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THE TEM GEMINI CENTRE

The TEM (Transmission Electron Microscopy) Gemini Centre
was established in March 2006 and consisted of professors,
postdocs, students and engineers from Department of Phys-
ics (DP), NTNU and researchers from the Material Physics
research group, a part of the Department of Synthesis and
Properties in SINTEF Materials and Chemistry.

In June 2009 the TEM Gemini Centre was renominated as a
Gemini Centre for a new three year period, and the TEM ac-
tivities in Department of Materials Science and Engineer-
ing (DMSE) at NTNU were included in the Centre. As a con-
sequence all TEM facilities related to physical sciences in
Trondheim are under one umbrella and the access is more
open to groups outside the Centre. The same constellation
was renominated in November 2012 for another period of 3
years.

The TEM Gemini Centre research groups work within materi-
als physics and science, studying a broad range of materials
down to the nanometre and atomic level, where the main tool
is the transmission electron microscope. The overall objec-
tive of the TEM Gemini Centre is to build and secure a robust
scientific environment within TEM with high international
profile as a sound basis for growth, not only for the Centre
itself, but also for other parts of NTNU and SINTEF. A large
infrastructure project, NORTEM, has given a national iden-
tity to TEM, and the discussion about how to run the Gemini
Centre in the future has started.

THE GEMINI CENTRE CONCEPT

The Gemini Centres form a model for strategic cooperation
in which scientific groups with parallel interests coordinate
their scientific efforts and jointly operate their resources.
SINTEF and NTNU - the Norwegian University of Science
and Technology - have established a wide range of Gemini
Centres. The concept is also being adopted as the model for
SINTEF’s cooperation with the University of Oslo (Ui0).

The objective of the Gemini Centres is to develop large sci-
entific groups of higher quality than either of the partners
could manage to build up on their own. There is an inter-
national demand for first-class scientific groups from both
project sponsors and students. For this reason, the Gemini
Centres have adopted the vision: To be an international joint
force at the leading edge of research.



INTRODUCTION

2014 has been the first year with the new NORTEM infrastruc-
ture up running and marks the transition to use of the new
facilities. The NORTEM project described in the further is a
partnership between NTNU, UiO, SINTEF and the Research
Council of Norway. The Gemini Centre is establishing routines
and its role in the NTNU/SINTEF system. The need for devel-
opment of the national role, and strategic objectives, such as
increased activity at the European level, should be addressed.
The instruments cover a wide range of activities within teach-
ing and research. Instrument use has increased over the last
year, showing that the new equipment is being utilized quickly.
This has been a great achievement and required a great deal of
hard work from everyone involved within the group.

The new facilities are the culmination of many years of stra-
tegic discussion and work in order to secure full support and
funding from the partner institutions and, more recently, in
partnership with UiO. This process has involved active partici-
pation and support within all three institutions which is grate-
fully acknowledged.

In November 2012 we were re-nominated for 3 new years as
a Gemini Centre. We got a positive evaluation and feedback
on how the Centre has functioned in the last years. Since the
nomination is for 3 years, a new re-nomination is due fall 2015.
Looking forward we are discussing the role of the TEM Gemini
Centre and the relation to the national NORTEM project.

The Gemini Centre participates in a range of internal and ex-
ternal projects, including national public and industrial and
EU funding. At the end of 2014 we got the good news that the
TEM Gemini Centre is participating in three new long-term SFI
projects - Centre of advanced structural studies (CASA), Sus-
tainable Innovations for Automated Manufacturing of Multi-
Material Products (Manufacturing) and Industrial Catalysis
Science and Innovation for a competitive and sustainable pro-
cessindustry (iCSl). These are projects starting up in 2015, and
the Centre will participate with PhD students in all of them.

The Centre had about 34 operators of TEM and produced more
than 40 journal publications in 2014. 16 of these publications
have international co-authors. In addition, 5 Masters and 3
PhD candidates were educated with TEM as a substantial part
of their theses. Three courses, with a total of approximately
130 students, used the facilities as part of their education at
NTNU. We organized a TEM introduction course with 15 par-
ticipants in November. We have organized group meetings al-
most every week, and have given many guided tours for high
school students to the microscopes. As seen from the publica-

tion list at the end, most members of the TEM group partici-
pated in international conferences and meetings in 2014. The
Centre hosted an international STEM workshop in January,
which is described in detail later in the report.

This annual report gives an overview of people, resources and
activities in the group, examples of a few scientific papers, and
it lists all publications in the Centre for 2014. For more details
we refer to our home pages of the TEM Gemini Centre (http://
www.ntnu.edu/geminicentre/tem).

John Walmsley and Randi Holmestad
April 2015.




BOARD AND MANAGEMENT

During 2014 the TEM Gemini Centre board has consisted of:

« Ragnar Fagerberg, Research director, SINTEF Materials and Chemistry

« Erik Wahlstrom (Mikael Lindgren until 31/07) , Department head, Department of Physics, NTNU
« Jostein Mardalen, Department head, Department of Materials Science and Engineering, NTNU

The daily management of the Centre has been:

« Randi Holmestad, Physics, NTNU, Leader

« John Walmsley, SINTEF Materials and Chemistry
« Tonvan Helvoort, Physics, NTNU

= Bjern Soleim, Physics, NTNU

= Ragnhild Seeterli, Physics, NTNU

= Yingda Yu, Materials Science, NTNU

The Centre had one board meeting, and a one-day strategy meeting in June 2014.

Key staff

e - X K. i
Randi Holmestad, Professor, Physics, NTNU, leader, John C Walmsley, Senior scientist/Professor Il, SINTEF
Materials and Chemistry, NTNU, Ton van Helvoort, Professor, Physics, NTNU, Bjorn Gunnar Soleim, Senior
engineer, Physics, NTNU, Ragnhild Saterli, Senior engineer, Physics, NTNU, Yingda Yu, Senior engineer, Mate-

rials Science and Engineering, NTNU.



VISION OF NORTEM

A WORLD-CLASS TEM CENTRE PROVIDING
ACCESS TO EXPERTISE AND STATE-OF-THE-

THE NORTEM PROJECT

NORTEM (Norwegian Centre for Transmission Electron Mi-
croscopy) is a nationally coordinated large scale infrastruc-
ture project with three partners - SINTEF, NTNU and UiO,
funded by the Research Council of Norway and the three
partners. The budget for new equipment and the rebuild-
ing in the project has been about 75 MNOK for the two
geographical nodes; Trondheim and Oslo. In 2012 NORTEM
signed contracts with the TEM vendors. In Trondheim we
signed a contract with JEOL. It included three TEM instru-
ments on three different user levels (state-of-the-art, ad-
vanced and routine). In the contract we also agreed that
JEOL should be responsible for the rebuilding of areas in the
basement of Kjemiblokk 1 (K1), close to NTNU NanoLab. The
fact that JEOL has been actively involved in the planning
and rebuilding phase has been crucial for obtaining the best
possible solutions for the infrastructure. In addition, the
TEM Gemini Centre and JEOL have agreed on a cooperation
agreement (JEOL Competence Centre (JCC) to develop the
facility and the users’ competence in the coming years.

