage within the
crystalline lattice!>!3. Such damaged (metamict) domains are
only partially crystalline, may be porous!>14

The recent development of a range of high-resolution,

14 and are usually cited
as the cause of either relative Pb-loss (discordance) or Pb-gain
(reverse discordance) recorded on the micrometre scale!>~1°.
Recent studies show diffusion only over small distances
(<100 nm) resulting in Pb clusters® and some micrometre-scale
redistribution!®. Although measurable changes in trace element
concentrations have been linked to micrometre-scale deformation
structures!”~1%, atomic-scale evidence of the relevant processes is
lacking. Consequently, it is not yet possible to predict how these
changes may influence the accuracy of dating or our ability to
utilize trace element data.

In metals and alloys, solute atoms are observed in higher
concentrations in a volume surrounding dislocations, commonly
referred to as a Cottrell Atmosphere?’. Nearby solute atoms are
attracted by the strain field associated with the dislocation from a
region that we describe here as a ‘capture zone’. The size of this
zone varies between elements since it depends on the lattice
diffusion rate, which is affected by temperature, the relative sizes
of the solute and matrix atoms and the bonding type?!. The solute
may follow dislocations as they move through the lattice, but only
up to a critical velocity. Above this velocity, the dislocation and

solute become detached®. Additional substantial element mobility
may occur through pipe diffusion, the process of relatively rapid
diffusion of atoms along dislocation cores?>?3, Although in
metals pipe diffusion has been demonstrated to occur along single
dislocations*»?>, evidence for Pi}:z)e diffusion occurring in
minerals is so far only indirect!”~1926

Here we present an atomic-scale study of a ~2.5-Ga-old
zircon grain using a range of high-end microanalytical techniques
including atom probe tomography (APT)?, high-resolution
electron backscatter diffraction (EBSD), transmission Kikuchi
diffraction (TKD)?® and sensitive high-resolution ion microprobe
(SHRIMP). Our work shows that deformation induced
dislocation movement and dislocation structures can
significantly influence element mobility and redistribution in a
crystalline material. As such, when interpreting local elemental
and isotopic variations in both deforming and deformed
crystalline  materials, a thorough characterization of
deformation-related dislocation structures is essential.

Results

Sample selection and general sample characteristics. The zircon
selected for this study needed to satisfy three main criteria: (i) a
sufficiently high U and Pb content to allow reliable, statistically
robust detection of radiogenic isotopes using APT, (ii) a known
crystal-plastic deformation history to enable an understanding of
the link between deformation and element mobility and (iii) a
sufficiently long time after the main deformation event(s) to allow
an assessment of the importance of pre-existing deformation
structures on trace element/isotope mobility in a static regime.
The zircon chosen for this study originates from a garnet-
orthopyroxene-sapphirine gneiss from the Archean Napier
Complex, Antarctica?® (Supplementary Note 1). Previous studies
show that zircons from this particular area meet the criteria
outlined above. Napier complex zircons are generally old
(>2Ga), and have a sufficiently high Pb and U content?0-32,
Deformation occurred in the early history of the zircons at high
temperatures ensuring crystal-plastic deformation features with
little or no later plastic deformation?®3334,

The analysed grain displays a sub-euhedral shape. EBSD
analysis reveals complex-shaped metamict domains, character-
ized by a complete lack of any diffraction patterns and revealed in
forescatter electron images as featureless, topographic lows
(Fig. 1). EBSD-based orientation data show evidence for
crystal-plastic deformation. On this basis, a single well-defined,
low-angle boundary with a misorientation of 1-1.5° extending
~25um between two adjacent metamict domains was selected

Figure 1 | Characteristics of the analysed zircon grain. Metamict domains are marked as M. (a) Forescatter electron image; metamict domains are
homogeneous, topographic lows; crystalline areas show a complex zonation pattern; scale bar, 100 um. Inset depicts the analysis area shown in ¢; black
arrows point to a low-angle boundary; scale bar, 10 um. (b) Colour-coded orientation EBSD map. Orientation data for the zircon are superimposed on a
pattern quality map; low-angle boundaries (> 0.8°) are marked in green; white rectangle depicts region of interest shown in ¢; scale bar, 50 pm. (¢) EBSD
relative misorientation map superimposed on a pattern quality map; red lines mark low-angle boundaries (> 0.7°); black cross marks the reference point
for the relative misorientation colour coding; note location of APT tips 1 and 2; scale bar, 5um.
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for further analysis (Fig. 1). Detailed misorientation analysis of
this boundary shows a rotation about one <011 > axis consistent
with a tilt boundary oriented close to perpendicular to the sample
surface (Supplementary Fig. 1). The surrounding zircon lattice
shows evidence of minor crystal plastic deformation with
distributed lattice bending accumulating to 1-2° about either
<111> or <011> (Fig. 1b and Supplementary Fig. 1). Two
needle-shaped specimens or ‘tips’ were prepared for atomic-scale
analysis with APT from the regions indicated in Fig. lc: one
across the low-angle boundary (APT tip 1) and one less than
1um to the side (APT tip 2).

Atomic-scale analysis. The dislocation array in tip 1 is
immediately visible in the APT reconstruction (Fig. 2a and
Supplementary Movie 1). The individual dislocations are high-
lighted by a very high concentration of Al (>2 at. %) and
increased concentrations of Y and U (both ~0.1-0.2 at. %). The
U concentration in the dislocation array is ~ 3x that in the matrix
(compared with 17x and 3,000x for Y and Al, respectively;
Table 1). The Pb concentration in the dislocation array is
below detection levels (<260p.p.m.a.) but the proximity
histogram shows that there is no increase in the concentration of
Pb in the dislocation array relative to the matrix (~ 50 p.p.m.a.;
Fig. 2a). The dislocation array is oriented parallel to the tip

(Fig. 2a and Supplementary Figs 1 and 2) and the individual
dislocation spacing is ~50nm. Tip 2 shows a very different
structure (Fig. 2b and Supplementary Movie 2). In the uppermost
150nm of the data set, numerous clusters are present that
are enriched in both Pb (1800p.p.m.a, 25x matrix) and
Y (17,420 p.p.m.a,, >1,700x matrix; Table 2). The elongated
morphology of these clusters, their presence in only one part of
the volume, and the correlation of this region with a zone of
lattice distortion measured by TKD analysis (Supplementary
Fig. 2) suggest that these are partially decorated dislocations.
There is minor enrichment of U in these dislocations, but no
enrichment of Al (Table 2). Tip 2 exhibits additional enrichment
of Yb and P in the dislocations, with 3,740 p.p.m.a. (not detected
in the matrix) and 9,050 p.p.m.a. (10x matrix), respectively
(Table 2).

Ion microprobe analysis. SHRIMP-based isotopic analyses show
higher U and Pb concentrations and a greater degree of reverse
discordance (that is, a relative enrichment in Pb over U) in
metamict domains than in crystalline regions (Table 3 and Fig. 3).
Because of the size and depth of the analysed volume, signals may
originate from variable mixtures of metamict and crystalline
domains. The 297Pb/2%Pb ages for 7 of the 8 analyses are
2,470 £ 10 Ma (Table 3 and Fig. 3).
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Figure 2 | Atomprobe Tomography results. (a) APT tip 1; Al, Y, U and Pb atom maps; note different orientation of maps, see Fig. 1c for tip location.

(Upper right) Proximity histogram profile based on 0.1 at% Al isosurface in the vicinity of the low-angle boundary. For compositional data, see Table 1.
(b) APT tip 2; see Fig. 1c for tip location: Al, Y, U and Pb atom maps and isosurfaces of 0.4at% Y and 0.2at% Pb. (Lower left) Enlarged views around the
dislocations. (Lower middle) Close-up of a single dislocation; note Pb cluster within the Y-enriched dislocation. (Upper right) Proximity histogram profile in

the vicinity of a dislocation. For compositional data see Table 2.
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Discussion

The correlation between the deformation microstructures and the
atomic-scale distribution of trace elements in this zircon allows us
to determine the mechanisms of trace element movement and
segregation in a deformed mineral. The sample analysed is

Table 1 | Chemical analysis from the APT tips: APT tip 1 for

the low-angle boundary (where Al > 0.1at%) and matrix

(where Al <200 p.p.m.a.).

APT tip 1 Matrix Low-angle boundary
(~ 68 Mio. atoms) (~120,000 atoms)

O (at%) 68.8+0.02 673103

Zr (at%) 15.8+0.01 14.2+0.2

Si (at%) 1491 0.01 153%0.2

Al (p.p.m.a.) 8+3 24,270 +520

Y (p.p.m.a) 11043 1,830 +140

Pb (p.p.m.a.) 50+4 ND*

U (p.p.m.a.) 357+3 965 +100

Hf (p.p.m.a.) 1765+5 1,910 + 140

Mg (p.p.m.a.) 183 ND

P (p.p.m.a.) 378+ 4 180 £ 40

Li (p.p.m.a.) 6713 ND

Be (p.p.m.a.) 2543 ND

APT, atom probe tomography; ND, not detected.

