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Image to left: E.coli, by S. Wenner.

INTRODUCTION
2021 has been a very productive and successful year for the
TEM Gemini Centre despite the ongoing pandemic. We show
an ’all-time-high’ in both income and output! :) Again, we see
that the important structural and strategic efforts in the Centre enable users to perform quality work efficiently and fast.
Together, NTNU and SINTEF have collaborated through the
Gemini Centre to create a safe, robust, and efficient research
atmosphere. An all-time high of new users have been trained
on the microscopes, the number of research papers are the
highest ever, and we have secured funding for new infrastructure. The most important point being that the NORTEM II
proposal for new microscopes in Oslo and in Trondheim was
granted by the Research Council of Norway (RCN) through the
INFRA program in December 2021, paving the way for continued excellence in years to come. A re-investment on this scale
is not only strategically important for research in Norway, but
also a testimony to the competence of the host institutions
and their ability to run advanced infrastructures. In addition,
through collaboration within the TEM Gemini Centre, a proposal for new detectors on the ARM was granted by NTNU. Both
of these grants are the result of a tremendous effort from key
members in the TEM Gemini Centre at NTNU and the NORTEM
consortium of UiO, NTNU, and SINTEF. Now, the NORTEM consortium is facing a daunting, but exciting, time ahead where
TEM possibilities in Norway for the next decade will be deci-
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ded. The TEM Gemini Centre collaboration will
no doubt be crucial in this important task.
The ever-continuing quest for excellence is
also supported by the Centre through continued development of competence and science related to the NORTEM infrastructure in
Trondheim. In the Trondheim node, the infrastructure that was financed by the RCN and
the partners in 2011 has been working under
the total cost model for several years which
is important for a systematic management
of the infrastructure. Managing this important infrastructure is always a team effort and
2021 was no exception. With the use of these
instruments increasing every year, and the resulting high scientific throughput, it is important to recognize the importance of strategic
collaboration. While NTNU owns and runs the
TEM infrastructure in Trondheim, SINTEF is
an important scientific user and collaborator
that provides a crucial stability. Through this
relationship, advanced TEM research is made
available to both national and international industry and partners. Although the pandemic
has made travel difficult, the Centre still facilitates transnational access to TEM through its
participation in the ESTEEM3 EU Horizon 2020
network with several other world-leading TEM
laboratories. This increases the visibility in
Europe in a time where conferences and workshops have been cancelled or changed to less
interactive formats. Several new projects were
granted to staff within the TEM Gemini Centre
last year, and the TEM group has grown as a
result. We now have several new projects running, and the activity is high.
The Gemini Centre still participates in a broad
range of projects, including national, public,
industrial and EU funded ones. The Centre is
involved in four long-term SFI projects – Centre of advanced structural studies (CASA),
Sustainable innovations for automated manufacturing of multi-material products (SFIManufacturing), Industrial catalysis science
and innovation for a competitive and sustainable process industry (iCSI), and the Centre
for sustainable and competitive metallurgical
and manufacturing industry (SFI PhysMet).
Furthermore, the TEM Gemini Centre is central in the SumAl KPN project on aluminium
with Norwegian aluminium industry. We have
also started new research activity on magnetic materials. Due to the pandemic, the INTPART project with Japanese aluminium industry and academia has been at a standstill, but

we hope to allow some exchange of students
between Norway and Japan in 2022. In spite
(or because) of corona we organized a very
successful online workshop in June 2021 with
more than 100 participants from all over the
world. This is described elsewhere in this report. We also managed to carry out a strategy seminar in between corona lockdowns.
As documented in this report, the Centre had
41 active hands-on users/operators, 23 users
through operators and served 104 different
projects, whose results have contributed to
50 journal publications (plus 7 in press) in
2021. Many of the publications have international co-authors. TEM Gemini Centre publications are found in a broad range of journals
and cover a spectrum of topics, showing how
generic TEM is. In addition, 1 PhD student and
5 MSc candidates were educated with TEM as
a substantial part of their theses in 2021. Due
to the pandemic, the facility has been used
less hours in physical teaching the last two
year, however more courses (4 per year) have
used TEM in lab exercises. The annual TEM
introduction course has continued in its digital form and is followed by several (20-30)
people. Through the weekly group meetings
with presentations and about 20 participants,
we have managed to stay in touch through yet
another year of pandemic, even if conditions
sometimes forced the meetings to be digital.
The new direct electron detector on the 2100F
is being used extensively and is producing excellent results and offers new and interesting
avenues within electron diffraction. In relation
to the NORTEM II grant, we are continuing discussions regarding rebuilding and the Campus project at Gløshaugen. The complexity of
the situation requires constant and diligent
work from the centre and is of great concern
to many. Currently, expanding the infrastructure around Chemistry Block 1 close to the
original infrastructure is one of the clearest
routes, but will require attention concerning
both the Campus Development and the SINTEF Horizon projects.
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 in 2021. For
more details, see our home page: ntnu.edu/
geminicentre/tem
TEM Gemini Centre management, February
2022.
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BOARD AND MANAGEMENT
OF TEM GEMINI CENTRE
TEM Gemini Centre board:
• Erik Wahlström, Department head, Department of Physics, NTNU
• Ragnar Fagerberg (until July), Inga G. Ringdalen (from August), Research manager,
Materials Physics Trondheim, SINTEF Industry
• Einar Magne Hjorthol, Department head, Department of Materials Science and Engineering
Centre management:
• Randi Holmestad, Physics, NTNU, Leader
• Ragnar Fagerberg, Materials Physics Trondheim, SINTEF Industry
• Inga Ringdalen, Materials Physics Trondheim, SINTEF Industry
• Ton van Helvoort, Physics, NTNU
• Bjørn Soleim, Physics, NTNU
• Emil Christiansen, Physics, NTNU
• Yanjun Li, Materials Science and Engineering, NTNU
• Per Erik Vullum, Materials Physics Trondheim, SINTEF Industry
• Ruben Bjørge, Materials Physics Trondheim, SINTEF Industry
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Image above: group picture of some of the people in the TEM Gemini Centre at Teveltunet, November 2021.

PEOPLE IN THE TEM GEMINI CENTRE IN 2021
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Sigmund J. Andersen (Senior research scientist,
SINTEF)
Rajit Aravinth (Master student, DP, NTNU)
Julie Marie Bekkevold (Master student, DP, NTNU)
Tina Bergh (Postdoc, department of chemistry,
NTNU / PhD student, DP, NTNU)
Ruben Bjørge (Research scientist, SINTEF)
Torbjørn Bogen-Storø (Master student, DP, NTNU)
Joseph Vincent Broussard (Master student, DP,
NTNU)
Idun Bækken (Master student, DP, NTNU)
Dipanwita Chatterjee (Postdoc, DP, NTNU)
Emil Christiansen (Senior Engineer, DP, NTNU)
Sivert Johan Vartdal Dagenborg (Master/ PhD student, DP, NTNU)
Jonas Frafjord (Postdoc, DP, NTNU)
Jesper Friis (Senior research scientist, SINTEF and
Assoc. Prof. II, DP, NTNU)
Christoph M. Hell (PhD student, DP, NTNU)
Ton van Helvoort (Prof., DP, NTNU)
Randi Holmestad (Prof., DP, NTNU / Leader TEM
Gemini Centre)
Kasper Aas Hunnestad (PhD student, DMSE,
NTNU)
Supreet Kaur (Master student, DP, NTNU)
Petter Lervik (Master student, DP, NTNU)
Martin Bakken Lesjø (Master student, DMSE,
NTNU)
Yanjun Li (Prof., DMSE, NTNU)
Marthe Linnerud (Master student, DP, NTNU)

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Ursula Ludacka (Postdoc, DMSE, NTNU)
Hogne Lysne (PhD student, DP, NTNU)
Calin Marioara (Senior research scientist, SINTEF)
Knut Marthinsen (Prof., DMSE, NTNU)
Magnus Nord (Assoc. Prof. DP, NTNU)
Gregory Nordahl (PhD student, DP, NTNU)
Inger-Emma Nylund (PhD student, DMSE, NTNU)
Ding Peng (Postdoc, DP, NTNU)
Ingeborg Nævra Prestholdt (Master student, DP,
NTNU
Knut Håvard Raen (Master student, DP, NTNU)
Andreas Rosnes (Master student, DP, NTNU)
Oskar Ryggetangen (Master/PhD student, DP,
NTNU)
Armand Sepehri (Master student, DP, NTNU)
Mari Sofie Skomedal (Master student, DP, NTNU)
Bjørn Gunnar Soleim (Senior engineer, DP, NTNU)
Jørgen Sørhaug (PhD student, DP, NTNU)
Tor Inge Thorsen (PhD student, DP, NTNU)
Elisabeth Savitri Thrane (Master student, DP,
NTNU)
Elisabeth Thronsen (PhD student, DP, NTNU)
Haakon Tvedt (Summer student, DP, NTNU)
Per Erik Vullum (Senior research scientist, SINTEF
and Assoc. Prof. II, DP, NTNU)
Sigurd Wenner (Research scientist, SINTEF and
Assoc. Prof. II, DP, NTNU)
Yingda Yu (Senior engineer, DMSE, NTNU)
Hedda Øye (Master student, DP, NTNU)
Håkon Wiik Ånes (PhD student, DMSE, NTNU)
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THE NORTEM PROJECT
NORTEM (Norwegian Centre for Transmission
Electron Microscopy) is a nationally coordinated largescale infrastructure project (20112020) 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 rebuilding in the
project was about 75 MNOK in total the two
geographical nodes, Trondheim and Oslo. We
have now been running the facility for eight
years. The support to NORTEM from the Research Council ended in 2016, but the project
continued to the end of 2020. In November
2020 we applied for a reinvestment (NORTEM
II project) after the first application for reinvestment fell through.
In December 2021 we received word from
the Research council of Norway that the
funding was granted, thus securing access
to world-leading TEM in Norway for another
decade. This proposal includes upgrades of
existing infrastructure and new instruments
in both nodes. In the Trondheim node, we applied for a new state-of-the-art probe corrected
Level 1 instrument with modern cutting-edge
DEDs, advanced probe-forming systems with
more flexibility in illumination, higher voltage
(300 kV), improved mechanical and thermal
stability and increased automation, focused
on structure determination, diffraction and
electric/magnetic field imaging.
The vision of NORTEM is to be “A world-class
TEM facility providing access to expertise and
state-of-the-art infrastructure for fundamental and applied research within the physical
sciences in Norway”. Besides being a top research TEM lab, the infrastructure provides
access to TEM for a broader user environ-

Key numbers for NORTEM:
•
•
•
•
•
•
•
•
•

3 partners - SINTEF, NTNU and UiO;
2 nodes - Trondheim and Oslo;
58 MNOK from INFRA in 2011;
5 microscopes - 2 top level from 2012/2013;
151 projects served in 2020;
46 000 h used since 2012;
~ 60 users annualy;
~ 60 papers annualy (2/3 international
co-authors);
~ 15 permanent staff in core research
groups;

ment, addressing fundamental and applied
research topics in physics, chemistry, materials science and geology. The combination of a
research lab and a user facility requires a clear
and sustainable running model, and the TEM
Gemini Centre has spent considerable effort
during the last years to establish a sound running model for the infrastructure. This has
been established and have been running well
for some years now. Further work has been
focused on securing the required resources
for operating TEM in the best way. The funding of NORTEM II secures the necessary future
upgrades, and attention has to be given to
getting the best out of the huge and complex
investment ahead.
The Trondheim node NORTEM facility has two
senior engineers, Bjørn Gunnar Soleim and
Emil Christiansen supporting maintenance,
training, competence and techniques. We
have a high uptime and ca. 16 % of the users are based outside the host institutions.
Per Erik Vullum and Sigurd Wenner have been
working as adjunct (affiliated) professors (20
%) at NTNU, which particularly contributes to
developing interaction between NTNU and
SINTEF. For more information on NORTEM see
the webpages: nortem.no.

Image above: St. Hans evening trip to Theisendammen for some grilling and chatting before hiking to Våttakammen.
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Image above: Norway/Sweden border trip during the stay at Teveltunet 2021.

THE TEM GEMINI CENTRE
The TEM (Transmission Electron Microscopy)
Gemini Centre was established in 2006, and
consisted of professors, postdocs, students,
and engineers from the Department of Physics (DP), NTNU and researchers from the Material Physics, Trondheim research group in
SINTEF Industry. In 2009 the Department of
Materials Science and Engineering (DMSE) at
NTNU was included in the Centre. The same
constellation was last renominated in November 2018 for a new period of 4 years. The
Centre’s research groups work within materials physics and materials science, studying
a broad range of materials down to the nanometer and atomic level, where the main tool is
the transmission electron microscope (TEM).
The overall objective 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 and academic and
industrial partners. Parallel to and together
with this, the large nationally coordinated
infrastructure project, NORTEM, has given a
broader identity to the Centre’s TEM infrastructure.
The Gemini collaborations in general represent a model for strategic research coordi-

nation between parallel research groups at
SINTEF, NTNU and UiO. The aim is to develop large-scale technical centers that produce
higher quality results collectively than the individual groups would achieve independently.
The Gemini Collaboration will enable collaborating groups to grasp new opportunities and
bring them to fruition in the form of better
value generation and profitability. High-quality technical centers are in great demand internationally from both commercial clients and
students. The shared vision of Gemini Centers
is:
“Global excellence together”.
In order for the collaboration to work, the
groups must undertake to adhere to joint
strategic processes as the basis for their research planning, technical coordination in
connection with large-scale projects, joint
fora for concept development and information exchange, the collective presentation of
collaborative projects, and shared approaches to investment and the operation of laboratories and equipment. The strategic plan
encompasses all aspects of the collaboration
model, from teaching and research to commercial research projects, entrepreneurship,
recruitment and internationalization.
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Image at top: grabbing a bite at Edoramen, by T. Bergh.
Image to the bottom left: dinner at Randi’s place after group trip in Bymarka, sept. 2021.
Image to the bottom right: Group hike to Våttakammen, june 2021.
Image on next page: E. coli, by S. Wenner.
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Instrumentation

JEOL double corrected
JEM-ARM200F (cold FEG)
This is currently the top instrument
in the TEM Gemini centre. The stable
cold FEG with both probe and image
spherical aberration correction 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.

JEOL JEM-2100F

JEOL JEM-2100

This FEG TEM is optimized for allround advanced materials studies
with focus on scanning precession
electron diffraction (SPED) and tomography.

The 2100 LaB6 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.
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THE TEM INSTRUMENTS IN TRONDHEIM
The TEM Gemini Centre has three TEMs installed as part of the NORTEM project in
2012/2013 - a JEM-2100 LaB6, a JEM-2100F and a double corrected JEM-ARM200F.

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
Detectors for BF, ABF, ADF and HAADF STEM
Aligned at 80 kV and 200 kV

The 2100F features:
•
•
•
•
•

•
•

200 kV Schottky field emission
gun (energy 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 Nanomegas precession
diffraction system for phase
and orientation mapping
Gatan TEM/STEM tomography
Medipix/QD TEM/STEM direct
detector

The 2100 features:
•
•
•
•
•

Gatan 2k Orius CCD (side
mounted)
Scanning option with BF and
HAADF detector
Scanning option with BF and
HAADF detector (DigiScan)
GIF system with 2k CCD
Oxford X-Max 80 SDD EDS
(solid angle 0.23 sr)

Instrument photos by O. M. Melgård and precession pattern with
descan off by J. Sørhaug.

Instrumentation

11

20 μm

100 μm
Image above to left: SE SEM image taken during FIB preparation of a TEM lamella from a silver particle
produced by K.A. Rasmussen, taken by T. Bergh. Image above to right: DENS biasing chip with Gd2(MoO4)3
fastened to electrodes, by I.-E. Nylund.

SPECIMEN PREPARATION
Given the high resolution of the TEM instruments, specimen quality is often the limiting
factor. Also, special holders require a dedicated specimen shape for optimal performance. 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
grinders, dimplers, saws, an ultrasonic cutter and other tools for TEM specimen preparation of metal and ceramic cross-sectional
specimens. The Centre has three Gatan PIPS
instruments, including a PIPS II, to make more
high-quality and reproducible specimens.
A routine has been developed to polish focused ion beam (FIB)-made TEM lamellas to
obtain the highest specimen quality and the

best possible TEM results. Many TEM projects
utilize the FIB at NTNU NanoLab with lift-out
option for site-specific TEM specimen preparation. We also have an inert transfer set-up
for FIB-based TEM prep. together with NTNU
NanoLab. Here a special interest application
area is advanced characterization of battery
materials. The electro-polisher at DP is essential in producing high quality aluminium TEM
specimens. A semi-automatic tripod polishing
set-up is available for large area preparation
of hard materials. For soft materials, such as
polymers, ultramicrotomy is an essential technique. This equipment is also used for TEM
preparation of catalysts, surface structures
and cross-sectioning of nanoparticles.

Image to left from
left: T. I. Thorsen, L.
Sandnes, Ø. Grong,
T. Austigard, J.
Sørhaug and T.
Bergh visiting Ø.
Grong and the engineering workshop
of HyBond at the
Dep. of mechanical
and industrial engineering to see the
well known HYB machine
performing
Al/Al metal plates
consolidation.
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Instrumentation

SPECIMEN HOLDERS
Each TEM has its own set of single and double tilt holders. A broad range of additional
holders is available for use on all three microscopes. This includes a cold stage holder, a
conventional heating holder, an environmental cell holder, an inert transfer holder, two
tomography holders, two tilt-rotation holders and back-up double tilt holders. Another
noteworthy holder is the MEMS based heating
holder, which can also be used for biasing. We
also have a holder tip for TEM characterization
of atom probe tomography needles, to enable
correlated structural and chemical studies of
100 nm3 sized volumes.

