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Table 1. Nominal composition of the studied alloy (at.%).

Mg Si Mn Fe

Cu Ag Al

1.00 0.62 0.27 0.10

0.14 0.03 Balance

Si (Z=14) columns to be distinguished from Al
(Z =13) and Mg (Z = 12) columns [10]. However, the
technique has certain limitations: elements close in Z
(such as Al and Mg), mixed atomic columns and col-
umns with partial occupancies make it difficult to form
atomic models of entire precipitates. On the other hand,
electron energy loss spectroscopy (EELS) does not suffer
from these limitations. This TEM technique is com-
monly used to extract compositional information and
properties of the electronic structure from nanosized
regions in materials. The combination of EELS and
aberration-corrected STEM has been successfully used
for atomic-resolution elemental mapping and electronic
fine structure studies in, for example, metal oxides
[16,17]. There have been few attempts to copy this suc-
cess for the case of Al alloys. Al and its neighbours in
the periodic table are not particularly suitable for EELS
analysis because their L-edges overlap with the Al plas-
mon peaks, and their K-edges are of high energy and
will thus give poor statistics. However, recent advances
such as dual energy range EELS [18] make the Al-K,
Mg-K and Si-K edges more available for analysis.

In this work metastable precipitates formed in an Al-
Mg-Si-Cu-Ag alloy have been imaged by probe C-cor-
rected HAADF-STEM and the distribution of Ag and
Cu atomic columns has been analyzed by atomic-resolu-
tion EELS elemental mapping. These two elements were
chosen since their edges Ag-My s at 367 eV and Cu-L, 5
at 931 eV, combined with their high HAADF-STEM Z
contrast, make them suitable for detailed analysis. This

Cu-containing atomic column

model system is thus used to emphasize the advantages
of atomic-resolution EELS for precipitate structure
determination.

The composition of the extruded profiles used in the
study is given in Table 1. The elements Mn and Fe were
added to form dispersoid particles that reduce the grain
size of the material, and do not participate in precipita-
tion of hardening phases. To achieve an over-aged
microstructure composed of finely dispersed Cu-con-
taining precipitates, the following heat treatment was
applied: 30 min of solution heat treatment at 530 C,
quenching in water and storage for 4 h at room temper-
ature, aging to peak hardness with 12 h of annealing at
155 C and lastly over-aging for 21 days at 200 C. The
TEM specimen was prepared by mechanical polishing,
dimpling and ion milling with energies from 4.0 keV
down to 1.5keV. To prevent carbon contamination,
the specimen was baked in vacuum at approx. 135 C
for 6 h before loading in the microscope, and was given
regular electron beam showers during microscopy. Tests
were performed to ensure that the baking procedure
does not alter the microstructure significantly.

HAADF-STEM and EELS spectrum imaging were
performed using an aberration-corrected Nion Ultra-
STEMe 100 at the SuperSTEM facility at Daresbury,
UK. Its cold field emission gun electron source gives a
native energy resolution of 0.35 eV, and the minimum
expected probe size is 0.08 nm. A voltage of 100 kV
was applied. The beam convergence angle was 30 mrad,
the HAADF-STEM detector angles were 74-185 mrad
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Figure 1. (a and b) Raw HAADF-STEM images of a precipitate cross-section, taken respectively before and during the STEM-EELS acquisition. (¢
and d) EELS elemental maps of Cu and Ag. The location of Cu atomic columns and areas rich in Ag are marked in (b). Cu columns in a Q'

configuration are connected by lines.
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Figure 2. Accumulated EEL spectrum of the area in Figure 1, in the
energy loss range 280-1620 eV. Note the logarithmic intensity axis.
The lower curve is background subtracted (global power-law back-
ground) and scaled up for easier identification of the edges. The Ag—
M, s edge is still difficult to observe as it is blocked out by the C-K fine
structure.

and the EELS collection angle was 31 mrad. A disper-
sion of 1.0 eV/channel was always used.

EEL spectra were acquired in the energy loss range
280-1620 eV. This includes the edges Ag-M,s at

367eV, Cu-L,5 at 931 eV and Mg-K at 1305 eV, but
does not make any Al or Si edges available. The spectra
were improved by means of principal-component analy-
sis (PCA) using the software Hyperspy (previously EEL-
SLab [19]). Consequently, the spectrum images were
improved to the point that some atomic columns of
Ag could be resolved, despite a very noisy starting point.
The elemental maps were created in Gatan DigitalMi-
crograph by manual integration of EELS edges after
power-law background subtraction.

The investigated specimen had a high number density
of hardening precipitates, most of them plate-/lath-
shaped. Two examples of such precipitates are given in
Figures 1 and 3. All observed particles contained both
Cu and Ag, and had some regions with no repeating unit
cells, although structural units of the Q" and C phases
(marked with connected lines on Figs. 1b and 3b) were
a common occurrence. The summed EEL spectrum
from the full area of Figure 1 is shown in Figure 2.
For both precipitates, clear Cu-L and Mg-K edges
could be seen in the spectra, while the low total content
of Ag makes the Ag-M edge barely visible. Due to the
small probe size and the long acquisition time required
for EELS, beam damage was observed in some datasets.
The HAADF-STEM images from the two sets chosen
for the present analysis revealed little to no damage.

Cu-containing atomic column

) Ag-containing area

Figure 3. (a and b) Raw HAADF-STEM images of a precipitate cross-section, taken respectively before and during the STEM-EELS acquisition. (¢
and d) EELS elemental maps of Cu and Ag from the two acquisition areas marked in (a). The skew in the images is caused by specimen drift. The
location of Cu atomic columns and areas rich in Ag are marked in (b). Cu columns in a C configuration are connected by lines.
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There is a very good correspondence between bright
spots in the HAADF-STEM images and those in the
Cu maps, for both precipitates. This enabled identifica-
tion of most Cu atomic columns. The precipitate in Fig-
ure | has two areas where Cu columns form a Q’
configuration, shown with connected lines. Most of the
other Cu columns are located along coherent precipitate
interfaces and are not related to any periodic structure.
All Cu columns in Figure 3 form a C phase configura-
tion, making the two figures representative of two types
of precipitates observed in the specimen.