*Detection limit over 120,000 atoms: 260 p.p.m.a.

Table 2 | Chemical analysis from the APT tips: APT tip 2 for
dislocations (where Y >0.1at%) and the matrix (where
Y <400 p.p.m.a.).

APT tip 2 Matrix Dislocations
(~ 23 Mio. atoms) (~198,000 atoms)

O (at%) 66.5+£0.02 66.61£0.3
Zr (at%) 16.8 £0.01 155+0.2
Si (at%) 15.8 £ 0.01 13.9+0.2
Al (p.p.m.a.) 8+3 ND

Y (p.p.m.a) 10+3 17,420 + 270
Pb (p.p.m.a.) t4 1,800 £100
U (p.p.ma.) 346+3 420 +£50
Hf (p.p.m.a.) 26507 2,200+140
Yb (p.p.m.a.) ND 3,740 +150
Mg (p.p.m.a.) 10+3 ND

P (p.p.m.a.) 9005 9,050+ 200
Ta (p.p.m.a.) 14+£3 120+ 30
Li (p.p.m.a.) 96+3 ND

Be (p.p.m.a.) 153 ND

APT, atom probe tomography; ND, not detected.

characterized by a series of high temperature deformation events
at common geological strain rates (~10~11-107165~1) with
peak temperatures exceeding 980 °C (refs 29,33-35). The exact
timing of these events has been the subject of much discussion, but
the general consensus is that there was high temperature formation
and deformation of zircons at around 2.55-2.45 Ga, followed by
some weaker, lower temperature (~500-600°C) retrograde
deformation. We believe that the dislocation array in tip 1 was
formed during the early stages of deformation at relatively high
temperatures (>800 °C) enabling dislocation movement through
the lattice by both glide and climb. High temperatures result in
higher lattice diffusion rates within the crystal lattice, which will
enlarge the capture zone, although the bonding of trace elements to
the dislocation core may be weakened. At the same time, at high
temperatures, the elastic strain may be dissipated by increased
dislocation movement. The higher level of dislocation movement,
together with an enlarged capture zone (outweighing the effect of a
possible weak element-dislocation bond), means that much of the
zircon lattice volume was at some point in time in a dislocation
capture zone, resulting in large volumes becoming solute depleted
(Fig. 4, Stage I). At the same time, the dislocations themselves
become enriched (Fig. 4, Stage I) as at the geologically slow strain
rates solutes remain captured.

The absence of detectable Pb in the dislocation array in tip 1 is
striking. However, the presence of a relatively high amount of U
in this array, presumably swept into the array during its
formation, would necessitate the presence of a significant amount
of radiogenic Pb (Fig. 4, Stage II). Given the age of this zircon and
the concentration of U in the array, we would expect ~ 550 ppma
of Pb to be present in the array. Pb must diffuse along the
dislocation array into the structural sink at either end—namely
the porous, metamict domains (Fig. 1). In effect, Pb is
‘successfully’ lost from the dislocation array (Fig. 4, Stage III).
SHRIMP analyses of such metamict domains do indeed show a
reverse discordance with higher than expected Pb levels (Fig. 3,
Table 3). This process must be ongoing throughout the history of
this sample, even after the deformation event and at lower
temperatures. This is unequivocal evidence for pipe diffusion
along a dislocation array in zircon, resulting in relatively fast and
continuous redistribution of Pb over >10 pm.

Reverse discordance has been the subject of a number of
studies!371%3637 and is generally observed in high-U zircons
(above a threshold of ~2,500 p.p.m. U). The phenomenon has
been attributed to possible matrix effects, causing increased
relative sputtering of Pb from high-U, metamict regions and
resulting in a 1-3% increase in 20°Pb/238U ages for every
1,000 p.p.m. U (ref. 15). However, in the zircon analysed here, the
relationship between U content and reverse discordancy is not
simple: several points show a degree of reverse discordance

Table 3 | Summary of SHRIMP U-Pb zircon data.

Grain. %  ppm. ppm.  B*Th % () () 2%%Pb /(1) 2°7Pb / % ) % () % () +% Er
spot  206pp. U Th /%38y p.p.m. 238y Age 206pp Age Discordant 297Pb’/ 207pp’y 206pp°/ corr
206py,” 206py,” 235 238y
21 0.01 5,209 1214 0.24 234 2,147 2,527 +39 2471 %9 -3 0.161 0.6 10.7 1.9 0.48 1.9 1.0
22 0.01 1,615 102 0.07 0.46 661 2511 +£30 2472 %14 -2 0.162 0.8 10.6 1.6 0.48 14 09
23 0.02 2,018 331 0170 20 621 2,465 +28 2472 *3 +0 0.16156 0.17 10.38 1.4 0.466 14 099
24 0.03 1,900 310 0169 2.2 597 2556 +25 2481 %12 -4 0.16238  0.68 10.89 1.4 0.487 12 087
2.6 0.01 4,209 1,019 0250 14 121 2,613 +24 2478 *6 -7 0.16209 0.36 117 1.2 0.500 11 0.95
2.7 0.06 2,712 467 0178 24 844 2,486 *22 2483 *3 -0 016262  0.17 10.55 11 0.471 1.0 099
2.8 0.15 3,102 847 0.282 0.2 1138 3,024 +31 2592 +£8 -21 0.17357 0.46 14.32 1.4 0.598 1.3 094

SHRIMP, sensitive high-resolution ion microprobe.
Errors are 1-sigma; Pb. and Pb* indicate the common and radiogenic portions, respectively.

Error in standard calibration was 0.33% (not included in above errors but required when comparing data from different mounts).

+Common Pb corrected using measured 204Pb.
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Figure 3 | Details on the SHRIMP data from analysed zircon. (a) Forescatter electron image of the zircon grain, showing metamict areas (M), which are
homogeneous and topographic lows, SHRIMP analysis spots (black circles) and locations for APT tips 1and 2 (black dots); scale bar, 50 um; refer to Table 3
for results. (b) Conventional Wetherill concordia plot for SHRIMP zircon analyses; spot numbers correspond to those given in a; reverse discordant and

concordant analyses are grey scale coded.
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Figure 4 | Schematic diagram showing the link between element redistribution and dislocations. This diagram illustrates the proposed stages of
dislocation formation and movement and associated trace element mobility within this zircon grain. Only the trace elements U, Pb and Al are considered,

with active processes shown in italics. See text for further details.

despite having U concentrations below 2,000 p.p.m. (spots 2.2 and
2.4, Table 3), whereas the highest measured reverse discordancy
(21%, spot 2.8, Table 3) is from a location with 3,102 p.p.m. U,
only just above the threshold for which reverse discordancy is
normally attributable to matrix effects. Different to analyses
exhibiting some degree of reverse discordance, we interpret
that the chemical signal of spot 2.8 represents a domain
that is completely metamict. Although we cannot rule out some
matrix effects in high-U, metamict zones, the complex
relationship between U content and reverse discordancy in this
zircon is further evidence for an additional process of

In tip 2, the dislocations have not formed into well-ordered
arrays indicating little, high-temperature recovery took place. The
lack of Al in both the matrix and dislocations in tip 2 and its
proximity to the low-angle boundary in tip 1 suggests that the
dislocations forming the array in tip 1 had already passed through
this volume, collecting the majority of the solute atoms, especially
Al, and to a lesser extent U and Pb. As a consequence, there is
only a slight enrichment of ‘swept’ U in the dislocations of tip 2
(Fig. 4, Stage II). In the dislocations, Pb concentrations are too
high to be explained by radioactive decay of U alone. We believe
that the Pb clustering in particular areas along the dislocation is

Pb-enrichment—namely the pipe diffusion of Pb along further evidence for its localized redistribution through pipe
dislocation arrays into adjacent metamict zones. diffusion along dislocation cores (Fig. 4, Stage III). However, in
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contrast to tip 1, the lack of a physically continuous connection to
a sink leads to ‘unsuccessful’ pipe diffusion: there is no loss of
Pb from the dislocation (Fig. 4, Stage III). Consequently,
at the micrometre scale, no element redistribution takes place.
Radiation damage may enhance this pipe diffusion/clustering
behaviour. The phenomena we observe here is quite similar to the
segregation and clustering behaviour around dislocations in
metals33,

Even though, in the field of materials science, pipe diffusion
plays a very important role in governing the properties of
advanced materials, affecting nucleation, corrosion, creep and
dynamic strain-ageng>*?, it has proven to be extremely hard to
demonstrate or measure its effects experimentally, as processes
are too fast to allow a time-resolved study. Our study in zircon
provides a unique opportunity to study this phenomenon with a
control on timing, as the continuous production of elements
through radioactive decay is time dependent. Consequently, this
study is as close as possible to an ‘in situ’ study allowing the
construction of a robust model with regard to ongoing processes
through time. Therefore, we are able to provide unprecedented
evidence of pipe diffusion along a dislocation array, a process of
key interest to the materials community.