SUPPORTING FACILITIES
With the double aberration corrected microscope, the cleanliness requirements of the
specimen and the holders are high. We have a
dedicated room close to the microscopes with
general equipment, such as a plasma cleaner, ozone cleaner, a stereomicroscope, user
specimen storage and special holders that are
used on all three TEMs. In addition, there is a
data transfer room with additional facilities as
a printer and a support PC with the most crucial software packages. The room has a sofa
and tea/coffee machine for socializing and efficient breaks during long running sessions.
The dedicated computer room for TEM data
analysis has five machines, for postprocess-

ing and simulating TEM results, some of which
can be remotely accessed. It also includes
more powerful workstations, dedicated to
more demanding data processing. Lately, two
new powerful workstations were added to this
portfolio to follow up on the increased data
load from the new direct electron detector. All
acquisition software is accessible via offline
licenses in the computer room. In addition,
the TEM facility has dedicated a share in the
NTNU’s IDUN cluster for the most demanding
simulations and processing of the complex
TEM data sets created at the facility.

USER STATISTICS IN 2021
The total registered used time for the three
instruments in 2021 was 4345 hours, the
highest number in the lifetime of the facility
including 130 nonpaid hours used for testing,
competence development, demonstrations,
and guided tours. Of the 4215 paid hours, the
use by NTNU corresponds to 77 %, externals
(with NTNU operator) 5 %, and SINTEF 18 %.
NTNUs use is divided over five departments,
where the main use is from Department of
Physics (78 % of NTNUs paid hours). 104 different projects used TEM in 2021. The infrastructure had in total 64 users, of which 41
were hands-on operators. 4 of the users were
based at SINTEF, 19 were PhD candidates and
18 were master students.

Microscope use (hours)

ARM-200F

2100F

2100

Sum

SINTEF

466

99

212

777

NTNU - Physics

590

964

752

2306

NTNU - Other departments

234

290

158

682

NTNU - Visitors from abroad

0

68

49

117

NTNU - Teaching lab

7

92

16

115

External

99

112

7

218

NTNU - Setup/testing/training/
demonstrations

17

110

3

130

Total use

1413

1735

1197

4345

Image on next page: HAADF
STEM image of a precipitate in an
Al-Zn-Mg alloy, by E. Thronsen.
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Activities

FOCUS AREAS
TEM is a powerful technique for fundamental and applied research in the
physical sciences, in different fields from geology, metallurgy and semiconductor industry to fundamental chemistry and physics. NORTEM has identified four focus areas, which have been important for the TEM Gemini Centre
activities since the Centre was formed. Within these areas we see potential
for further growth and tackling unsolved issues. The focus areas are light
metals, catalysis, energy materials and nanotechnology. TEM plays an important role in these research areas, which will be strategically important for
Norway also in the future. The TEM Gemini Centre had activities in all these
four areas in 2021. The next sections describe these activities. Activities in
aluminium alloy research are the largest. In all areas the use of advanced
data processing has gained significance.

ALUMINIUM - LIGHT METALS
The study of aluminium alloys using TEM has
been a pillar in the Trondheim TEM environment for many years, and there have been
many successful projects. All these projects
have been jointly between NTNU and SINTEF
and supported by the Research Council of
Norway. In addition, many of them were supported by Norwegian light metal industry, in
particular Hydro Aluminium. In 2021 we have
been involved in 3 SFI Centers, one competence
project (KPN) and one Digitalization project in
aluminium research, in addition to the INTPART project with Japanese universities and
aluminium industry. In SFI CASA, headed by
Prof. Magnus Langseth at the Structural Engineering department in the NTNU Engineering
Faculty, we are involved in the “lowest scale”
of the multiscale activities, including TEM and
atomistic calculations of precipitates, grain
boundaries, precipitation free zones and interactions between them and dislocations in
deformed, mostly industrial, Al alloys. There
is no PhD or Postdoc hired on this scale at the
moment, but there is some SINTEF activity.
The project leader of the SINTEF part of CASA
Lower scale is Inga Ringdalen. SFI CASA has
made a promotion video. where TEM on aluminium has a central part. and In SFI Manufacturing, headed by Sverre Guldbrandsen-Dahl

from SINTEF Manufacturing, joining of aluminium with other materials in multi-material
products is a central topic. Tina Bergh characterized the microstructure of the interfacial
region in aluminium-steel joints made by various joining techniques, including joints made
by the start-up company HyBond. Tina used
conventional and advanced TEM techniques
and also worked on electron diffraction data
analysis (pyXem). She defended her thesis in
May 2021. Ding Peng works as a postdoc on
this SFI in the TEM group. Ding studies additive manufactured materials in the TEM.
The newest SFI the TEM Gemini Centre is involved in, is SFI PhysMet - Centre for Sustainable and Competitive Metallurgical and Manufacturing Industry - based in the Department
of Materials Science and Engineering with Knut
Marthinsen as a Centre director. TEM is the
main topic in Research Area 1, Multi-scale materials analysis, headed by Randi Holmestad.
Tor Inge Thorsen was hired as a PhD student
here in August 2021 and will study different
joining techniques and additive manufactured materials. A common problem for the
thermal welding processes is the creation of
heat affected zones where the strength of the
material is significantly reduced. The effects
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Images below: image collage
showing precession electron diffraction patterns, by T. Bergh
and J. Sørhaug.

of alloying elements, nanoparticles and heat
treatments will be studied.
The FRIPRO project QUATRIX - Quasicrystal nucleation in a metallic matrix started in
2021. Much attention has been directed towards quasicrystals since their discovery, but
many aspects of these peculiar structures are
still unknown. Specifically, the nucleation and
growth of quasi-crystalline particles in metallic host matrices is understood to a very
limited extent. The QUATRIX project aims to
shed light on the structures and precipitation
mechanisms of quasicrystals within a selection of alloy systems, and thus to produce
generic knowledge about quasicrystal growth
and structure. QUATRIX is mainly a SINTEF
project, with Ruben Bjørge as a project leader and with one PhD at NTNU. Oskar Ryggetangen started his PhD in August 2021 and
will focus on acquiring and analysing electron
diffraction data from quasi-crystalline phases,
aided by advanced high resolution analysing
techniques, in particular transmission electron microscopy.
The project ‘In-Sane’ - In-situ studies of highly conductive bonded interfaces between aluminium and copper at the nanoscale – started

in 2020 and is a Nano2021 project in collaboration with Department of Mechanical and
Industrial Engineering where Randi Holmestad is the project leader. The idea is to perform nanoscale joining in the FIB at the nanoscale, in order to understand and develop
the HYB (Hybrid Metal Extrusion & Bonding)
method. The motivation for In-Sane is to produce dissimilar and highly conductive Cu/Al
micro-joints with strong and sharp interfaces
for battery power packs. PhD student Jørgen
Sørhaug does advanced TEM in this project.
One PhD student (Ambra Celotto) works at the
Department of Mechanical and Industrial Engineering and focuses mostly on making the
joints in the FIB. Per Erik Vullum is central in
this work.
We have a competence project on aluminium
- SumAl (Solute cluster manipulation for optimized properties in Al-Mg-Si based Al alloys)
with industry partners from Norway (Speira,
Benteler and Neuman), Austria (Neuman),
Sweden (Hydro) and Germany (Hydro). The
primary objective of SumAl is to establish an
in-depth understanding of early-stage solute
ordering and atomic clustering by advanced
experiments and modelling, and how these
structures relate to the development of hard-
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ening precipitates and materials properties.
Randi Holmestad is project leader, and the
project performs both TEM experiments and
modelling within the TEM Gemini Centre. PhD
student Christoph Hell does advanced TEM in
this project, focusing on effects of heat treatments on clustering and precipitates in 6xxx
alloys. Jonas Frafjord is working as a postdoc.
He is doing density functional theory (DFT)
and molecular dynamics in combination with
other higher scale methods to explore clustering in Al alloys. SINTEF has a big part of
this project, doing TEM, in addition to APT
and modelling with Calin Marioara and Sigmund Andersen as central participants. The
NAPIC (NTNU aluminium product innovation
Centre) was established in 2017, and Håkon
Wiik Ånes is working as a PhD student in this
Centre, based in DMSE to study nucleation of
recrystallization using SEM and TEM.
During the last years, we have had several aluminium alloy related collaborations abroad.
The largest is the Japanese collaboration with
academia and industry, where the INTPART
project was renewed for 4 new years in 2018
and extended with new partners. This is further presented elsewhere in this report. Another aluminium project is the NTNU financed
Digitalization project AllDesign with Jaakko
Akola as project leader. AllDesign provides
fundamental insight on solid-state precipitation in aluminium alloys based on synergistic
multiscale modelling, and its impact on macroscopic properties and manufacturing processes. The concept is data-driven and utilizes new trends in materials research. Elisabeth
Thronsen is a PhD student on this project
and works on TEM of early-stage clustering
and precipitation in close collaboration with
the SumAl project. As seen from the publication lists of the TEM Gemini Centre, we have
the last years had many invited talks about
aluminium activities at international conferences, both material and microscopy conferences (online!) – MRM in Japan, TherMec in
Austria, M&M in USA, PICO in Netherlands,
which shows that our work on aluminium is
internationally recognized.

ENERGY MATERIALS
– SOLAR CELLS
TEM has proven to be a crucial characterization tool to understand and improve the efficiency of both conventional and novel types
of solar cells. The TEM Gemini Centre activi-
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ties within solar cells include both types and
a large range of materials. The Gemini Centre
is participating in the FME SUSOLTECH (The
Norwegian Research Centre for Sustainable
Solar Cell Technology) on solar cells and project students, PhD students and SINTEF researchers within TEM are actively taking part
in subprojects related to both conventional
as well as third generation solar cells. Hogne
Lysne is a PhD student in the FME on solar
cells working on the growth and characterisation of Cr and N codoped TiO2 with Turid
Reenaas as main supervisor. In addition, MSc
student Andreas Rosnes works on characterization of thin films in this project. SINTEF has
worked together with ELKEM and IFE in three
consecutive IPN projects within production of
tailored Si powders for use in Li-ion batteries.
The present project, “Silicon-based anodes
towards market penetration (SiBanode)” started in 2019. The aim is to develop Si/graphite-based composites as anodes in commercial Li-ion batteries. TEM has been one of the
primary tools to characterize and understand
the behavior of the anode composites as a
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Image collage on previous and this page: lattice
image of Ba4Rb2Nb10O30,
facetted silver particles,
GaAs nanowire, Al/Al
joint, Al precipitates, disc
of Pd grains, and Al lattice image of clusters, by
I.-E. Nylund, T. Bergh, M.
Skomedal and A. T. J. van
Helvoort, J. Sørhaug, E.
Thronsen, D. Chatterjee
and C. Hell.
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function of structure, morphology and cycling
conditions. Another IPN project, “HAST”, is led
by the company CENATE, a spin-off company
to Dynatec. This project also aims to develop Si-based materials optimized for anodes
in commercial Li-ion batteries. TEM is here a
central characterization tool to study and understand the behavior of the initial and cycled
Si-based electrodes. At the end of 2019 the
IPN project, “Surface treatment of Artificial
Graphite for Anodes in Lithium-ion Batteries
(SAGA)”, was funded by RCN. The project owner, Vianode, aims to develop graphite materials for anodes in Li-ion batteries. TEM is here a
central tool to characterize the graphite powders, coatings and build-up of various solid
electrolyte interphases as a function of production parameters and cycling conditions.
TEM is also used in several other projects related to development of Li-ion battery technologies. In the KMB project “Silicon on the
Road”, with SINTEF, IFE and UiO as academic
partners and Cenate, Equinor, Borregaard and
Beyonder as industry partners, TEM is used to
characterize battery electrodes as a function

1n

m

of syntheses and cycling conditions. In the
KPN project “SiBEC” TEM is one of the important characterization tools to understand the
behavior of the cathode material as a function
of synthesis and cycling conditions. In the
FME MoZEES TEM is also used to characterize
and understand the fundamental behavior of
the battery electrodes as a function of electrode and electrolyte compositions, synthesis
and cycling conditions.

NANOTECHNOLOGY
As TEM can analyze size, crystal structure and
composition it is an important tool at the nmscale in nanotechnology and nano-sciences.
TEM is important because it can do all these
characterizations on the same small volume
and thereby relate structure to properties. The
TEM Gemini Centre activities cover nanoparticles, 1D-nanostructures (i.e. nanowires, carbon nanotubes), thin films and 2D-materials
such as graphene. These activities are part of
NANO@NTNU. NTNU NanoLab is our direct
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neighbour and many of the TEM operators
also use equipment in the cleanroom. Especially, the FIBs are important for the TEM Gemini Centre. In 2021 a plasma FIB is installed,
in a room which had once the centre’s first
FEGTEM. This new Xe-based FIB could become
important for TEM preparation of materials
like Al which is difficult to prepare with a Ga
FIB. We developed together with collaborators
in Trondheim methods for correlated studies
where TEM is directly combined with SEM,
EBSD, Cathodeluminescence, Photoluminescence and Scanning Probe Microscopy. Hereby, more all-round characterization of nanomaterials is realized. NorFab is an important
partner for the TEM Gemini Centre. Many of
our master students follow the Nanotechnology study program, a further demonstration
that TEM is an essential tool for practical nanotechnology. These student projects include
both practical as well as theoretical/computational focus. Several core TEM Gemini people
are actively involved in nanotechnology projects, for example as co-supervisors. In the
TEM Gemini Centre, both NTNU and SINTEF
have worked with the start-up company CrayoNano. As can be seen from the publication
list, many TEM studies on nanomaterials resulted in journal publications in 2021. With
the atom probe tomography (APT) instrument
recently installed at NTNU, the TEM group is
participating in building up competence on
APT and work on correlative techniques between TEM and APT.

MAGNETIC MATERIALS:
IMAGING ELECTROMAGNETIC FIELDS
While there has been much work done studying magnetic materials at the TEM Gemini
Centre, there has been very little work on directly imaging the magnetic fields themselves.
Thanks to recent advances in fast pixelated
direct electron detectors this has become
easier, making techniques such as scanning
TEM-differential phase contrast (STEM-DPC)
much more accessible. One of the focuses of
newly hired associate professor Magnus Nord
is to improve the STEM-DPC technique, utilizing the recently installed MerlinEM fast pixelated direct electron detector, together with
PhD student Gregory Nordahl. This activity
increased in 2021, since Magnus was grant-

ed a Young Research Talents “In-situ correlated nanoscale imaging of magnetic fields in
functional materials” (InCoMa) project from
the Research Council of Norway. PhD student
Sivert Dagenborg was hired on this project
from August 2021, and a postdoc is starting
in 2022. Another upgrade that will take place
in 2022 will be the new 4D-STEM detector for
the ARM, which will give us another microscope which can perform STEM-DPC. As the
STEM-DPC works almost identically on both
magnetic and electric fields, this new capability will make it possible to image electric
fields in ferroelectric materials and potentially
electric devices such as solar cells.

CHEMICAL ENGINEERING - CATALYSIS AND
MEMBRANE MATERIALS
The Centre has continued a strong interaction with the national catalysis environment,
including the NTNU Chemical Engineering department, SINTEF Industry, Chemistry Oil and
Gas Process Technology Departments. The SFI
Innovation for a Competitive and Sustainable
process Industry (iCSI), headed by Profess
-or Hilde Johnsen Venvik, hired in 2021 Tina
Bergh as a postdoc to provide a platform for
further applications of TEM in both academic
and industrial catalysis research. Membrane
research has contributed to a study in the BIGCCS carbon capture FME project. In the H2020
project eForFuel, Ir-based catalyst nanoparticles were investigated for their potential use
in producing formic acid from carbon dioxide
and water.

ADVANCED DATA
PROCESSING
The ongoing revolution within TEM research is
digital and data-driven and recent investments
take this into account. “Big data” processing,
machine learning, open-source development
and increasingly automated data handling
are some of the current “hot topics”. In 2021
we worked further on developing transparent
procedures to handle larger TEM data sets
and automation for more robust TEM studies.
There were MSc, PhD and SINTEF projects dedicated on improving data handling. The TEM
Gemini Centre has bought a share in the NTNU
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Image above, from left: E. Thrane, A.
Rosnes, E. Thronsen, E. Christiansen
during Researcher’s night.

