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Abstract | In situ characterization, experiments provide multi-scale
hyperdimensional data on the evolution of microstructure, texture and
residual stress as a function of external stimuli providing direct evidence
of operative mechanisms as they happen. Combined with computational
approaches high throughput in situ or in operando experiments provide
a robust methodology for mechanistic mechanism-guided materials and
process development. The advancement of high throughput experi-
ments using different probes like visible light, electrons, neutrons and
x-rays combined with peripheral equipment enable probing of the dif-
ferent classes of materials over a wide range of processing and service
conditions with valuable information in real-time. The development of the
materials genome initiative and integrated computational materials engi-
neering have reduced the timeframe for materials and process develop-
ment and in situ characterization forms an integral part of this approach.
In the present review, we highlight different in situ characterization tech-
nigues that have helped in unravelling fundamental processes in defor-
mation, recrystallization, phase transformation and failure of metallic
materials and components in service. A kaleidoscopic view of the jour-
ney of the materials science community through the in situ experimenta-
tion landscape with a major focus on research in complex concentrated
alloys and additive manufacturing will be followed with a roadmap and a
wish list for the future.
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1 Introduction

Metallic materials have shaped human civiliza-
tions by providing copper mirrors for aesthetics
to iron ploughs for agriculture and enabling vic-
tories of one civilization with a superior sword
material over other from the early days to making
commercial space tourism a reality today"”. The
application of metallic materials for structural
applications is expected to play an important
role in the future with stringent operating condi-
tions in the energy sector including oil and gas,
nuclear, high-speed transportation and future

human space missions>*. In addition to the envi-
sioned applications, the depleting resources for
metallic materials in terms of leaner ores and the
huge impact of mining on the environment pose
a challenge for the application of metallic materi-
als in the world™®. For a developing country like
India, it is a bigger challenge to choose between
increasing the production of steel to fulfil its
infrastructure needs and providing employment
to a large young population at the cost of envi-
ronmental damage that affects the young and
old, rich and poor alike>®. Thus, the production
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and application of metallic materials in differ-
ent industries pose a double-edged challenge
which needs urgent attention as things cannot
go as usual. An increase in strength of a struc-
tural metallic material without compromise in
ductility and toughness with a reasonable cost
can reduce the size of the component, reducing
the volume of material produced thus reduc-
ing environmental damage. Similarly, the use of
scrap in metal manufacturing can take care of
the huge waste littering mother earth while supe-
rior mechanical properties across temperature
regimes can help in operating a crude oil extrac-
tion facility in the arctic or run coal-based power
plants at higher temperatures to obtain clean
energy. The current pandemic has only amplified
the need to take a break and rethink our strat-
egy to re-establish our relationship with nature.
Even before the pandemic, extensive work on
reimagining the industrial framework in terms
of Industry 4.0 and the internet of things was
pursued by the academic community and it is
expected to rapidly develop in the post-pandemic
world’~'%. This essentially necessitates decentral-
izing or democratizing the materials manufac-
turing industry. Coincidently, two of the major
developments in materials and process develop-
ment in material science and engineering follow
the same principle. The development of complex
concentrated alloys also known as high entropy
alloys are defined as multi-principal multicom-
ponent alloys that can offer excellent mechani-
cal properties comparable or superior to that of
conventional alloys has generated a lot of interest
of researchers in the metallurgical field’~'°. Simi-
larly, additive manufacturing processes have the
potential to shut down big factories that provide
jobs and cheap products to millions but affect
the environment and human health in the long
term''™"%, Thus, saddled between the twin reali-
ties of materialistic development for the better-
ment of the population and the severe impact on
health and the environment, policymakers have
to do a tightrope walk.

Scientists and engineers are expected to
provide an insight on this matter to the deci-
sion-makers based on a thorough scientific back-
ground in a short span of time. It is, therefore,
important for the community to find a balance
between curiosity-driven research and research
with societal implications. It is indeed clear that
one cannot continue with the status quo and
there is a need to reimagine research in these chal-
lenging times. Efforts have already been directed
in this direction with the evolution of materials
genome initiative and integrated computational

materials engineering to take advantage of the
huge progress made in terms of computational
capacity available with us'*"7. Materials and
process simulations across the length and time
scales and multi-scale simulations have helped
in the design and development of new materials
and processes in the last twenty-odd years'®~2°,
Development of the materials genome initiative
and integrated computational materials engineer-
ing (MGI-ICME) has provided a major boost
to new materials and processes. It is expected
to help the development of metallurgical pro-
cesses”' > and materials from lab-scale techno-
logical readiness level (TRL) to component scale
TRL in a short span of time. With the advent
of machine learning (ML) and artificial intel-
ligence (AI), the development of new materials
and processes has reached greater heights which
cut across disciplines and the successful devel-
opment of vaccines in a record time shows the
unique ability of these methods”*~°. Experiments
including sophisticated characterization tools like
atom probe tomography correlative microscopy;
controlled process conditions like single and bi-
crystal growth, micro-gravity or levitation solidi-
fication and high throughput experiments like
combinatorial deformation and microscopy form
an integral part of the MGI-ICME paradigm.
High throughput experimentation involves a
battery of techniques to carry out synthesis, test-
ing, characterization and combinatorial studies
across different length and time scales to screen
a lot of compositions and process parameters in a
short time to facilitate rapid development of new
materials and processes. In situ or in operando
experiments form a subset of high throughput
experiments which offer simultaneous materials
characterization when a material is subjected to
an external mechanical, thermal, electric, mag-
netic field or a combination of different fields in
the different environments®'~¢,