Our results demonstrate the importance of deformation
processes and microstructures on the localized trace element
concentrations and continuous redistribution from the nano-
metre to micrometre scale in the mineral zircon. Dislocation
movement through the zircon lattice can effectively sweep up and
concentrate solute atoms at geological strain rates. Dislocation
arrays can act as fast pathways for the diffusion of incompatible
elements such as Pb across distances of >10um if they are
connected to a chemical or structural sink. Hence, nominally
immobile elements can become locally extremely mobile.
Not only does our study confirm recent speculation that an
understanding of the deformation microstructures within zircon
grains is a necessity for subsequent, robust geochronological
analyses but it also sheds light on potential pit-falls when utilizing
element concentrations and ratios for geological studies. Our
results have far-reaching implications for the interpretation of
local elemental variations in not only deformed minerals but also
a range of engineering materials.

Methods

Scanning electron microscopy. A thin section from the analysed sample DN5
was mechanically polished down to 1 pum, and subsequently mechano-chemically
polished to allow EBSD analysis. The thin section was coated with ~5-10 nm
carbon, and then candidate zircon grains were detected using a combination of
backscattered electron imaging and energy dispersive X-ray spectroscopy (EDS)
using a Zeiss EVO scanning electron microscope (SEM) and an Oxford Instru-
ments INCA EDS system (Australian Centre for Microscopy and Microanalysis,
University of Sydney, Australia). The zircon presented in this study was
subsequently analysed in a Zeiss Ultra Plus field emission gun SEM using an
Oxford Instruments AZtec integrated EBSD/EDS system (Australian Centre for
Microscopy and Microanalysis, University of Sydney, Australia). A low-resolution
EBSD-EDS map was collected using a step size of 1 pm, indexing the orientations
of the zircon grain and the surrounding phases—quartz, orthoclase and anti-
perthitic feldspar. EBSD data were processed using CHANNELS software in order
to produce orientation, boundary and relative orientation maps. A region of
interest, including low-angle boundaries not associated with brittle fractures, was
selected and was further analysed using EBSD at higher resolution, with a step size
of 200 nm. EBSD data were cleaned using a single isolated pixel removal process,
and then with one pass to remove unindexed pixels with five or more indexed
neighbours. Metamict regions exhibited no diffraction because of radiation damage
to the crystal lattice; hence, these regions could not be indexed using EBSD and
appear black in pattern quality maps.

Sample preparation for APT and TKD. Rectangular regions of interest measuring
~3 x 2 um were selected on the basis of the EBSD data, and cut free using a Zeiss
Auriga focused ion beam SEM (Australian Centre for Microscopy and

Microanalysis, University of Sydney, Australia). The rectangular prisms were lifted
out using a Kleindiek micromanipulator system and welded onto electropolished

6

molybdenum grids using platinum deposition. The samples were then milled to
form atom probe tips, 80-120 nm in diameter, with final milling using a low
acceleration voltage (10kV) in order to minimize Ga implantation and damage.
The tip long axes were oriented perpendicular to the original polished grain
surface.

TKD analysis. TKD analysis 2E)rovides orientation information with a higher
spatial resolution than EBSD?®, allowing characterization of plastic deformation
within the tip and subsequent correlation with atom probe data. The TKD signal
arises from the lower surface of the tip, so that a sub-horizontal boundary
orientation (such as in APT tip 1) would only be apparent where the boundary
intersects the lower surface and at the very tip end (see Supplementary Fig. 3 for
details). As for the EBSD measurements, TKD analyses were performed using a
Zeiss Ultra Plus field emission gun SEM equipped with an Oxford Instruments
AZtec EDS/EBSD system (Australian Centre for Microscopy and Microanalysis,
University of Sydney, Australia). Each APT tip was mapped using a step size of
10 nm, an accelerating voltage of 30kV and a probe current of 10-20 nA.
Orientation maps were processed in the same way as for EBSD data.

APT measurements and analysis. APT measurements were conducted on a
Cameca LEAP 4000X Si atom probe equipped with a picosecond-pulse ultraviolet
laser (Australian Centre for Microscopy and Microanalysis, University of Sydney,
Australia). In laser-pulsed APT, a sharp needle with a typical diameter of ~100 nm
is placed under an intense field produced by a DC voltage of up to 10kV, in high
vacuum and cryogenic temperature (between 20 and 100 °K). Ultra-short laser
pulses are then used to field evaporate atoms from the specimen surface.
A position-sensitive detector detects the ions and their mass-to-charge ratios are
recorded by time-of-flight spectroscopy, synchronized with the laser pulse.

In our study, a 355-nm wavelength laser with a pulse energy of 400 pJ and
250 kHz pulse frequency was used to field evaporate both samples at 50 °K.
A total of 68 million atoms in tip 1 and 23 million atoms in tip 2 were detected.
The mass-resolving power was around 750 full-width at half-maximum for both
samples (measured on OF peak; Supplementary Fig. 3).

The minimum detection limit is dependent on the number of atoms considered
and the position of the peaks within the mass spectrum and is approximately
10 p.p.m.a. The spatial resolution is generally below 0.3nm in X, Y and Z.

Molecular species and isobaric interferences are quite common for high-
resistivity materials such as zircon and could lead to inaccuracies in compositional
measurements?’. In the case of the two data sets from this study, the molecular
species containing the major elements (Zr, Si, O) were easily identified and
discriminated using isotopic ratios. No significant isobaric interference was
encountered. Al and Y, important trace elements in our study, evaporated
principally as single ions without isobaric interferences from other ions. As for
radiogenic Pb, there is an isobaric interference between 28Pb2* and 1%48i,0;" and
as a result only 2°°Pb?* and 297Pb?*+ were used to quantify Pb. A deconvolution
of the peak was impossible because of the non-radiogenic character of Pb limiting
the use of isotopic ratio. The mass spectra obtained for the two data sets in this
study were high quality, with a very good mass resolving power (750 full-width at
half-maximum for O 1), limited hydrides and only a minor thermal tail behind
peaks. Our results are in excellent agreement with the study of Hadean and
Archean zircons from Valley et al., where the mass spectrum full analysis is

detailed, providing a benchmark for APT analysis of zircons*!.

SHRIMP analysis. Additional high-resolution chemical analyses on the zircon
grain were carried out using a SHRIMP (Australian National University, Canberra,
Australia). Two spot sizes (8 and 15 pm diameter) were used (for locations see
Fig. 3a). Uncertainties given for individual U-Pb analyses (ratios and ages) are at
the 1o level, however, uncertainties in the calculated weighted mean ages are
reported as 95% confidence limits and include the uncertainties in the standard
calibrations where appropriate. The standard zircon SL13 (U =238 p.p.m.)*! was
used for the reference value of U and Th concentrations in zircon. Pb/U ratios were
corrected for instrumental interelement fractionation using the ratios measured on
the standard zircon Temora 2 (416.8 + 1.3 Ma)*2. Common Pb corrections were
based on the measured 2°4Pb and the relevant common Pb compositions from the
Stacey and Kramers model*?. Data reduction and processing were conducted using
the Excel Macros SQUID 2 and ISOPLOT*4*,
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Supplementary Figure 1: Addi-
tional orientation data from the
area presented in Fig. 1c

(a) EBSD map showing the location
of two orientation datasets, repre-
senting data from the subgrain
boundary (red) and in the area of
isolated dislocations (black); scale
bar represents 2 um. (b) Misorienta-
tion axes for both areas shown in an
inverse pole figure; note the cluster
of misorientation axes with rotation
around <011> for the subgrain
boundary data set, which is signifi-
cantly weaker in the matrix. (c) Pole
figure of the same two areas; a clear
rotation axis is only observed for
the subgrain boundary dataset; the
boundary trace (solid line) and
inferred boundary plane (stippled)
are also shown. The fact that the
rotation axis lies in the boundary
plane is consistent with a tilt
boundary.
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Supplementary Figure 2:

Transmission Kikuchi Diffraction results of APT
tips.

Shown here is the local change in crystallo-
graphic orientation of the two analysed tips.
Data was acquired after annular milling and
before insertion of the tips in the LEAP. Note
that only a part of these samples were field
evaporated in the LEAP (about a 700 nm
length for tip 1 and 350 nm for tip 2). (@) APT
tip 1; note the low angle boundary in the
lower part of the tip (black arrow); step size is
10 nm. (b) APT tip 2: note the relative change
in orientation along a profile across the first
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(a) APT Tip 2 (Full mass spectrum)
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Supplementary Figure 3: APT mass spectra for the two tips presented in this study.