Image above from left: E. Christiansen og
E. Thronsen telling about TEM and research
during Researchers night.

cluster IDUN, and is utilizing this, in particular
for SPED data analysis. The common effort in
establishing cluster-based TEM data handling
will be continued and we had an internal workshop for the use of IDUN. We have recently invested in two powerful local workstations for
all TEM users to be able to analyze the large
data volumes produced. In September 2020
Norway’s first direct detection TEM detector
(DED) was mounted and in 2022 we will install
the second. As this detector can easily generate giga- or terabyte size data during one TEM
session, file conversion, data transfer and
storage have quickly become a bottleneck.
We are confident that a recent update on the
labs data infrastructure will allow us to make
full use of the new possibilities this detectors
give our TEM facility. In the application of advanced TEM, especially multidimensional data
set acquisition and handling, data processing
transparency and dynamic in-situ studies are
further developed. This is also in line with the
open science policy pushed by EU and other
authorities. Students within the group have
used and contributed over many years to the
open-source software, especially the Python

library HyperSpy (hyperspy.org) and for electron diffraction pyXem (github.com/pyxem).
Image, diffraction, EDX and EELS data from all
our TEMs can be handled in the same user
interface. After Magnus Nord started in the
group in 2020, these topics have been further
developed and used. This has created a more
robust software project for working on scanning electron diffraction data and has enabled
increased speed and big data handling capacities of several processing categories, making
it possible to analyze the very large datasets
generated by the DED detector on desktop
or laptop computers. Also, within SINTEF advanced data handling and incorporation of
data TEM activities were further developed.
Most of our MSc and PhD students are familiar
with data handling in a Python environment.
We have students who are dedicated towards
modelling (e.g. DFT) or for whom scattering
simulations are an essential part of their work.

RESEARCHERS’
NIGHT, SCHOOL VISITS AND OUTREACH
The TEM Gemini Centre has contributed to
many high school visits and Researchers
Night. Because of the pandemic, there has
been less activity on this arena also in 2021,
but we managed to participate in the Researchers Night in September 2021.
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Image above: M. Nord teaching how to use HyperSpy on TEM data during the
NordTEMhub workshop on digital electron diffraction.

STRATEGY SEMINAR
AT TEVELTUNET
The TEM Gemini Centre organized a strategy
seminar at Teveltunet in Meråker 11.-12. November 2021. After more than a year of corona and very limited social activities, we did
some teambuilding activities and social get
together, including an outdoor group competition, beer tasting, hot tub, a three-course
dinner and quiz. Friday we had some standpoint analysis from people in the group about
strategy and the way forward, and also an online talk by the well-known Cambridge professor Colin Humphreys ‘My new life in graphene:
can graphene really change the world?” Some
went for a walk, and others drove to Sweden
for shopping. The group work gave some new
ideas and long-awaited physical discussions.

NORDTEMHUB
WORKSHOP ON
DIGITAL ELECTRON
DIFFRACTION
21.-23. June 2021 NTNU in Trondheim organised the first NordTEMHub workshop on
‘Open-source analysis of TEM data’ and 200
participants attended online. We had lectures
and practicals given by Katherine MacArthur
(Forschungszentrum Jülich, Germany) Colin
Ophus (Berkeley Lab, USA) Philip Crout (University of Cambridge, UK) and Magnus Nord
(NTNU, Trondheim, Norway). Participants had
to install the software (Hyperspy and py4DSTEM) and did analysis themselves on their
own computers during the practicals. The

workshop was very well received, and the participants said they had learned a lot. In 2022
there will be more workshops, organised by
University in Oslo and DTU.

NORDTEMHUB
NETWORK
The Nordic network in transmission electron
microscopy (TEM) and materials science –
NordTEMhub – was granted in 2020. This is a
network funded by NordForsk, gathering the
TEM groups in physical sciences from seven
universities in the Nordic countries: Linköping
University, Stockholm University, Chalmers,
DTU, Aalto University, University in Oslo and
NTNU – for utilizing complementary instruments, cooperating and working together,
running workshops, having student exchange,
finding best practice in lab management etc.
The aim is to establish collaborations, provide
access, optimize instrument use and build and
utilize Nordic competence on advanced microscopy. Common to all the nodes are recent
and significant investments in state-of-the-art
transmission electron microscopes. This initiative adds value to academia and industry in
the Nordic countries and strengthens the Nordic competence in electron microscopy within materials, physics, chemistry and adjacent
disciplines.
Because of Covid, the start of the Hub has
been very delayed, but we organised an online
kick-off meeting with 75 participants Friday
18th June 2021. Here we had presentations of
the labs and group work across nodes to get
to know each other, plan and discuss how we
can collaborate.
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ACTIVE PROJECTS IN 2021
The table below shows the larger projects connected to TEM within the Gemini Centre. They
are listed by funding type, title, duration and research partners. Smaller projects (not listed),
both academic and with direct industrial support, run in parallel. In total the Centre had about
104 different projects using the facilities in 2021.
Project type

Project title

Involved with TEM

Duration

SFI

SFI PhysMet (Centre for Sustainable and Competitive Metallurgical and
Manufacturing Industry)

~3 PhDs NTNU, SINTEF

2020-2028

Partners: NTNU, SINTEF, Statens vegvesen, Forsvarsbygg, Hydro, Elkem, Neuman Aluminium, Equinor, Benteler, ThermoCalc Software.
SFI

SFI CASA Centre for Advanced Structural Analysis

1-2 PhDs NTNU, SINTEF

2015-23

Partners: NTNU, SINTEF, Statens vegvesen, Forsvarsbygg, Norwegian ministry of local government and modernisation, NSM, Audi, Benteler, BMW, DNV GL, Gassco, Honda, Hydro, MultiConsult, Sapa, Statoil, Renault
SFI

SFI Manufacturing

1 PhD NTNU, 1 postdoc NTNU, SINTEF

2015-23

Partners: SINTEF, NTNU, Benteler, Brødrene AA, Ekornes, GKN Aerospace, Hexagon composites, Kongsberg Automotive, Nammo, Raufoss Neuman, Plastal, Plasto,
Rolls Royce, Teeness, Hybond, Hydro
SFI

SFI iCSI - Industrial Catalysis Science and Innovation for a Competitive and
Sustainable process Industry.

1 postdoc NTNU, SINTEF

2015-23

Partners: Yara Norge, K.A. Rasmussen, Dynea INOVYN Norge, Haldor Topsøe AS
FME

SuSolTech – The Research Center for Sustainable Solar Cell Technology

1 PhD, NTNU, SINTEF, UiO

2017-25

Partners: IFE, NTNU, SINTEF, University of Oslo (UiO), CleanSi, Dynatec, Elkem Solar, Mosaic, Norsun, Norwegian Crystals, Quartz Corp, REC Silicon, REC Solar,
Semilab
FME

Mobility Zero Emission Energy Systems - MoZEES

SINTEF

2015-23

Partners: 7 research institutions including both SINTEF and NTNU, 7 public bodies, 26 industrial partners
KPN/BIA

SumAl - Solute cluster manipulation for optimized properties in Al-Mg-Si
based Al alloys.

1 PhD, 1 Postdoc, SINTEF

2019-24

Partners: NTNU, SINTEF, Hydro, Benteler, Neuman
Nano2021

In-Sane - In-situ studies of highly conductive bonded interfaces between
aluminium and copper at the nanoscale

1 PhD NTNU, SINTEF

2020-24

FRIPRO

QUATRIX - Quasicrystal nucleation in a metallic matrix

SINTEF, 1 PhD NTNU

2021-25

IPN/ENERGIX

Nanowire UV LEDs on graphene

SINTEF

2019-21

SINTEF

2019-21

SINTEF

2020-2022

SINTEF

2020-2021

1 PhD, NTNU

2018-22

Partners: CrayoNano, SINTEF, NTNU
IPN/ENERGIX

Silicon-based anodes towards market penetration – SiBanode
Partners: Elkem Technology AS, IFE, SINTEF

IPN/ENERGIX

Surface treatment of Artificial Graphite for Anodes in Lithium-Ion Batteries.

IPN/ENERGIX

HAST.

Partners: SINTEF, Vianode, IFE

Partners: Cenate, Dynatec, SINTEF, IFE
NTNU Digital transformation

Rational Alloy Design – ALLDESIGN

Partners: 4 departments at NTNU; Physics, Materials Science and Engineering, Mechanical Engineering, Mechanical and Industrial Engineering
FRIPRO

FractAl- Microstructure-based modelling of ductile fracture in aluminium
alloys

SINTEF

2017-22

INTPART

Norwegian-Japanese Aluminium alloy Research and Education Collaboration
(NJALC) – II.

NTNU, SINTEF, Travel, exchange
students

2019-2023

Partners: NTNU, SINTEF, Hydro, University of Toyama, Tokyo Institute of Technology
EU

ESTEEM3 - https://www.esteem3.eu/

1 postdoc NTNU, prof IIs

2019-24

IPN/PETROMAKS2

AMRREX

SINTEF

2018-21

IPN/BIA

HIPTEC

SINTEF

2018-20

NFR/FRIPRO

HEATER

SINTEF

2018-20

NFR/ENERGIX

ANSWER

SINTEF

2018-20

SINTEF/SEP

Molecular structure of organic nanomaterials (MOSON)

SINTEF

2021-22

IPN

Novel Failure Monitoring System for Marine Applications by including
Acoustic Emission (AEMON)

SINTEF

2019-22

IPN

Catch & Kill. Partners: SINTEF, Standard Bio, USN, Uni. New South Wales

SINTEF

2020-23

EU/H2020

SAFE-N-MEDTECH

SINTEF

2019-23
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Cambridge
University, UK
Dr. John Walmsley
Dr. Duncan Johnstone
Prof. Paul Midgely

University of
Glasgow, UK
Dr. Ian MacLaren
Dr. Damien McGrouther

Uni. of Antwerp,
Belgium
Prof. Johan Verbeeck
Dr. Nicolas Gauquelin

Uni. of Illinois, USA
Prof. Jian Min Zuo

Speira, Bonn,
Germany
Dr. Olaf Engler

Helmholtz-Zentrum Dresden-Rossendorf,
Germany
Dr. Rantej Bali

State Uni. of
Campinas, Brazil
Prof. Daniel Ugarte

INTERNATIONAL
COLLABORATION
As can be seen from the map and the publication list, the TEM Gemini Centre has productive relations to many research institutions
and researchers across the world. Some are
long term collaborators; others are new initiatives. However, because of the corona pandemic, there have been very few visits in 2021.
Witold Chromiński from Warsaw University of
Technology, Poland, visited the TEM Gemini Centre from August to November. He did
TEM on plastically deformed Al-Mg-Si alloys.
Through the ESTEEM3 project, the facility has
been used by several renowned researchers
across Europe – we also had a few ‘physical’
visitors to Trondheim in the fall from Cambridge, UK and Stockholm, Sweden. The map

Uni. of Rostock,
Germany
Dr. Benjamin Milkereit,
Dr. Olaf Hermann Kebler
Philipp Schumacher
Richard Kemsies

illustrates the direct scientific collaborations.
In addition to the ESTEEM3 project, the INTPART project ensures international collaborations, in this case with Japan. We thank all our
international collaborators for the productive
and stimulating digital interaction and hope
we can be able to continue the cooperation
and meet physically in the coming years!

THE EU NETWORK
PROJECT ESTEEM3
The TEM Gemini Centre is a partner in the
EU Horizon 2020 INFRAIA initiative ESTEEM3.
ESTEEM3 is a European Network for Electron
Microscopy among the leading European TEM

Activities
Linköping
Uni., Sweden
Prof. Per Persson
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Belgorod
State University,
Russia
Marat Gazizov

Warsaw Uni. of
Tech, Poland

Kobe Steel,
Japan

Prof. Malgorzata Lewandowska
Dr. Witold Chrominski

Dr. Yasuhiro Aruga

AGH, Krakow, Poland

Tokyo Inst. of
Tech., Japan

Adam Kruk
Grzegorz Cempura

IMT-Bucharest,
Romania
Dr. Emil Mihai Pavlescu

Prof. Tatsuo Sato
Prof. Equo Kobayashi
Xuanliang Chen
Daehan Kim

Inst. of
Industrial Technology (KITECH),
South-Korea
JaeHwang Kim

Uni. of Toyama, Japan
Prof. Kenji Matsuda
Prof. Katsuhiko Nishimura
Dr. Seungwon Lee

Kyushu University, Japan
Kenji Kaneko

Monash Uni.,
Australia
Prof. Joanne Etheridge
Prof. Laure Bourgeois
Prof. Philip Nakashima

groups, integrating activity for electron microscopy, and providing access, facilitating,
and extending transnational access (TA) services. The project started officially January
2019, and NTNU is involved in several work
packages - training (microscopy schools),
outreach (in particular industrial outreach)
and in the joint research area ‘Materials for
transport’, in the last topic together with
AGH in Krakow, Poland. In addition, we are
affiliated to the work package Diffraction and
Data analysis. The main part of ESTEEM3 is
that we can welcome researchers for transnational access, and we have now been involved
in around 20 projects. These projects were
initiated from Germany, Romania, UK, Spain,
Sweden and Japan. TA exchanges do not only
include data acquisition on the TEM, but also

data handling. The website of ESTEEM3 (esteem3.eu) gives more details on how to get
access through TA. Dr. Dipanwita Chatterjee
is hired as a postdoc in this project, working
on incoming TA activities (together with other
TEM Gemini members) and the joint research
activity Materials for Transport together with
AGH University of Science and Technology
in Poland. NTNU is also involved in the work
on creating a sustainable electron microscopy infrastructure collaboration in Europe
and is one of the founders of the eDREAM
(see
https://e-dream-eu.org/)
initiative.
The Trondheim node is going to organize a
workshop through ESTEEM3 in June 2022 on
‘Electron diffraction for solving engineering
problems’, and we hope that this will be with
physical attendance.
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Image above from front: R. Holmestad, A. T. J. van Helvoort and Witold
Chromiński on topp7 trip in Bymarka in nice weather, Sept. 2021.

INTPART PROJECT
WITH JAPAN
A 3-year International Partnership (INTPART)
project funded by the Norwegian Research
Council and the Norwegian Centre for International Cooperation in Education (SIU) called
“The Norwegian-Japanese Aluminium alloy Research and Education Collaboration” ended in
2019. In addition to NTNU and SINTEF, Hydro
Aluminium, University of Toyama and Tokyo
Institute of Technology were partners. A phase
II of this was granted in 2019, with the same
partners, except one additional university, Kyushu University in Fukuoka. The objective of
this project has been to continue the fruitful
partnership we obtained through earlier projects, and include and formalize educational
issues, such as guest lecturers, workshops,
joint courses and internships. Furthermore,
exchange of MSc and PhD students on intern-

ships in Japanese and Norwegian aluminium
industry and universities have been a prioritized activity. During 2021 there has been
extremely low activity in the INTPART project
due to the pandemic. However, we see from
the publication list that earlier collaboration
starts to show results, as we had many common publications in 2021. In October, we participated in the CAMRIC conference in Toyama
by Zoom. Knut and Randi also gave lectures
online for Japanese students. The project has
been extended for 6 months and will probably be prolonged further. We really hope for
more physical meetings in 2022 -The trip to
Japan in May 2022 is still ‘tentative’, and most
of the group have submitted abstracts to the
ICAA conference in Toyama, Japan in September!
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IN THE TEM GEMINI CENTRE 2021
TINA BERGH, 28. MAY 2021
Tina Bergh worked in SFI Manufacturing and
wrote a thesis on ‘Electron microscopy of intermetallic phases in aluminium-steel joints’.
The overall goal of her work was to characterise the interface microstructure in selected Al-steel joints, and in turn to contribute
to better understanding of the underlying
bonding mechanisms and the performance
of the joints. Intermetallic phases were studied in a more fundamental sense to gain insight into the influence of alloying elements.
The joints studied were produced by the solid-state welding methods roll bonding and
hybrid metal extrusion & bonding (Hybond),
and by the fusion welding method cold metal
transfer. The main focus was placed on the
interfacial intermetallic phase layers, which
typically have thicknesses on the nanometre
or micrometre scale in sound joints. Electron
microscopy provides the spatial resolution to
study such layers. The main tool was transmission electron microscopy, which enables
acquisition of a broad range of complementary signals that can be used to characterize
the specimen both in terms of morphology,
chemical composition, and crystal structure,
with a spatial resolution down to atomic scale.
Tinas supervisor was Per Erik Vullum, co-supervisors were Randi Holmestad and Ida Wes-

termann. Tina is still associated with the TEM
Gemini Centre, as she is hired as a postdoc in
the SFI Industrial Catalysis Science and Innovation (iCSI) (50%), at the Chemical Engineering Department (25%), and in the project AluBridge (25%) at the Mechanical and Industrial
Engineering Department.