Materials characterization has been central
to establishing the structure-processing-property
linkages in a broad range of materials including
structural materials by providing complete infor-
mation of the microstructure as a function of dif-
ferent processing steps and service performance.
This information has been used to optimize
processing steps, improve service performance,
understand damage evolution and avoid cata-
strophic failure. However, the conventional role
of materials characterization has been chrono-
logical wherein characterization techniques
offered insights about the operative mechanisms
associated with materials after the process or
testing was performed. This sequential nature of



analysis is slow and fraught with errors. There is
always a desire to observe operative mechanisms
as they happen to establish a mechanistic struc-
ture—property-performance paradigm for the
development of materials and processes. With
this desire, in situ or in operando techniques
were developed and though costly compared to
traditional process or test and then characterize
paradigm, in operando techniques offer a high
throughput method that provides a better funda-
mental understanding of materials and processes
that can play an important role in the twenty-first
century21’37’38.

Accelerated materials and process develop-
ment through high throughput experiments
that combine testing and characterization for
instance nanoindentation with scanning electron
microscope-based electron backscatter diffraction
(SEM-EBSD), in situ microscopy using optical,
scanning and transmission electron microscopy,
in situ electron backscatter diffraction, in situ
x-ray, neutron and synchrotron diffraction as
well as tomography have been established over
the years. These techniques cover a wide range of
materials including different structural materi-
als, functional materials, catalysts, drugs as well
as different processes like fuel cell operation and
additive manufacturing processes for metals and
ceramics. Micromechanical experiments like
pillar compression, beam bending and in situ
experiments are useful for mechanical property
characterization at a small length scale to study
size effect and address fundamental scientific
issues. On the other hand, in situ characteriza-
tion-based experiments like in operando SEM,
EBSD, neutron and synchrotron diffraction can
aid in the understanding of micro-mechanisms
of plastic deformation and damage. The latter
needs to be coupled with conventional bulk scale
experiments to obtain representative mechani-
cal properties of the bulk. Thus, in situ charac-
terization is important for the process as well as
materials development. Metallic materials from
solidification to deformation, recrystallization
and phase transformation as well as damage
accumulation due to deformation or environ-
ment leading to final failure can be captured by
in situ experiments and correlated with different
mechanisms. Such an approach is a mechanism-
based approach for materials or process develop-
ment rather than a trial-and-error method. With
AI-ML and the present understanding of thermo-
dynamics and kinetics of different processes, deep
learning methodology can be applied for data
obtained from high throughput characterization
experiments coupled with a few conventional

experiments for targeted development of mate-
rials and processes of the next century. This
forms the basis of ICME, wherein multiscale
simulations are coupled with high throughput
experiments that are the bedrock of materials
development.

2 Overview of Materials Characterization
Techniques

Materials characterization enables the study
of the microstructure of materials and forms
the basis of the discipline of materials science
and engineering, which deals with microstruc-
tural design to achieve desired performance
from materials. The microstructure of material
includes different attributes such as size, shape,
morphological and crystallographic orientation
of different phases, chemistry and crystal struc-
ture, and residual stress as given in Table 1, which
can be characterized using different microscopy,
diffraction and spectroscopy techniques®~. It
is important to keep the capability and limita-
tions of the different techniques with particular
emphasis on resolution, sensitivity and accuracy
of different techniques to obtain reliable informa-
tion about the microstructure at different length
scales. Optical microscopy based on focusing
visible light to construct images for the samples
in transmission or reflection mode is one of the
most widely used microstructural characteriza-
tion tool”’. The light microscope offers a wide
effective characterization scale from centimetre
to micrometre with poor depth of field. Electron
microscopy®® probes the samples with electron
beams and offers a wide range of signals for imag-
ing as well as diffraction to provide information
about crystal structure and crystal orientation.
Scanning and transmission electron microscopy
are the two most widely used techniques that offer
simultaneous information from the real space
and the reciprocal space from the region with
sufficient spatial and angular resolution*’. SEM
is characterized by simple sample preparation
and excellent depth of field and higher resolution
compared to an optical microscope. The devel-
opment of different imaging signals like second-
ary electrons, backscattered electrons, specimen
current as well as spectroscopy techniques like
energy and wavelength dispersive spectroscopy as
well as cathodoluminescence and Auger spectros-
copy makes the SEM a versatile tool to study the
microstructure of the material at different length
scales®’. In addition, the presence of diffraction-
based techniques including the most important
electron backscatter diffraction technique as
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well as electron channelling contrast imaging,
transmission Kikuchi diffraction and transmis-
sion scanning electron microscopy along with
relatively easy sample preparation makes SEM
the most dominant and versatile characterization
technique. Transmission electron microscopy is
by far the most sophisticated and powerful mate-
rials characterization technique that offers a wide
range of imaging, diffraction, defect characteriza-
tion and spectroscopy tool that is available to a
materials scientist. TEM can offer information
about microstructure and defect structure from
bright and dark field imaging and compositional
information from high angle annular dark-field
imaging, energy dispersive spectroscopy and elec-
tron energy loss spectroscopy; grain orientation
information from orientation imaging in a TEM;
atomic-level structure from high-resolution TEM
and scanning transmission electron microscopy
along with basic crystal structure from tech-
niques like converging beam electron diffraction.
Thus, the TEM offers a single platform to per-
form structure determination, chemistry, micro-
structure and defect characterization to a very
high level of precision from a small volume of
material.