As opposed to the Cu maps, the Ag maps indicate
a broader distribution, over many neighboring atomic
columns and in compact areas, for both precipitates.
Delocalization of M edges is a known issue [20],
which can give an apparent intensity spread to neigh-
boring columns. We see, however, certain clearly re-
solved Ag-containing columns quite close to each
other in Figure 3d, with corresponding bright spots
in the HAADF-STEM images (Fig. 3b). A variable
Z contrast, and one merely comparable to that of
Cu, indicates that Ag is mixed with other, lighter
elements in its atomic columns. It is interesting that
Ag-rich areas do not overlap with Cu atomic columns,
with some exceptions in Figure 1. The different
preferred configurations of neighboring atoms might
explain the lack of mixed Ag/Cu columns in these
precipitates. Ag seems to be interrupted the formation
of ordered Al-Mg-Si-Cu precipitates, and instead
creating Ag-rich areas with no repeating unit cells.
Accumulations of Ag were commonly observed at
incoherent precipitate-host lattice interfaces, e.g. the
ends of the precipitate in Figure 3.

Although the Mg-K edge can be clearly seen in the
EEL spectrum, the large pixel sizes used in the acquisi-
tions and the short projected distance between Mg col-
umns made it infeasible to distinguish individual Mg
columns. The low Z contrast also made the distinction
between the Mg and Al columns in HAADF-STEM
images impossible. Due to these considerations, Mg ele-
mental maps are not shown in this paper.

HAADF-STEM imaging combined with STEM-
EELS mapping was used to investigate the distribution
of Cu and Ag atomic columns in precipitates formed
in an Al-Mg-Si-Cu-Ag alloy. Cu was found clearly
localized in certain atomic columns, while Ag was
spread with various occupancies in neighboring atomic
columns. Most observed precipitates had regions con-
sisting of structural units from the Q' or C phases, of
which shown two examples are shown here. Ag was seen
to disrupt the formation of these ordered phases, and
localize in Cu-free areas lacking repeating unit cells,
which indicates that Ag forms its own local configura-
tions inside the precipitates. While Cu was observed
preferentially along coherent interfaces with the Al host
lattice, Ag was localized at the narrow ends of precipi-
tates, which have lower coherency with, and induce
higher strain in, the host lattice. With the new possibil-
ities of obtaining atomic-resolution compositional infor-
mation from precipitate phases, the STEM-EELS
technique will become an important tool for future Al
alloy design.
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Chapter 4

Comments to the papers

The five papers included in the previous part present the scientific work done
within the Ph.D. project. They all touch upon the subject of precipitation
and early phase formation in Al-Mg—Si alloys. The following sections give
brief discussions on the main topics to conclude the thesis.

4.1 Natural ageing

After quenching from SHT, AI-Mg—Si alloys display incomprehensibly com-
plex kinetics. The closer one looks at the influence of natural ageing (NA)
on microstructure, new stages of kinetics with unexpected effects pop up,
which the studies of Banhart et al. [43] bear witness to. What happens in
all the stages is difficult to figure out with any technique.

Paper 3 gives the hardness curves for four dense alloys. The after-AA
hardness with variable NA time (Paper 3, Fig. 2) shows at least three stages
of increase/decrease throughout a full year. This is a simple measure, but
it captures beautifully some of the complexity of NA. Another study using
Mg-Si-balanced alloys with varying total solute content was published by
Martinsen et al. [44]. The hardness curves show that dense and lean alloys
have similar kinetics stages, modified in time scale and rate of hardness in-
crease/decrease. Linking the hardness curve to cluster microstructure is dif-
ficult because of the shortcomings of APT, and comparing TEM specimens
of after-AA material can not tell the whole story. Changes in precipitate
microstructure can definitely be seen when varying the NA time, but we are
unable to probe the precipitate nucleation on the two kinds of solute clusters
(see section 4.4). Diffusion in the solid state, which drives it all, is in my
humble opinion one of the most difficult problems in physics. Numerical
modelling through smart multi-scale simulations (maybe DFT coupled with
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a kinetic Monte Carlo scheme) may provide the best insight in the mat-
ter of clustering and precipitate nucleation once we have the computational
resources.

4.2 Trace elements

The central motivation for the Norwegian—Japanese AI-Mg—Si precipitation
project was the topic of trace element inclusion during scrap metal recyc-
ling. The other Ph.D. candidate on the project, Takeshi Saito, has therefore
worked exclusively on the effect of Cu and Zn additions on precipitation.
It is vital to have an overview of which elements are good/bad for certain
properties of alloys, and set reasonable limits on the maximum tolerance of
unwanted elements. The four elements I have came across have the following
effects when added to Al-Mg-Si alloys:

e Copper: This is a common addition element in commercial alloys. It
is known to give a higher hardness at the cost of a higher susceptibility
to corrosion. Cu was added to alloys of Mg/Si= 2 and Mg/Si= 0.5
in paper 3. It gave a hardness boost, and more interestingly, reduced
the negative effect of NA regardless of the Mg/Si ratio. The reason
is not yet clear, but judging from APT results on the same alloys
[144], Cu helps create or stabilises Cluster(2), which later transforms
into ”. Adding Cu gives some new phases to the alloy system (see
section 2.6.5), but it is also present in disordered parts of otherwise
pure Al-Mg—Si precipitates, and at their interfaces [145]. The same
work found Cu to be incorporated in precipitates to a higher degree
after deformation of the material. These precipitates typically nucleate
along dislocations, which may act as high diffusivity paths for Cu,
leading them into the precipitate structures. Cu columns are found
in two configurations: either a triangular configuration with its three
nearest neighbours at the same height (most common), or replacing a
Si network column (less common) [145].