(@) APT tip 1; full mass spectrum (logarithmic scale) from 1 to 140 Da; note many elements
are detected as ionic molecules and have multiple charges. (b) Enlarged area of the mass
spectra (linear scale) for both tips from 100 Da to 108 Da, showing 206Pb++, 207Pb++,
104Si203+ and ZrO+. Note that no lead is observed in the low-angle boundary (below

detection limit) (APT tip 1) and a high lead content is detected in the isolated dislocations
(APT tip 2).
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Supplementary Note 1: Geological background and sample description

The sample DNS is from a locality on the lower slopes of Mount Pardoe (67°08°35.6”S,
50°13°27.6”E) which is situated on the south-eastern side of Amundsen Bay in the Napier
Complex (66°-68°S, 48°-57° E), Antarctica. The Napier Complex is an Archean granulite
facies terrain belonging to the East Antarctic Precambrian Shield and hosts ultrahigh
temperature (UHT) metamorphic rocks at a regional scale (1, 2, 3). A general description
of the region is provided by (1, 2) and in reviews by (4) and (5). Peak metamorphic
conditions across the Napier Complex are >1000 °C at pressures from ~11 kbar in the
southern part to ~6 kbar in the northern part (3, 6, 7, 8). Mount Pardoe itself belongs to
the central-western part of Napier Complex, within the region of sapphirine-quartz
stability and close to Tonagh Island, where pressures of 8-9 kbar have been estimated for
the metamorphic peak (3, 4). In this part of the Napier Complex large scale near-isoclinal
reclined to recumbent D2 folds fold pre-existing high grade foliations developed during
the first deformation event (DI1). Such D2 refolding and associated layer-parallel
flattening and megaboudinage is observed on metre to 100 metre fold amplitude scales at
Mt Pardoe in the vicinity of the DNS5 locality. The DNS5 locality features a 20 metre thick
sequence of pale gneisses including: garnet-quartz-feldspar-bearing massive gneiss;
layered quartzofeldspathic felsic gneiss; garnet-rich pods containing sapphirine,
orthopyroxene and feldspar with a secondary garnet, and boudinaged garnetite pods and
layers. The pale gneisses and associated garnetite pods are considered to have formed
from the metamorphism of sedimentary protoliths, based on the range in inferred bulk-
rock compositions in the pale gneiss sequence and the geochemistry of comparable
paragneisses from the Napier Complex (1, 2). Broadly concordant pods of very coarse
grained garnet-orthopyroxene restitic material occurs with and surrounds irregular

leucosomes of quartz-feldspar-rutile interpreted to be syn-D1/D2. The restitic pods may
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contain detrital zircons inherited from the sedimentary protoliths to the gneisses and

zircons formed during the crystallisation of the irregular leucosomes.

The sample studied represents such a silica-deficient boudinaged horizon, consisting of
garnet, sapphirine (Spr), orthopyroxene (Opx) and feldspar. In thin section, different
orthopyroxene (Opx) textures are seen. Opx occurs either as coarse blasts that enclose
subhedral and skeletal garnet, or as an Opx+Spr assemblage where Opx is typically
xenomorphic on subhedral coarse Spr. Up to 2 cm large garnet blasts are observed. These
may contain inclusions and inclusion arrays of: Spr, Opx, biotite, antiperthitic plagioclase,
rutile, and in rare cases sillimanite. A second generation of garnet is seen associated with
Spr+Opx, next to Spr adjacent to feldspar, and in places it is also associated with minor
sillimanite. Both antiperthitic and perthitic (mesoperthite) feldspars are present, though in
essentially different domains. Feldspars are invariably deformed and exhibit deformation
lamella. Within coarse grains wavy, curved and dispersed extinction is observed. Grain
boundaries, originally broadly lobate to subhedral, are sutured to serrated on finer scales,
modified by recrystallisation. Seams of similarly finer-grained neoblastic feldspar occur
within and between grains and are present at garnet and feldspar contacts where late
biotite and sillimanite also occurs. The analysed zircon grain is embedded in quartz,
orthoclase and antiperthitic feldspar. The surrounding phases all exhibit irregular

boundaries and undulose extinction.
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13 Revealing the atomic scale structure and chemistry of human dental
enamel by laser-assisted APT

The last mineral investigated in this work is hydroxyapatite (HAP), the phosphate mineral that is the
predominant phase in human dental enamel. In previous studies, laser-assisted APT was used to reveal
intergranular amorphous phases between HAP nanowires in rodent tooth (chapter 4.3 and 6.2). However,
this type of investigation has never been performed in human dental enamel. The consequences of such
phases and the precise knowledge of the atomic scale structure and chemistry of enamel is vital for our
understanding of the amazing properties of this mineral. As demonstrated in the previous chapters, laser-

assisted APT is the ideal technique to access information at that level.

This publication reveals for the first time the atomic scale structure and composition of human dental
enamel. The results detailed in this paper have major implications for our understanding of mechanical

properties, acid dissolution and formation of human tooth enamel.

Alexandre La Fontaine prepared the APT samples, performed data analysis and data reduction of APT
data, assisted in TEM data interpretation, and wrote the majority of the paper. Alexander Zavgorodniy
sourced the samples, prepared the samples for optical and TEM, conducted optical microscopy and
assisted in interpretation and writing. Hongwei Liu conducted TEM imaging and performed TEM data
reduction and interpretation. Rongkun Zheng participated in the project initiation, assisted in
interpretation and rewriting. Michael Swain participated in the project initiation, assisted in data reduction
and interpretation and assisted in writing. Julie M. Cairney participated in the project initiation, assisted in

data reduction, interpretation and writing. All authors reviewed and approved this paper.
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Teaser: Atomic scale study of human dental enamel reveals an intergranular amorphous
phase thought to be responsible for tooth decay.

Abstract: Human dental enamel, the hardest tissue in the body, plays a vital role in
protecting teeth from wear as a result of daily grinding and chewing as well as from chemical
attack. It is well established that its mechanical strength and fatigue resistance is derived from

its hierarchical structure, which consists of periodically-arranged bundles of hydroxyapatite
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(HAP) nanowires. However, we do not yet have a full understanding of the in vivo HAP
crystallization process that leads to this structure. Mg>" ions, present in many biological
systems, regulate HAP crystallization by stabilizing its precursor, amorphous calcium
phosphate (ACP), but their atomic scale distribution within HAP is unknown. Here we use
atom probe tomography (APT) to provide the first direct observations of an intergranular Mg-
rich ACP phase between the HAP nanowires in mature human dental enamel. We also
observe Mg-rich elongated precipitates and pockets of organic material among the HAP
nanowires. These observations support the post-classical theory of amelogenesis (i.e. enamel
formation), and suggest that decay occurs via dissolution of the intergranular phase. This
information is also useful for the development of more accurate models to describe the

mechanical behaviour of teeth.

Introduction:

A staggering 60-90% of children and nearly 100% of adults worldwide suffer from dental
decay (caries), which occurs via the progressive dissolution of dental enamel (/). The
development of effective treatments requires a basic understanding of the structure of enamel
and the processes by which it forms and dissolves. Dental enamel consists of a mineral phase
(96 wt.%), mainly in the form of highly oriented carbonated hydroxyapatite (HAP) ribbon-
like nanowires with cross-sectional dimensions of about 50 x 25 nm that are up to several
millimeters long. (2) (Fig.1D) These crystallites are packed into bundles, known as rods or
prisms. Each rod contains about 40,000 nanowires at a density of roughly 550 crystallites per
um?” (3, 4). The phase present between the enamel rods is referred as interprismatic enamel.
The rods extend in an interwoven pattern through the thickness of the enamel, from the

dentine-enamel junction to the outer surface of the tooth (5) (Fig.1 A-C).
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Fig. 1. Human dental enamel from millimeter to nanometer.

(A) Reflected optical bright field image of the mature human tooth used in this study. Enamel
is the outer layer of this cross section. (B) Transmitted optical dark field image of human
tooth enamel showing the junction between dentine and enamel as well as the inner and outer
enamel. (C) Transmitted optical dark field image showing outer enamel rods, each composed
of thousands of HAP nanowires surrounded by a less dense interprismatic layer. (D) Higher

magnification TEM bright field image of aligned HAP nanowires viewed edge on.

Dental enamel is a bio-composite. Apart from a mineral phase, it contains enamel proteins (1
wt.%) and water (3 wt.%). This combination of proteins, water and a highly anisotropic nano-
structured mineral phase lead to a unique combination of strength and toughness (6), visco-
elastic properties (7, §), wear (9) and erosion (/0) resistance, and resistance to carious attack.
(I11) These features enable dental enamel to last a lifetime in the harsh and variable

environment of the oral cavity.

Under normal physiological conditions, demineralisation and remineralisation processes

occur cyclically within the dental biofilm (plaque) layer, but these processes are balanced
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(12). The first stage of caries occurs when, due to an imbalance of metabolic activity, the
biofilm microbial community shifts towards acidogenic species. This causes the pH of the
dental biofilm to remain low for prolonged periods of time, resulting in increased dissolution
of the dense outermost layer that is normally present at the tooth surface, leaving the tooth
susceptible to preferential demineralisation of the nano-wires (thought to occur at the

nanowire core (/3)) and in the spaces that exist between the enamel rods.