X-ray characterization techniques utilize
electromagnetic x-ray radiation for diffraction,
absorption spectroscopy, photoelectron spec-
troscopy, X-ray microscopy and tomography
to provide crucial information from mesoscale
morphology to microscale crystal structure and
elemental content of different phases in a mate-
rial®!™>, X-rays offer excellent resolution in the
diffraction space and are the most versatile for
defect characterization at different length scales
and provide information on structure, lattice
parameter, dislocation density, texture or pre-
ferred orientation of crystallites as well as residual
stresses. Synchrotron sources offer a wide range
of radiations including hard and soft x-rays with
very high intensity that can be utilized for local-
ised diffraction, 2D imaging, fluorescence spec-
troscopy and tomography including diffraction
contrast tomography that can provide the com-
plete description of the microstructure in terms
of phase morphology, composition by fluores-
cence, localised atomic structure by x-ray absorp-
tion fine structure and residual stress in 3D,
The techniques based on neutrons are quite simi-
lar to the electron, and neutrons are preferable for
analyses of light elements such as lithium. Neu-
trons have a weak interaction with matter as they
interact with the nucleus of the atom and have
high penetration depth in solids which helps in
obtaining information of microstructure, texture

that is preferred orientation of crystallites and
residual stress from the bulk that is at the length
scale of an actual engineering component like
pipeline steel or a pressure vessel’®. In addition,
neutrons provide information about the mate-
rial’s magnetic properties, which is not accessi-
ble by optical, electron or x-rays and are finding
more and more applications in functional mate-
rials development™®. All the aforementioned tech-
niques provide a detailed information about the
microstructure, structure and chemistry of mate-
rials at different length scales and are routinely
used for post mortem characterization to deci-
pher the operative micro-mechanisms of phase
transformation, deformation, recovery, recrys-
tallization, grain growth as well as damage accu-
mulation by crack formation and growth, void
formation, growth, coalescence and ultimate frac-
ture. A brief overview of the capabilities of differ-
ent characterization tools is presented in Fig. la.

3 Need for In Situ Studies

Unlike the conventional application of materi-
als characterization techniques in post-mortem
analysis of materials, in situ or in operando
techniques combine the aforementioned char-
acterization tools with peripheral equipment or
instrumentation that can provide external stim-
uli like temperature, force or displacement field,
magnetic and electric field or multiple fields in a
controlled environment or vacuum to the mate-
rial under observation. It is, therefore, imperative
that the peripheral equipment is compatible with
the characterization tool and there is minimum
interference from the equipment or the external
field on the quality of data acquisition. The sig-
nal-to-noise ratio for the output in the presence
of peripheral equipment is important to obtain
a significant signal from the in situ experiment.
Peripheral equipment can include a simple hot
plate in an optical microscope to a sophisticated
environment-controlled furnace with a trans-
parent x-ray window for a laboratory X-ray dif-
fractometer or a beamline on a synchrotron or
neutron source. Similarly, mechanical stimuli can
be applied by miniature tensile stage or a custom-
built tensile, compression, fatigue and three-
point bend set up for a SEM of a nano indenter
in a TEM. There are a lot of emphasis on devel-
oping micro electromechanical system (MEMS)
devices to perform in situ experiments in TEM as
well as develop dynamic electron microscope to
study rapidly occurring processes like dislocation
generation, annihilation and interaction with
other dislocations and defects. It is also possible
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to study different modes of loading like tension,
compression, shear and bending across different
strain rates to study the deformation mechanisms
in further detail. Dedicated gas cells and liquid
cells are also available for TEM, which enable
testing in a controlled atmosphere in the small
sample size used in TEM, which is by far the most
stringent requirement for peripheral instruments
that make in operando studies possible. Similar
large-scale mechanical testing equipment in dif-
ferent modes and environment chambers are

available for x-ray, synchrotron and neutron radi-
ation techniques. The major challenge is to ensure
that the equipment does not interfere with the
diffraction setup or tomography data collection
setup. Of late, there has been an increased interest
to carry out multi-scale diffraction studies cou-
pled with mechanical testing to study the defect
structure at different length scales to develop
a fundamental understanding of the operative
micro-mechanisms. The philosophy for deigning
in situ experiments that combine basic materials



characterization with a fixed variable for different
environments presented in Fig. 1b.