e Calcium: More a nuisance than anything else, Ca can enter the alu-
minium melt in many ways. A 6060-like composition with additions
of Ca was studied in paper 4 to understand why this element degrades
the strength of Al-Mg—Si alloys. The base alloy composition is the
same as the one used in [145] and [146]. Already during preparation of
TEM specimens, we noticed there was something strange in the etched
surface of the Ca-added material. It turned out to be giant particles
embedded in the matrix. These were later studied with EDS in both
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STEM and SEM, and found to have the composition CaAlsSis. Being
included in the formula, Si was depleted from the matrix, which caused
a coarser precipitate microstructure. Adding Ca to Si-containing Al
alloys is therefore not a good idea, unless it is found to boost another
property in materials where strength is not the biggest concern.

e Zinc: Recycling results in occasional mixing of alloy systems, such as
Al-Zn-Mg (7zzz) alloys being mixed into a 6xzx alloy melt. The ef-
fect of Zn additions was investigated thoroughly in [146]. The hardness
and microstructure were very weakly affected, despite Al-Zn—Mg being
another system that relies on precipitation hardening for strength. In
this system, plate-shaped precipitates form on {111} 4} planes [7]. No
such plates were observed by BF-TEM. Apparently, most of the Mg
is stolen by Al-Mg-Si precipitates such as 8”. But the densest alloy
contained 1 wt.% Zn, and a lot of effort was spent on finding whether
Zn accumulates somewhere. EDS mapping in STEM revealed a film
of Zn on grain boundaries. This is typically seen in Cu-containing
alloys and cause intergranular corrosion, which made us initiate cor-
rosion testing. The alloy with most Zn was indeed found to corrode
easily, and to the largest degree when age hardened. Zn may diffuse to
grain boundaries during typical AA treatments. Aberration-corrected
HAADF-STEM imaging was also conducted on precipitates. Although
no great change in microstructure was observed, some Zn entered into
precipitates. Single Zn-containing columns were seen in disordered
areas, Zn was found in the Al matrix at precipitate interfaces, and
Si3/Al sites in ” were partially replaced by Zn. As far as we know,
no advantages comes out of adding Zn to 6zxx alloys. Due to the poor
corrosion resistance, this particular study can suggest a maximum of
0.1 wt.% of trace Zn to be kept.

e Silver: Being sought after by both electronics manufacturers and posh
women, Ag is an expensive metal, and one that is rarely used in com-
mercial alloying of Al [14]. However, it has an excellent solid solubility
in Al, only second to that of Zn [14]. Al-Ag alloys are known to form
GP-zones during heat treatment [147]. Ag also promotes clustering
in 6zzz alloys [148] and constitutes the interface layers of the plate-
shaped Q phase in Al-Cu-Mg—Ag alloys [149]. With enough Ag, one
can form the ng structure [105]. In paper 5, precipitates in an over-
aged Al-Mg-Si—-Cu—Ag alloy were investigated. The microstructure
consisted of L and Q' particles, which had also been the case if Ag
were absent. The effect of Ag is the formation of disordered areas in-
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side precipitates, where Ag is present in some atomic columns, often
neighbouring each other. There is a high affinity for replacement of Si
network columns with Ag, which can be barely seen in Fig. 2(d) in the
paper. While Cu wants a triangular symmetry in its columns, Ag is
more flexible with its nearby environment. It has been observed e.g. in
Si network columns and at Al-fcc sites, which makes its behaviour more
comparable to that of Zn. This configurational disagreement causes Cu
and Ag to be present in different areas and not share atomic columns.
The addition of Ag to Al-Mg—Si(—Cu) alloys leads to a small increase
in mechanical strength [150].

These are only a few of the microalloying elements that have been tested
experimentally and hypothesised to affect precipitation in Al-Mg—Si alloys
[59]. There might still be undiscovered combinations that help the nucleation
of known precipitate phases or contribute in forming yet undiscovered phases
that strengthen Al-Mg—Si alloys or Al alloys in general. Investigating dense
alloys with uncommon ratios of elements is the topic of a new project, see
section 4.5.

4.3 Atomic-resolution elemental mapping in STEM

A new top notch microscope, JEOL JEM-ARM200F, was installed at the
TEM Gemini Centre in 2013. It comprises both image and probe aberration
correctors, DualEELS™ acquisition capabilities [151] and large solid angle
EDS detectors, making it one of the best instruments for atomic-resolution
elemental analysis in the World. Experiments such as the one described in
paper 5 will be conducted regularly on this new instrument. Since STEM-
EELS acquisitions take a lot of time (some minutes), they involve many
problems, such as beam damage, carbon contamination, and too much drift
during acquisition. This comes in addition to the difficulties of aligning and
operating the microscope. It will nevertheless open some windows, and in
particular make it possible to map the Si signal, which is one of the most
troublesome elements due to its L-edge and K-edge being at very low and
very high energy loss, respectively [100].

Including all relevant elements in the spectrum is not a problem when in-
stead acquiring STEM—-EDS spectrum images, which is the ideal method for
measuring all elements except the very lightest ones. ED spectra are easier
to analyse than EEL spectra and enables a quite accurate quantification
of elemental composition. The downside is a slightly lower resolution and
generally longer acquisition times than in STEM-EELS. The optimal config-
uration would be simultaneous HAADF-STEM, EELS and EDS acquisition,
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so one has three datasets and can exploit their individual advantages during
data analysis. The three techniques also suffer from electron delocalisation
in different ways [152, 153|, so such a combination can help to make clearer
(and quantify) the effects of delocalisation on the obtained signals.