The HAP composition in enamel differs slightly from the perfect HAP crystal
(Cajo(PO4)6(OH),). Dental enamel HAP is carbonated and contains trace elements such as
magnesium and sodium (/4). Naturally occurring peptides of the enamel-specific proteins,
i.e. amelogenin, ameloblastin, and enamelin have been identified in mature human enamel
(15). These proteins play an essential role in enamel formation i.e. amelogenesis. During
amelogenesis, ameloblast cells secrete an organic matrix containing enamel-specific proteins,
which is followed immediately by mineralization. As the HAP crystallization progresses,
specific enzymes degrade and eliminate most of the remaining organic matrix (/6). HAP
crystallization is initiated by the mineralization of an amorphous calcium phosphate (ACP)
precursor (/7). It was recently proposed that Mg ions play a critical role in the stabilization of
this ACP phase and the formation of the HAP mineral, where surface Mg ions retard the
growth of HAP crystals, leading to the nanometer-sized HAP crystallites (/8). Knowledge of
the distribution of Mg ions and the presence of the precursor ACP in mature human dental
enamel would provide much needed information for a better understanding of amelogenesis,
and may eventually allow the development of strategies to enhance remineralisation, to slow
or prevent caries, or even to restore lost dental enamel. However, until recently, it has not
been possible to observe the distribution of Mg ions within HAP nanowires at the nanoscale

in human dental enamel.
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In recent work on rodent tooth enamel (/9, 20), nanoscale heterogeneities in the distribution
of Mg ions and organic materials, as well as the presence of intergranular ACP, were
revealed using atom probe tomography (APT), a technique that allows 3-dimensional
visualization and chemical analysis at the atomic scale (27). Here we use ultra-violet laser-
assisted APT to investigate the distribution of trace inorganic (Mg, Na, C ions) and organic

(C, H, N ions) materials within HAP nanowires in mature human dental enamel.

In laser-assisted APT, individual atoms (or small molecules) are field-evaporated from a
needle-shaped sample (tip) with a diameter of about 100 nm by applying a combination of
picosecond laser pulses and high voltage to the sample. A position-sensitive detector records
the position of each atom and their mass-to-charge ratio is determined by time-of-flight mass
spectrometry. As a result, a 3D reconstruction of the field-evaporated volume (typically
millions of atoms) is obtained (217, 22). In a typical APT mass spectrum, direct peak overlaps
can lead to erroneous ion identification and composition measurements. (23) For example, in
the case of tooth enamel **Mg*", *C" and **C,*" could directly overlap at 12 Da (and their
corresponding isotopes at 12.5 Da and 13 Da). Since there is direct overlap between those
species, the combined use of the isotopic distribution and the spatial association with other
ions (for example carbon-rich areas) was used to differentiate with a high degree of
confidence between Mg and C ions from 12 to 13 Da. Details are provided in the

supplementary material (S2 and S3).
Results and discussion:

Six APT tips were prepared from the cusp region of a human permanent molar tooth and a
total of approximately 400 million atoms were collected. The APT mass spectra (Fig. S1)
were consistent with previous APT studies of HAP. (19, 24, 25) O, Ca and P dominated.
Interfaces enriched with Mg and Na were found between the HAP nanowires in all of the

samples (Fig. 2-3 and S5, movie S1). Three tips contained Mg-rich elongated precipitates
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(Fig. 3 and S6) and two tips contained traces of organic material (Fig. 3-5 and S7). The Ca/P
ratios measured within the HAP crystallites in the 6 tips are between 1.48 and 1.59, close to

the expected ratio of ~1.6 for pure HAP (26) (Table S1).
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Fig. 2. APT reconstructed volumes of human dental enamel HAP nanowires showing
intergranular Mg-rich ACP. (A) Mg atoms, (B) Na atoms distribution and (C) 0.7 at.% Mg
isosurface revealing the Mg-rich ACP between HAP nanowires. (D) Cross sectional view of
0.7 at.% Mg isosurface that highlights the ribbon-like shape of the HAP nanowires. (E)
Proximity histogram (proxigram) from Mg-rich ACP based on 0.7 at.% Mg isosurface (based

on the sum of interfaces shown in D).

The intergranular Mg-rich phase between the HAP nanowires is a calcium phosphate phase
with a Ca/P ratio varying from 1.70 to 1.76 and containing ~15 times more Mg and ~ 1.5
times more Na than the bulk of the HAP crystallites (Table S1). Human tooth enamel differs
from pure HAP due to the presence of CO3;, Mg and Na as its main impurities. Typical human

tooth enamel contains between 2.7 - 5 wt.% CO3, 0.2 — 0.6 wt.% Mg and 0.2 — 0.9 wt.% Na.
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(27, 28) When measured by APT, the level of Mg in the intergranular phase (from 1.55 —
2.66 wt.%) far exceeds the Mg observed in HAP (~ 0.10 wt.%). Only a disordered calcium
phosphate phase could accommodate this level of foreign ions (29). A Mg-rich intergranular
phase, thought to be ACP, has also been reported in rodent dental enamel (/9). The
intergranular regions were investigated by TEM. A bright field image of HAP nanowires
(Fig. 4) shows thin layers of lighter contrast between nanowires as well as at a triple point.
The bright contrast between the crystallites is consistent with the presence of an amorphous
phase that appears lighter due to the absence of diffraction. It is assumed to be the Mg-rich

phase observed in the atom probe data.

D)  Proxigrams

Isosurfaces 30/

o o
T
!
OF Sm - = =

375nm
Concentration (at%)

W¥| Intergranular ACP

. “Mg#/*C* 0.5at%Na 0.7 at.% *Mg*
atoms 1 at.% *Mg*
0.18 at.% "*C

Distance (nm)

Fig. 3. APT 3D reconstructed volumes of human dental enamel HAP nanowires
containing a Mg-rich precipitate and organic matter. (1) *’Mg’" (overlapping with >C”)
atoms distribution. (B) 0.5 at.% Na isosurface showing Mg-ACP intergranular phase (C)
0.18 at.% isosurface °C°" (precipitate A), 1 at.% *’Mg"" isosurface (precipitate B) and 0.7
at. % **Mg”" (Mg-ACP intergranular phase) (D) Proxigrams of precipitate A, precipitate B

and Mg-ACP (based on the sum of ACP interfaces).
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The HAP nanowires are mostly parallel and elongated in the z-direction of the atom probe
analysis, corresponding to the c-axis of the nanowires. (Fig. 2 and 3) As predicted by theories
of enamel formation (30), the HAP nanowires have grown along the c-axis direction while
their growth in other directions was inhibited. In two APT tips containing Mg-rich
precipitates, the HAP crystallites are bent, suggesting their growth was interrupted (Fig. S6).
The ribbon-shape of the nanowires is visible in Fig. 2D. The amorphous ACP phase is
homogeneously distributed along all sides of the nanowires. The ACP phase was found to be
2-10 nm thick in all 5 tips. This measurement is based on specific Mg isosurfaces and hence
there is some spread in the values recorded. The TEM image (Fig. 4) indicates the width of

the amorphous layer is ~2 nm.

B = [2--13] HAP

" 0140}

L %-1101

: . e
- .

Fig. 4. TEM image of human dental enamel HAP nanowires.

TEM central bright field (CBF) image. Arrows show an intergranular layer (light contrast)
between HAP nanowires and a triple point (circled), thought to be amorphous. The electron

diffraction pattern is indexed as [2-1-13].

This new finding has important implications for the mechanical and acid corrosion resistance
of enamel as well as for the understanding of the HAP growth process. The presence of an
intergranular amorphous layer between the HAP crystallites has a strong influence on the

mechanical and wear properties of enamel, similar to ceramic nanocomposites (37, 32).

107



Previous studies attributed the observed deformation behavior under nanoindentation to the
presence of proteins and peptides at the interface between HAP crystallites (37, 33). Here we
show that the interphase regions contain Mg-ACP phase and remnants of proteins rather than

proteins alone (Fig.3-5 and S7).

The Mg-rich ACP is also rich in Na (Fig. 2, 4 and 5, Table S1). ACP is known to
accommodate foreign ions such as Mg or Na. (29) While not detected here, fluorine ions have
been found in intergranular ACP of fluorine-treated rodent enamel (/9). In pigmented rodent
enamel, an iron-rich ACP phase replaces the Mg-rich ACP improving greatly its resistance to
acid attack (79). Here we provide evidence of incorporation of foreign ions in ACP in human
dental enamel. This new knowledge highlights the potential for new techniques of
remineralization using the intergranular ACP as a conduit for ions known to benefit enamel

remineralization such as fluorine.

While the intergranular ACP phase may provide a pathway for beneficial ions, it also has
higher dissolution rates in acidic environments compared to the crystalline HAP phase, (34)

having been shown to be preferentially etched by acid in rodent tooth. (/9)

It has been hypothesized that Na within the ACP may act to balance the charge as a result of
an increase of hydroxyl ions. (35) However, we found no clear evidence of H enrichment
within the intergranular ACP. (Table S1) Although it is difficult to distinguish the H in the
instrument chamber from H present in the sample, sharp localized increases in H in specific

features within atom probe data could be interpreted as coming from the sample.
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0.18 at.% '“C* 0.5 at.% “CNO*

C ) Mg-rich ACP +Mg-rich precipitate D) Organic matter + carbonates

0.1 at.% *Mg* 0.1 at.% *Mg 0.5at.% #CO" 1.3 at.% “COH*

Fig. 5. APT 3D reconstructed volumes from sample 2 with isosurfaces from the main
sepcies that arise from organic regions, carbonates or Mg-rich phases. A) Isosurfaces of
L2¢? MNF 2CNO” and H (decomposed) highlighting the organic matter. B) Isosurfaces of
“CO," highlighting the carbonates. C) Isosurfaces of “Mg"" and *°Mg’" highlighting the
Mg-rich precipitate and ACP. D) Isosurfaces of “*CO™ and ’COH" highlighting both

organic matter and carbonates.