The aim of NORTEM is to realize and provide access to mod-
ern TEM equipment in Norway. With infrastructure at two
locations, close to potential users, the investment in TEM
is consistent with high levels of recent investments made
in areas such as nanotechnology and solar energy. It also
matches the substantial investment in new TEM technol-
ogy globally and in our neighbouring countries. Besides be-
ing a top research TEM lab, the infrastructure will provide
access to TEM for a broader user environment, addressing

ART INFRASTRUCTURE FOR FUNDAMENTAL
AND APPLIED RESEARCH WITHIN THE
PHYSICAL SCIENCES IN NORWAY.

fundamental and applied research topics in physics, chem-
istry, materials science and geology. For this combination
of a research lab and a user facility, a fair and sustainable
running model is required, and the TEM Gemini Centre has
spent a considerable amount of time during the last years
to discuss how to establish a new running model for the
new infrastructure. As a part of this process, “seed pro-
ject” funding has been included in the NORTEM budget, for
proof-of-principle and training activities that will lead to
new projects and activities in the years to come. Attention
has been paid to addressing the challenge of establishing
and getting the best out of the facilities. From 2014 Rag-
nhild Seeterli has been recruited within the project to work
alongside Bjgrn Soleim in building-up and supporting main-
tenance, training, competence and techniques. In addition,
Per Erik Vullum has been recruited into an Adjunct Profes-
sor position, which will particularly contribute to develop-
ing spectroscopy and reciprocal interaction between NTNU
and SINTEF.

Rebuilding, installation and training on the new equipment
was the prime focus and required a lot of the Centre’s re-
sources in 2013 and 2014. The transition period from the
old to the new instruments has gone smoothly, and we are
gradually building up routines and competence on the new
instruments.

For more information on NORTEM see the webpages at
www.nortem.no.
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Randi Holmestad (Professor, DP, NTNU / Leader TEM Gemini Centre
John Walmsley (SINTEF senior scientist and Professor 1l, DP, NTNU
Ton van Helvoort (Associate professor/Professor from Sept. 2014, DP, NTNU
Knut Marthinsen (Professor, DMSE, NTNU

-Jan Ketil Solberg (Professor Emeritus, DMSE, NTNU

Yanjun Li (Research scientist, SINTEF

Per Erik Vullum (Research scientist, SINTEF and assoc. Prof II, NTNU

Ragnhild Saterli (Senior engineer, DP,NTNU
Yingda Yu (Senior engineer, DMSE, NTNU
Sigmund J. Andersen (Senior scientist, SINTEF
Jesper Friis (Research scientist, SINTEF

~ Calin Marioara (Research:scientist, SINTEF
Ruben Bjgrge (Research scientist, SINTEF

Alexander Mosberg
Joakim Larsen

(
(

Flemming Ehlers (Postdoc, DP, NTNU
Yanjie Gan (Postdoc, DP, NTNU

Jon Holmestad (PhD student, DP, NTNU
Astrid Marie F. Muggerud (PhD student, DP, NTNU
Takeshi Saito (PhD student, DP, NTNU

Sigurd Wenner (PhD student, DP, NTNU

Vidar Tonaas Fauske (PhD student, DP, NTNU

) Magnus Nord (PhD student, DP, NTNU
) Eva Anne Mgrtsell (PhD student, DP, NTNU

) Martin Ervik (PhD student, DR, NTNU

) Maryam Vatanparast (PhD student, DP, NTNU

) Mami Mihara (PhD student from Tokyo Tech, DP, NTNU

) Espen Undheim (Master student, DP, NTNU

) Eivind Seim (Master student, DP, NTNU

Bjgrn Gunnar Soleim (Senior engineer, DP, NTNU) Toshiki Omi (Master student from Tokyo Tech, DP, NTNU
) - Emil Christiansen (Master student, DP, NTNU

) Maximillian Erlbeck (Project student, DP, NTNU

) Julie Stene Nilsen (Project student, DP, NTNU

) o @r]ah Berntsen (Master student; DP, NTNU

) Project student, DP, NTNU

) Project student, DP, NTNU
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Microscopes in the TEM Gemini Centre today.

Instrument
Philips CM30
JEOL 2010

JEOL 2100

JEOL ARM-200F

JEOL 2100F

Location

DP, Natural Science building
DMSE, Alfred Getz vei 2

DB, Chemistry block |

DP, Chemistry block |

DB, Chemistry block |

TEM INSTRUMENTS

The TEM Gemini Centre has five TEMs: two older |
(Philips CM30 from 1989 at DP and JEOL JEM-2010
from 1993 at DSME) and three new ones, installed
as part of the NORTEM project in 2013 (a JEM-
2100 LaBg, a JEM-2100F and a double corrected
JEM-ARM200F). These instruments are described
on the next pages.

Configuration Installed
LaBs, 300 kV, PEELS, EDS, 1k 1989
camera
LaBs, 200 kV, GIF, EDS, 2k camera 1993
LaBs, 200 kV, STEM, GIF, EDS, Orius Aug. 2013
camera
Cold FEG,image and probe corrected,
Quantum GIF, Centurio EDS, CCD Oct. 2013
cameras
FEG, 200 kV, EDS, US camera,
ASTAR, gas reaction and tomogra- Dec. 2013

phy holders

11



THE NORTEM INSTRUMENTS IN TRONDHEIM

The following gives a short technical description of the three new microscopes
that have been installed in the completely refurbished basement of K1, along
with a support/preparation area and a computer room.

JEOL JEM-2100

The 2100 LaBs is the workhorse for routine
TEM studies, configured for easy access and a
broad user group. This is the instrument new
users are trained on. The set-up is optimized
for conventional TEM techniques as BF/DF-
TEM and SAED.

The 2100 features:

- Gatan 2k Orius CCD (side mounted)

. Scanning option with BF and HAADF
detector

. GIF system with 2k CCD

- Oxford X-Max 80 SDD EDS (solid angle
0.23 sr)

SPECIMEN HOLDERS

JEOL JEM-2100F

This FEG TEM is optimized for all-round
advanced materials studies with a special
focus on precession diffraction, orientation

mapping and tomography.