4 In Situ Experiments Across Real

and Reciprocal Space
4.1 Optical Techniques
In situ experiments in an optical microscope
employ a reflection microscope with a hot stage
for studying melting, solidification, sintering,
densification and dimensional changes to study
different metallurgical processes. Earlier inves-
tigations focused on studying change in contact
angle as a function of change in temperature
of chemistry as well as wetting and bonding of
solid-liquid interface. In situ optical microscopy
has been gathering importance in the last decade
or so due to the advancement in instrumentation
like optical fibre technology and optics that have
made it the most important tool in studying vari-
ous processes in electrochemical energy devices
like batteries and cells. The mechanochemical
process of lithiation in lithium-ion batteries has
been investigated in a detailed manner using
in situ optical microscopy to observe the growth
of lithium dendrites but also for the evolution of
stress in the silicon due to delithiation (Fig. 2a,
b)’. A major emphasis is to build custom devices
to facilitate in situ characterization of electro-
chemical energy devices to monitor different
chemical reactions as they happen and determine
the causes of failure due to different processes.
Efforts are directed to perform thermal imaging
and observe the entire lifetime performance of a
battery or a cell including a fuel cell and correlate
with failure processes like short-circuiting due to
Zn dendrite as shown in Fig. 2¢”’.

4.2 Electron-Based Techniques

4.2.1 Scanning Electron Microscope

In situ electron microscopy techniques employ
special holders for applying mechanical, ther-
mal loads as well as the electric and magnetic
field in a vacuum or a controlled environment
in a scanning electron microscope (SEM) and a
transmission electron microscope (TEM). Dif-
ferent modes of mechanical loading like tension,
compression, fatigue, bending, indentation over
a wide range of strain rates in monotonic and
cyclic loading can be applied in SEM and TEM.
A SEM offers higher spatial resolution and better
depth of field compared to an optical microscope
and is better suited to study deformation, recrys-
tallization, phase transformation and damage
evolution at the mesoscale. One of the most com-
mon peripheral devices is an in situ mechanical
testing setup in a SEM (Fig. 3a). This setup can
provide deformation of substandard tensile speci-
men in tension, compression, bending in mono-
tonic and cyclic loading in the quasi-static strain
rate regime”’. Combined with a heating element,
such a stage can provide a thermomechanical
simulator with limited ability inside a SEM that
can provide high-speed, high-resolution sec-
ondary electron images of the sample provid-
ing detailed information about the evolution of
surface morphology, slip lines, crack formation,
void nucleation, growth and coalescence. Simi-
larly, recrystallization and phase transformation
can also be observed from the SE or BSE imag-
ing (Fig. 4¢). In addition to testing in different
modes of deformation, there have been efforts
to carry out mechanical testing in different cor-
rosive environments using an electrolytic cell in

Figure 2: a Schematic of the micro battery, b a MoS, flake at different lithiation stage. ¢ The evolution of
Zn dendrite at different time
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Figure 3: a In situ SEM images a

an environmental SEM. Recently there has been
an emphasis to study the role of hydrogen on the
deformation behaviour of metals and alloys from
a scientific as well as technological perspectives.
The increasing importance of hydrogen economy
for a greener and cleaner future has necessitated
the development of metallic materials that can
withstand high hydrogen concentrations. The
role of hydrogen in the deformation behaviour
of metallic materials has gathered interest for
the last century and many fundamental issues
like developing the understanding of hydro-
gen enhanced local plasticity, hydrogen enabled
decohesion and dislocation and crack interaction
with mobile and trapped hydrogen in different
metallic materials are not yet addressed’’. Hence
in situ mechanical testing in the presence of gas-
eous hydrogen or electrochemical hydrogen has
been attempted by different groups in the world
presently and its setup is shown in Fig. 3b. In situ