Images at the top: schematic figure of an Al/Fe HYB joint, VBF image with overlayed coloured VDF image segments of intermetallic
phases, STEM-EDS element maps from composites, and precession electron diffraction pattern of intermetallic phases.
Image at the bottom: the two opponents are shown on the screen behind - they were Prof. Dr.-Ing. habil. Hauke Springer, RWTH
Aachen University, Germany and Dr. Eva Mørtsell, Hydro Sunndal. In front from left: Per Erik Vullum (supervisor), Knut Marthinsen
(administrator) and the new PhD Tina Bergh.
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Images above: image collage of people from the
TGS at Teveltunet, Nov. 2021, by I.-E. Nylund.
Image on next page: Al/Cu HYB joint interface
after long time exposure heat treatment, by J.
Sørhaug.
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TEM GEMINI CENTRE
PUBLICATIONS 2021
*Published online, in journals for 2021.
** Not including TEM, but with people from TEM Gemini Centre

JOURNAL PUBLICATIONS
Adnan MM, Nylund IE, Jaworski A, Hvidsten S, Ese MHG,
Glaum J, Einarsrud MA. The structure, morphology, and complex
permittivity of epoxy nanodielectrics with in situ synthesized
surface-functionalized SiO2. Polymers. 2021;13(9). https://doi.
org/10.3390/polym13091469
Akselsen OM, Bjørge R, Ånes HW, Ren X, Nyhus B. Effect of Sigma Phase in Wire Arc Additive Manufacturing of Superduplex Stainless Steel. Metals. 2021;11(12):2045. https://doi.
org/10.3390/met11122045
Bakken K, Pedersen VH, Blichfeld AB, Nylund I-E, Tominaka
S, Ohara K, Grande T, Einarsrud M-A. Structures and Role of the
Intermediate Phases on the Crystallization of BaTiO3 from an Aqueous Synthesis Route. ACS Omega. 2021;6(14):9567-76. https://
doi.org/10.1021/acsomega.1c00089
Behera AK, Harris CT, Pete DV, Delker CJ, Vullum PE, Muniz
MB, Koybasi O, Taniguchi T, Watanabe K, Belle BD, Das SR. High-Performance and Ultralow-Noise Two-Dimensional Heterostructure
Field-Effect Transistors with One-Dimensional Electrical Contacts.
Acs Applied Electronic Materials. 2021;3(9):4126-34. https://doi.
org/10.1021/acsaelm.1c00595
Bergh T, Sandnes L, Johnstone DN, Grong O, Berto F, Holmestad R, Midgley PA, Vullum PE. Microstructural and mechanical
characterisation of a second generation hybrid metal extrusion
& bonding aluminium-steel butt joint. Materials Characterization.
2021;173:13. https://doi.org/10.1016/j.matchar.2020.110761
*Bjørkedal OH, Regli SK, Nuguid RJG, Vullum PE, Kröcher
O, Ferri D, Rønning M. One-pot synthesis of highly dispersed mesoporous Cu/ZrO2 catalysts for NH3 -SCR. Catalysis Today. 2022;
384–386, 113-121. Online 2021. https://doi.org/10.1016/j.cattod.2021.05.010
Blanco MV, Renman V, Zhu J, Vullum-Bruer F, Svensson
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AM. Optimizing carbon coating parameters for obtaining SiO2/C anodes with improved electrochemical performance. Journal of Solid State Electrochemistry. 2021;25(4):1339-51. https://doi.
org/10.1007/s10008-021-04912-2
Broggi A, Ringdalen E, Tangstad M. Characterization, Thermodynamics and Mechanism
of Formation of SiC-SiOx Core–Shell Nanowires. Metallurgical and Materials Transactions B: Process Metallurgy and Materials Processing Science. 2021;52(1):339-50. https://doi.org/10.1007/
s11663-020-02014-4
**Celotto A, Grong O, Holmestad R, Sørhaug JA, Torgersen J, Vullum PE, Berto F. Preliminary in-situ study of FIB-assisted method for aluminium solid-state welding at the microscale.
26th International Conference on Fracture and Structural Integrity, IGF26 2021; 2021: Elsevier B.V.
https://doi.org/10.1016/j.prostr.2021.10.099
Chen X, Kim D, O M, Marioara CD, Andersen SJ, Lervik A, Holmestad R, Kobayashi E.
Effect of pre-deformation on age-hardening behaviors in an Al-Mg-Cu alloy. Materials Science and
Engineering: A. 2021;820:141557-. https://doi.org/10.1016/j.msea.2021.141557
Chen X, Marioara CD, Andersen SJ, Friis J, Lervik A, Holmestad R, Kobayashi E. Data
on atomic structures of precipitates in an Al-Mg-Cu alloy studied by high resolution transmission
electron microscopy and first-principles calculations. Data in Brief. 2021;34:106748-. https://doi.
org/10.1016/j.dib.2021.106748
Chen X, Marioara CD, Andersen SJ, Friis J, Lervik A, Holmestad R, Kobayashi E. Precipitation processes and structural evolutions of various GPB zones and two types of S phases in a
cold-rolled Al-Mg-Cu alloy. Materials & Design. 2021;199:109425-. https://doi.org/10.1016/j.matdes.2020.109425
Chen X, Mørtsell EA, Sunde JK, O M, Marioara CD, Holmestad R, Kobayashi E. Enhanced Mechanical Properties in 6082 Aluminum Alloy Processed by Cyclic Deformation. Metals.
2021;11(11):1735. https://doi.org/10.3390/met11111735
Delic A, Mariussen E, Roede ED, Krivokapic A, Erbe A, Lindgren M, Benelmekki M, Einarsrud MA. Fluorescent Nanocomposites: Hollow Silica Microspheres with Embedded Carbon Dots.
ChemPlusChem. 2021;86(1):176-83. https://doi.org/10.1002/cplu.202000801
Dull SM, Xu S, Goh T, Lee DU, Higgins D, Orazov M, Koshy DM, Vullum PE, Kirsch S, Huebner G, Torgersen J, Jaramillo TF, Prinz FB. Bottom-Up Fabrication of Oxygen Reduction Electrodes
with Atomic Layer Deposition for High-Power-Density PEMFCs. Cell Reports Physical Science.
2021;2(1):100297-. https://doi.org/10.1016/j.xcrp.2020.100297
Evans DM, Småbråten DR, Holstad TS, Vullum PE, Mosberg AB, Yan Z, Bourret E, van
Helvoort ATJJ, Selbach SM, Meier D. Observation of Electric-Field-Induced Structural Dislocations
in a Ferroelectric Oxide. Nano Letters. 2021;21(8):3386-92. https://doi.org/10.1021/acs.nanolett.0c04816
Frafjord J, Dumoulin S, Wenner S, Ringdalen IG, Holmestad R, Friis J. Fully resolved strain
field of the β’’ precipitate calculated by density functional theory. Computational Materials Science.
2021;187 (September 2020):110054-. https://doi.org/10.1016/j.commatsci.2020.110054
Gawel K, Wenner S, Edvardsen L. Effect of carbonation on bulk resistivity of cement/
carbon nanofiber composites. Construction and Building Materials. 2021;305:11. https://doi.
org/10.1016/j.conbuildmat.2021.124794
Gazizov MR, Boev AO, Marioara CD, Holmestad R, Aksyonov DA, Gazizova MY, Kaibyshev
RO. Precipitate/matrix incompatibilities related to the {111}Al omega plates in an Al-Cu-Mg-Ag alloy. Materials Characterization. 2021;182:10. https://doi.org/10.1016/j.matchar.2021.111586
Gazizov MR, Holmestad R, Marioara CD, Kaibyshev RO. Quantitative analysis of {100}
Al plate/lath- And <100>Alrod-shaped precipitates in an aged Al-Cu-Mg-Si alloy using TEM. IOP
Conference Series: Materials Science and Engineering. 2021;1014(1):012013-. https://doi.
org/10.1088/1757-899X/1014/1/012013
Gazizov MR, Boev AO, Marioara CD, Andersen SJ, Holmestad R, Kaibyshev RO, Aksyonov
DA, Krasnikov VSS. The unique hybrid precipitate in a peak-aged Al-Cu-Mg-Ag alloy. Scripta Materialia. 2021;194:113669-. https://doi.org/10.1016/j.scriptamat.2020.113669
**Ghidelli M, Orekhov A, Bassi AL, Terraneo G, Djemia P, Abadias G, Nord M, Béché A,
Gauquelin N, Verbeeck J, Raskin JP, Schryvers D, Pardoen T, Idrissi H. Novel class of nanostructured metallic glass films with superior and tunable mechanical properties. Acta Materialia.
2021;213:116955-. https://doi.org/10.1016/j.actamat.2021.116955
Guo X, Vanhaecke E, Vullum PE, Ma J, Gunawardana PVDS, Walmsley JC, Chen D, Venvik HJ.
Effects of metal dusting relevant exposures of alloy 601 surfaces on carbon formation and oxide
development. Catalysis Today. 2021;369:48-61. https://doi.org/10.1016/j.cattod.2020.04.029
Guo XY, Vullum PE, Venvik HJ. Inhibition of metal dusting corrosion on Fe-based alloy by
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Image above: school visits at Gløshaugen during Researcher’s night, and E. Thronsen and
E. Christiansen showing curious minds what we work on at the TEM Gemini Center.

combined near surface severe plastic deformation (NS-SPD) and thermochemical treatment. Corrosion Science. 2021;190:12. https://doi.org/10.1016/j.corsci.2021.109702
Håkonsen V, Singh G, De Toro JA, Normile PS, Wahlstrom E, He JY, Zhang ZL. Reconfigurable Mechanical Anisotropy in Self-Assembled Magnetic Superstructures. Advanced Science.
2021;8(8):10. https://doi.org/10.1002/advs.202002683
Hjorth I, Wang Y, Li Y, Melandsø Buan ME, Nord M, Rønning M, Yang J, Chen D. Electrochemical syngas production from CO2 and water with CNT supported ZnO catalysts. Catalysis Today.
2021;364(SI):172-81. https://doi.org/10.1016/j.cattod.2020.03.055
Jensen IJT, Ali A, Zeller P, Amati M, Schrade M, Vullum PE, Muñiz MB, Bisht P, Taniguchi T,
Watanabe K, Mehta BR, Gregoratti L, Belle BD. Direct Observation of Charge Transfer between NOx
and Monolayer MoS2 by Operando Scanning Photoelectron Microscopy xmp: CreatorTool: Arbortext Advanced Print Publisher 11.2. 5208/W Lib. ACS Applied Nano Materials. 2021;4(4):3319-24.
https://doi.org/10.1021/acsanm.1c00137
Kim DH, Kim JH, Wenner S, Thronsen E, Marioara CD, Holmestad R, Kobayashi E. Precipitation behavior of Al-Si-Cu-Mg(-Fe) alloys by a deformation-semisolid extrusion process.
Materials Characterization. 2021;173(December 2020):110863-. https://doi.org/10.1016/j.
matchar.2020.110863
Lervik A, Danbolt T, Furu T, Holmestad R, Lunder O. Comparing intergranular corrosion in Al-Mg-Si-Cu alloys with and without α-Al(Fe,Mn,Cu)Si particles. Materials and Corrosion.
2021;72(3):575-84.
https://doi.org/10.1002/maco.202011954
Lervik A, Thronsen E, Friis J, Marioara CDD, Wenner S, Bendo A, Matsuda K, Holmestad R, Andersen SJ. Atomic structure of solute clusters in Al–Zn–Mg alloys. Acta Materialia.
2021;205:116574-. https://doi.org/10.1016/j.actamat.2020.116574
Liudi Mulyo A, Mukherjee A, Høiaas IM, Ahtapodov L, Nilsen TA, Toftevaag HH, Vullum
PE, Kishino K, Weman H, Fimland BO. Graphene-Based Transparent Conducting Substrates for
GaN/AlGaN Nanocolumn Flip-Chip Ultraviolet Light-Emitting Diodes. ACS Applied Nano Materials.
2021;4(9):9653-64. https://doi.org/10.1021/acsanm.1c02050
Little CTSS, Johannessen KC, Bengtson S, Chan CS, Ivarsson M, Slack JF, Broman C,
Thorseth IH, Grenne T, Rouxel OJ, Bekker A. A late Paleoproterozoic (1.74 Ga) deep-sea, low-temperature, iron-oxidizing microbial hydrothermal vent community from Arizona, USA. Geobiology.
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Image above from left: J. Sunde, T. Bergh, P. E. Vullum and A. Lervik after a nice disputation
dinner at Two rooms and kitchen with only 10 people because of the Covid restrictions.

2021;19(3):228-49. https://doi.org/10.1111/gbi.12434
*Lu F, Sunde JK, Marioara CD, Holmestad R, Holmedal B. An improved modelling framework for strength and work hardening of precipitate strengthened Al–Mg–Si alloys. Materials Science and Engineering A. 2022;832. https://doi.org/10.1016/j.msea.2021.142500
Marioara CD, Børvik T, Hopperstad OS. The relation between grain boundary precipitate
formation and adjacent grain orientations in Al-Mg-Si(-Cu) alloys. Philosophical Magazine Letters.
2021;101(9):370-9. https://doi.org/10.1080/09500839.2021.1946188
*Mazumder JT, Lenka TR, Tripathy SK, Vullum PE, Menon PS, Lin F, Aberle AG. Investigation
of structural, morphological, and optoelectronic properties of Ga-doped TiO2 nanoparticles for
electron transport layer in solar cell applications: An experimental and theoretical study. Journal of
Physics and Chemistry of Solids. 2022;161:13. https://doi.org/10.1016/j.jpcs.2021.110410
Mukherjee A, Ren DD, Vullum PE, Huh J, Fimland BO, Weman H. GaAs/AlGaAs Nanowire
Array Solar Cell Grown on Si with Ultrahigh Power-per-Weight Ratio. Acs Photonics. 2021;8(8):235566. https://doi.org/10.1021/acsphotonics.1c00527
*Nilsen JS, Van Helvoort ATJ. Composition Analysis by STEM-EDX of Ternary Semiconductors by Internal References. Microscopy and Microanalysis. 2021 online, printed 2022. https://doi.
org/10.1017/S1431927621013672
**Nord M, Barthel J, Allen CS, McGrouther D, Kirkland AI, MacLaren I. Atomic resolution
HOLZ-STEM imaging of atom position modulation in oxide heterostructures. Ultramicroscopy.
2021;226:113296-. https://doi.org/10.1016/j.ultramic.2021.113296
Nylund IE, Raeder TM, Vullum PE, Grande T. Epitaxial (100), (110), and (111) BaTiO3
films on SrTiO3 substrates - A transmission electron microscopy study. Journal of Applied Physics.
2021;129(9). https://doi.org/10.1063/5.0045011
Ou Y, Jiang Y, Wang Y, Liu Z, Lervik A, Holmestad R. Vacancy and solute co-segregated η1
interface in over-aged Al-Zn-Mg alloys. Acta Materialia. 2021:117082-. https://doi.org/10.1016/j.
actamat.2021.117082
Pan S, Qian F, Li C, Wang Z, Li Y. Synergistic strengthening by nano-sized α-Al(Mn,Fe)Si and
Al3Zr dispersoids in a heat-resistant Al–Mn–Fe–Si–Zr alloy. Materials Science and Engineering A. 20
21;819.
https://doi.org/10.1016/j.msea.2021.141460
Polfus JM, Muniz MB, Ali A, Barragan-Yani DA, Vullum PE, Sunding MF, Taniguchi T, Wata-
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nabe K, Belle BD. Synergistic strengthening by nano-sized α-Al(Mn,Fe)Si and Al3Zr dispersoids in a
heat-resistant Al–Mn–Fe–Si–Zr alloy. Materials Science and Engineering A. 2021;819. https://doi.
org/10.1002/admi.202100838
*Qian F, Jin S, Wan D, Li W, Cheng X, Sha G, Li Y. Synergistic effects of Cd, Si and Cr additions on precipitation strengthening and thermal stability of dispersoids in AA3003 alloy. Materials
Science and Engineering A. 2022;832. https://doi.org/10.1016/j.msea.2021.142422
Qvale K, Hopperstad OS, Reiso O, Tundal UH, Marioara CD, Børvik T. An experimental study
on pre-stretched double-chamber 6000-series aluminium profiles subjected to quasi-static and
dynamic axial crushing. Thin-Walled Structures. 2021;158:107160-. https://doi.org/10.1016/j.
tws.2020.107160
Raeder TM, Holstad TS, Nylund I-E, Einarsrud M-AA, Glaum J, Meier D, Grande T. Anisotropic in-plane dielectric and ferroelectric properties of tensile-strained BaTiO3 films with
three different crystallographic orientations. AIP Advances. 2021;11(2):025016-. https://doi.
org/10.1063/5.0035644
Ringdalen IG, Jensen IJT, Marioara CD, Friis J. The Role of Grain Boundary Precipitates
during Intergranular Fracture in 6xxx Series Aluminium Alloys. Metals. 2021;11(6):894-. https://
doi.org/10.3390/met11060894
**Roede ED, Mosberg AB, Evans DM, Bourret E, Yan Z, van Helvoort ATJ, and Meier D,“Contact-free reversible switching of improper ferroelectric domains by electron and ion irradiation”,
Applied Physics Letters Materials, 9, 021105, 2021. https://doi.org/10.1063/5.0038909
Sandnes L, Bergh T, Grong Ø, Holmestad R, Vullum PE, Berto F. Interface microstructure
and tensile properties of a third generation aluminium-steel butt weld produced using the Hybrid
Metal Extrusion & Bonding (HYB) process. Materials Science and Engineering: A. 2021;809:140975. https://doi.org/10.1016/j.msea.2021.140975
Sharma A, Foppen JW, Banerjee A, Sawssen S, Bachhar N, Peddis D, Bandyopadhyay S. Magnetic Nanoparticles to Unique DNA Tracers: Effect of Functionalization on Physico-chemical Properties. Nanoscale Research Letters. 2021;16(1). https://doi.org/10.1186/s11671-021-03483-5
*Sharma A, Raghunathan K, Solhaug H, Antony J, Stenvik J, Nilsen AM, Einarsrud MA, Bandyopadhyay S. Modulating acrylic acid content of nanogels for drug delivery & biocompatibility studies. Journal of Colloid and Interface Science. 2022;607:76-88. https://doi.org/10.1016/j.
jcis.2021.07.139
Sunde JK, Lu F, Marioara CD, Holmedal B, Holmestad R. Linking mechanical properties
to precipitate microstructure in three Al-Mg-Si(-Cu) alloys. Materials Science and Engineering A.
2021;807(February):140862-. https://doi.org/10.1016/j.msea.2021.140862
Sunde JK, Marioara CD, Wenner S, Holmestad R. On the microstructural origins of improvements in conductivity by heavy deformation and ageing of Al-Mg-Si alloy 6101. Materials
Characterization. 2021;176(March):111073-. https://doi.org/10.1016/j.matchar.2021.111073
*Thronsen E, Frafjord J, Friis J, Marioara CD, Wenner S, Andersen SJ, Holmestad R.
Studying GPI zones in Al-Zn-Mg alloys by 4D-STEM. Materials Characterization. 2021:111675.
https://doi.org/10.1016/j.matchar.2021.111675
Thronsen E, Lervik A, Hell C, Marioara CD, Wenner S, Bjørge R, Friis J, Andersen SJ, Holmestad R. Studying clusters and nano-precipitates in Aluminium alloys using SPED and ADF-STEM. Microscopy and Microanalysis. 2021;27(S1):3090-4. https://doi.org/10.1017/S1431927621010709
Tsoutsouva MG, Regula G, Ryningen B, Vullum PE, Mangelinck-Noël N, Stokkan G. Dynamic
observation of dislocation evolution and interaction with twin boundaries in silicon crystal growth
using in – situ synchrotron X-ray diffraction imaging. Acta Materialia. 2021;210:116819-. https://
doi.org/10.1016/j.actamat.2021.116819
van Helvoort ATJ, Mosberg A, Ludacka U, Holstad TS, Evans DM, Meier D. STEM-based analysis of functional defects in ferroelectric ErMnO3. Microscopy and Microanalysis. 2021;27(S1):11889. https://doi.org/10.1017/S1431927621004475
Vatanparast M, Shao Y-T, Rajpalke M, Fimland B-O, Reenaas T, Holmestad R, Vullum PE,
Zuo JM. Detecting minute amounts of nitrogen in GaNAs thin films using STEM and CBED. Ultramicroscopy. 2021:113299-. https://doi.org/10.1016/j.ultramic.2021.113299
Wenner S, Lervik A, Thronsen E, Marioara CD, Kubowicz S, Holmestad R. Copper enrichment on aluminium surfaces after electropolishing and its effect on electron imaging and diffraction. Materials Characterization. 2021;172(December 2020):110846-. https://doi.org/10.1016/j.
matchar.2020.110846
Xu S, Wang Z, Dull S, Liu Y, Lee DU, Lezama Pacheco JS, Orazov M, Vullum PE, Dadlani AL,
Vinogradova O, Schindler P, Tam Q, Schladt TD, Mueller JE, Kirsch S, Huebner G, Higgins D, Torgersen J, Viswanathan V, Jaramillo TF, Prinz FB. Direct Integration of Strained-Pt Catalysts into Proton-Exchange-Membrane Fuel Cells with Atomic Layer Deposition. Advanced Materials. 2021:2007885-.
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https://doi.org/10.1002/adma.202007885
Zha M, Zhang H, Jia H, Gao Y, Jin S, Sha G, Bjørge R, Mathiesen RH, Roven HJ, Wang H,
Li Y. Prominent role of multi-scale microstructural heterogeneities on superplastic deformation
of a high solid solution Al–7Mg alloy. International Journal of Plasticity. 2021;146. https://doi.
org/10.1016/j.ijplas.2021.103108
Østli ER, Tesfamhret Y, Wenner S, Lacey MJ, Brandell D, Svensson AM, Selbach SM, Wagner
NP. Limitations of Ultrathin Al2O3 Coatings on LNMO Cathodes. ACS Omega. 2021;6(45):3064455. https://doi.org/10.1021/acsomega.1c04457