The 2100F features:

. 200 kV Schottky field emission gun (en-
ergy spread 0.7 eV)

-  Gatan 2k UltraScan CCD (bottom
mounted)

. Scanning option with BF and HAADF
detector

. Oxford X-Max 80 SDD EDX (solid angle
0.23 sr)

«  ASTAR orientation mapping and preces-
sion diffraction system
. Gatan TEM/STEM tomography

JEOL double corrected JEM-ARM200F
(coldFEG)

This is one of the most advanced TEMs cur-
rently in Europe. The stable coldFEG with both
probe and image spherical aberration cor-
rection and the most advanced EDX and EELS
systems allow unique studies at the atomic

scale. The microscope is placed in a custom
designed room with water cooled walls and
field cancellation.

The ARM features:

. Cold field emission gun with energy
spread of 0.3 eV

. Cs-probe corrector

. Cs-image corrector

- Centurio SDD EDX (solid angle 0.98 sr)

. Quantum GIF with DualEELS

« 2k Orius CCD (side-mounted) and 2k
UltraScan CCD (bottom mounted)

= Stable 5-axis gonio with piezo control in
x, y and z-directions

A broad range of holders is available for use on all three mi- «  Detectors for BF, ABF, ADF and HAADF
croscopes. This includes single tilt holders, double tilt hold- STEM
ers (£30 degrees), a cold stage holder, a heating holder, an < Aligned at 80 and 200 kV

environmental cell/transfer holder and tomography hold-
ers. A tilt-rotation holder and a new double tilt holder have
been purchased in 2014. In addition, investments in a new
heating holder will be done early in 2015.



OLDER TEM INSTRUMENTS

The CM30 is now 26 years old, and is still central to some
research projects, mainly related to aluminium alloys. This
microscope is used for conventional TEM, especially for dif-
fraction and bright field/dark field studies. The microscope
has an electron loss spectrometer for thickness measure-
ments which is essential in quantifying precipitation den-
sity. We expect to continue to use the CM30 for some more
years.

The JEOL 2010 at DMSE is 22 years old and provides similar
analysis to the CM30. It has its main application areas in
metallurgy and nanotechnology. It is used in undergraduate
and post-graduate research and teaching.

Maintaining the performance of these two older machines
is proving more demanding. This illustrates the importance
of experienced local technical support, continuous evalua-
tion and re-investment in large-scale facilities.

PhD student Takeshi Saito, who graduated in 2014, preparing Al specimens by
electropolishing.

The Philips CM30.

SPECIMEN PREPARATION

The Gemini Centre has well equipped specimen preparation
facilities at both DP and DMSE, reflecting the broad range
of materials studied. The Centre has different types of ion
mills, dimplers and other tools for TEM specimen prepara-
tion of metal and ceramic cross sectional specimens. The
electropolisher at DP has been essential in producing high-
quality AL TEM specimens. A semi-automatic tripod polish-
ing set-up is available for large area preparation of hard ma-
terials. For soft materials, such as polymers, ultramicrotomy
is an attractive preparation technique. It is also used for
preparation of catalysts, surface structures and nanoparti-
cles. Increasingly more TEM projects utilize the FIB at NTNU
NanoLab with lift-out option for site-specific TEM specimen
preparation. Effective access to this technique is essential
to the activities of the TEM Gemini Centre.

The limiting factor in a (S)TEM study is often the specimen
quality rather than the microscope. We see that this is par-
ticularly true forimaging and analysis in aberration correct-
ed instruments. The new instruments have highlighted the
need to upgrade the specimen preparation facilities, which
has started in 2014 and is also continuing in 2015.

In particular, specimen contamination has been one of the
limiting factors of high-quality (S)TEM work. The Centre has
therefore invested in an ozone cleaner. A new generation
ion miller and a dedicated pumping station for cleaning and
storing holders and delicate specimens will be installed
early 2015.
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Historical microscope usage in hours per year. This shows the transition to the

three NORTEM instruments in 2013.
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USER STATISTICS IN 2014

There were in total 34 operators of the four DP microscopes in
2014. Of these are 4 SINTEF users, who can give access to in-
dustry/third parties. There were 26 users from DP, 2 users
from DMSE and 2 users from other departments.

& {

/'“: The first table below shows hours which are written down in
the log book (“real hours spent”), for the four microscopes.

The second table below shows an overview of days the mi-

croscopes were used during the year. Because of all the work

done to build up competence on the new TEMs and build up

® the year, and is expected to increase further.

ARM-200F 2100F 2100 CM30

hours hours hours hours

SINTEF

545 237 62 132
NTNU

523 573 774 253
Physics 523

IMT

563 661 253
0 29

10 84
0 0

’ NTNU Teaching lab 0 20 101

Other departments
External 0

NorTEMnet workshop 41

S © S O© ©
S

NTNU, Set-up/testing/training/
demonstations

Total use

ARM-200F 2100F

Use on work days 194 128

| Use in weekends 37 23

Total days in use

Downtime

- \| Work days unused

a broader user base, the overall use was high throughout [

L -
.
R Lok
e -
. o B
. -
a *
e #
- . ¥

i
M
o Py
Al e
o e
P Y,
a"-"'
4"-"
r";"
> -

-

- .
’ ”
" .
* *
. .
» M
" .
. .
. .
- -

.

*

" " W W W
ti!litlitiuultthq'sn1h\-l



16

ACTIVITIES IN 2014

RESEARCH AND EVENTS

-

:l-:.“. .’:f;.“: "t : -

‘o
s\
Ny

1
.Q




FOCUS AREAS

TEM is a powerful technique for fundamental and applied research in the physical sciences, in different fields from geol-
ogy, metallurgy and semiconductor industry to fundamental chemistry and physics. NORTEM has identified four focus
areas, which have already been important for the TEM Gemini Centre activities since the Centre was formed. Within these
areas we see even potential for growth and an essential role for unsolved open issues. The focus areas are light metals,
catalysis, solar cell research and nanotechnology. TEM plays an important role in these research areas, which will be stra-
tegically important for Norway in the future. The TEM Gemini Centre had activities in all these four areas in 2014. The next
sections describe these activities. Particularly strong were the activities in aluminium alloys and light metals.

The study of aluminium alloy systems using TEM has been a pillar in the Trondheim TEM environment for many years.