In situ hydrogen charging setup

mechanical stages used in a SEM are not stiff like
a conventional universal tensile machine and
hence, stress—strain data obtained from in situ
tests is fraught with errors particularly in the
measurement of strain. Therefore, digital image
correlation (DIC) is employed on SEM images to
accurately determine strain in the ample. It is to
be mentioned here that the DIC is based on meas-
uring the displacement of random pattern on the
sample surface by capturing multiple images of
the sample using a high-resolution camera. How-
ever, the process of image formation in a SEM is
on the basis of scanning rather than projection
and hence applying existing DIC algorithms to
determine strain is fraught with error. Image shift
due to beam drift contributes to ghost strain and
necessary care is required to accurately determine
strain from DIC applied to SEM images. Never-
theless, the information obtained from in situ
tensile or compression or bending test can be
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complimented with post deformation EBSD or
EDS to determine the orientation of grains and
character of grain boundaries as well as compo-
sition at the microstructure level to establish a
link between the micro-texture, composition and
mechanical performance including failure. In situ
mechanical testing in a SEM can be modified to
allow simultaneous EBSD possible and its setup
is shown in Fig. 4a, which makes a very potent
device that offers information from the real and
reciprocal space as a function of mechanical load-
ing. One example of the evolution of orientation
at different deformation steps of SS 316L is given
in Fig. 4b which shows extensive deformation
twinning in the microstructure with an increase
in strain. It was shown that twinning contributes
to strain hardening by promoting dynamic Hall-
Petch effect caused by reduction in grain size
due to twinning till the ultimate tensile strength
and then contributes to damage accumulation at
twin matrix interface for post-necking deforma-
tion. Other valuable information like change in
orientation of grains, slip and twinning systems,
dislocation density evolution as well as intra-
granular misorientation can be obtained from
postprocessing of the data®®. Local recrystalliza-
tion mechanisms as well as phase transformation
orientation relationships can also be observed as
shown in Fig. 4c. Combined EBSD and EDS can

help us to map the compositional and orientation
space of different phases in the microstructure in
2D providing greater insight into micro-mecha-
nisms of deformation, recrystallization and phase
transformation®”. Kaldcska et al.®’ carried out 3D
high angular resolution EBSD (3D HR-EBSD)
of copper single crystal micropillars prepared
by dual-beam scanning electron microscope—
focused ion beam (SEM-FIB) with an in situ
nanoindentation facility for compression strain
of 0.7%, 4% and 10%. (Fig. 5a, b). 3D HR-EBSD
on each slice of (001) side prepared by FIB was
performed and von Mises stress and geometri-
cally necessary dislocation (GND) density value
at three different reference positions of the 0.7%
deformed sample (Fig. 5¢) showed a good match
highlighting the critical role of GNDs in small
length scale deformation behaviour of materials.

4.2.2 TEM

In situ experiments in a TEM were probably one
of the first in operando experiments performed
to study the micro-mechanisms as they happen in
materials. Ray et al.®" studied recrystallization of
copper (Fig. 6) in HVTEM to capture the process
of recrystallization way back in 1975. Recently,
Tiwari et al.** studied the melting behaviour of
the nano particles of tri-phasic Bi-In-Sn alloys



Figure 6: Recrystallization observation at different time steps in the copper using in situ high voltage
transmission electron microscopy

using in situ TEM (Fig. 7). In situ experiments in a
TEM have come a long way since then with inden-
tation, environment control, tensile and compres-
sion testing and even dynamic deformation being
performed in a TEM. With the advancement in
sample preparation using focused ion beam mill-
ing, micro and nano pillar compression test as
well as tensile test of different class has been suc-
cessfully performed in situ in a TEM. The big-
gest advantage of TEM is that it can offer a high
spatial-temporal resolution of defects like dis-
locations which act as major carriers of plastic-
ity. Significant work on size-dependent plasticity
that captures extrinsic effects like the sample size
as well as intrinsic parameters like grain size and
dislocation density has been captured using in situ

TEM. In one of the most seminal investigations of
the twenty-first century, Shan et al.*> showed the
existence of mechanical annealing in nanopillar
of nickel followed with near theoretical strength
in the dislocation free micropillar, which was
attributed to nucleation of dislocations as shown
in Fig. 8. This phenomenon of limited source
plasticity contributing to near theoretical shear
strength has been a cornerstone in the mechani-
cal behaviour of materials. Similarly, observation
of grain boundary coalescence-induced grain
growth in nanocrystalline nickel has shed light on
the deformation mechanisms of nanocrystalline
materials. The ability to perform an in situ tensile
test in a TEM has provided valuable information
on operative deformation mechanisms in a wide
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variety of materials and the ability to perform
high strain rate deformation has shed light on dis-
location dynamics that have helped develop better
models for strengthening and strain hardening to
predict the deformation behaviour of crystalline
materials. The tensile sample preparation of the
Cu is shown in Fig. 9. Recent efforts are focused

on controlling the environment so as to study
the effect of hydrogen or corrosive environments
on dislocation activity using in situ TEM experi-
ments. It is expected that these platforms will offer
better insight into unravelling the mechanisms of
deformation in extreme environments in the near
future.
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4.3 X-Ray Based Techniques Including
Lab and Synchrotron Source