Atomic-resolution elemental mapping is a quite established technique for
investigating e.g. ceramics [154, 155], but has not been used much for me-
tallurgical applications. Paper 5 shows that the technique gives amazing
results for precipitates in Al alloys once the challenges related to specimen
contamination and microscope stability are overcome. Al-Mg—Si alloys are
especially suited due to their needle-shaped precipitates with a homogen-
ous structure through their main growth direction, which enables all atomic
columns to be distinguished in the projected needle cross-section. The map-
ping of columns containing mostly one element, e.g. Cu and Mg were un-
ambiguously identified in the EEL spectrum images. Columns with partial
content, in this case of Ag, give a lower signal and are more difficult to
map. Rigorous data analysis then becomes important, and PCA was shown
in Fig. 3.7 to transform the Ag map from noisy clouds to a nice elemental
map showing the position of several Ag-containing columns. With the good
results obtained in these initial experiments, the trend is definitely about
to change in the favour of more aberration corrected elemental mapping of
precipitates in Al alloys.

4.4 Applicability of pSR and PAS to Al alloys

Papers 1 and 2 deal with nSR experiments on Al(—Mg)(—Si) alloys with vari-
ous heat treatments. The goal of this project was to explore the possibilities
of the technique and answer the following questions: What can the technique
tell us about the material? What kinds of compositions and microstructural
states are required to gain useful information? How does it compare to
PAS? Does it help the interpretation of APT/TEM/DSC/XRD data? Can
it give us information of interest to the industry? While I can not state with
rigor that all questions have been answered to a satisfactory degree, we have
laid a foundation that can aid future experiments in discovering properties
of materials. A big part of the challenge was understanding the technique
itself, how muons behave and how to model this numerically.

The starting motivation was that we wanted to find out something
about the vacancy kinetics during low-temperature annealing (e.g. NA) after
quenching from SHT. We found quite early that muons are trapped by vacan-
cies at temperatures around RT (300 K). This is proven most conclusively
by in situ NA studies of pure Al and 1.6% MgsSi, both in which the muon
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diffusivity increases with time after quenching from SHT [133]|. During NA,
vacancies are gradually annealed out of the material. The conclusion is an
inverse correlation between vacancy content and muon diffusivity, which im-
plies that vacancies attract muons. Although PAS is also sensitive to vacan-
cies, it is more difficult to separate between the different contributions with
this technique, and the signal quickly becomes mixed with that of beginning
clusters. Therefore, nSR is most sensitive to low vacancy concentrations in
Al alloys, unparalleled by any other experimental method. The problem is
that we have been unable to answer the sometimes posed question “but how
many vacancies are there, exactly?”. Quantification requires a more accur-
ate knowledge of muon kinetics than we have at present, specifically a way
to predict the muon diffusivity in pure (vacancy-free) aluminium. Muons
simply move too fast in such a material, and we are unable to measure it
in a way that makes the number distinguishable from infinity. On a side
note, uSR is not unique for the ability to probe vacancies. A great accom-
plishment in solid state science belongs to Simmons and Baluffi, who heated
a pure aluminium sample while measuring the physical extension and the
lattice parameter with XRD [156]. The deficit in volume change caused by
lattice expansion had to be a volume change caused by an increased vacancy
concentration. Unfortunately, they were only able to estimate the concen-
tration for temperatures equal to and above typical SHT temperatures for
6zzx alloys.

The dense 1.6% MgsSi alloy was our base alloy, on which different heat
treatment times and temperatures were attempted. Other compositions were
also tested, as well as binary 0.5% Si and 0.5% Mg alloys and pure Al. These
enabled us to separate the contributions of different muon trapping sites to
the total trapping rate. For instance, we determined that Mg atoms in solu-
tion provide the most important trapping site at low temperatures (around
30 K). Figure 9 in paper 2 shows an overview of defect contributions.

Al-Mg—Si alloys have a muon trapping peak around 180 K that is not
observed in e.g. Al-Mg. Due to its dependence on heat treatment, we as-
sociated it with clustering in paper 1. More experiments were conducted,
comparing RT stored samples with samples annealed at higher temperatures.
According to APT studies [51], Cluster(1) nucleates during RT storage while
Cluster(2) is formed during annealing at e.g. 70-100 °C. In light of this and
an apparent dependence of Cluster(2) content on muon trapping, we claim in
paper 2 that this “good” cluster is an effective muon trapping site. Serizawa
et al. [51] found that Cluster(2) has a specific (partially ordered) structure.
We found a high muon trapping rate in conditions annealed at 70-150 °C,
and at the higher end of this temperature range, developed needle-like GP-
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zones are clearly visible in a TEM. Since the “cluster trapping peak” appears
at quite a high sample temperature (about 180 K), it means the relevant de-
fect is dilute, but has a strong bond with muons. The most probable trapping
site is vacancies inside Cluster(2), since solute atoms at fcc positions have
a poor trapping potential. Our conclusion is that the “bad” Cluster(1) is
disordered while the “good” Cluster(2) has an ordered structure (perhaps
resembling that of 5”) and is stabilised by absorbing vacancies. In this
way, vacancies are caught inside the material until it is aged sufficiently and
phases formed later in the precipitation sequence start to dominate. We
recently probed a microstructure containing only the stable § phase, and
the muon behaviour is very similar to that in annealed Al-Mg, thus devoid
of a cluster trapping peak. Research where the alloy composition and heat
treatment is varied further from our investigated conditions may help to con-
firm and elaborate on our conclusion. Specifically, it would be interesting
to study Al-Mg—Ge and Al-Mg—Si—Cu alloys with uSR, to probe the early
phase formation and identify the differences in kinetics that strongly alters
the precipitate microstructures in these systems from that of AI-Mg—Si al-
loys [40, 157].