ALUMINIUM ACTIVITIES (LIGHT METALS)

The KK (Nucleation Control) project ended in 2012, al-
though Jon Holmestad has been working on this project
in 2014, as he started his PhD work late in the KK project.
Jon studies grain boundary segregation and connection to
precipitates and corrosion properties. The Hydro support-
ed Research council funded project SALSA (Sustainable
Aluminium Surface Applications) project ended in 2014. In
this project TEM has been one of several characterisation
tools which have been used in interdisciplinary studies to
relate nano-scale understanding of microstructure and
chemistry to macroscopic electrochemical and corrosion
properties. The Research council eVITA project Multimod-
al (Multiscale modelling in Aluminium) also ended in 2013.
In this project Flemming Ehlers worked as a postdoc on at-
omistic modelling of precipitates and interfaces. In addi-
tion, SINTEF researchers were involved, combining several
types of modelling to get more insight into precipitate-ma-
trix interfaces. Several papers have been published in this
project in 2014. The competence project MoReAl, which
focused mainly on 3xxx alloys, ended in 2014. SAPA and
Hydro was involved and contributed financially, and sev-
eral PhD students have worked on this project, using SEM

and TEM. PhD student Astrid Marie F. Muggerud focused
on different TEM techniques used on dispersoids in her
study, which finished in September 2014.

The bilateral competence building project ‘The Japanese-
Norwegian Al-Mg-Si precipitation project’ ended in 2014.
Here Sigurd Wenner and Takeshi Saito both finished their
PhD theses in 2014, both working together with SINTEF
scientists. The scientific output from this project meas-
ured in refereed journal publications has been high in
2014. The main topic has been to study the effects of small
additions of trace elements on precipitation in the context
of recycling by TEM. In addition to TEM, we have also used
muon spin relaxation to get more information on vacan-
cies and defects. Two visitors from Tokyo Institute of Tech-
nology stayed in the TEM Gemini Centre in 2014 as a result
of the Japanese collaboration (see under).

We have now two ongoing aluminium projects. The first one
is the industrially initiated project RolEx (Smart 6xxx Alloy
Development for Rolling and Extrusion) which is a collabo-
ration between NTNU, SINTEF and Hydro Aluminium. Eva




Anne Mgrtsell is doing a PhD within this project which, as
the name indicates, focuses on precipitation in extruded
and rolled products with the goal of keeping/ improving
properties while decreasing production costs. We have in
this project ordered and screened a set of new alloys to
test out the effect of different addition in very lean 6xxx
alloys. In addition to SINTEF activity, also Master student
Toshiki Omi from Tokyo Institute of Technology has been
working on this project up to June 2014. The second is the
FRINATEK Research Council project called ‘Fundamental
investigations of precipitation in the solid state with focus
on Al-based alloys’. Here Martin Ervik started his PhD in
the fall of 2013. Sigurd Wenner started as a postdoc in this
project in April 2014, dedicated to HAADF STEM. In col-
laboration with SINTEF scientists, Martin and Sigurd are
working on more fundamental alloy development and the
more generic understanding of the connections between
precipitates across several aluminium alloy systems. Al-
loys of the 6xxx, 7xxx and 2xxx series have been exam-
ined for different types of precipitates. STEM images from
the new ARM microscope are a main contribution to this
project. Mami Mihara from Toky Institue of Technology
visited our group for 4 months in 2014, connected to the
FRINATEK project. The two last projects will keep our Alu-
minium TEM activities high in the coming 4 years period.

In addition, two of the new SFI Centres the Gemini Centre
is involved in, are connected to Aluminium. In the CASA
project, headed by Magnus Langseth at the Mechanical
Engineering department, we will be involved in the “low-
est scale” of the multiscale activities, including TEM of
precipitates, dislocations and interactions between them,
mostly in industrial Al alloys. In the Manufacturing SFI
project, headed by Sverre Guldbrandsen-Dahl from SIN-
TEF RSM, joining of aluminium with other materials in
multi-material products, will be a central topic, and the
TEM Gemini Centre will be studying the microstructure of
these materials.

TEM Gemini group members actively participate in inter-
national aluminium scientific meetings. In June 2014 the
international ICAA conference (http://www.ntnu.edu/
icaal4) was held in Trondheim, with many contributions
from the TEM Gemini Centre. In addition to an invited key-
note talk given by Randi Holmestad, our group gave 7 con-
tributed talks and presented 3 posters.

SOLAR CELLS

To improve the efficiency of conventional and novel types
of solar cells, materials and devices are optimized at the
length scale where TEM is one of the main characteriza-
tion tools. TEM Gemini Centre activities within solar cells
include both studies of conventional silicon solar cell ma-
terials and new materials, including InAs quantum dots in
GaAs and GaAs nanowires for solar cell applications. Two
2-year Master students, Eivind Seim and Espen Undheim
handed in their theses in spring 2014. The RENERGI pro-
ject Nanosolar - Core-shell ended in 2013, in collabora-
tion with Profs. Weman and Fimland at IET-NTNU, and a
follow-up project was granted (Low Cost, Ultra-High Ef-
ficiency Graphene Nanowire Solar Cells (GRANASOL)) in
the NRF program NANO2021. TEM on high-performance
nanowire-based solar cells will be a crucial element of the
project.

In 2013 we started up a new research council project with-
in the Energix programme, called High Efficiency Quantum
Dot Intermediate Band Solar Cells (HighQ-1B) where asso-
ciate Prof. Turid W. Reenaas is the project leader. Maryam
Vatanparast works as a PhD student on this project, and
SINTEF has an active role. The new ARM microscope will
be used heavily to understand the formation and perfor-
mance of the quantum dots. SINTEF is a participant within
this project.

The TEM Gemini Centre is participating in the FME (Cen-
tre of Environmental Friendly Energy) on solar cells, and
has had some SINTEF activity in this project during 2014.
Espen Undheim became a PhD student at IMT within this
project, and plans to use TEM in his project on nucleation
and early growth of silicon for solar cells.




CATALYSIS AND MEMBRANE MATERIALS

Catalysis is an important area of application for TEM and
the Centre has strong interaction with the national cataly-
sis environment, including NTNU Chemical Engineering de-
partment (IKP) and the inGAP SFI, Innovative natural Gas
Processes and Products. During 2014 we have worked to-
wards applying the new infrastructure to the study of cata-
lyst systems, including supported metal nanoparticles, ox-
ides and other systems such as doped carbon nanotubes.