In addition to microscopic techniques that pro-
vide high spatial resolution, diffraction tech-
niques using radiation like X-rays, synchrotron
and neutron offer excellent angular resolution
and provide valuable information of the recipro-
cal space that can be utilized for detailed defect
characterization in crystalline materials®®*>%*,
With the advent of imaging techniques like
tomography and a combination of diffraction
and tomography, it has been possible to link the
spatial and temporal evolution of defects in the
microstructure®> %, Simple in situ experiments
on diffraction techniques include heating and
cooling stages in laboratory X-ray diffractometers
that provide information on phase evolution as
a function of temperature®® %, The setup of the
different combinations of tensile, EBSD with a
high-energy X-ray source is schematically shown
in Fig. 10. Similar experiments at a synchrotron
source like the one at RRCAT Indore can provide
real-time information on phase change by the
use of ultrafast detectors and more importantly
very high flux of x-rays. Third-generation syn-
chrotron sources have made it possible to obtain
a high flux of hard x-rays focused below 100 nm
size, which provides high spatial resolution mak-
ing not only heating and cooling experiments
but also deformation experiments on conven-
tional samples as well as low dimensional sam-
ples of micro-pillars or microspheres to offer deer
insights into length scale effects on mechanical
behaviour®*~7!, Synchrotron diffraction offers
information in the reciprocal space unlike real
space in microscopy techniques and therefore, it

is important to deconvolute the reciprocal space
information to determine the microstructure and
defect structure of the material under investiga-
tion. Techniques similar to that of line profile
analysis of x-ray diffraction by whole profile fit-
ting or moment method as well as that for recip-
rocal space mapping for thin film analysis can be
applied in synchrotron diffraction. Synchrotron
diffraction can provide localised information of
structure, texture, defect structure in terms of dis-
location density and twin probability in metallic
materials with great accuracy****%%72, The pres-
ence of a high-intensity x-ray beam with a smaller
size offers a unique tool to study fundamental
deformation processes in small length scale test-
ing shedding light on intrinsic length-scale effects
in metallic materials as well as studying defor-
mation heterogeneity in conventional testing.
The ability to obtain additional information like
chemistry from fluorescence or imaging from
tomography offer multidimensional data for
in situ synchrotron experiments. X-ray tomogra-
phy using synchrotron radiation offers a unique
tool to obtain real-time data on damage initia-
tion leading to final failure in metallic materials
due to the higher acquisition rate. The advent of
diffraction contrast tomography has made it pos-
sible to obtain orientation information of differ-
ent grains in the microstructure to achieve a real
three-dimensional representation of the micro-
structure in real-time®>>!. This technique is in
the development stage and is of great interest to
the computational crystal plasticity community
as it offers real-time monitoring of a representa-
tive volume element. In this regard, a high-energy
synchrotron diffraction technique that does not
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focus on imaging but relies on obtaining infor-
mation about a statistical representative volume
element by indexing Laue diffraction spots from
different grains in the microstructure is extremely

useful. The aforementioned in situ diffraction
tools are generating a lot of interest due to their
ability to feed into the crystal plasticity model
and truly fit the ICME framework. One of the



major challenges for deriving useful information
from in situ synchrotron diffraction methods is
the complexity of data analysis and difficulty in
the availability of access to different beamlines to
perform some niche experiments. This is particu-
larly true for a country like India that does not
have a third-generation synchrotron source but
judicious collaboration with the best synchro-
tron facilities and allotment of beamlines based
on merit-based proposals have made the sophis-
ticated technique available to the Indian research
community.

4.4 Neutron

Neutron diffraction works on a similar princi-
ple as that of x-ray diffraction but neutrons as
a probe offer additional advantages to detect
lighter elements and isotopes as well as provide
valuable information about the magnetic prop-
erties of the material®®. Neutrons are alpha parti-
cles produced by a nuclear reactor by fission of a
radioactive material or from a spallation source.
They interact weakly with an atom giving a very
good signal-to-noise ratio. Since the interac-
tion of neutrons is with that of the nucleus, they
have higher penetration depth in metallic mate-
rials and are used to determine texture as well as
residual stress in actual metallic components with
coarse grain size’>’%, In addition, though neutrons
are uncharged, they carry a spin and can interact
with magnetic moments including those arising
from the electron cloud of an atom, thus reveal-
ing the magnetic structure of a material. Similarly,
the neutron cross-section of different elements is
not in order of their atomic number like the x-ray
scattering cross-section. It makes it possible to
detect very light and very heavy elements and iso-
topes simultaneously using neutron diffraction™.
In situ experiments using neutron diffraction
have focused on determining the evolution of tex-
ture and residual stress as a function of deforma-
tion and phase transformation but defect analysis
including dislocation density and stacking fault
probability can also be performed using neutron
diffraction’>~"7, Recent investigations on the in situ
performance of hydrogen fuel cells or lithium-ion
batteries have exploited the ability of neutron to
detect light elements like hydrogen, oxygen and
lithium in the presence of heavier structural ele-
ments’®, Despite the tremendous opportunities
with neutron diffraction, their use is limited due
to difficulty in accessing these facilities across the
world but some very fundamental and interesting
insights on different materials have been observed
over the years.

4.5 Combinatorial In Situ
Experimentation

There is a strong desire to perform combinatorial
or sequential in situ experiments to obtain better
information on processes as they happen. One of
the simplest examples is using multiple detectors
in synchrotron diffraction or performing sequen-
tial micro-Laue diffraction and in situ SEM. In situ
experiments can be followed with conventional
characterization in steps to obtain a higher level of
information that can shed better light on the oper-
ative mechanisms®.