It has become clear that positrons are also trapped by solute clusters [48].
In situ PAS studies show several clustering stages, and it is easier to probe
the early kinetics after quenching with this technique. This might change if a
1SR sample holder with the ability to rapidly cool a sample down from SHT
temperatures is developed. Confirming our conclusions from pSR with PAS
proves difficult. Positron lifetimes can in principle be calculated based on the
environment around a positron, but finding the exact nature of clusters is
difficult due to a complicated early microstructure with a mixture of many
defects that act as positron trapping sites. There is no paper regarding
PAS included in this thesis, but a study comparing in situ pSR and PALS
was published in the conference proceedings for ICAA13 [133]. The paper
shows the muon spin relaxation rate and positron lifetime as a function of
NA time after quenching. As with pSR, the greatest challenge with PAS
is interpreting the measured data. With higher in situ data capture rates
(better statistics) and a good model for the kinetics of positrons and muons,
a greater understanding of early precipitation may be achieved with a similar
scheme.

4.5 Personal future plans

My personal plans after graduation involves continuation at the TEM Gem-
ini Centre as a postdoctoral researcher in a FRINATEK project, fully fun-
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ded by The Research Council of Norway. The project concerns relations
between the precipitation in Al-Mg-Si (6zzx), Al-Cu-Mg (2zzz) and Al-
Zn-Mg (Txxx) alloys, and what happens when their alloy compositions are
mixed. Specifically, we are interested in the formation enthalpy of the dif-
ferent phases, and which phases will win the battle for solutes. Can e.g.
the 3" needles along (001),, (from the 6zxz system) coexist with the 7/
plates along {111}4; planes (from the 7zzz system)? How will this influ-
ence the mechanical properties? Can the phases of the different systems
grow together into joint particles? The 6zxx system, to which this thesis is
dedicated, is the most complicated of the three, with the highest number of
phases and the strangest clustering behaviour, making my work during the
previous years a good starting point for this study.



Bibliography

1]

2l
3]
4]
[5]

(6]
7]
8]
9]
[10]
[11]
[12]
[13]
[14]

[15]

[16]
[17]

[18]

Polmear, 1. J., Light Alloys: Metallurgy of the Light Metals, Metal-
lurgy and Materials Science Series, Arnold, 1995.

Miller, W. S. et al., Mater. Sci. Eng. A 280 (2000) 37 .
Mukhopadhyay, P., ISRN Metallurgy 2012 (2012).
Polmear, 1. J., Mater. Forum 28 (2004).

Dwyer, C., Weyland, M., Chang, L. Y., and Muddle, B. C., Appl.
Phys. Lett. 98 (2011) 201909.

Bjorge, R., Andersen, S. J., Marioara, C. D., Etheridge, J., and
Holmestad, R., Philos. Mag. 92 (2012) 3983.

Marioara, C. D., Lefebvre, W., Andersen, S. J., and Friis, J., Journal
of Materials Science 48 (2013) 3638.

Kehr, K. W. et al., Phys. Rev. B 26 (1982) 567.

Doyama, M. et al., Hyperfine Interactions 17 (1984) 225.
Blundell, S. J., Contemporary Physics 40 (1999) 175.
Wohler, F., Annalen der Physik und Chemie 11 (1827) 146.
Kittel, C., Introduction to Solid State Physics, Wiley, 2004.

Omar, M. A., Elementary Solid State Physics, Pearson Education,
1999.

Davis, J. R., editor, Aluminum and Aluminum Alloys, ASM Specialty
Handbook, ASM International, 1993.

Webelements: the periodic table on the web,
http://www.webelements.com.

Trond Furu, private communication.

U.S. Geological Survey, Minerals Yearbook — Aluminium, U.S. Geo-
logical Survey, 2013.

Gorner, H., Removal of dissolved elements in aluminium by filtration,
PhD thesis, Norwegian University of Science and Technology, Depart-

117



118

Bibliography

[19]

[20]
[21)
[22)
23]
[24]
[25)
[26]
[27]

28]
[29]

[30]
[31]
[32]
[33]
[34]

[35]

[36]
[37]

ment of Materials science and engineering, 2009.

Guthrie, R. I. L. and Nilmani, M., Impurity Sources and Control —
General Principles of Melt Treatment, The Minerals, Metals & Ma-
terials Society, 1993.

Engh, T. A., Principles of Metal Refining, Oxford university press,
1992.

Ali, S., Apelian, D., and Mutharasan, R., Canadian Metallurgical
Quarterly 24 (1985) 311.

Sigworth, G. K. and Engh, T. A., Metall. Mater. Trans. 28A (1997)
1281.

Verhoeven, J. D.,; Fundamentals of Physical Metallurgy, John Wiley
& Sons, Inc., 1975.

Porter, D. A. and Easterling, K. E., Phase Transformations in Metals
and Alloys, Chapman & Hall, 2nd edition, 1992.

Hirth, J. P. and Lothe, J., Theory of dislocations, John Wiley & sons,
1982.

Buehler, M. J., Hartmaier, A., Duchaineau, M. A., Abraham, F. R.,
and Gao, H. J., Acta Mechanica Sinica 21 (2005) 103.

Teichmann, K., Marioara, C. D., Andersen, S. J., and Marthinsen, K.,
Metall. Mater. Trans. A 43 (2012) 4006.

Troeger, L. P. and Jr, E. A. S., Mater. Sci. Eng. A 293 (2000) 19.

Mohanty, P. S. and Gruzleski, J. E., Acta Metall. Mater. 43 (1995)
2001.