POPULAR SCIENCE
Christiansen, Emil; Holmestad, Randi; Soleim, Bjørn Gunnar; Wenner, Sigurd; Thronsen, Elisabeth;
Rosnes, Andreas; Thrane, Elisabeth Savitri. Krystaller på atomnivå / Se innsiden av et elektronmikroskop. Researchers’ Night; 2021-09-24 - 2021-09-24

CONFERENCE CONTRIBUTIONS (A SELECTION)
Celotto, Ambra; Grong, Øystein; Holmestad, Randi; Sørhaug, Jørgen A; Torgersen, Jan; Vullum, Per
Erik; Berto, Filippo. Preliminary in situ study of FIB-assisted method for aluminium solid-state welding at the
microscale. 26th International Conference on Fracture and Structural Integrity; 2021-05-26 - 2021-05-31
Christiansen, Emil; Marioara, Calin Daniel; Holmestad, Randi. Deformed Al-Mg-Si alloys studied at the
nanoscale. MRM2021- Materials Research Meeting; 2021-12-13 - 2021-12-17
Christiansen, Emil; Marioara, Calin Daniel; Hopperstad, Odd Sture; Holmestad, Randi. Nanoscale characterisation of deformed Al-Mg-Si alloys. Thermec 2021 Virtual conference; 2021-06-01 - 2021-06-06
Holmestad, Randi. Characterisation of paint and nano-particles by TEM. Seminar at Jotun, between NV,
NTNU and Jotun; 2021-09-19 - 2021-09-20
Holmestad, Randi. Crash course in TEM (with examples from microstructure and precipitates in Al
alloys). Global Engineering Lectures, Toyama University; 2021-09-28 - 2021-09-28
Holmestad, Randi. People, Instrumentation and Research in the TEM Gemini Centre in Trondheim.
NordTEMHub kick-off seminar; 2021-06-18 - 2021-06-18
Holmestad, Randi. TEM used to study microstructure and precipitates for understanding 6xxx alloys.
Global Engineering Lectures, Toyama University; 2021-09-28 - 2021-09-28
Hunnestad, Kasper Aas; Hatzoglou, Constantinoss; Khalid, Muhammad Zeeshan; Vullum, Per Erik;
Yan, Zewu; Bourret, Edith; Van Helvoort, Antonius; Meier, Dennis. Detection of Individual Dopants in a Semiconducting Functional Oxide. Atom probe tomography & microcsopy; 2021-09-28
Hunnestad, Kasper Aas; Hatzoglou, Constantinoss; Khalid, Muhammad Zeeshan; Vullum, Per Erik;
Zewu, Yan; Bourret, Edith; Selbach, Sverre Magnus; Van Helvoort, Antonius; Meier, Dennis. 3D analysis of dopants in a multiferroic oxide by atom probe tomography. Norwegian Nanosymposium; 2021-10-05
Hunnestad, Kasper Aas; Hatzoglou, Constantinoss; Van Helvoort, Antonius; Meier, Dennis. Atomic-scale analysis of individual dopants in a functional oxide. German Physical Association; 2021-09-28
Lervik, Adrian; Wenner, Sigurd; Lunder, Otto; Marioara, Calin Daniel; Holmestad, Randi. Correlation
between grain boundary orientation and intergranular corrosion in an extruded Al-Mg-Si-Cu alloy. 7th Forum
of Center for Advanced Materials Research and International Collaboration (CAMRIC7); 2021-09-24 - 2021-1008
LI, Yang; Nilsen, Tron Arne; Mukherjee, Anjan; Liudi Mulyo, Andreas; Fimland, Bjørn-Ove; Weman,
Helge. Selective area growth of GaN nanowires on sapphire and graphene substrates by molecular beam epitaxy. 21st International Conference on Molecular Beam Epitaxy; 2021-09-06 - 2021-09-09
Lysne, Hogne; Brakstad, Thomas Vågenes; Di Sabatino Lundberg, Marisa; Inzani, Katherine; Kildemo,
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addition of aluminium filler material through continuous extrusion with pressure exerted by a rotating steel tool. This
work presents mechanical and microstructural characterisation of a second generation HYB butt joint of aluminium
alloy 6082 and structural steel S355. The ultimate tensile strength was measured to be in the range of 184–220 MPa,
A B S T R A C T
which corresponds to 60–72% joint efficiency. Digital image correlation analysis of the strain development during
tensile testing revealed that root cracks formed, before the final fracture ran close to the aluminium-steel interface. A
Hybrid metal extrusion & bonding (HYB) is a joining method that enables solid-state bonding by combining
significant amount of residual aluminium was found on the steel fracture surface, especially in regions that
addition of aluminium filler material through continuous extrusion with pressure exerted by a rotating steel tool. This
experienced higher pressure during joining. Scanning and transmission electron mi-croscopy revealed that the bond
work presents mechanical and microstructural characterisation of a second generation HYB butt joint of aluminium
strength could be attributed to a combination of microscale mechanical inter-locking and a discontinuous nanoscale
alloy 6082 and structural steel S355. The ultimate tensile strength was measured to be in the range of 184–220 MPa,
interfacial Al-Fe-Si intermetallic phase layer. Analysis of scanning electron diffraction data acquired in a tilt series,
which corresponds to 60–72% joint efficiency. Digital image correlation analysis of the strain development during
indicated that the polycrystalline intermetallic phase layer contained the cubic αc phase. The results give insight into
tensile testing revealed that root cracks formed, before the final fracture ran close to the aluminium-steel interface. A
the bonding mechanisms of aluminium-steel joints and into the performance of HYB joints, which may be used to
significant amount of residual aluminium was found on the steel fracture surface, especially in regions that
better understand and further develop aluminium-steel joining processes.
experienced higher pressure during joining. Scanning and transmission electron mi-croscopy revealed that the bond
strength could be attributed to a combination of microscale mechanical inter-locking and a discontinuous nanoscale
interfacial Al-Fe-Si intermetallic phase layer. Analysis of scanning electron diffraction data acquired in a tilt series,
indicated that the polycrystalline intermetallic phase layer contained the cubic αc phase. The results give insight into
the bonding mechanisms of aluminium-steel joints and into the performance of HYB joints, which may be used to
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Fig. 9. STEM of the interfacial IMP layer
in Lamella 3. (a) BF-STEM overview
image. (b) HAADF-STEM image and (c)
element maps (showing at.%) based on
STEM EDS of the region highlighted in
(a). Note that two Fe maps are shown,
and that the bottom one displays only
low
amounts
of Fe (0
Fig.
10. Scanning
electron diffraction of an interface region in Lamella 3 (the same
displayed maps comprise results from
overlayed coloured virtual dark field image segments from some individual crystals
three datasets acquired individually.

as Fig. 9). (a) Virtual bright field image with
in the IMP layer and some dispersoids in the
Al FM. (b) Coloured diffraction spots corresponding to the coloured segments in (a), superimposed on a greyscale pattern that
shows the maximum intensity with respect to detector position based on all patterns from the region in (a). (c) Measured average
d-spacings from selected patterns in the IMP layer plotted in partly transparent turquoise with a line width equal to one standard
deviation. On the vertical axis, d-spacings of the phases θ, αc, αh, and β are shown. Black crosses correspond to kinematically
allowed spots, while red crosses correspond to spots possibly seen due to double diffraction. Patterns indexed with respect to
the αc phase from crystals oriented close to (d) [001], (e) [113] and (f) [335] zone axis, located at the positions marked in (a).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Scanning transmission electron microscopy imaging of Al–Zn–Mg alloys has provided new information on
the atomic structures of solute rich clusters forming from a supersaturated solid solution at low temperatures. A unique unit of high Zn/Mg ratio is the fundamental cluster building block. The unit is essentially
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The unit is essentially
a partial substitution by Mg and Zn on the cubic aluminium cell and its surrounding truncated cube octahedral shell. A simple set of principles based on Frank–Kasper structures describes how the basic units
arrange with respect to each other to form larger clusters. Density functional theory calculations, atom
probe tomography and simulated diffraction patterns support the proposed atomic models. The results
provide new insight into the very early stages of age-hardening in aluminium alloys.
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This work focuses on the structure of the solute rich GP(I
clusters formed at low temperature, previously reported in stud
ies using transmission
electron microscopy (TEM) [8,21–23], X-ray
of the metastable η� precipitate [6,9]. However, the transformatio
diffraction (XRD) [11,24–26] and positron annihilation spectroscopy
from clusters to precipitates are not understood [12].
(PAS) [11,27]. Up till now, a simple anti-phase ordering of solute
This work focuses
the17structure
of the solute rich GP(I
Fig. 1. Alloy on
#1 after
years of natural
has been proposed
based
onalong
diffraction
patterns acquired from
oriented
the previously
[001]
clusters formedageing,
at low
temperature,
reported in stud
large regions [8]
. Thisa,work
shows
that the
ordering is of a fun
direction.
BF-TEM
image showing
a
ies using transmission
electron
microscopy
(TEM)
[8,21–23], X-ra
Fig.
1. Alloy
#1 after
17 years
of natural
high
density
of
solute
clusters
(dark
damentally different kind, and uncovers the atomic structure o
oriented
along
the [001]
contrast).
b, ageing,
SADP
diffraction
diffraction (XRD)
[11,24–26]
andwith
positron
annihilation
spectroscop
the GP(I) zonesspots
with
support
from
experimental
techniques,
sim
Zr dispersoids
and GP(I)image showing a
of Al3 direction.
a, BF-TEM
(PAS) [11,27]. Up
till
now,
a
simple
anti-phase
ordering
of solut
zones, markedhigh
by circles
and of
triangles,
density
solute clusters (dark
ulations and calculations.
has been proposed
based
on
diffraction
acquired from
respectively.
c,
HAADF-STEM
image patterns
contrast).
SADP
Fig. 1. b,
Alloy
#1 with
after diffraction
clearly
indicating
of
solute
dispersoids
and GP(I)is of a fun
spots ordering
of Al3 Zr
large regions [8]
. This
work
shows
that
the ordering
17 years
natural
on the fcc lattice.
d,
fast of
Fourier
zones,
marked
by circles
triangles,
damentally
different
kind,
and
uncovers
theandatomic
structure o
methods
2.
Material and
transform
of cageing,
where
the
intensity inalong
oriented
respectively. c,
HAADF-STEM image
forbidden
{110}
positions
are
due
to
the GP(I) zonesthewith
support
from
experimental
sim
the [001]
direction.
a, of techniques,
clearly
indicating
ordering
solute
a surface layer artefact.
BF-TEM
showulations
and calculations.on
2.1.
Materials
the fccimage
lattice. d,
fast Fourier
ing a high
density
transform
of c where
the of
intensity in

forbidden
{110} positions
are due to
solute
clusters
(dark
The data in this workthe
has
been
obtained
from
two Al–Zn–Mg
acontrast).
surface layer artefact.
b,
SADP
2. Material and methods
alloys. An industrial alloy (in at.%: 0.08% Fe, 1.42% Mg, 0.08% Si
with diffraction spots
2.98% Zn and 0.04% Zr), labelled
Alloy
#1, was air cooled after ex
of Al3Zr
dispersoids
2.1. Materials
trusion and left naturally ageing
for
17 years.
A high purity lab-cas
and
GP(I)
zones,
marked
circles
and Alloy #2, was SHT
alloy (in at.%: 1.89% Mg and
3.49%byZn),
labelled
The data in this work has been respectively.
obtained from two Al–Zn–M
at 475 ◦ C for 1 h before it triangles,
was quenched into water and left for NA
alloys. An industrial alloyc, (in HAADF-STEM
at.%: 0.08% Fe,im-1.42% Mg, ◦0.08% S
A group of samples were directly artiﬁcially aged at 150 C, whil
age clearly
2.98% Zn and 0.04% Zr), labelled
Alloyindicating
#1, was air cooled after ex
some were artiﬁcially aged at 120 ◦ C after 4 days of NA. The Vick
onhigh purity lab-cas
trusion and left naturally ordering
ageing forof17solute
years. A
ers hardness (HV0.1) curve
#2d,obtained
during natura
thefor
fcc Alloy
lattice.
fast Alloy
alloy (in at.%: 1.89% Mg and
3.49%
Zn), labelled
#2, was SH
ageing ◦reaches a hardnessFourier
of ∼ 110transform
after ∼ 10ofdays. This does no
at 475 C for 1 h before it was quenched into water and left for NA
c where the intensity
A group of samples were in
directly
artiﬁcially
aged at 150 ◦ C, whil
the forbidden
{110}
◦ C after 4 days of NA. The Vick
some were artiﬁcially aged
at
120
positions are due to a
article
under the CC
BY license
(http://creativecommons.org/licenses/by/4.0/
)
ers hardness
(HV0.1)
curve
for Alloy
#2 obtained during natura
surface
layer artefact.
ageing reaches a hardness of ∼ 110 after ∼ 10 days. This does no

Fig. 4. DFT calculated formation
enthalpy
versus pressure for clushttps://doi.org/10.1016/j.actamat.2020.116574
ter
structures
differentInc.Al,
1359-6454/©
2020with
Acta Materialia
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
Zn, and Mg content embedded in
Fig. matrix.
4. DFT calculated
formation
aluminium
Compositions
versus pressure for cluster
refer to enthalpy
net content
in single clusstructures with different Al, Zn, and
ter unitsMg after
content stacking.
embedded inResults
aluminium
demonstrate
advantagerefer
of high
matrix. anCompositions
to net
contentinin the
singleclusters.
cluster units(Cf.
after
Zn content
stacking. Tables
Results 1demonstrate
Supplementary
and 2 foran
advantage
high Zn
content in formation
the
Fig. 4. of DFT
detailed clusters.
explanation
ofcalculated
the struc(Cf. versus
Supplementary
enthalpy
pressureTables
for 1cluster
tures.) and 2 for detailed explanation of the
structures with different Al, Zn, and

structures.)
Mg content embedded in aluminium

matrix. Compositions refer to net
content in single cluster units after
stacking. Results demonstrate an
advantage of high Zn content in the
clusters. (Cf. Supplementary Tables 1
and 2 for detailed explanation of the
structures.)