5 Contribution to ICME-MGI Framework
One of the missing aspects has been the imple-
mentation of well-developed computational tools
employing multiscale simulations across length
and time scales to develop a fundamental under-
standing of deformation, recrystallization, phase
transformation or failure processes. It is envisioned
that high-throughput in situ experiments should
also be coupled with modelling and simulations
to develop physics-based models that can help in
reducing time for the development of new materi-
als and processes. This is particularly important for
the development of complex concentrated alloys
which offer a wide composition space that would
be impossible to probe in the conventional man-
ner as well as a large number of process parameters
for additive manufacturing21’4°’79. In addition, the
failure of metallic materials is an interesting topic
and capturing the same using in situ experiments
is a challenge. Efforts need to be directed to develop
statistical models which capture the physics of dif-
ferent processes so that failure can be predicted.
Thus, combinatorial in situ experiments coupled
with computational modelling should help us
establish the journey of new materials from not the
proverbial cradle to grave but also their reincarna-
tion, which is necessary for sustainable materials
development.

6 In Situ Experiments in Materials
and Process Development

Metallic materials research has focused on devel-
oping materials for light-weighting to achieve
high specific modulus, strength and fracture
toughness as well as optimum performance
in harsh working conditions of high tempera-
ture, corrosive environment or both since the
industrial revolution. Recently the development
of high entropy alloys or the complex concen-
trated alloys has challenged the traditional alloy
design concept and has gathered a lot of atten-
tion of the metallurgical community due to the



vast compositional pace offered by these alloys,
which are also expected to offer access to hitherto
inaccessible property space. The family of high
entropy alloys or complex concentrated alloys
has grown with the basic concept of 100% solute
alloys to include many sub systems like medium
entropy alloys and equimolar or non-equimolar
multi-principal element alloys which offer a vast
compositional space to be probed. The explora-
tion of these new alloy systems using compu-
tational tools like first-principles calculations,
thermodynamic modelling and recent use of
machine learning needs to be complimented with
high throughput in situ experiments to focus on
the operative micro-mechanisms to enable phys-
ics-driven development of new alloys. Similarly,
additive manufacturing of metallic materials
using selective laser melting, direct energy depo-
sition and electron beam melting has provided
unique microstructures which were not accessible
by conventional processing thus offering access
to gaps in the property space for the existing all
oys***?4%80 The process parameter optimization
for different additive manufacturing techniques
like the power of the power sources (laser or elec-
tron beam), spot size, scan speed and scan strat-
egy all play an important role in determining the
evolution of microstructure and thereby govern
properties of the additive manufactured compo-
nents. In the process development for additive
manufacturing too, in situ characterization plays
an important role in the rapid development of
processes to achieve microstructures of choice to
yield desired properties. In the following two sub-
sections, we will highlight the use of in situ char-
acterization for the development of high entropy
or complex concentrated alloys as well as additive
manufacturing of metallic materials.

6.1 Complex Concentrated Alloys

Design and development of alloys over the last
few thousand years has evolved from a seren-
dipitous trial and error base method to a robust
scientific method based on the sound principles
of thermodynamics, kinetics and physical met-
allurgy guided by sophisticated experimental
and computational tools in the last few dec-
ades®®?, Nevertheless, the basic concept of an
alloy as a combination of one of two base met-
als had stayed for eons till another fortuitus
development of the so-called high entropy
alloys by Yeh and Cantor®™. High entropy
alloys defined as alloys of five or more elements
in equal or near-equal proportions or the alloys
with configurational entropy greater than 1.5R,

where R is the universal gas constant led to tre-
mendous interest in developing single-phase
concentrated alloys for different applications™.
The excellent properties of the very first high
entropy alloy, the CoCrFeMnNi Cantor alloy
rekindled interest in alloy development and
over the years the high entropy alloys have rein-
carnated in complex concentrated alloys with
three or more elements with a combination of
traditional mechanisms of strengthening and
strain hardening to broadened the property
space and garner interest in this class of materi-
als*t72892 Tn situ experimentation has played
an important role in the development of the
complex concentrated alloys by rapid prototyp-
ing and the use of different in situ tools will be
presented in his section.

6.1.1 In Situ XRD

In the search for new FCC single-phase equia-
tomic high entropy alloy compositions, Tazud-
din et al.”’ carried out a systematic study of
1287 alloy compositions of 13 transition metals
to develop the CoCuFeMnNi HEA by thermo-
dynamic modelling using the CALPHAD tool.
Sonkusare et al.*> studied phase transforma-
tion in single-phase equiatomic CoCuFeMnNi
complex concentrated alloy (CCA) using in situ
high-temperature X-ray diffraction technique.
It was observed that the metastable FCC a phase
(lattice parameter=0.361 nm) at room tem-
perature decomposes into FeCo-rich p and Cu-
rich y phases at higher temperatures (Fig. 11).
p phase (a=0.28 nm) forms at 923 K, followed
by y phase (a=0.362 nm) at 1123 K, leading to
a microstructure with one BCC and two FCC
phases. Atom probe tomography of CoCuF-
eMnNi CCA showed the presence of Cu-rich
nano clusters, which segregated preferentially
at the grain boundaries when the temperature
was increased, hence forming the y phase at
the grain boundary. At 923 K, Fe and Co pre-
cipitated out from the o grains and formed the
p phase. The transformation in this CCA was
due to nucleation and growth mechanism and
is similar to diffusion-induced grain boundary
migration.