The carbon content measured in HAP and ACP varied greatly between the samples,
depending on whether they a) consisted of the HAP/ACP only (e.g. fig. 2), b) contained Mg-
rich precipitates (e.g. fig. 3-5) or ¢) also contained C-rich regions (e.g. fig. 3-5). Samples with
no Mg-rich precipitates or organic material contain ~ 0.12 wt.% C in HAP and ~ 0.22 wt.%
in ACP. The average carbonate content in bulk HAP is expected to be ~3 — 5 wt.%, (~1 wt.%
C), higher than the APT results. (36) On the other hand, the samples containing Mg-rich
precipitates and signs of organic materials (Fig. 3 and 5) have a total C concentration of ~

0.42 wt.% in the ACP regions and 0.23 wt.% in the HAP regions. (Table S1)
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Most of the carbon measured in the ACP and HAP is thought to be inorganic (from
carbonates), as no significant enrichment of H, "*N**, '*C*" and *CNO" was detected (Fig.
5). On the other hand, the precipitates that contain a much larger amount of carbon (15.6
wt.%) are thought to be organic in origin due to the co-presence of H, "“N** '*C** and
“CNO" (Fig. S4). The C evaporating as **CO" and *COH" is from both organic and
inorganic origin (Fig. 5 D) whereas the C from **CO*" is from carbonates only (Fig. 5 B), as
highlighted by the respective isosurfaces. The distribution of carbonates and organic carbon
is highly heterogeneous. Reconstructed APT volumes also revealed that the Mg-rich
precipitates are elongated along the nanowire’s c-axis ((Fig. 3, S6 and S7)) and contain ~ 2

wt.% Mg, very close to the Mg content of the ACP intergranular phase.

Our direct observation of these Mg-rich ACP and precipitates supports the post-classical
theory of amelogenesis. (37) It has been demonstrated that, during amelogenesis, the enamel
mineral nanowires near the mineralisation front initially take the form of the amorphous
calcium phosphate (ACP) phase, and then, at a later stage, during the enamel maturation, they
crystallise into the HAP phase. Our observations support the hypothesis that ACP ribbon-like
nanowires are initially formed following the template provided by the enamel-specific self-
assembled protein matrix, mainly composed of the N-terminal amelogenin cleavage products.
The ACP nanowires begin to crystallise into the HAP phase only during the maturation stage,
which lasts about 5 years for human permanent teeth. This stage is characterised by the
secretion of kallikrein 4 (KLK4) proteases, which progressively degrade the enamel protein
matrix followed by the reabsorption of the cleaved products into ameloblasts. The removal of
the protein matrix allows ribbon-like nanowires to crystallise and to grow in thickness,
interlocking with the neighbouring crystallites. Regions of enamel where peptides were not
removed remain poorly crystallised. They are characterised by the increased concentration of

magnesium, carbon, hydrogen, and nitrogen ions.
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Conclusions:

Atomic scale observations of an intergranualar Mg-rich ACP phase between the enamel rods
in human dental enamel contribute to our understanding of how enamel forms, how it decays,
and it’s mechanical behaviour. Understanding how enamel forms is the first step for the
development of methods to achieve remineralisation of carious enamel. Our observations
verify the mechanism of enamel formation, specifically, the post-classical theory of
amelogenesis. Because the Mg-ACP phase at the enamel boundaries is susceptible to
dissolution in an acidic environment, we propose that decay occurs via dissolution along the
enamel rod boundaries. Finally, these results can be used to improve models of the
mechanical properties and wear behaviour of enamel by incorporating the true properties of

the intergranular ACP phase.

Materials and Methods

Sample preparation

The collection of the human tooth sample for this study was approved by Western Sydney
Local Health District Human Research Ethics Committee, Australia (AU RED

HREC/15/WMEAD/142). The tooth used in this study was a molar.

e Tooth cutting
Following the extraction, the tooth was fixed overnight in 0.2M sodium cacodylate buffer
overnight at 4°C. The specimen was then placed in Hanks’ balanced salts solution (Sigma—

Aldrich Co., St. Louis, MO, USA, 9.8 g per 1 L of deionized distilled water) for 24 hours at

4°C, then dried with compressed air. The tooth was cut along the mesio-distal axis at the
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cement-dentine junction to separate the crown using a low-speed diamond saw (Isomet,
Buehler Ltd., Lake Bluff, USA) under constant water irrigation. One millimeter thick

sections were prepared from the crown using a low-speed diamond saw.

e Optical imaging

For optical imaging, the tooth section was thinned and polished using the diamond lapping
films 30, 9, and 6 pm (Allied High Tech Products, U.S.A.) on a tripod (Allied High Tech
Products, U.S.A.). A electron transparent sample was used for transmitted dark field optical

imaging.

e Transmission electron microscopy

For transmission electron microscopy (TEM), the specimens were further thinned on a tripod
using the diamond lapping films 6, 3, and 1 pm , followed by ion-beam thinning for 2 hours

at 3kV in a precision ion-polishing system (Gatan 691, U.S.A.) using a cold stage.

e Atom probe tomography

For atom probe tomography, a small piece (10mm by 10mm) of enamel from the tooth cross
section was cut out. It was then tripod polished to a thin wedge (typically below 10 pm) and
attached to a support grid. The sample was then coated with Gold to limit charging effects
under the electron beam. Posts about 4 pym wide and with 50 to 100 um clearance were cut
using a Zeiss-Auriga focused ion beam. The samples were then milled to form atom probe
tips, 80 — 120 nm in diameter, with final milling using a low acceleration voltage (10 kV) in

order to minimize Ga implantation and damage.

Optical Microscopy

A Leica DM6000 optical microscope was used in reflective light and transmited dark field

for the optical images of the tooth.
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Transmission electron Microscopy

The transmission electron microscopy was carried out on a microscope CM120 Biofilter

running at 120 KV by using JEOL standard high-background double-tilt holder.
Atom probe tomography

APT measurements were conducted on a Cameca LEAP 4000X Si ™ atom probe equipped
with a picosecond-pulse ultraviolet laser. In laser-assisted APT, individual atoms or small
molecules from a needle-shape sample (tip) with a diameter of about 100 nm are field-
evaporated by picosecond laser pulses in combination with high voltage applied to the
sample. A position-sensitive detector records the position of each atom and their mass-to-
charge ratio is determined by time-of-flight mass spectrometry. As a result, a 3-d

reconstruction of the volume field-evaporated (typically millions of atoms) is obtained.

In our study, a 355 nm-wavelength laser with a pulse energy of 100 pJ and 250 kHz pulse
frequency was used to field evaporate the samples at 50K. A total of 400 million atoms from

6 tips were detected.
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Supplementary materials

Human tooth enamel (typical full mass spectrum)
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Figure S1. Typical APT mass spectrum of human dental enamel containing organic materials (sample 1 —
fig.2).
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Mass spectra from different regions of enamel
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Figure S2. Mass spectra from different regions of human tooth enamel.

(a) C-rich region from sample 2 (fig.3) based on 0.18 at.% '>C*" isosurface. (b) Mg-rich region from precipitate B,
sample 2 (fig.3) based on 0.18 at.% “*Mg*" isosurface. (c) Intergranular Mg-ACP from sample 2 (fig.3) based on 0.7
at.% **Mg*" isosurface. (d) Mg-rich precipitate from sample 4 (fig.S6) based on 1.3 at.% **Mg*" isosurface.
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S3: Differentiation between Magnesium and Carbon in the enamel APT mass spectra

There is direct overlap between specific Mg and C ions in an atom probe mass-to-charge spectrum at 12, 12.5 and 13

Da, meaning that careful analysis is required to differentiate between Mg and C in the enamel mass spectra.

In this study, Mg is predominantly detected as Mg** (12, 12.5 and 13 Da). The Mg" peaks (24, 25, 26 Da) are minimal
(only detected in one mass spectrum just above noise level; see S2-a); If there is any Mg evaporating, it is too small
to be detected above the thermal tail of **Ca”"; the most abundant Mg isotope, **Mg", also overlaps with **Ca*" (and

potentially **C*").

There are different potential overlaps at 12, 12.5 and 13 Da between Mg, C and C, summarised in table S3-1.

Mass-to-charge Possible ions Theoretical isotopic proportion
(Da) (at. %)
12 Mg 78.99
ct 98.89
sy 97.79
12.5 PMg** 10
>Cy 2.19
13 Mgt 11
Bcr 1.11
O 0.01

Table S3-1: Theoretical isotope proportion for Mg, C and C, at 12, 12.5 and 13.