A. Lervik, E. Thronsen, J. Friis, C. D. Marioara, S. Wenner, A. Bendo, K. Matsuda, R. Holmestad, S. J. Andersen,
Acta Mater. 205, 116574 (2021). https://doi.org/10.1016/j.actamat.2020.116574

Selected scientific papers

Cite as:
38J. Appl. Phys. 129, 095304 (2021); doi: 10.1063/5.0045011
Submitted: 21 January 2021 · Accepted: 14 February 2021 ·
Publishedof
Online: 4 March 2021
Journal

Applied Physics
Journal of
Applied Physics

View Online

ARTICLE
ARTICLE

Export Citation

CrossMark

scitation.org/journal/jap
scitation.org/journal/jap

AFFILIATIONS
Department of Materials
Science
and Engineering,
Norwegian
University films
Epitaxial
(100),
(110),
and NTNU
(111)
BaTiO
onTechnology,
SrTiO3
3 of Science and
Epitaxial (100),
(110), and electron
(111) BaTiO
SrTiO3
substrates—A
transmission
microscopy
study
3 films on
I.-Author
Esubstrates—A
. Nyluto
nd
, T. M.
Raeder, transmission
P. Eshould
. Vullube
m,addressed:
and T. Grande
electron microscopy study
whom
correspondence
grande@ntnu.no

1

NO-7491 Trondheim, Norway
2
Department of Physics, NTNU Norwegian University of Science and Technology, NO-7491 Trondheim, Norway
a)

I.-E. Nylund,
ABSTRACT

T. M. Raeder,

P. E. Vullum,

and T. Grande

Chemical
deposition
is a(2021);
versatiledoi:
method
to fabricate oxide films. Here, the structure and local variations in the chemical
Cite as: J.solution
Appl. Phys.
129,(CSD)
095304
10.1063/5.0045011
composition
BaTiO
films
prepared by14
CSD
on (100),2021
(110),· and (111) SrTiO3 (STO) substrates were examined by transmission
3 (BTO)
Submitted:of21
January
2021
· Accepted:
February
Citation
View Online
CrossMark
electron
microscopy.
The
films
were
shown
to
be
epitaxial
and
the
relaxation of the films occurred by the formation
of Export
edge
dislocations
Cite
as:
J.
Appl.
Phys.
129,
095304
(2021);
doi:
10.1063/5.0045011
Published Online: 4 March 2021
Submitted:
21 interfaces.
January 2021
· Accepted:
2021were
· determined to be ah010i, a[110] andViewa[001],
at the
substrate–film
The Burgers
vectors14
of February
the dislocations
and
ah110i for
Export Citation
Online
CrossMark
the Published
(100), (110),Online:
and (111)
films, 2021
respectively. Due to the difference in thermal expansion between STO and BTO, the films are
4 March
demonstrated to be under tensile strain. Furthermore, the boundaries between each deposited layer in the BTO films were found to be
Ba-deficient in all cases. In the case of the (111) oriented film, defects like an anti-phase boundary or a thin layer with a twinned crystal
AFFILIATIONS
structure
were identi-fied at the boundary between each deposited layer. Moreover, a larger grain was observed at the film surface with a
1
twinned
crystal
structure.
The
interdiffusion
length of A-cations
at the STO–BTO
interface,
studied
electron energy-loss spectroscopy,
Department of
Materials
Science
and Engineering,
NTNU Norwegian
University
of Science
andbyTechnology,
was AFFILIATIONS
found to be 3.4, 5.3, and 5.3 nm for the (100), (110), and (111) oriented films, respectively. Interdiffusion of cations across the STO–
NO-7491 Trondheim, Norway
1 interface was discussed in relation to cation diffusion in bulk BTO and STO. Despite the presence of imperfections demonstrated in
BTO
Department of Materials Science and Engineering, NTNU Norwegian University of Science and Technology,
2
Department
of Physics,
Norwegian
University
of Science
andthat
Technology,
NO-7491
Trondheim,
Norway to the ferroelectric
this
work, the films
possessNTNU
excel-lent
ferroelectric
properties,
meaning
none of the
imperfections
are detrimental
NO-7491 Trondheim, Norway
FIG. 1. HAADF-STEM images showing the
properties.
a) 2

FIG. 1.
cross se
films (a)
Vertical
of varyin
FIB spe
Department
ofcorrespondence
Physics, NTNU Norwegian
Science
and
Technology,
Trondheim, Norway
cross
section
of the threeNO-7491
differently oriented
Author
to whom
should be University
addressed:ofgrande@ntnu.no
(100) a
films (a) (100), (b) (110), and (c) (111).
thickness
Vertical contrast differences occur because
a)
Author to whom correspondence should be addressed: grande@ntnu.no
of varying
lamella
thickness, created
by theferroelectric films is a viable way
(111) or
Strain
engineering
of oxide
I.ABSTRACT
INTRODUCTION
FIB specimen prepa-ration method. The
contrast
of
controlling
and
enhancing
the
functional
properties,
e.g.,
is known(CSD)
as oneis of
the prototypic
BaTiOsolution
and
films
show uniform
3 (BTO)deposition
(a) is Pt
Chemical
a versatile
method lead-free
to fabricate (100)
oxide
films.(110)
Here,
the temperature
structure
and local
variations in the chemical
increasing
the
Curie
ABSTRACT
c ). There are multiple ways of
whereas
the(STO)
thickness
of the(Twere
ferroelectric
materials
in electrical
devices
due(100),
to its
of the s
composition of
BaTiO3 applied
(BTO)1 films
prepared by
CSD on
(110),thickness,
and
(111)
SrTiO
substrates
examined
by
transmission
3
FIG. oriented
1. HAADF-STEM
images
straining
a film
ferroelectric
Most the
common for thin films grown
(111)
varies.
Thefilm.
thin,showing
bright
excellent
dielectric
properties.
BTO
abetetragonal
crystal
Chemical
solution
deposition
(CSD)
is has
a to
versatile
method
to the
fabricate
oxideoffilms.
Here,occurred
the structure
and
local variations
in
the chemical order to
electron
microscopy.
The
films Bulk
were
shown
epitaxial
and
relaxation
the
films
by
the
formation
of
edge
dislocations
contrast
layer directly
BTO
filmoriented
in is epitaxial strain engineering,
crossatomic
section
of theabove
threethe
differently
via
layer-by-layer
deposition
structure
at roomof temperature,
with
cellprepared
parameters
a the
¼ on
3:993
Å (110),
composition
BaTiO
films
by of
CSD
(100),
(111)
SrTiO
(STO)
substrates
examined
byah110i
transmission
10] were
3 (BTO)
3 be
at the
substrate–film
interfaces.
The
Burgers
vectors
dislocations
were
determined
to
ah010i,
a[1
and
a[001],
and
for
(a)
is and
Pt/Pd
that lattice
was
coated
top
films
(a)
(100),
(b)sputter
(110),
and on
(c)
(111).
� 2
utilizing
the
parameter
mismatch
between
the
substrate
and
and
c ¼ 4:035
Å, and
and (111)
aTheCurie
(TDue
) epitaxial
ofto 120
microscopy.
films
were
shown to
and theofVertical
relaxation
of
the
films
occurred
by
the
formation
of
edge
dislocations
cbe
the electron
(100),
(110),
films,temperature
respectively.
the C.
difference
thermal
expansion
between
STO
and
BTO,
the
films
are
thein sample
prior
to
FIB
preparation
in
8,9
contrast
differences
occur
because
�
�
the
thin
film.
In
BTO
grown
on
DyScO
,
the
enhancement
of
3
Typically,
ferroelectric
domains
90Burgers
or 180vectors
domain
walls,
order
towere
avoid
charging.
10]cross
FIG.
1.
HAADF-STEM
images
showing
the
section
of the
demonstrated
to be under
tensilewith
strain.
Furthermore,
the
boundaries
between
each
deposited
layer
inbythe
BTO
filmsa[001],
were found
tothree
be for
at the substrate–film
interfaces.
The
of the
dislocations
determined
to be
ah010i,
a[1
and
and
ah110i
of
varying
lamella
thickness,
created
the
ferroelectricity
was
demonstrated
under
compressive
strain,
where
located
on pseudocubic
{100}
planes,
respectively,
are
differently
oriented
films
(a) method.
(100),
(110),
and
(c) (111).
Vertical
con-are
the (100),
and{110}
films,
respectively.
Due film,
to the
difference
thermal
expansion
between
STO
and
the crystal
films
Ba-deficient
in (110),
all cases.
In(111)
theand
case
of the
(111) oriented
defects
like specimen
aninanti-phase
boundary
or
a�(b)
thin
layer
with
aBTO,
twinned
FIB
prepa-ration
The
T
was
increased
by
about
500
Cvarying
remnant
polarization
trast
differences
occur
because
of
thickness,
created
c Moreover,
found
in BTO,
which
be the
observed
either
by optical
electron
demonstrated
to becan
under
tensile
strain.
Furthermore,
the boundaries
between
each
deposited
layer
inand
the the
BTO
films
were
found
to
(100)
and
(110)
filmsgrain
show
uniform
structure
were
identi-fied
at
boundary
between
eachordeposited
layer.
a larger
was
observed
atlamella
the
film
surface
with
a be
10
3
bywas
theincreased
FIB specimen
preparation
method.
The (100)
and (110)
films
by
250%.
Coherent
epitaxially
strained
BTO
on
microscopy.
Thin
films
have
become
increasingly
more
important
Ba-deficient
in
all
cases.
In
the
case
of
the
(111)
oriented
film,
defects
like
an
anti-phase
boundary
or
a
thin
layer
with
a
twinned
crystal
thickness,
whereas
the
thickness
of
the
twinned crystal structure. The interdiffusion length of A-cations at the
STO–BTO
interface,
studied
by
electron
energy-loss
spectroscopy,
show
uniform
thickness,
whereas thestrain
thickness
of the
(111)
oriented
SrTiO
(STO)respectively.
is under
compressive
since
lattice
paramein
size the
and(100),
energy
demand
of oriented
3Moreover,
(111) oriented
film
The
thin,was
bright
structure
were
identi-fied
at the
between
each
layer.
avaries.
larger
observed
at the
the
film the
surface
with
wasorder
foundtotominimize
be 3.4,
5.3,the
andphysical
5.3
nmboundary
for
(110),
anddeposited
(111)
films,
Interdiffusion
cations
across
the
STO–
film
varies.
The thin,
brightgrain
contrast
layerofdirectly
above
BTO
film a
ter
of
BTO
is
larger
than
the
lattice
parameter
of
STO
contrast
layer
directly
above
the
BTO
film
in
electronic
devices.
BTO
films
can
be
deposited
either
by
physical
crystal
structure. in
The
interdiffusion
of A-cations
atinthe
STO–BTO
studied
by
electron
energy-loss
spectroscopy,
BTOtwinned
interface
was discussed
relation
to cationlength
diffusion
in
bulk
BTO
and
STO.
Despite
the
presence
of
imperfections
demonstrated
in
(a)
is
Pt/Pd
that
was
sputter
coated
on
top
of
the
sample
prior
to
FIB
� interface,
2
4,5
(a)
is Pt/Pd
that
sputter
on top
(a
¼ 3:905
Awas
).imperfections
In avoid
this coated
case,
the
polar
c-axis
points
perpendicudeposition
techniques
like
(PLD)
or(111)
STO
found
to
be 3.4,
5.3, pulsed
and 5.3 laser
nmferroelectric
fordeposition
the (100),
(110), and
oriented
films,
respectively.
Interdiffusion
of cations
the STO–
preparation
in
to
charging.
thiswas
work,
the
films
possess
excel-lent
properties,
meaning
that
none
oforder
the
are
detrimental
to theacross
ferroelectric
of
the
sample
to FIB
preparation
inof imperfections
to and
the
filmprior
surface
since
this crystal
orientation minimizes
the in
by
chemical
deposition
techniques
like chemical
solution
deposiBTO interface
was discussed
in relation
to cation
diffusion
in bulk lar
BTO
STO.
Despite
the
presence
demonstrated
properties.
6,7
orderthat
to mismatch
avoid
charging.
tionthis
(CSD).
lattice
the substrate
and film. However,
thin
work, the films possess excel-lent ferroelectric properties, meaning
none
of between
the imperfections
are detrimental
to the ferroelectric
properties.

I. INTRODUCTION
BaTiO3 (BTO) is known as one of the prototypic lead-free

I. INTRODUCTION
J. Appl.
Phys.
129, 095304
(2021);applied
doi: 10.1063/5.0045011
ferroelectric
materials
in electrical devices due to its
1
is known
one of
prototypiccrystal
lead-free
excellent
dielectric
properties.
Bulkas BTO
hasthe
a tetragonal
Published
underBaTiO
license3by(BTO)
AIP
Publishing.

ferroelectric
applied
electrical
devices
structure
at roommaterials
temperature,
withincell
parameters
a ¼ due
3:993to
Å its
1
2
dielectric
Bulk BTO has(Tac ) tetragonal
crystal
andexcellent
c ¼ 4:035
Å, andproperties.
a Curie temperature
of 120 � C.
�
�
structure
at room temperature,
a ¼walls,
3:993 Å
Typically,
ferroelectric
domains withwith
90 cell
or parameters
180 domain
2
and on
c ¼pseudocubic
4:035 Å, and
a and
Curie{100}
temperature
(Tc ) of 120
located
{110}
planes, respectively,
are� C.
�
�
Typically,
domains
with
90 byoroptical
180 or
domain
walls,
found
in BTO,ferroelectric
which can be
observed
either
electron
3
located on
pseudocubic
andincreasingly
{100} planes,
respectively,
microscopy.
Thin
films have{110}
become
more
important are
found to
in BTO,
whichthecanphysical
be observed
eitherenergy
by optical
or electron
in order
minimize
size and
demand
of
3
microscopy.
have
increasingly
important
electronic
devices.Thin
BTOfilms
films
canbecome
be deposited
eithermore
by physical
4,5
in ordertechniques
to minimize
physical
and energy
demand
deposition
like the
pulsed
lasersize
deposition
(PLD)
or of
electronic deposition
devices. BTO
films can
depositedsolution
either by
physical
by chemical
techniques
likebechemical
deposi4,5
or
tiondeposition
(CSD).6,7 techniques like pulsed laser deposition (PLD)
by chemical deposition techniques like chemical solution deposition (CSD).6,7

Strain engineering of oxide ferroelectric films is a viable way
of controlling and enhancing the functional properties, e.g.,
Strain
engineering
of oxide
is a129,
viable
increasing
the Curie
temperature
(Tcferroelectric
). There are films
multiple
ways
ofway
095304-1
of controlling
and film.
enhancing
the functional
straining
a ferroelectric
Most common
for thin properties,
films growne.g.,
the Curie temperature
are multiple
ways of
c ). Therestrain
via increasing
atomic layer-by-layer
deposition is(Tepitaxial
engineering,
straining
a
ferroelectric
film.
Most
common
for
thin
films
grown
utilizing the lattice parameter mismatch between the substrate and
deposition
is epitaxial
strain
engineering,
the via
thinatomic
film.8,9layer-by-layer
In BTO grown
on DyScO
,
the
enhancement
of
3
utilizing thewas
lattice
parameter mismatch
between the
substrate
ferroelectricity
demonstrated
under compressive
strain,
whereand
�
the thin
film.8,9byInabout
BTO 500
grown
on DyScO
3 , the enhancement
Tc was
increased
C and
the remnant
polarization of
10
was demonstrated
compressive
where
wasferroelectricity
increased by 250%.
Coherent under
epitaxially
strained strain,
BTO on
�
Tc 3 was
increased
about 500 strain
C and
the the
remnant
polarization
SrTiO
(STO)
is underbycompressive
since
lattice parame10
250%.
epitaxially
strained
ter was
of increased
BTO is by
larger
than Coherent
the lattice
parameter
of BTO
STO on
� 2
SrTiO
(STO)
is
under
compressive
strain
since
the
lattice
parame3
(aSTO ¼ 3:905 A ). In this case, the polar c-axis points perpendicuter the
of film
BTO
is larger
than
the orientation
lattice parameter
lar to
surface
since this
crystal
minimizesoftheSTO
� 2
(aSTO
¼ 3:905 between
A ). In this
the polar
perpendiculattice
mismatch
thecase,
substrate
and c-axis
film. points
However,
thin
lar to the film surface since this crystal orientation minimizes the
lattice mismatch between the substrate and film. However, thin

J. Appl. Phys. 129, 095304 (2021); doi: 10.1063/5.0045011

129, 095304-1

Published under license by AIP Publishing.
FIG. along
5. inHigh-resolution
HAADF-STEM
ofbeam
misfitBurgers
dislocations
in demonthe (110)
imaged along
FIG.
High-resolution
HAADF-STEM
images of
misfit
the
(110)direction
film
imaged
direction
J. FIG.
Appl.5.Phys.
129,5.095304
(2021); doi: 10.1063/5.0045011
129,film
095304-1
High-resolution
HAADF-STEM
images
of misfit dislocations
in the
(110)dislocations
film imaged
the beam
(a) [001] along
andimages
(b) the
[110].
The
closures
strate
the Burgers
vectors
are a[110]
(a) a[110]
and(b)(b)a[001].
a[001].
(a) Burgers
[001] and
(b)are
[110].
The
Burgers
closures demonstrate that
thethat
Burgers
vectors
are (a)
and
10] and
strate
that
the
vectors
(a)
a[1
(b)
a[001].
Published under license by AIP Publishing.