A Gassmaks programme project lead by Profs. De Chen and
Hilde Venvik at NTNU IKP to develop catalysts and mate-
rials for a compact steam reformer has now started. Here
we will address both catalyst and materials issues, such as
degradation of steels by metal dusting corrosion during ex-
posure to synthesis gas. We also participated in an ongoing
industrial project lead by the SINTEF Materials and Chemis-
try Oil and Gas Process Technology Department for SABIC.
2014 was the last full year of the inGAP SFI but the new
SFI, Industrial Catalysis Science and Innovation for a Com-
petitive and Sustainable process Industry (iCSI), headed by
Hilde Johnsen Venvik, will be using TEM to study systems
that are in direct relevance to the industrial participants in
the project. There is activity is several other projects, both
national and EU funded.

Yanjie Gan has worked in 2014 as a postdoc contributing
TEM analysis to a researcher project in the CLIMIT pro-
gramme, lead by Thijs Peters at SINTEF, on Pd-based hy-
drogen storage membranes. This continues a long-term
cooperation in the study of these materials and allows us
to contribute further with understanding the membrane
microstructure and chemistry process and the changes
that occur when they transport hydrogen and are exposed
to other gases. Membranes with more complex alloy com-
positions have been studied before and after testing, pay-
ing attention to features such as cavity formation at grain
boundaries and grain texture.

19



NANOTECHNOLOGY

TEMis a crucial tool in the development of Nanotechnol-
ogy. The TEM Gemini Centre has several small and larger
projects related to studying nanoparticles, 1D-nanostruc-
tures (i.e. nanowires, carbon nanotubes), thin films and
2D-crystals such as graphene. NTNU NanolLab is an im-
portant partner, and now next door neighbour, for the TEM
Gemini Centre. It coordinates the education and research
of Nanotechnology at NTNU. PhD student Vidar Fauske

is hired by NTNU NanolLab and based in the TEM Gemini
Centre. In his PhD on the interfaces between nanowires
and the substrates they grow from, Fauske can com-

bine advanced TEM techniques with the complementary
advanced techniques at NTNU NanoLab. Further, there is

a growing interaction with the Nano Network, Norwegian
PhD Network on Nanotechnology for Microsystems. We are
grateful that the network sponsors travels and research
exchanges for PhD students working within the TEM Gem-
ini Centre during 2014. The Network is also funding PhD
student Magnus Nord, who is working in the field of oxide
electronics. Magnus is investigating epitaxial complex
oxide thin films of LaSrMnO; with advanced TEM, including
quantitative EELS. This is a project in collaboration with
Prof. Thomas Tybell in the Electronics department. Within
the same department we work close together with Profs.
Helge Weman and Bjgrn-Ove Fimland. Their group is devel-
oping optoelectronic devices as solar cells and LEDs based
on llI-V nanowires. We expect that the TEM work dedicated
to Nanotechnology will be growing and one of the new
TEMs is dedicated to nanotechnology.



ACTIVE PROJECTS IN 2014

The table shows the larger projects connected to TEM within the Gemini Centre. They are listed by
funding type, title, duration and research partners. Most of these projects involve both NTNU and
SINTEF activity. A number of smaller projects, both academic and with direct industrial support, are
not listed here.

Project type Project title Duration Partners

Nanosolar - Dell/elopment of semiconductor 2009-2013 NTNU
nanowire based solar cells

MoreAl 2009-2014 SINTEF, NTNU, Hydro,
Grénges

Improvement (Innovation in light metals

RENERG/

orocesaing) 2009-2014 NTNU, SINTEF
_ L e aear SR
elITA MultiModAl- Multiscale modelling in Al 2011-2014 NTNU, SINTEF
e wemmawar e
Climit Pre-memCO2 2012-2014 NTNU, SINTEF
Lo semseor  meas sawmeswe
FRINATEK BENTMAT 2012-2015 NTNU, SINTEF

Hybrid Dual Junction Silicon Based Solar

Cell 2012-2015 Integrated Solar, SINTEF
Advanced TEM using NORTEM infrastructure 2013-2015 NTNU, SINTEF

High Efficiency Quantum dot Intermediate 2013-2017 NTNU, SINTEF
Band Solar Cell

Fundamental {nvestlgazflons of precipitation 2013-2017 NTNU, SINTEF
in the solid state

Development of Catalysts and Materials for
Compact Steam Reformer

Energix

FRINATEK

GASSMAKS 2014-2017 NTNU, SINTEF
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NORTEMNET

The NordForsk TEM network, NorTEMnet, was granted in 2010
and ended in 2014. It is a Nordic network for advanced TEM in the
Nordic countries. The project is led by NTNU/TEM Gemini Cen-
tre with Randi Holmestad as the project leader. The project had a
total budget of 900 KNOK. Activities include research exchange,
training and dedicated workshops in advanced TEM techniques,
aimed at strengthening research co-operation across the Nordic
countries and contributing to high quality research training for
PhD students. This will promote cooperation between Norwegian
groups and those in neighbouring countries and will also further
strengthen the national TEM coordination. NorTEMnet gives sup-
port for students to visit other labs within the Nordic countries
for doing research and using TEM equipment not available in their
home labs. For details on the project, see NorTEMnet webpage
(http://www.ntnu.edu/physics/nortemnet). The TEM Gemini Cen-
tre organised a workshop on advanced STEM in Trondheim in Jan-
uary 2014 (see page 24).

Prof. Jian Min Zuo

7

LIo 04

INg
ilr \

N

\

State University of Cam
Brazil: Prof. Daniel Ugar

<
RIS



INTNU, Trondheim | o

<7 o =2
N PN /_(\’j- o =
DTU-CEN, Denmark: Drs. Thomas
Hansen, Jacob Wagner, Andy Burrows
o A
Univ. Bremen, Germany: Toyama Univ., Japan:
Prof. Andreas Rosenauer, Profs. Kenji Matsuda,

Dr. Knut Muller Susum_u Iker_10,_
N Q Katsuhiko Nishimura

Ernst Ruska Centre, Julich, Germany: '
Prof. Rafal Dunin-Borkowski,
Drs. Marc Heggen, Chris Boothroyd

4 = < ‘,

Tokyo Inst. of Tech.:
Prof. Tatsuo Sato, Dr.
Shinji Muraishi

R >\1

Karunya University, India: ) ‘%}

PhD students Arivazhagan V, 0

Manonmani Parvathi \ fﬁ

. =\

Monash University, Australia: g N
Profs. Joanne Etheridge, Barry Muddle, <
Drs. Matthew Weyland, Philip Nakashima

|4
o Curtin Univ., Perth,
d Australia: Dr. Mark Pitt

pinas,
te

OTHER INTERNATIONAL COLLABORATION /

As can be seen in the publication list, the TEM Gemini Centre has several interna-
tional collaborators. During 2014 we have had direct scientific collaboration/initi-
ated contact with the groups/people illustrated in the figure above. This included
several exchange research stays (2 - 6 months). Especially, since the new TEMs
came in use we had several groups outside Norway visiting our labs. We thank all
our international collaborators for the productive and pleasant interaction!
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STEM WORKSHOP January 2014