Teichmann, K., Marioara, C. D., Andersen, S. J., and Marthinsen, K.,
Mater. Charact. 75 (2013) 1 .

Wilm, A., Metallurgie 8 (1911) 225.

Dupare, O. H., Zeitschrift fiir Metallkunde 96 (2005) 398.

Merica, P. D., Waltenberg, R. G., and Scott, H., Scientific Papers of
the Bureau of Standards 15 (1919) 271.

Key to metals — The World’s most comprehensive metals database,
http://www.keytometals.com.

Edwards, G. A., Stiller, K., Dunlop, G. L., and Couper, M. J., Mater.
Sci. Forum 217-222 (1996) 713.

Matsuda, K. et al., J. Mater. Sci. 35 (2000) 179.

Andersen, S. J., Marioara, C. D., Frgseth, A., Vissers, R., and Zand-
bergen, H. W., Mater. Sci. Eng. A 390 (2005) 127 .



119

[38]
[39]

[40]
[41]

[42]

[43]

[44]
[45]

[46]
[47]

[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]

[56]
[57]

Matsuda, K., Ikeno, S., Uetani, Y., and Sato, T., Metall. Mater. Trans.
A 32 (2001) 1293.

Chakrabarti, D. and Laughlin, D. E., Progress in Materials Science
49 (2004) 389 .

Marioara, C. D. et al., Philos. Mag. 87 (2007) 3385.

Kovarik, L., Miller, M. K., Court, S., and Mills, M. J., Acta Mater.
54 (2006) 1731 .

Bourgeois, L., Dwyer, C., Weyland, M., Nie, J.-F., and Muddle, B. C.,
Acta Mater. 59 (2011) 7043 .

Banhart, J. et al., The kinetics of natural ageing in 6000 alloys -
a multi-method approach, in Proceedings of the 12th International
Conference on Aluminium Alloys, pages 381-388, 2010.

Martinsen, F. A., Ehlers, F. J. H., Torseter, M., and Holmestad, R.,
Acta Mater. 60 (2012) 6091.

Seyedrezai, H., Grebennikov, D., Mascher, P., and Zurob, H. S., Mater.
Sci. Eng. A 525 (2009) 186 .

Kim, J., Kobayashi, E., and Sato, T., Mater. Trans. 52 (2011) 906.

Chang, C. S. T. and Banhart, J., Metall. Mater. Trans. A 42 (2011)
1960.

Banhart, J., Lay, M. D. H., Chang, C. S. T., and Hill, A. J., Phys.
Rev. B 83 (2011) 014101.

Seyedrezai, H., Early stages of ageing in Al-Mg-Si alloys, Master’s
thesis, 2007.

De Geuser, F., Lefebvre, W., and Blavette, D., Philos. Mag. Lett. 86
(2006) 227.

Serizawa, A., Hirosawa, S., and Sato, T., Metall. Mater. Trans. A 39
(2008) 243.

Torsaeter, M. et al., J. Appl. Phys. 108 (2010) 073527.
Preston, G., Philos. Mag. 26 (1938) 855.

Marioara, C. D., Andersen, S. J., Jansen, J., and Zandbergen, H. W_,
Acta Mater. 49 (2001) 321.

van Huis, M. A., Chen, J. H., Zandbergen, H. W., and Sluiter, M.
H. F., Acta Mater. 54 (2006) 2945 .

Murayama, M. and Hono, K., Acta Mater. 47 (1999) 1537.

Marioara, C., Andersen, S., Jansen, J., and Zandbergen, H., Acta
Mater. 51 (2003) 789.



120 Bibliography

[58] Chang, C., Wieler, I., Wanderka, N., and Banhart, J., Ultramicroscopy
109 (2009) 585 .

[59] Sato, T., Hirosawa, S., Hirose, K., and Maeguchi, T., Metall. Mater.
Trans. A 34 (2003) 2745.

[60] Edwards, G. A., Stiller, K., and Dunlop, G. L., Appl. Surf. Sci. 76-77
(1994) 219.

[61] Andersen, S. J., Met. Mater. Sci. 26A (1995) 1931.

[62] Zandbergen, H. W., Andersen, S. J., and Jansen, J., Science 277
(1997) 1221.

[63] Hasting, H. S. et al., J. Appl. Phys. 106 (2009) 123527.

[64] Vissers, R. et al., Acta Mater. 55 (2007) 3815.

[65] Ravi, C. and Wolverton, C., Acta Mater. 52 (2004) 4213.

[66] Frgseth, A. G., Hoier, R., Derlet, P. M., Andersen, S. J., and Marioara,
C. D., Phys. Rev. B 67 (2003) 224106.

[67] Sagalowicz, L., Lapasset, G., and Hug, G., Philos. Mag. Lett. 74
(1996) 57.

[68] Andersen, S., Marioara, C., Vissers, R., Frgseth, A., and Zandbergen,
H., Mater. Sci. Eng. A 444 (2007) 157 .

[69] Ehlers, F. J. H., Wenner, S., Andersen, S., Marioara, C. D., and
Holmestad, R., The role of the Si network to the stabilization of
hardening precipitates in the Al-Mg-Si(—Cu) alloy system, in 13th
International Conference on Aluminum Alloys, edited by Heiland, W.,
Rollett, A. D., and Cassada, W., pages 279-284, Wiley, 2012.

[70] Ehlers, F. J. H., Wenner, S., Andersen, S. J., Marioara, C. D., and
Holmestad, R., Phase stabilization principle and precipitate-host lat-
tice influences for AI-Mg—Si—Cu alloy precipitates, (submitted to Acta
Mater.).

[71] Chen, J. H., Costan, E., van Huis, M. A., Xu, Q., and Zandbergen,
H. W., Science 312 (2006) 416.