I.-E. Nylund, T. M. Raeder, P. E. Vullum, T. Grande,
J. Appl. Phys. 129, 095304 (2021). https://doi.org/10.1063/5.0045011

journal homepage: www.elsevier.com/locate/ultramic
Contents lists available at ScienceDirect

Selected scientific papers

39
Ultramicroscopy
Detecting minute amounts of nitrogen in GaNAs thin films using STEM
journal homepage: www.elsevier.com/locate/ultramic
and CBED

Maryam Vatanparast, Yu-Tsun Shao, Mohana Rajpalke, Bjørn-Ove Fimland,
Turid
Reenaas,
Randi Hamounts
olmestad, Pof
er Enitrogen
rik Vullumin
, Jian
Min Zuo
Detecting
minute
GaNAs
thin films
a

and CBED

Department of Physics, Norwegian University of Science and Technology (NTNU), NO-7491 Trondheim, Norway
b
Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
c
Department of Electronic Systems, NTNU, NO-7491 Trondheim, Norway
d
SINTEF Industry, Richard Birkelands vei 2B, NO-7491 Trondheim, Norway
e
Materials Research Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

using STEM

Maryam Vatanparast, Yu-Tsun Shao, Mohana Rajpalke, Bjørn-Ove Fimland,
Turid Reenaas, Randi Holmestad, Per Erik Vullum, Jian Min Zuo
a

Department of Physics, Norwegian University of Science and Technology (NTNU), NO-7491 Trondheim, Norway

Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
Ab Department
B S T R Aof CMaterials
T
c

d

Department of Electronic Systems, NTNU, NO-7491 Trondheim, Norway

SINTEF Industry,
Birkelands
2B, NO-7491
Nitrogen
(N) is a Richard
common
elementveiadded
to GaAsTrondheim,
for band Norway
gap engineering and strain compensation. However,
e
Materials Research Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
detection of small amounts of N is difficult for electron microscopy as well as for other chemical analysis
techniques. In this work, N in GaAs is examined by using different transmission electron microscopy (TEM)
techniques. While both dark-field TEM imaging using the composition sensitive (002) reflections and selected
area
a significant difference between the doped thin-film and the GaAs substrate, spectroscopy
A B diffraction
S T R A Creveal
T
techniques such as electron energy loss and energy dispersive X-ray spectroscopy are not able to detect N. To
quantify
quantitative
convergent
beam
diffraction
(QCBED)
is used,
which givesHowever,
a direct
Nitrogenthe
(N)Niscontent,
a common
element added
to GaAs
forelectron
band gap
engineering
and strain
compensation.
evidence
substitution
vacancies.
measurements
are enabled
energy-filtered
detectionofofNsmall
amountsand
of As
N is
difficult The
for electron
microscopy
as wellby
as the
for electron
other chemical
analysis
scanning
CBED
technique.
results
demonstrate
a sensitive
method
for composition
based
on
techniques.
In this
work, NThese
in GaAs
is examined
by using
different
transmission
electron analysis
microscopy
(TEM)
quantitative
diffraction.
techniques. electron
While both
dark-field TEM imaging using the composition sensitive (002) reflections and selected

area diffraction reveal a significant difference between the doped thin-film and the GaAs substrate, spectroscopy
techniques such as electron energy loss and energy dispersive X-ray spectroscopy are not able to detect N. To
quantify the N content, quantitative convergent beam electron diffraction (QCBED) is used, which givesFig.
a direct
3. Diffraction pattern (a) with
1.evidence
Introduction
techniques,
is poor material quality. N incorporation is o
of N substitution and As vacancies. The measurements are enabled by growth
the electron
energy-filtered
corresponding BF-TEM image (b) taken from
accompanied
with
an
increase
in structural defects, which degrade
scanning CBED technique. These results demonstrate a sensitive method for composition analysis based
on
the interface
between GaAs and GaNxAs1-x in
The promise
of the
III-V compounds added with small amounts of
device performances
[9–11].
Questions
havepattern
also been
raised on ho
quantitative
electron
diffraction.
the 6.4%N film. The SAED
is taken

nitrogen (N) is based on the possibility to tailor optical and electrical
properties through composition-based energy bandgap engineering [1].
In particular, the III-V semiconductor compound GaAs with N added for
1. formation
Introduction
the
of dilute GaNxAs1-x alloys (x ~ 0.01 – 0.06) has attracted
large interest in the past two decades. This is because of its unique
The promise
of the III-V
compounds
addedoptoelectronic
with small amounts
properties
and potential
applications
in novel
devices,of
nitrogen (N)
is based
on themulti-junction
possibility to tailor
optical
and photodeelectrical
especially
in high
efficiency
solar cells
[2,3],
through
properties
composition-based
energy
bandgap
engineering
[1].
tectors
[4,5]
and infrared
lasers [6]. The
promise
of the
III-V-N comIn particular,
the III-V
semiconductor
GaAs with
added for
pounds
is based
on the
possibility compound
to tailor optical
andN electrical
(x ~ bandgap
0.01 – 0.06)
has attracted
the formation
of dilute
GaNxAs1-x alloys
properties
through
composition-based
energy
engineering
[6].
large
interest
in
the
past
two
decades.
This
is
because
of
Substitution of As by N drastically reduces the bandgap energyitsinunique
GaAs
properties
and potential
in novel
optoelectronic
devices,
[7].
In addition,
the cubicapplications
lattice parameter
decreases
as a function
of
especiallyNinconcentration.
high efficiency
solar iscells
photodeincreasing
Formulti-junction
this reason, GaNAs
also[2,3],
used for
strain
M. Vatanparast
etinfrared
al.
tectors
[4,5] and
lasers [6].
promise
of theinIII-V-N
comcompensation
in device
structures
[8]. The
A major
challenge
the III-V-N
Fig. 3. isDiffraction
(a) with to tailor optical and electrical
pounds
based onpattern
the possibility
nitride-based
Fig. dilute
8. CBED
structure devices, regardless of the use of modern epitaxial
corresponding
BF-TEM composition-based
image (b) taken from energy bandgap engineering [6].
through
factorproperties
refinement
for
the interface between GaAs and GaNxAs1-x in
Substitution
of As(a)by N drastically reduces the bandgap energy in GaAs
the 1.0%N
sample.
the 6.4%N film. The SAED pattern is taken
An experimental
ener[7].
addition,
cubic
lattice
decreases
a function
of
PaperIn
submitted
inthe
honor
Professor
John Spence
on his 75asyears
anniversary.
from
an
area covering
theof 300
nm parameter
in
gy-filtered
CBED
* Corresponding
author.
increasing
Npattern
concentration.
reason, GaNAs is also used for strain
diameter
circular
region
shown For
with this
a red
acquired
at (b).
anTheorienE-mail
address:
randi.holmestad@ntnu.no
Holmestad).
circle
in
splitting
pointed out [8].
by A(R.
compensation
in
deviceis structures
major
challenge in the III-V-N
o
tationtheofred~5arrow
tilt inaway
(a) and
corresponds
to a
dilute nitride-based
devices,
regardless
of the use of modern epitaxial

is incorporated into
fromtheancrystal
area lattice,
coveringwhether
the 300it is
nmsubstitutiona
in
interstitial. Therefore,
an accurate
of the
concentra
diameter
circular determination
region shown with
a N
red
and its incorporation
mechanism
in III-V-N
is necessary
circle in
(b). The splitting
is pointed
out by to fur
growth these
techniques,
is
material
quality.
N incorporation
is
the semiconductor
redpoor
arrow
in (a)compounds.
and
corresponds
to a
develop
dilute
accompanied
with
increase
in
structural
defects,
which degrad
1.2%
reduction
in lattice
parameter
between
The detection
of an
minority
atoms
in general
is challenging
for m
device
performances
[9–11].
also
been
raised
ho
substrate
andQuestions
film. electron
Thehave
(004)
and
(220)
rials
characterization.
Transmission
microscopy
(TEM)on
wit
reflections
are
pointed
out
by red
arrows
in based
is incorporated
into
the iscrystal
lattice,
whether
it is TEM
substitution
high
spatial resolution,
a powerful
tool.
Various
(a) andanshown
in the
insets. The splitting
interstitial.
Therefore,
accurate
of the Ninconcentr
proaches
have
been developed
for determination
composition characterization
at
(004) corresponds
toina III-V-N
1.2% reduction
in
and itslevel.
incorporation
mechanism
is necessary
to ca
fu
atomic
For example,
a small amount
of carbon
(C) in steel
lattice
parameter between
substrate and film.
develop down
these dilute
semiconductor
compounds.
detected
to(For
a threshold
concentration
using electron energy
interpretation of the references to the
The
detection
of
minority
atoms
in
general
is challenging
foretm
spectroscopy (EELS).
Using
a theoretical
model,
color in
this figure
legend, the
readerNatusch
is
rials characterization.
Transmission
electron
microscopy
(TEM)
wi
concluded
that thereffered
detection
limit
of
C
in
steel
was
not
better
than
1.
to the web version of this article.).
spatial
is a available
powerful attool.
Various
TEM based
%high
C, given
the resolution,
instrumentation
the time
of publication
[
proachesapproach
have been
developed
compositionUltramicroscopy
a
Another
is based
on thefor
measurement
ofcharacterization
strain and231
the(20
us
atomic level.
a small amount
of carbon For
(C) in
steel ca
Vegard’s
law For
for example,
local composition
determination.
example,
detected down to a threshold concentration using electron energy
spectroscopy (EELS). Using a theoretical model, Natusch e
concluded that the detection limit of C in steel was not better than 1
% C, given the instrumentation available at the time of publication
Another approach is based on the measurement of strain and the u
Vegard’s law for local composition determination. For example

fromhttps://doi.org/10.1016/j.ultramic.2021.113299
thereduction
[110] inzone
1.2%
lattice parameter between
axis,Received
and (b)
the
corsubstrate
and
film.
The2020;
(004)Received
and (220)
22
December
in revised form 12 April 2021; Accepted 24 April 2021
responding
simulated
reflectionsonline
are pointed
by red arrows in
Available
7 Mayout
2021
Paper
submitted
in
honor
of
Professor
Spence on his 75 years anniversary.
pattern
after
refine(a) and
shown 2021
in theThe
insets.
The splitting
inJohnby
0304-3991/©
Author(s).
Published
Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4
*First,
Corresponding
corresponds
toauthor.
a 1.2% reduction in
ment.(004)
assuming
E-mail
address:
randi.holmestad@ntnu.no
(R. Holmestad).
lattice
parameter
between
substrate and film.
a tetragonal
distortion
interpretation
of the references to the
along(For
the
c-axis, the
color
in this figure
latticehttps://doi.org/10.1016/j.ultramic.2021.113299
parameters
(a,c)legend, the reader is
reffered
to 22
the
web the
version2020;
of thisReceived
article.). in revised form 12 April 2021; Accepted 24 April 2021
December
were Received
refined
using
7 May 2021
HOLZAvailable
lines as online
a=5.6537
0304-3991/©
2021Å,
The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4
Å and
c=5.64745
corresponding to 0.11%
strain. The structure
8. CBED
factor
refinement
the the
1.0%N
sample.fitting
(a) An result
experimental
CBED
pattern
an intensity
orientationline
of ~5◦ tilt a
factors ofFig.
U(002)
and structure
U(004)were
then
refined,forand
intensity
shownenergy-filtered
in (c). The red
lines
in (a)acquired
indicateatthe
the [110]
zone axis,
and (b)
thered
corresponding
pattern afterto
refinement.
assumingof
a tetragonal
distortion and
alongrefined
the c-axis,
the lattice param
profiles used
for QCBED
fitting.
The
and black simulated
curves correspond
intensity First,
line profiles
the experimental
simulated
line profiles,
(For
interpretation
of theÅreferences
to color
in this figure
legend,
theThe
reader
is referred
the web
of then re
wererespectively.
refined using the
HOLZ
lines as a=5.6537
and c=5.64745
Å, corresponding
to 0.11%
strain.
structure
factors oftoU(002)
andversion
U(004)were
this article.).
the intensity fitting result shown in (c). The red lines in (a) indicate the intensity line profiles used for QCBED fitting. The red and black curves correspond t
line profiles of the experimental and refined simulated line profiles, respectively. (For interpretation of the references to color in this figure legend, the
referred to the web version of this article.).

M. Vatanparast, Y.-T. Shao, M. Rajpalke, B.-O. Fimland, T. Reenaas, R. Holmestad, P. E. Vullum, J. M. Zuo,
Ultramicroscopy 231, 113299 (2021). https://doi.org/10.1016/j.ultramic.2021.113299

Table 1
List of the N content and the (002) structure factors (Ue for electrons and Fx for X-rays). The electron and X-ray structure factors can be converted using
formula. For retrieving the nitrogen occupancies, a tetragonal cell and two models were used. The first model assumes the pure substitution of N at As site
occupancies occN + occAs = 1. The second model allows for some vacancies where occupancies occN + occAs < 1. The right two columns list an example h
vacancies.
QCBED runs

U_002e (Å-2)

R-factor

N% (substitutional)

F_002^X (electrons per unit cell)

N% (1% vacancy)

F_002X (electrons per

EM images
hybrid (a–d)
rid {111} Al
Fast Fourier
FT) ﬁltering
in b, d, and
noise with a
horter than
each image,
w scanning
marked as
respectively.
oscillation of
c
column
long
the
ndicated by
ws, can be
he difference
between the
.

40

Scripta Materialia
The
unique scientific
hybrid precipitate
Selected
papers in a peak-aged Al-Cu-Mg-Ag alloy
journal homepage: www.elsevier.com/locate/scriptamat

M.R. Gazizov, A.O. Boev, C.D. Marioara, S.J. Andersen, R. Holmestad, R.O. Kaibyshev,
D.A. Aksyonov, V.S. Krasnikov
a

Belgorod State University, Belgorod 308015, Russia

Skolkovounique
Institute of Science
and Technology,
Moscow 143026, Russia
The
hybrid
precipitate
in a peak-aged Al-Cu-Mg-Ag alloy
Materials and Nanotechnology, SINTEF Industry, Trondheim N-7465, Norway
b
c

d

Department of Physics, Norwegian University of Science and Technology (NTNU), Trondheim N-7491, Norway

e
Chelyabinsk
Russia
M
.R. GazState
izoUniversity,
v, A.O.Chelyabinsk
Boev, 454001,
C.D. M
arioara, S.J. Andersen, R. Holmestad, R.O. Kaibyshev,
f
South Ural State University (National Research University), Chelyabinsk 454080, Russia
D.A.
Aksyonov, V.S. Krasnikov
a

Belgorod State University, Belgorod 308015, Russia

b

aSkolkovo
b s tInstitute
r a cof tScience and Technology, Moscow 143026, Russia
c
d

Materials and Nanotechnology, SINTEF Industry, Trondheim N-7465, Norway
Department of Physics, Norwegian University of Science and Technology (NTNU), Trondheim N-7491, Norway

The prevalent hardening phase forming in an Al-Cu-Mg-Ag alloy after peak-aging at 150 and 190 °C has
Chelyabinsk State University, Chelyabinsk 454001, Russia
f been investigated using transmission electron microscopy methods. The precipitate atomic structure was
South Ural State University (National Research University), Chelyabinsk 454080, Russia
determined. It is a hybrid precipitate (HP) with plate morphology on {111}Al planes, consisting of orthorhombic and hexagonal structural fragments. Density functional theory calculations suggest that the
ahybridization
b s t r areduces
c t structural incompatibility of the HP plates with the Al matrix at the broad interfacial boundaries. Incorporation of Cu, Mg and Ag in the bulk HP structure reduces its formation enthalpy.
e

The prevalent hardening phase forming in an Al-Cu-Mg-Ag alloy after peak-aging at 150 and 190 °C has
been investigated using transmission electron microscopy methods. The precipitate atomic structure was
determined. It is a hybrid precipitate (HP) with plate morphology on {111}Al planes, consisting of orthorhombic
and images
hexagonal structural fragments. Density functional theory calculations suggest that the
Fig.
2. STEM
reduces
hybridization
showing
the hybrid
(a–d)structural incompatibility of the HP plates with the Al matrix at the broad interfacial boundaries.
Incorporation
of Cu, Mg and Ag in the bulk HP structure reduces its formation enthalpy.
and
non-hybrid {111}
Al
plates (e). Fast Fourier
transform (FFT) ﬁltering
was applied (in b, d, and
Al-Cu-Mg-Ag alloys are heat-treatable. They exhibit good creep
e) to reduce noise with a
resistance and fracture toughness due to the formation of strengthperiodicity shorter than
ening
precipitates
having high resistance to coarsening at elevated
~0.05
nm.
For each image,
fast
and slow [1–3]
scanning
temperatures
. Addition of Mg and Ag to Al-Cu alloys leads to
directions
aredistribution
marked as of disperse, plate-like precipitates called ‘’,
a uniform
’fs’ and ’ss’, respectively.
with habit plane {111} .
Non-uniform oscillation of Al
Al-Cu-Mg-Ag
alloys are heat-treatable. They exhibit good creep
the -phase,
the Foratomic
columnseveral nucleation mechanisms have been proresistance
and
fracture
toughness
due to phase,
the formation
posed [4–6]
. These
include
a precursor
such as of
strength’ [4,5], as
intensity
along
the
interface,
as
indicated
by arising
ening
having
high as
resistance
to coarsening
well asprecipitates
stacking
faults
a consequence
of the at
Mgelevated
and Ag
orange
arrows, [1–3]
temperatures
.beAddition
of Mg tomography
and Ag to Al-Cu
alloys
leads
to
additions
[6]. Acanrecent
atom probe
study
[7] has
indievidence of the difference
acated
uniform
distribution
of
disperse, plate-like
precipitates nucleation
called ‘’,
that
Ag
and
Mg
co-clusters
act
as
heterogeneous
in chemistry between the
with
habit
plane
{111}AlDuring
.
sitescolumns.
for the
 phase:
the initial stage of aging, if such coatom