H-containing species such as *C'H", **C,'H*" or **Mg'H*" are potentially able to contribute to the 13 Da peak.
However, if this were the case, one would expect a series of ions corresponding to a parent ion and between zero and
a maximum number of H atoms to be visible in the mass spectrum, i.e. 12CH0_3+, 24C2H0_42+ or 24MgHo_32+. Across all
the data collected, there is no evidence for such ions. Moreover, no such peaks were observed in the mass spectra from
C-rich and N-rich regions (fig. S2 and S4), which have higher H contents. While a contribution from these species to

the peak at 13 Da cannot be entirely ruled out, it is thought to be highly unlikely.

At 12 Da, there are 3 possible overlapping peaks: *Mg>*, ">C" and **C,*". These three isotopes are the most abundant
of their series, at abundances of 78.99 at. %, 98.89 at. % and 97.79 at. %, respectively. At 12.5 Da, *’Mg*" overlaps
with 2C,*". However, only 2.19 at. % of the total C,>" would contribute to that peak as 25C22+, which contrasts with
10 at. % of the total Mg*" from *Mg**. A similar situation occurs for the peak at 13 Da, with three potential overlaps
2+

between 26Mg2+, B¢t and 26C22+, although there is a substantial difference in the contributions to this peak, with 26Mg

accounting for 11 at. % of Mg2+, BC* 1.11 at. % of total C* and 26C22+ 0.01 at. % of total C22+.

The overlap between these three species is direct. It is thus impossible to use deconvolution techniques to differentiate

them. There are however different ways to distinguish between Mg and C:
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- Extracting the mass spectrum from carbon-rich regions (using isosurfaces based on '“C** at 6 Da) and
investigating the presence and amount of C**, C,>, and other carbon peaks.

- Extracting the mass spectrum from (supposed) Magnesium-rich regions (based on the absence of ’C*" at 6
Da) and comparing it with the carbon-rich region mass spectrum.

- Checking the deviation of the measured (supposed) Mg”" peaks abundances with the theoretical values for

Mg.

* Important note on the isotopic proportions measurement method:

Each peak was ranged from noise to noise. The standard deviations were calculated using the formula
v (Background + Uncorrected Signal). The local range-assisted background model was used in IVAS to perform
the background correction.

Note that the tail of the peak at 12 Da could contribute to the measured amount of the peak at 12.5 Da and both tails
could also contribute to the 13 Da peak. This cannot be perfectly corrected and as a result the calculated standard

deviations do not fully reflect the real uncertainties in the measured proportions.

. . . 2+
Carbon-rich regions do not contain C,

In the mass spectrum from the carbon-rich region of sample 2 (fig. S2-a) C peaks are detected as °C*/ **C,*" (12 Da),
BC* (13 Da) and '2C*'(6 Da), *C** (6.5 Da). However, there is no peak detected at 12.5 Da which rules out presence

of significant quantities of *C,*".

Similarly, if significant Mg>" was present, Mg**, accounting for 10 at. % of the whole Mg”" should be detected at
12.5 Da. For example, the peak at 12 Da in fig. S2-a is around 1206 counts. The detection limit at 12.5 Da is estimated
at around 10 counts. The maximum possible contribution of **Mg*" at 12 Da would then be around 79 counts which
represents 6.5 % of the total peak at 12 Da. To a lesser extent, the same is valid for #C,*" which accounts for 2.19 at.

% of the whole C,*".

Moreover, the measured isotopic proportion of 2C* and C" is quite close to the theoretical value as shown in table
pic prop q

S3-2.

Mass-to-charge Net counts Measured isotopic proportion

(Da) (at. %)
Carbon-rich region 12 1206 + 35 97.9+2.8
(sample 2) 12.5 not detected n/a
13 25+ 6 2.1+£0.5

Table S3-2: Measured isotopic proportions at 12, 12.5 and 13 in C-rich regions of enamel
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The combination of no peak detected at 12.5 Da, a measured isotopic ratio 'C"/"*C"* within experimental error of its
theoretical value and the presence of '?C** and *C*" leads us to conclude that Mg*" and C,*" are absent in the C-rich

region mass spectrum.

While the absence of Mg”" in the carbon-rich region mass spectrum allows for clear determination of the different
carbon peaks, the most important finding is the absence of C,*". Considering that all the data sets were collected using
very similar experimental parameters, equivalent to similar field conditions, we can safely assume that C,>" is not
present (at least not detectable) in any of the enamel mass spectra. This allows us to rule out any major overlap at 12.5

Da, so that only *Mg?" contributes to this peak.

Magnesium and carbon-rich precipitate:

The precipitate B from sample 2 (fig. 3-5 and S2-b) also contains a significant amount of carbon (presence of *C** at
6 Da), together with, presumably, a large amount of Mg (presence of peaks at 12, 12.5 and 13). Based on the previous
discussion, C,*" is ruled out leaving only '*C*, *C" and **Mg*", with **Mg”" being the principal contribution to the

peaks at 12 and 13 Da. Table S3-3 shows the measured isotopic proportions of the three peaks.

Mass-to-charge Net counts Measured isotopic proportion

(Da) (at. %)

" 12 6393 £ 83 781+ 1
Pz::::‘tlzt;)B 12.5 773 + 36 9.4+04
P 13 1017 = 39 124405

Table S3-3: Measured isotopic proportions at 12, 12.5 and 13 in precipitate B

12~2+
C

These proportions are very close to the theoretical values for Mg%. Due to the presence of one would expect

2% was around 1000

some small contribution of >C". In the mass spectrum from the carbon-rich region (fig. S2-a),
counts and *C* around 1206 counts. By extrapolation, we could estimate the '*C* contribution around 1.2 times the
120 peak. With "2C*" at around 50, the contribution of '*C** to the peak at 12 Da would be around 60 Da, which is
about 1 % of the total peak. As mentioned earlier, there are many sources of uncertainties involved in such
measurements such as tail contribution from the previous peak to the next one, the accuracy of background removal

model as well as peak ranging. However, these results provide a high degree of confidence in our ability to differentiate

between C and Mg.

Intergranular ACP phase:

The mass spectrum from the intergranular region in sample 2 (S2-c) does contain a large amount of Mg (based on the

12 ~2+
C

presence of peaks at 12, 12.5 and 13). was not detected at 6 Da. However, carbon is present, detected as molecular

ions.
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The following table shows the isotopic proportions for Mg”" at 12, 12.5 and 13 Da. (table S3-4) The measured
proportion are again quite close to theoretical Mg”" isotopic proportions although the **Mg*" seems a bit smaller than
usual. It is worth noting that this trend occurs in most of the intergranular ACP mass spectra. Despite this slight

difference, these results are still very convincing, with Mg®" contributing mostly to the three peaks.

Mass-to-charge Net counts Measured isotopic proportion

(Da) (at. %)

12 7296 + 90 76.1 £ 1
Precipitate sample 4 12.5 1120 + 35 11.6+0.4
13a 1170 + 36 122+0.4

Table S3-4: Measured isotopic proportions at 12, 12.5 and 13 in intergranular ACP

Magnesium-rich precipitate:

The precipitate from sample 4 (S6 and S2-d) does contain a large amount of Mg (presence of peaks at 12, 12.5 and
13). Carbon was only detected as CO*", and just above noise level. The following table shows the isotopic proportions

for Mg2+ at 12, 12.5 and 13 Da. (table S3-3) These results again confirm the principal contribution from Mg”" to the

three peaks.
Mass-to-charge Net counts Measured isotopic proportion
(Da) (at. %)
12 10605 £ 100 779 1
Precipitate sample 4 12.5 1344 + 45 9.9+04
13 1652 + 50 12.1+£0.5

Table S3-4: Measured isotopic proportions at 12, 12.5 and 13 in Mg-rich precipitate of sample 4

Conclusions:

We were able to rule out the presence of C,>" in enamel mass spectrum. We also were able to demonstrate a good
match between the theoretical and experimental isotopic proportions of Mg*". While we cannot rule out completely

the contribution of any C to the Mg peaks, the evidence presented here leads us to conclude that it is minimal.

S3. Discussion on differentiating Mg from C in the human tooth enamel mass spectra
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Figure S5 APT 3d reconstructed volumes of sample 3.

(a) Atom maps of Mg (8 nm slices) with two orientations (along the tip and cross-section). Proxigram analysis of
Mg-ACP based on 0.5 at.% Mg isosurface. (b) atom maps of Ca, P, Mg and Na (8nm slices)
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Figure S6: APT 3d reconstructed volumes of sample 4 and 5.

Atom maps of Mg and 0.4 at.% Mg isosurface of (a) sample 4 and (b) sample 5. Note the two elongated Mg-rich
precipitates.
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Figure S7: APT 3d reconstructed volumes of sample 6.