As a part of the NorTEMnet project the TEM Gemini Centre
organized a STEM workshop in January 2014. with lectures
from several high profile researchers in the STEM commu-
nity - Peter Nellist and Lewys Jones from Oxford, Sara Bals
from EMAT Antwerp, Miran Céh from Jozef Stefan Insti-
tute Ljubljana and Knut Miller from University of Bremen.
Topics included theory of HAADF image formation, image
simulations, technical aspects of STEM at the atomic level,
noise reduction by post-processing and STEM tomography.
In total 40 people participated in the workshop, including
presenters and participants from 8 countries. Labs involv-
ing the three NORTEM instruments and advanced computer
labs related to post-processing were organized. With the
improvement of the microscopes and especially probe cor-
rection, resulting in a exception growth in STEM use, this
dedicated workshop was well timed and has already proven
to contribute in the daily work of many of the participants.

Invited talks

- Pete Nellist, “Introduction to STEM”

«  Knut Maller, “Simulation of STEM images”

« Lewys Jones, “Quantitative analysis of HAADF STEM
image data”

«  Knut Mdller, “Practice of quantitative STEM”

- Sara Bals, “Electron tomography in materials science”

« Miran Ceh, “STEM: Experimental considerations and
applications in materials science”

Lab sessions

«  Régis R. Chapuis, HRSTEM with Aberration correction
on the ARM

« John Walmsley / Astrid Marie F. Muggerud, STEM to-
mography on the 2100F

« Antonius T. J. van Helvoort, setting-up STEM, low mag-
nification HAADF-STEM

«  Knut Miller/ Lewys Jones, STEM image simulation and
post-processing of experimental data




PHD DISSERTATIONS 2014

Sigurd Wenner defended his PhD thesis on the 29" of Janu-
ary. The thesis title was “Transmission electron microscopy
and muon spin relaxation studies of precipitation in Al-Mg-
Si alloys”. Most of the work was concerned with the role of
Cu, Ag and Ca additions to Al-Mg-Si alloys, where TEM was
the main investigative technique. Sigurd conducted aberra-
tion-corrected EELS elemental mapping on precipitates at
the SuperSTEM facility in Daresbury, UK, enabling the dis-
tinction between Cu and Ag atomic columns. He also had
several visits to the RIKEN-RAL muon facility in Oxfordshire,
UK, investigating the distribution of vacancies in Al alloys
by muon spin relaxation spectroscopy. The prescribed trial
lecture topic was “Topological materials - A new state of
matter transforming electronics?”.

Takeshi Saito defended his PhD thesis on the 13t of June.
The thesis title was “The Effect of Trace Elements on Pre-
cipitation in Al-Mg-Si alloys - A Transmission Electron Mi-
croscopy Study”. Takeshi investigated alloys with small ad-
ditions of Cuand Zn, which are present in recycled Al alloys.
In addition to metallurgical properties such as corrosion re-
sistance and tensile strength during hardening, the bonding
environments of Cu and Znin precipitates were studied. The
candidate spent a few months at the University of Rouen
in France for aberration-corrected STEM studies of precipi-
tates, which by aid of simulations and theoretical calcula-
tions revealed incorporations of Cu and Zn at specific sites
in common hardening Al-Mg-Si phases. The prescribed trial
lecture topic was “The opportunities of new large area EDX
detectors in electron microscopy”.

Astrid Marie Flattum Muggerud defended her PhD thesis
on the 4t of September. The thesis title was “Transmission
electron microscopy studies of dispersoids and constituent
phases in Al-Mn-Fe-Si alloys”. The PhD work was centered
around electron diffraction studies of constituent and dis-
persoid phases, which through comparison with simula-
tions yielded their orientation relationship with the Al ma-
trix. The relationship for dispersoids was explained by their
cubic icosahedral quasi crystal approximant structure, with
the icosahedrons having a fixed orientation relative to the
Al matrix. The morphology of dispersoids was investigated
by HAADF-STEM tomography. The prescribed trial lecture
topic was “Ptychography; methods and examples”.

From the left: Opponent Velimir Radmilovic, PhD candidate Sigurd Wenner,
administrator Dag W. Breiby, opponent Isao Watanabe, supervisor Randi Holm-
estad.

From the left: Opponent Thierry Epicier, co-supervisor Calin D. Marioara, PhD
candidate Takeshi Saito, administrator dystein Grong, opponent Carmen Schiéfer,
co-supervisor Knut Martinsen, supervisor Randi Holmestad, co-supervisor
Jostein Royset.

From the left: Opponent Olaf Engler, PhD candidate Astrid Marie Flattum Mug-
gerud, opponent Laure Bourgeois, administrator Justin W. Wells.

25



SELECTED

SCIENTIFIC PAPERS

FROM 2014

26



J Appl Phycol
DO 10007/ 5108 11-014-0373-8

Titanium uptake and incorporation into silica nanostructures
by the diatom Pinnularia sp. (Bacillariophyceae)

Matilde Skogen Chauton - Lotte M. B, Skolem -
Lasse Mork Olsen « Per Erik Vullum = John Walmsley -
Olav Vadstein

Received: 3 June 20014 /Revised and accepted: 3 July 2014

) The Author(s) 2004, This articke is published with open access at Springerlink.com

Abstract Diatoms are an ecologically successful group with-
in the phytoplankton, and their special feature is a
biofabricated silica cell encasement called a frustule. These
frustules atiract interest in material technology, and one po-
tential application is to use them in solar cell technology. The
silica frustule with its nanoscaled pattern is interesting per se.
but the utility is enhanced if we succeed in incorporating other
elements, Titaniwm is an interesting element because its oxide
is a semi-conductor with a high band gap. However, doping
with relevant ¢lements through bioincorporation is challeng-
ing, and it 15 necessary o understand the biology involved in
element uptake and incorporation. Here we present data on