For the
-phase,
nucleation mechanisms
have
clusters
also
containseveral
Cu, Guinier-Preston
(GP) zones
willbeen
formproon
posed
. These
include amigration
precursorofphase,
such
’the
[4,5main
], as
{111}Al[4–6]
planes.
A following
Ag and
Mgasto
well
stacking faults
arising
as the
a consequence
of well-deﬁned
the Mg and Ag
plateasinterfaces
correlates
with
formation of

additions
[6]. A recent
atom was
probeunable
tomography
[7] has
indiplate. A review
of literature
to ﬁnd study
evidence
for altercated
Ag and Mg
co-clusters
act asfor
heterogeneous
nucleation
nativethat
intermediate
phases
responsible
nucleating the
-phase
sites
for the  phase:
in Al-Cu-Mg-Ag
alloys. During the initial stage of aging, if such coclusters
also contain
Cu,plate-like
Guinier-Preston
(GP)formation
zones will
on
Investigation
of the
precipitate
is form
interest{111}
planes.
A
following
migration
of
Ag
and
Mg
to
the
main
ing since
the
transformation
strains
during
nucleation
of

phase
Al
plate
correlates
with
the formation
well-deﬁned

can beinterfaces
associated
both with
a signiﬁcant
shearofcomponent
(preplate. A review of literature was unable to ﬁnd evidence for alternative intermediate phases responsible for nucleating the -phase
Corresponding author.
in∗ Al-Cu-Mg-Ag
alloys.
E-mail address: gazizov@bsu.edu.ru
(M.R.
Gazizov). formation is interestInvestigation
of the plate-like
precipitate
ing since the transformation strains during nucleation of  phase
can
be associated both with a signiﬁcant shear component (prehttps://doi.org/10.1016/j.scriptamat.2020.113669

Fig. 2. STEM images
showing the hybrid
(a–d) and non-hybrid {111} Al plates
(e). Fast Fourier
dicted by Aaronson et al. [8] and transform
Nie et al. (FFT)
[9]), filas well as with
was applied
unrelaxed misﬁt strains normal totering
the main
plate interfaces [3].
(in b, d, and e) to
Thus, strain accommodation mechanisms play an important role in
reduce noise with
controlling both nucleation and growth
of theseshortplate-like precipa periodicity
itates. To clarify this, improved understanding
the  structure
er than ~0.05ofnm.
and coherency with Al is required.For
In this
we show that a
eachwork,
image,
fast
slow
scandicted
Aaronson
et al. (HP)
[8] and
Nie and
et al.
[9]),
asalloy
well strength.
as with
uniqueby
hybrid
precipitate
is important
for
the
areinterfaces
unrelaxed
misﬁt
normal atomic
toning
the directions
main plate
[3].
We ﬁnd that
the strains
corresponding
structure
can
be described
markedplay
as ’fs’
and
Thus,
strain
accommodation
mechanisms
an important
role in
in terms
of two
structural fragments.
This is supported
by calcula’ss’, respectively.
controlling
both nucleation and growth of these plate-like preciptions.
Non-uniform oscilitates.
clarify this,
of the  Al-4.5Custructure
An To
aluminum
alloyimproved
with theunderstanding
chemical
composition
lation of the
atomic
and
coherency with Al is required.column
In this work,
wewas
show
that a
0.56Mg-0.77Ag-0.42Mn-0.12Ti-0.05V-0.02Fe
(wt.
%)
prepared
intensity
unique
precipitate
(HP) is important
for the alloy
strength.
along
the interface,
using a hybrid
direct-chill,
semi-continuous
casting
process
[10]. The
samas indicated
orWe
theacorresponding
atomic
structure
can
be1 described
plesﬁnd
werethat
given
solution heat treatment
at 510by°C
for
hour, folcan atby150
in
terms
two structural
fragments.
Thisarrows,
iswere
supported
calculalowed
byofquenching
in water.
The ange
samples
aged
°C or
be evidence of the
tions.
190 °C for different times.
difference in chemAn
alloy with
the microscopy
chemical
composition
Foilsaluminum
for transmission
electron
(TEM)
wereAl-4.5Cuprepared
istry between
the
0.56Mg-0.77Ag-0.42Mn-0.12Ti-0.05V-0.02Fe
(wt.
prepared
using conventional methods [11] and
in %)
twowas
microscopes
atomstudied
columns.

using
a direct-chill,
casting
[10]. The samoperated
at 200 kV:semi-continuous
a JEOL JEM-2100F
and process
a JEOL ARM-200F,
the
ples
given
a solution
heatcorrected.
treatmentThe
at 510
°Csettings
for 1 hour,
latterwere
being
double
aberration
TEM
givenfolin
Fig. 3. The models includlowed
by were
quenching
in water.
Thethe
aged
at. the
150 °C or
Table S1
used for
acquisition
ofThe
STEM
images
[12]
Fig.
3.samples
models
including
ing
HP
(a);were
simulated
HPand
(a);
simulated
and
190To
°C reﬁne
for different
atom times.
positions(b)
calculate
total (b)
formation
enand
experimental
deexperimental
denoised
STEM
noised
STEM functional
images
(c).
Foils
for
transmission
electron
microscopy
(TEM)
were
prepared
thalpies
for
the
models
suggested,
density
theory
Fig. 3. The models including the images (c). The projection scale (DFT)
The projection
scale
was
methods
and
inthe
two
microscopes
calculations
[13] were
at 0 studied
K by
within
projected
augHPusing
(a); conventional
simulated
(b) performed
and [11]
was reduced
a factor
reduced
byand
a factor
of of
0.50.5 in
operated at 200
kV: a JEOL
a
JEOL
the
experimental
denoised
STEM JEM-2100F
12 variants ofARM-200F,
the HP
[2-1-1] Al .
[2-1-1] Al . 12 variants
images
Thedouble
projection
scale in
latter (c).
being
aberration
corrected.
TheofTEM
settings
with
substitution
the Al
atoms ingiven in
the HP with substitution
was reduced by a factor of 0.5 in of
sites #1
– #4 byimages
Cu, Mg[12]
and. Ag
Table S1 were used for acquisition
theofAlSTEM
atoms in sites
12 variants of the HP of
[2-1-1] Al .
have been checked to ﬁnd the
To reﬁne ofatom
positions
and
calculate
total
formation
en1359-6462/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. with substitution
#1
–#4
by
Cu,
Mg
and
Ag
the Al atoms in energetically favorable one ( Tables 2
thalpies
for by
theCu,models
density
functional
been
checked
tosimulations,
findtheory (DFT)
sites
#1 – #4
Mg andsuggested,
Ag have
and
S4).
In
STEM
image
∗
Corresponding author.
favorable
have
been checked
to ﬁnd
the the
calculations
[13] were
performed
atelastic
0 K within
the scattering
projected augthe energetically
electron

one
( Tables
2 and S4). Inas in
factors
were parameterized
STEM
simulations,
[20]. image
The same
Debye-Waller
the
electron
scat-for Al,
-2
was chosen
factorelastic
of 0.5 Å
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factor of 0.5 Å-2 was chosen for Al, same
Debye-Waller
respective
sizes of the factor
DFT model
Cu, Mg and Ag. The sample of 0.5 Å-2 was chosen for
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(~10 Å for {110} Al and {211} Al the
and same
collection
semi-angles,
as respective
siz- etc.)
projections). The electron probe were set in the MULTEM software
es of the DFT model (~10
parameters (spot size, convergence as in our TEM experiments.
Å for {110} Al and {211} Al
and collection semi-angles, etc.)
projections). The electron
were set in the MULTEM software
probe parameters (spot
as in our TEM experiments.
size, convergence and collection semi-angles, etc.) were set in the MULTEM software as in our TEM experiments.
E-mail address: gazizov@bsu.edu.ru (M.R. Gazizov).

energetically favorable one ( Tables 2
and S4). In STEM image simulations,
the
elastic
electron
scattering
factors were parameterized as in
[20].
The same Debye-Waller

M. R. Gazizov, A. O. Boev, C. D. Marioara, S. J. Andersen, R. Holmestad, R. O. Kaibyshev, D. A. Aksyonov, V. S. Krasnikov,
Scr. Mater. 194, 113669 (2021). https://doi.org/10.1016/j.scriptamat.2020.113669

Materials
and
Design
/2 length.
The extension will be discussed in section 4.1.1.
<112>

in relation to deformation, the STEM experiments were mainly performed on the A.R. sample aged at 443 K for various times.

Al

Note that the GPB1⁎ zone is the smallest GPB zone with only half a structure unit [14].
j o u r n a l h o m e p a g e : w w w .Pairs
e l s eofvsuch
i e r . GPB
c o mzones
/ l o c generally
a t e / m a tconnect
d e s along <114>Al/2, as can
3.2.1. Various GPB zones
41
be seen in Fig. 2(a) and (b). For instance, the 2GPB2 zone is composed
In this work, GPB1, GPB2 [13–15,18,44] and GPBX zones were obof two <114>Al-oriented GPB2 zones. The main interface formed by
served in the A.R. sample aged at 443 K for 20 min.
HAADF-STEMChen,
images C
and
Xuanliang
aliatomic
n D. models
Marioofarthe
a, various
SigmGPB
undzones
J. Andtwo
ersGPB
en,2 zones
Jespiserparallel
Friiswith
, Adar{210}
ian AlLplane,
ervikwhich
, is the common interface of the S-I phase and Al matrix. Moreover, the structure of the
are shown in Fig. 2. GPB zones are rod-shaped particles with their
Randi Holmestad, Equo Kobayashi
connecting part (marked by the purple line in Fig. 2(e)) between two
long axes parallel to the viewing direction [100]Al. Thus, the HAADFa
is a structural
partTokyo
of the
S phases,
which will be discussed
GPB2 zones
Department
of show
Materials
and Engineering,
Tokyo
Institute
Technology,
Ookayama,
Meguro-ku,
152-8552,
Japan
STEM
images
theScience
cross-sections
of GPB
zones,
and of
each
bright 2-12-1-S8-18,
b
Materials
and
Nanotechnology,
SINTEF
Industry,
Høgskoleringen
5,
N-7465,
Trondheim,
Norway
later.
Note that the <114>Al and <112>Al mentioned above appear as
dot represents a projected atomic column parallel to the viewing direcc
Department
of Physics,
Norwegian
University
of Science
Technology
(NTNU),
N-7491
Trondheim,
Norway
<012>
<014>Al5,and
tion,
where the
period
of a column
assumes
that and
of the
aluminum
(i.e.Høgskoleringen
Al in the (100)Al plane of Fig. 2.
Fig. 2(c) and (f) show a previously unreported type of GPB zone,
a=4.05Å). The structure of GPB zones was ﬁrst identiﬁed by Kovarik
Xuanliang Chen, Calin D. Marioara, Sigmund J. Andwhich
ersen
, Jesper Friis, Adrian Lervik ,
we name “GPBX zone”. Following from the normal convention,
et al. [13–15], and the models in Fig. 2(d) and (e) are built based on
Ranwork.
di Holmestad, Equo Kobayashi
the composition of the GPBX zone can be estimated as Al2Cu4Mg4. The
their
1
input fractional coordinates of the atomic sites in the GPBX zone are
a The GPB zone is the smallest type of stable GPB zone that can exist
Science and Engineering, Tokyo Institute of Technology, 2-12-1-S8-18, Ookayama, Meguro-ku, Tokyo 152-8552, Japan
ab Department
b s t r ofaMaterials
c tbuilding
independently.
The
block
has
9
columns,
with
the
central
colMaterials and Nanotechnology, SINTEF Industry, Høgskoleringen 5, N-7465, Trondheim,shown
Norwayin Table 2. A major difference with other GPB zones relates to a
c
higher number
columns/atoms
umn
consisting
of interstitial
atoms.
It is of
essentially
stack of single
Al Høgskoleringen
Department
of Physics,
Norwegian
University
Science andaTechnology
(NTNU),
5, N-7491ofTrondheim,
Norway in the precipitate over the same
The cells
Guinier–Preston–Bagaryatsky
zone and
the S phase
the key strengthening
Al-Cu-As example, the rectangle in Fig. 2
cross-section precipitates
than in the in
matrix.
with corners
replaced
by Mg,are
lateral
unit
in one <100>Al direction, (GPB)
Mg alloys.
However,
howwhere
their respective
structures
during aging
been fullythe
understood.
Inisthis
(f)not
comprising
GPBX zone,
ﬁxed between lattice positions in the
face
centers
by Cu, and
the central
columnevolve
(top/bottom)
is has
work, the
age-hardening
behavior and
the atoms
precipitates
in at
an“wrong”
Al–3Mg–1Cumatrix.
(wt.%)Italloy
were22
investigated
by
contains
columns, compared
to 20 in the matrix. In other
pushed
a plane
distance (2.025Å),
so the
end up
means of
hardness
measurements,
transmission
electron
words,
each GPBX
unit microscopy,
has acquired two additional columns. The two
heights
(inVickers
the unit
cell centers)
in respectdifferential
to the FCCscanning
structurecalorimetry,
of Al.
and
calculations.
A or
series
common
GPB zones and
a novel type
GPB zone
named
individual
GPBXof zones
in Fig.
2(f) have separation approximately
These
may contain
Al, Mg,
Cu, of
where
calculations
a bdensity
sinterstitial
t rfunctional
a catoms
t theory
“GPBX”
were
observed
in the
cold-worked
samples aged
at 443 K
for 20 along
min. In
the subsequent
aging,
two <114>Al is related to S-II phases.
<114>
show
that
Al and
Cu are the
most
and least energetically
preferred
eleAl or <113>
Al, where
types
of
S phases were
found
to coexist,
labeled
S-I and
phases.
Density
calculation
We
suggesttheory
that
the
GPBX zone
is the GPB zone of closest structural rement,
respectively
[18,45].
In Fig.
2(a),
the
highand
column
contrasts
The Guinier–Preston–Bagaryatsky
(GPB)
zone
the SS-II
phase
areindithe key functional
strengthening
precipitates
inresults
Al-Cu1 phases have almost the same formation enthalpy. Common
indicate
GPBX
zone
is stable
and
S-Istructures
and
S-II
lation
phase. ThisInisthis
discussed below (cf. section 4.1.2).
zone
is rich
in Cu,
cate
thatthat
the
central
column
the the
middle
GPB
Mg alloys.
However,
how
theirofrespective
evolve
during
aging has
not with
beenthe
fullyS-II
understood.
1 phases are formed from GPBX zones preferentially along dislocation
GPB
zones
phases, while
S-II
where Cu
will
which
means
it couldto
beS-I
a developing
GPB
work,
the transform
age-hardening
behavior
and
thezone,
precipitates
in atoms
an Al–3Mg–1Cu
(wt.%) alloy were investigated by
lines.
The
and morphologies
of thescanning
S phasescalorimetry,
are
also discussed.
zones
conﬁrmed
be
replaced
by Mghardness
and Alangles
upon
further
aging.
The more
frequently
ob3.2.2.
TwoGPB
types
of S were
phases
means
of misorientation
Vickers
measurements,
differential
transmission
electron
microscopy,
to
bedensity
structurally
linked
to β” and
U2(Al
precipitates
in be
6xxx
(Al-Mg-Si)
alloys.
revealed
is
a 16-column
unit
which
can
underserved
GPB2 zone
Fig.
3 Al
shows
types
ofnamed
S preprecipitates observed in the A.R. sam4Cu6
6),reported
and
functional
theory
calculations.
AMg
series
of common
GPB
zones andseries
a novel
type two
ofThe
GPB
zone
1
cipitate
and
interrelationships
may provide
insights
alloy
design.
zonetheir
extending
along the samples
<112>
direction
stood
asstructures
the
GPB
aged
atsubsequent
443 K for 1aging,
day. Most
Alaged
“GPBX”
were
observed
in the
cold-worked
at 443with
Kinto
for future
20ples
min.
In the
two precipitates are associated with

Precipitation processes and structural evolutions
of various
GPBpapers
Selected
scientific
zones and two types of S phases in a cold-rolled Al-Mg-Cu alloy
Precipitation processes and structural evolutions of various GPB
zones and two types of S phases in a cold-rolled Al-Mg-Cu alloy

types of S phases were found to coexist, labeled S-I and S-II phases. Density functional theory calculation results
indicate that GPBX zone is stable and the S-I and S-II phases have almost the same formation enthalpy. Common
GPB zones transform to S-I phases, while S-II phases are formed from GPBX zones preferentially along dislocation
lines. The misorientation angles and morphologies of the S phases are also discussed. GPB zones were conﬁrmed
to be structurally linked to β” and U2 precipitates reported in 6xxx (Al-Mg-Si) series Al alloys. The revealed precipitate structures and their interrelationships may provide insights into future alloy design.
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