Atom maps of Mg, H, C and N. Volumes with isosurfaces of Mg (0.6 at.%), H (2.4 at.%), C (4 at.%) and N (0.3
at.%) and O atoms. Note the organic materials remnants (C, H, N). This APT data-set is limited in size due to the
rapid fracture of the tip.
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Sample 1 (fig.2)

Sample 2 (fig.3)

Element Mg-rich HAP Mg-rich HAP Precipitate A  Precipitate B
(Wt%) ACP crystallites ACP crystallites
Ca 385+ 0.1 37.1 £0.02 37.1 £ 0.1 35.3 £0.02 18.9+0.1 313+ 0.1
P 21.8+£0.1 23.4 £+ 0.02 21.7+0.1 23.9 +0.02 164+ 0.1 247+ 0.1
(0] 37.0+£ 0.1 38.6 £ 0.02 373+ 0.2 39.8 £0.04 46.1 £0.2 40.7+0.2
Mg 1.55+0.02 0.15%0.002 | 2.66 + 0.02 0.11 £0.002  0.10 £ 0.05 2.24 £ 0.02
Na 051 £0.02 0.26 +0.002 | 0.35+ 0.02 0.24 £0.002  0.51 £0.02 0.33 £ 0.01
C 022 +£0.02 0.14 £0.004 | 0.424+0.005 0.23 £0.004 15.60 + 0.02 0.39 £ 0.01
N not detected  not detected not detected not detected 0.16 + 0.02 not detected
H 0.13 +£0.02 0.10 £ 0.01 0.14 £+ 0.02 0.10 £+ 0.02 1.00 £ 0.02 0.13 £ 0.01
Cl 0.25+0.02 0.32+0.002 | 0.29 +0.02 0.34 £ 0.002 1.31 £0.02 0.15 £ 0.02
Ca/P ratio 1.76 1.59 1.70 1.48 1.15 1.26

Table S1. Typical composition of ACP, HAP and Mg-rich precipitates in human dental enamel measured by APT.

Movie S1. Animation showing the 3D distribution of Mg and Na atoms in human dental enamel; APT sample 3.
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14 Conclusions

In this thesis, existing advanced microscopy techniques were used and optimized to push the limits of the
structural and chemical investigation in minerals at the sub-micron scale. The combined use of TEM,
TKD and EBSD revealed a new oxidation-induced phase transformation in intergranular corrosion area of
a stainless steel while the oxide minerals that formed around the grain boundaries were characterized by
APT. The unrivaled spatial and chemical resolutions of APT coupled with TKD and EBSD allowed a
new level of characterization in zircons. The atomic scale structure and chemistry of human dental
enamel was investigated for the first time and revealed features that have major implications in our

understanding of its incredible properties.

14.1 Advanced microscopy techniques applied to minerals

In the course of this thesis, methods were developed and optimised to overcome the numerous challenges

in specimen preparation and data acquisition associated to the intrinsic properties of minerals.

14.1.1 Specimen preparation for TKD and APT

Sample preparation procedures were adapted to the properties of each type of mineral (electrical and
thermal conductivity, porosity...) and analysis constraints (density of features of interest for example).
The common challenge in the sample preparation was limiting the charging effects and damages under

the electron or ion beam in the FIB as a result of the non-conductive character of the minerals.

In chapter 8 the intergranular corrosion area containing the iron-chromium oxides and the steel was
carefully thinned down to an electron transparent thin layer in order to carry out the TKD / TEM
correlative analysis. The difference in milling rate between the steel and the oxides necessitated a careful
adjustment of the ion milling parameters in order to obtain a high quality sample suitable for TKD and
TEM. The samples used in this study were all prepared by Alexandre la Fontaine with the exeption of one

sample prepared by a co-author.

In chapters 11 and 12, the APT needle-shaped zircon samples were used for both TKD and APT. The
site-specific constraints of the study (i.e. positioning dislocations within the APT tip) added a degree of
complexity to the lift-out and milling procedures considering the difficult imaging of such small
deformations in the FIB and image drift due to charging effect under the beam. The samples used in this

study were all prepared by a co-author in collaboration with Alexandre La Fontaine.
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The APT sample preparation for the tooth enamel was also a challenge with charging and sample damage
occurring under the electron beam due to the presence of the organic materials embedded within in the
HAP. As described in chapter 13, the samples were coated with a thin layer of gold several times during
the preparation in the FIB. This allowed for minimal charging and also limited the damage to the sample
until the last stage of annular milling. The micrometre-long HAP nanowires bundling together to form the
enamel renders easy their positioning in an APT tip and as a result the wedge method could be used

instead of lift-out. The samples used in this study were all prepared by Alexandre La Fontaine.

Over the course of this PhD, information was acquired about the specific APT preparation of the selected
minerals required to achieve the best results in the APT. The geometry of the samples is thought to play
an essential role in the success rate of the APT experiment. In particular, long, thin samples (~ 60 nm
diameter, ~ 1-2 um long) with a small shank angle, on a larger and bulkier base on top of the support grid
was optimal. In the case of human dental enamel, the relatively thick gold coating applied on the whole
sample (including the support grid) during the FIB preparation was found to greatly improve the thermal

and electric conductivity of the tip.

14.1.2 Data acquisition and analysis

The same difficulties encountered in mineral sample preparation apply to their investigation with electron
microscopy as a result of poor electrical conductivity. Charging effects and electron beam damage limit
the analysis parameters that can be used. This is particularly a problem with TKD, where the incident
electron beam has to generate sufficient scattering without “burning” the sample. It can also be a problem
for correlative microscopy, where the same area of a sample needs to be analysed by more than one
technique, but remain undamaged. In chapter 8, the successful correlative TKD / TEM analysis of a

chromium-rich oxide is demonstrated.

In this thesis, particular attention was paid to laser-assisted APT of minerals. Chapter 9 is dedicated to the
understanding of the field evaporation of chromium oxides in laser-assisted APT. Specifically, this
chapter assesses the degree of influence of analysis parameters on chromium oxide field evaporation. As
a result, optimum analysis parameters for chromium oxides were determined. The identification of ions in

the mass spectrum is also discussed and recognized as an essential part of high quality analysis.
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In a similar fashion, chapter 11 addresses the influence of APT analysis parameters on the data quality of
zircons. The optimum parameters were found to be very different compared to the chromium oxides, re-
asserting the need for individual assessment for different minerals. The detection and quantification limits
of the key trace elements, U and Pb, were assessed using 2 different zircons and as expected they were
found to be a function of the size of the dataset, the initial U content, the age of the zircon as well as the

potential clustering of U or Pb.

14.2 Analysis of selected minerals

The skills and methods developed throughout this PhD in advanced microscopy techniques applied to
minerals have allowed the successful investigation of important questions in engineering, geological and

biological minerals.

14.2.1 Iron-chromium spinel oxides in intergranular corrosion area of austenitic stainless
steel

In chapter 8, a martensitic phase transformation is revealed within an intergranular corrosion area of a
commercial austenitic stainless steel used in CSP technology. This displacive phase transformation is a
result of oxidation-induced chromium depletion and high temperature thermal cycling. This new
mechanism is thought to play an important role in the rate at which intergranular corrosion occurs in high
temperature austenitic stainless steel when used under thermal cycling conditions. In addition to this
phase transformation, the discontinuous character of the protective chromite spinel that formed around the
grain boundaries is also thought to play a role in the intergranular corrosion. As described in chapter 10,
this is due to the presence of non-protective iron-rich oxides and silicon-rich oxide particles within the

chromite.

14.2.2 Trace elements diffusion in deformed zircons

In chapter 12, the important question of whether or not trace elements diffuse non negligible distances
through the zircon lattice is addressed. It was found that during plastic deformation key trace elements
such as U, Pb or Al accumulate at the dislocations. When the dislocation arrays are connected to
structural or chemical sinks (metamict areas for instance), Pb was found to be removed from the
dislocations via pipe diffusion. However, in isolated dislocations (not connected) trace Pb remained
locked. These findings have major implications in the field of geoscience, where zircon is used as a

geochronometer.
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14.2.3 Human dental enamel hydroxyapatite

In chapter 13, the atomic scale structure and composition of human dental enamel is revealed for the first
time. Layers of Mg-rich amorphous calcium phosphate phase are found between the hydroxyapatite
nanowires. Pockets of organic materials and Mg-rich precipitates are also present. The findings verify the
mechanism by which enamel forms, specifically, the post-classical theory of amelogenesis.
Understanding how enamel forms is essential for the development of methods to achieve remineralisation
of carious enamel. There are also important implications for understanding how decay occurs. The Mg
rich phase at the enamel boundaries is susceptible to dissolution in an acidic environment. The knowledge
of the structure contributes to the understanding of the mechanical properties and models describing the

mechanical behaviour can now incorporate the existence of this intergranular phase.

14.3 Future outlook

In this work, advanced microscopy techniques have been employed to understand critical atomic scale
processes and mechanisms in a variety of minerals. These techniques are going to play an increasingly
important role in materials engineering.

The work on the 253MA stainless steel will certainly lead to more oxidation studies in various conditions
eventually leading to alloy design for better corrosion resistance. The diffusion study in deformed zircons
can be extended to similar processes that happen in various geological minerals such as garnet or
amphibolites. The first ever three dimensional atomic scale characterization of human tooth enamel
revealed an intergranular amorphous phase thought to be responsible for tooth decay. This work will lead

to atomic scale studies of caries formation or enamel re-mineralisation.
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