[72] Derlet, P. M., Andersen, S. J., Marioara, C. D., and Frgseth, A., J.
Phys.: Condens. Mat. 14 (2002) 4011.

[73] Andersen, S. J. et al., Acta Mater. 46 (1998) 3283 .

[74] Dumolt, S. D., Laughlin, D. E., and Williams, J. C., Scripta Metall.
18 (1984) 1347 .

[75] Jacobs, M. H., Philos. Mag. 26 (1972) 1.

[76] Cayron, C., Sagalowicz, L., Beffort, O., and Buffat, P. A., Philos.



121

[77]

78]

[79]
[80]
[81]

[82]
[83]
[84]
[85]
[36]
[87]
[33]
[89]

[90]

91]
[92]
(93]

[94]
[95]

Mag. A 79 (1999) 2833.

Torseeter, M., Ehlers, F. J. H., Marioara, C. D., Andersen, S. J., and
Holmestad, R., Philos. Mag. 92 (2012) 3833.

Sagalowicz, L., Hug, G., Bechet, D.,; Sainfor, P., and Lapasset, G., A
study of the structural precipitation in the Al-Mg-Si-Cu system, in

4th International Conference on Aluminium Alloys, edited by Sanders,
T. H. and Starke, E. A., pages 636643, 1994.

Arnberg, L. and Aurivillius, B., Acta Chem. Scand. 34A (1980) 1.
Wolverton, C., Acta Mater. 49 (2001) 3129 .

Nordstrom, A., TEM studies of the equilibrium phase in Al-Mg-Si(-
Cu) alloys, Master’s thesis, 2006.

Marioara, C. D., Andersen, S. J., Birkeland, A., and Holmestad, R.,
J. Mater. Sci. 43 (2008) 4962.

Ratke, L. and Voorhees, P. W., Growth and Coarsening: Ostwald
Ripening in Material Processing, Engineering Materials and Processes,
Springer, 2002.

Liu, M., unpublished results.

Granholt, J. D. D. A., Precipitate structure changes during overaging
in an Al-Mg-Si alloy, Master’s thesis, 2012.

Egerton, R. F., Reports on Progress in Physics 72 (2009) 016502.
Hetherington, C., Materials Today 7 (2004) 50 .

Batson, P. E., Dellby, N., and Krivanek, O. L., Nature 418 (2002)
617.

Urban, K. W. et al., Philos. T. R. Soc. A 367 (2009) 3735.

Williams, D. and Carter, C., Transmission Electron Microscopy: A
Textbook for Materials Science, Cambridge library collection, Springer,
2009.

Humpbhreys, C. J., Rep. Prog. Phys. 42 (1979) 1825.

Rose, H., Ultramicroscopy 110 (2010) 488 .

Yamazaki, T., Kawasaki, M., Watanabe, K., Hashimoto, I., and Sh-
iojiri, M., Ultramicroscopy 92 (2002) 181 .

Ayer, R., Journal of Electron Microscopy Technique 13 (1989) 16.
Nellist, P. D. and Pennycook, S. J., The principles and interpretation
of annular dark-field Z-contrast imaging, in Advances in Imaging and
Electron Physics, edited by Kazan, B., Mulvey, T., and Hawkes, P.,
volume 113, pages 147-203, Elsevier, 2000.



122

Bibliography

[96]

[97]
(98]
[99]
[100]
[101]

[102]

[103]
[104]

[105]
[106]
[107]
[108]
[109]

[110]
[111]

[112]

[113]
114]

Pennycook, S. J., Structure determination through Z-contrast micro-
scopy, in Microscopy, Spectroscopy, Holography and Crystallography
with Electrons, edited by Peter W. Hawkes, Pier Georgio Merli, G. C.
and Vittori-Antisari, M., volume 123 of Advances in Imaging and Elec-
tron Physics, pages 173 — 206, Elsevier, 2002.

Deininger, C., Necker, G., and Mayer, J., Ultramicroscopy 54 (1994)
15.

Kimoto, K., Kothleitner, G., Grogger, W., Matsui, Y., and Hofer, F.,
Micron 36 (2005) 185 .

Stockli, T., Bonard, J. M., Stadelmann, P.-A., and Chéatelain, A.,
Zeitschrift fir Physik D 40 (1997) 425.

Ahn, C. C. and Krivanek, O. L., EELS Atlas, Arizona State University
and Gatan Inc., Tempe, AZ, 1983.

Malis, T., Cheng, S. C., and Egerton, R. F., J. Elec. Microsc. Tech. 8
(1988) 193.

Bjerkaas, H., Characterisation and Plasticity in FExtruded Al-Mg-Si
Profiles engaging In-situ EBSD, PhD thesis, Norwegian University of
Science and Technology, Department of Materials science and engin-
eering, 2007.

Reimer, L. and Kohl, H., Transmission Electron Microscopy — Physics
of Image Formation, Springer, 2008.

Marioara, C. D., Andersen, S. J., Zandbergen, H., and Holmestad, R.,
Metall. Mater. Trans. A 36 (2005) 691, 10.1007/s11661-005-0185-1.

Marioara, C. D. et al., Philos. Mag. 92 (2012) 1149.

Bjorge, R. et al., J. Phys. Conf. Ser. 371 (2012) 012015.
Goodhew, P. and Bleloch, A., Materials World 11 (2003) 23 .
Williams Lefebvre, private communication.

Keenan, M. R. and Kotula, P. G.,; Microscopy and Microanalysis 10
(2004) 874.

Arenal, R. et al., Ultramicroscopy 109 (2008) 32 .

Goldstein, J. et al., Scanning Electron Microscopy and X-ray Mi-
croanalysis, Springer, 3rd ed. edition, 2003.

Echlin, P., Handbook of Sample Preparation for Scanning Electron
Microscopy and X-Ray Microanalysis, Spinger, 2009.