Fig. 2 a Low-resoluton, brgh-
ficld TEM image of cleaned
Pinmelaria frustules from one of
the Ti uptake expenments, b
Section of o Pinmdaria sp. valve
with pores. © High anmubar dark
field (HAADF) scanning
irnsmission electron
spectroscopy (STEM) image of
an area which mcludes four pore
openings and surounding Si0,,
The boxes indicate where EDS
EELS measurements were
performed, and n the four pore
arcas the average Tiwas 106
(0,100 at. %, In the two areas
between the pores, the Ti was
021 (#0.050) at %, d High
annular dark field (HAADF)
scanning transmission ¢lectron
spectmoscopy (STEM) image of
one of the pores showing the
granular appeamnce of the
amorphous 50k

bioincorporation of Ti into the silica frustules of the pennate
diatom Pimmudaria sp. (Ehrenberg) and show that the distribu-
tion of the incorporated Ti 1s inhomogeneous both between
and within valves. More than a tenfold increase of Ti in newly
synthesised valves was achieved. and increased Ti around the
pores was confirmed by both EDS and EELS analyses.
HAADF STEM spectroscopy revealed a grainy surface with
amorphous silica particles of 4 w 3 nm in size. These obser-
vations are explained by what is known from the physico-
chemical processes involved in biosilification and frustule
formation, looking into it from a biological point of view,
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Phase stabilization principle and precipitate-host lattice influences

for Al-Mg-Si—Cu alloy precipitate

F. 1. H. Ehlers < 5. Wenner « 5. ). Andersen -
C. I Marioara = W. Lefebvre - C. B, Boothroyd -
K. Holmestad

s

Received: 21 Febmary 2014/ Accepted: 28 May 20014 Poblished online: 17 June 2014

r Spanger Science+Business Media New York 2014

Abstract  In this work, we seek w0 elucidate a common
stahilization principle for the metastable and equilibrium
phases of the Al-Mg-5i1-Cu alloy svstem. through com-
bined expenmental and theoretical swdies. We examine
the structurally known well-ordered Al-Mg—5i-Cu alloy
metastable precipitates along with experimentally observed
disordered phases, using high angle annular dark field
scanning transmission electron microscopy. A small set of
local geometries is found to fully explain all structures.
Density functional theory based calculations have been
carried out on a larger set of structures, all fully constructed
by the same local geometries. The results reveal that
experimentally reported and hypothetical Cu-free phases
from the set are practically indistinguishable with regard 1o
formation enthalpy and composition. This strongly sup-
ports a connection of the geometries with a hulk phase

stabilization principle. We relate our lindings 1o the Si

network substructure commonly observed inoall Mg-Al
Si-Cu) metastable precipitates, showing how this structure
can be regarded as a direct consequence of the local
stabilization
metal-Si
precipitation

geometries.  Further, our  proposed  phase
principle clearly rests on the importance
interactions. Close links 1o the Al-Mg-5i
sequence are proposed.

of

Fig. 5 a The L precipitate from Fig. le, with all atom heights
(including those of sdjacent host lattice columns) highlighted. Atoms
within the precipitate are distinguished in a manner comresponding
Figs. 2 and 3. with the network stom grid terminating at the
approximate boundary to the host lattice. For the host lattice atoms,
the non-network atom nomenclature has been used,
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Rapid Estimation of Catalyst Nanoparticle Morphology and Atomic-
Coordination by High-Resolution Z-Contrast Electron Microscopy

Lewys Jones,®" Katherine E. MacArthur,” Vidar T. Fauske,” Antonius T. J. van Helvoort,”

and Peter D, Nellist”

"Department of Materials, University of Oxford, OX13PH Oxford, United Kingdom
*Department of Physics, Norwegian University of Science and Technology (NTNU), NO-7491 Trondheim, Norway

© Supporting Information

ABSTRACT: Heterogencous nanoparticle catalyst development relies on
an understanding of their structure—property relationships, ideally at
atomic resolution and in three-dimensions. Current transmission electron
microscopy techniques such as discrete tomography can provide this but
require multiple images of each nanoparticle and are incompatible with
samples that change under electron irradiation or with surveying large

numbers of particles to gain significant statistics. Here, we make use of

recent advances in quantitative dark-field scanning transmission electron o
microscopy to count the number atoms in each atomic column of a single

image from a platinum nanoparticle. These atom-counts, along with the :
prior knowledge of the face-centered cubic geometry, are used to create

atomistic models. An energy minimization is then used to relax the

nanoparticle’s 3D structure. This rapid approach enables high-throughput
statistical studies or the analysis of dynamic processes such as facet-restructuring or particle damage.

KEYWORDS: catalysis, nanometrology, aberration corrected STEM, quantitative ADF, platinum nanoparticles

a) t=0s1=13.9pA b) t=38751=13.8pA c) t=707s,1=13.7 pA

Figure 2. Selected frames from the (a) start, (b) middle, and (¢} end of the time-series data. Frame times and indicated emission currents are as
shown. Line annotations indicate the terminating facets where visible, As the series progresses further, parts that indicate the amorphoos-type
sections of the permeter are labeled “A° Field of view s =10 nm.

Figure 4. Encrgetically relaved models corresponding to the frames shown in Figure 2, The coloring of the Pt atoms indicates the determined
nearest-neighbor coordination, from 1 in red to 12 in dark blue. In the orientation shown here, the {111} facet (labeled with the red dashed line)
facing front-right corresponds to the one labeled in the upper left of Figure 2a, and the unresolved grain would be behind these 3D models. The

sputtering { mass loss) and rounding resulting from increasing beam heating/damage can be seen from left to right.
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Near-surface depletion of antimony during the growth of GaAsSh and
GaAs/GaAsSb nanowires

H. Kauko,' B. O. Fimland,® T. Grieb,® A. M. Munshi,® K. Miiller,* A. Rosenauer,”

and A. T. J. van Helvoort"®

'Department of Physics, Norwegian University of Science and Technology (NTNU ), Trondheim, Norway
:qumrmr:'ﬂ.r of Elecironics and Telecommunicarions, NTNU, Trondheim, Norway

3 Institut Jur Festkorperplivsik, Universitat Bremen, Bremen, Germany

(Received 13 June 2004: accepted 19 September 2004: published online 9 October 2014: publisher
error corrected 13 October 2004)