Yamazaki, T., Hyperfine Interactions 6 (1979) 115.
Gladisch, M. et al., Hyperfine Interactions 6 (1979) 109.



123

[115]
[116]
[117]

[118]

[119]
[120]

[121]

[122]

[123]
[124]
[125]

[126]

[127]
[128]

[129]
[130]

[131]
[132]
[133]

[134]
[135]
[136]

Borghini, M. et al., Phys. Rev. Lett. 40 (1978) 1723.
Boekema, C. et al., Phys. Rev. B 26 (1982) 2341.

Nagamine, K., Pratt, F. L., Watanabe, 1., and Torikai, E., RIKEN
Review 35 (2001) 126.

Lichti, R. L., Chow, K. H., and Cox, S. F. J., Phys. Rev. Lett. 101
(2008) 136403.

Saragi, T. P. et al., Organic Electronics 14 (2013) 62 .

Garwin, R. L., Lederman, L. M., and Weinrich, M., Phys. Rev. 105
(1957) 1415.

Yaouanc, A. and De Réotier, P. D., Muon Spin Rotation, Relaxa-
tion, and Resonance: Applications to Condensed Matter, International
Series of Monographs on Physics, Oxford University Press, 2011.

Coughlan, G., Dodd, J., and Gripaios, B., The Ideas of Particle Phys-
ics: An Introduction for Scientists, Cambridge University Press, 2006.

Webber, D. M. et al., Phys. Rev. Lett. 106 (2011) 041803.
Hayano, R. S. et al., Phys. Rev. B 20 (1979) 850.

van der Vaart, A. W., Asymptotic Statistics, Cambridge Series in Stat-
istical and Probabilistic Mathematics, Cambridge University Press,
2000.

Kubo, R. and Toyabe, T., in Magnetic Resonance and Relazation,
edited by Blinc, R., page 810, North-Holland, Amsterdam, 1967.

Holzschuh, E. and Meier, P. F., Phys. Rev. B 29 (1984) 1129.

Matsuzaki, T. et al., Nuclear Instruments and Methods A 465 (2001)
365.

Isis — about isis, http://www.isis.stfc.ac.uk/about-isis/.

Doyama, M., Nakai, R., and Yamamoto, R., Hyperfine Interactions
17 (1984) 231.

Hartmann, O. et al., Phys. Rev. Lett. 44 (1980) 337.
Prochazka, 1., Materials structure 8 (2001) 55.

Wenner, S. et al., Muon spin relaxation and positron annihilation
spectroscopy studies of natural ageing in Al-Mg—Si alloys, in 15th
International Conference on Aluminum Alloys, edited by Heiland, W,
Rollett, A. D., and Cassada, W., pages 37-42, Wiley, 2012.

Dlubek, G., Mater. Sci. Forum 13-14 (1987) 11.
Ferragut, R. et al., Scripta Mater. 60 (2009) 137.
Li, Y. J. and Arnberg, L., Acta Mater. 51 (2003) 3415 .



124

Bibliography

[137]
[138]
[139]
[140]

141
[142]
[143]
[144]

[145]
[146]
[147]
[148]
[149]
[150]

[151]
[152]
[153]

[154]

[155]
[156]
[157]

Jansen, J., Tang, D., Zandbergen, H. W., and Schenk, H., Acta Cryst.
A54 (1998) 91.

Miller, M. K. and Kenik, E. A., Microscopy and Microanalysis 10
(2004) 336.

Varschavsky, A. and Donoso, E., Journal of Thermal Analysis and
Calorimetry 74 (2003) 41.

De Moor, E., Fojer, C., Penning, J., Clarke, A. J., and Speer, J. G.,
Phys. Rev. B 82 (2010) 104210.

Zhen, L. and Kang, S. B., Materials Letters 37 (1998) 349.
Hohenberg, P. and Kohn, W., Phys. Rev. 136 (1964) B864.
Kohn, W. and Sham, L. J., Phys. Rev. 140 (1965) A1133.

Torsacter, M., Quantitative studies of clustering and precipitation in
Al-Mg-Si(-Cu) alloys, PhD thesis, Norwegian University of Science
and Technology, Department of Physics, 2011.

Saito, T. et al., Metall. Mater. Trans. A 44 (2013) 4124.

Saito, T. et al., The effect of zn on precipitation in Al-Mg-Si alloys,
(submitted to Philos. Mag.).

Alexander, K. B., Legoues, F. K., Aaronson, H. I., and Laughlin, D. E.,
Acta Metall. 32 (1984) 2241.

Kim, J., Tezuka, H., Kobayashi, E., and Sato, T., Korean J. Mater.
Res. 22 (2012) 31.

Hutchinson, C. R., Fan, X., Pennycook, S. J., and Shiflet, G. J., Acta
Mater. 49 (2001) 2827 .

Kim, J., Marioara, C. D., Holmestad, R., Kobayashi, E., and Sato, T.,
Mater. Sci. Eng. A 560 (2013) 154 .

Gubbens, A. et al., Ultramicroscopy 110 (2010) 962 .
Rossell, M. D. et al., ACS Nano 6 (2012) 7077.

Suenaga, K., Okazaki, T., Okunishi, E., and Matsumura, S., Nature
Photonics 6 (2012) 545.

Tan, H., Turner, S., Yiicelen, E., Verbeeck, J., and Van Tendeloo, G.,
Phys. Rev. Lett. 107 (2011) 107602.

MacLaren, I. et al., Adv. Funct. Mater. 23 (2013) 683.
Simmons, R. O. and Balluffi, R. W., Phys. Rev. 117 (1960) 52.

Bjorge, R., Marioara, C. D., Andersen, S. J., and Holmestad, R.,
Metall. Mater. Trans. A 41 (2010) 1907.