The near-surface reduction of the Sh mole fraction during the growih of GaAsSh nanowires (NWs)
and GaAs NWs with GaAsSb inserts has been studied using quantitative high-angle annular dark
ficld scanning transmission electron microscopy (STEM). A model for diffusion of Sh in the
hexagonal NWs was developed and emploved in combination with the quantitative STEM analysis.
GaAs5b NWs grown by Ga-assisted molecular beam epitaxy (MBE) and GaAs/GaAsSb NWs
grown by Ga- and Au-assisted MBE were investigated. At the high temperatures employed in the
NW growth, As-5b exchange at and outward diffusion of Sb towards the surface take place, result-
ing in reduction of the Sb concentration at and near the surface in the GaAsSb NWs and the
GaAsSbh inserts. In GaAsSh NWe, an increasing near-surface depletion of Sb was observed towards
the bottom of the NW due to longer exposure to the As beam flux. In GaAsSb inserts, an increasing
change in the Sb concentration profile was observed with increasing posi-insert axial GaAs growth
time, resulting from a combined effect of radial GaAs overgrowth and diffusion of Sb. The effect
of growth tlemperature on the diffusion of Sb in the GaAsSb inseris was identified. The consequen-
ces of these findings for growth optimization and the optoelectronic properties of GaAsSb are dis-
cussed. © 2004 AIP Publishing LLC. |hip://dx.doiorg/10.1063/1. 4896504 |
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FIG. 4. (o) HAADF STEM image of a GaAsSh NW {baich A) and experimental, simulabed. and modelled HAADF STEM inensily profiles across the MW al
the different areas indicated in (ak: (b) Gp. (c) middle, and (d) bottom. The experimental intensity profiles were not taken from {a), bt from higher magnifica
ton images Laken from the respective regions. (g)-() The corresponding proliles for the average Sb concentration, O (v, 1), according 1o Egs, (3 amd (4),
emploved in constrecting the modelled intensity profiles (red dashed lines in (hj=(d )}
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Astrid Marie F. Muggerud,"* The orientation relations (ORs) of the cubic icosahedral Received 24 June 2014
. M . s . . - " 3 < K
Yanjun ]_|r|" Randi Holmestad” quasicrvstal approximant phase e-Al{Fe Mn)Si have been Accepled 2 August 2014

and Sigmund ]. Andersen® studicd after low temperature annealing of a 3xxx wrought
aluminium alloy by transmission electron microscopy, From
diffraction studies it was verified that the most commonly
“Depantment of Physics, NTNLU, N-7491 . w4 ag ox T T
. “’I:' " r: “"’“:n . observed OR for the e-Al(FeMn)Si dispersoids is [111]o
rondheim, Morway, eparmient of SMaterials = == I . . N
- . 1TTJAL (527 b /(D1 1)AL This orientation could be explained
science and Engineering, NTHU, N-7491 [111)4 * ) ( _:' - P_‘
Trondheim, Marway, and “SINTEF Materials and by assuming that the internal Mackay icosahedron (M1} in the
Chemistry, M-7465 Trondheim, Monway w-phase has a lixed orientation in relation 1o Al similar to that
of the icosahedral gquasi-crystals existing in this alloy system. It
is shown that mirroring of the normal-to-high-symmetry
Caorrespondence e-mail: N . . . - .
) wosahedral directions of the MI explains the allernative
astriel, muggerud@ninu, no N ) ) ) )
orientations, which are therefore likelv 1o be caused by
of the fixed ML Only one exception was found, which
was related 1o the Bergman icosahedron internal 1o the T-

phase of the Al-Mg—Zn system.,

Iwinn

() 30 Al

(412 MnFe

Figure 1

Ihe three-layvered structure of the S4-atom M in the e-phase viewed along a threefold axis coineiding
with a {111) a-dircction. The M1 contains three concentric shells: (a) the moer icosahedron of 12 AlSi
atoms; (H) the surrounding wosahedron consisting of 12 Mn/Fe atoms: () Al stoms outside each of the 30
twafold edges of the Mn/Fe icosabedron constitute an icosidodecahedron, Sumilar figures can be found in
Jaric & Gratias (1959],

Figure 4
() Plate-like o-dispersoid viewed edge on, (8) Higher resolution of the arca marked with a square in (@), The dircctions along and perpendicular 1o the
habit plane trace arc shown. (¢) FFT of the micrograph in (b). indicating OR [732)e 7 [110]AL (11 e 20 (111 )AL
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HAADF-STEM and DFT investigations of the Zn-containing "
phase in Al-Mg-Si alloys

Takeshi Saito™’, Flemming J.H. Ehlers”, Williams Lefebvre ",
David Hernandez-Maldonado ", Ruben Bjorge "', Calin D. Marioara*,
Sigmund J. Andersen®, Randi Holmestad *

* Dy parteient of Physics, Norweglan University of Science and Technology ( NTNU), N-7491 Tromdheim, Norway

b Université de Rowen, GPM, UMR CNRS 6634, BP 12, Avenue de I'Université, 76500 Saint Etienne du Rouvray, France
“SINTEF Marterials and Chemisery, N-7465 Tromdheim, Norway

Received 13 May 2014; accepted 23 June 2014
Available onling 24 July 2014

Abstract

The Zn-comtaining 7 phase in A-Mg-Si allovs was investigated by aberration corrected high angle annular dark-field scanning
transmission electron microscopy { HAADF-STEM)., combined with density functional theory (DFT) calculations, The mean intensity
of one Si site of the [* phase is higher than that of the other Si sites, suggesting partial Zn occupancy. DFT studies support that this
81 site is competitive for Zn incorporation. While HAADF-STEM image simulations show an influence of the Zn distribution along
the (" main growth direction, total energy calculations predict a weak Zn-Zn interaction. This suggests that Zn atoms are not clustering.
but uniformily distributed along the atomic columns, The Zn incorporation has a weak influence on the B phase, where Zn is admitted as
a “defect” according to the DFT studies,

@ 2014 Acta Materialia Inc. Published by Elsevier Lid. All rights reserved.

Kevwords: Aluminium alloys; Precipitate; High angle annular dark-field scannmg transmission electron microscopy: Density functional theory: Atomic

structure

Fig. 4. (a) Colour mapping of the integrated intensity on the Si3fAl sites of the Zn-containing f* precipitate. The HAADF-STEM intensity is displayed in
arbitrary units. In (b) and (c). the respective intensity distributions for Mg and 5i sites in the precipitate are shown. The columns at the bottom part of the
precipitate had non-systematically higher intensity (shown by white arrow in (a)) and were excluded in the statstics of intensity distributions. {For
mterpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Atomic-resolution electron energy loss studies of precipitates
in an AI-Mg-Si—Cu-Ag alloy

oy ST . [ .
Sigurd Wenner,”" Calin D. Marioara.” Quentin M. Ramasse,”
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Received 13 September 201 3; accepted 6 November 2013
Available onling 11 November 200 3
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Fizure 3. (aand b) Raw HAADF-STEM images of a precipitate cross-section, taken respectively before and duning the STEM-EELS acquisition. (¢
and d) EELS elemental maps of Cu and Ag from the two acquisition arcas marked in {a). The skew in the images is caused by specimen drft. The
lecation 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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