6.1.2 In Situ SEM

The tensile deformation behaviour of CoCuF-
eMnNi CCA was studied using in situ SEM.
Figure 12 shows microscopic features in a few
selected SEM images from a series of consecutive
images acquired during the tensile test at small
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Figure 11: X-ray diffraction patterns for CoCuFeMnNi CCA at different temperatures, obtained from in situ
high temperature XRD, along with schematic of microstructure to show phase evolution

Figure 12: In situ SEM images of CoCuFeMnNi CCA during tensile test.



time intervals. The initial homogenized micro-
structure shows a single phase with few pores
(Fig. 12a). During the tensile test, a few slip lines
started to appear due to dislocation motion inside
the grains and then the surface became rough.
The grains became elongated, and now slip lines
can be seen in all the grains (Fig. 12d), followed
by the formation of shear lips at an angle of 45°
(Fig. 12f). The crack formed due to the shear lips
propagated and finally led to the fracture of the
tensile sample (Fig. 12i).

6.1.3 In Situ EBSD

Ghassemali et al.”’ studied the effect of phase
distribution on crack propagation in dual-phase
AlCoCrFeNi CCA during tensile loading, using
in situ EBSD (Fig. 13). The homogenized alloy

FCC phase (21%)

Mechanical
parameter

Microstructural
parameter

consisted of AlNi-rich BCC phase (~79%) grains
and FeCr-rich FCC (~21%) phase was present as
particles inside the grains as well as at the grain
boundaries (Fig. 13c). During the in situ ten-
sile deformation, crack nucleated at the triple
junction of BCC grains and propagated trans-
granularly. The FCC phase at the grain bounda-
ries acted as an obstacle and hence most cracks
branched into new cracks, redirected, or even
stopped as schematically shown in Fig. 13d. This
shows the strengthening effect of the FCC precip-
itates at the BCC grain boundary.

The AICoCrFeNi CCA was then subjected to a
tensile test at intermediate temperature (550 °C)
and microstructure was observed using in situ
EBSD®*. EBSD analysis near the fractured area
revealed an increase in the amount of FCC phase
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Figure 13: a SEM image, b inverse pole figure (IPF) map and a phase map of dual phase AlICoCrFeNi

CCA. d Schematic to show crack initiation and propagation during tensile deformation of the alloy
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Figure 14: Inverse pole figure of C and Si doped FeMnCoCr CCA under tensile strain of a 5%, b 15%,
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locally, suggesting dynamic precipitation of FCC
phase. The new FCC phase showed no orienta-
tion relationship with the BCC phase indicating
that precipitation was defect driven and not ori-
entation driven.

Yang et al.” studied the microstructural evo-
lution of C and Si-doped FeMnCoCr CCA sub-
jected to different tensile strains, using quasi
in situ EBSD. It was observed that microstructure
does not change much at a strain of 5% and few
twins form locally at a further strain of 15%, as
shown in Fig. 14. When strain further increased,
the grains started to stretch, refine and rotate and
the number of twins increased, preferentially in
the grains with<111>and< 110> orientations.
TEM images showed stacking faults at strain 5%,
which led to deformation twin formation. These
twins were observed to block the dislocation slip

and thus improving the work hardening of the
alloy.

6.1.4 In Situ Synchrotron

Ma et al’”’ utilized in situ synchrotron to
investigate tensile deformation behaviour of
Al (CoCrFeNi CCA, consisting of FCC, BCC
and ¢ phases. During the tensile deformation, it
was observed that the FCC phase yielded before
the BCC phase, and the latter carried more stress
even with less volume fraction. In addition, a
deformation-induced martensitic transformation
from BCC to orthorhombic phase, was observed
during the tensile deformation, in the grains with
an orientation of B-[001]//loading direction and
B-[110]//transverse direction. In the case of cyclic
loading, the martensitic phase formed during the
plastic deformation stage in the first loading, and



during the elastic deformation stage in the second
loading.

Xu et al.”” investigated the tensile deforma-
tion behaviour of face-centered cubic (FCC)
Fe,,Co3,CrysNi,; and Fe,;Co;,Cr;,Ni,, CCAs
using in situ synchrotron. TWIP effect was
found in both the alloys, but TRIP effect was
observed only in Fe,;Co;,CrsNi,, (critical
stress of ~555 MPa), with orientation relation-
ship between the martensitic € phase and FCC
Yy matrix as «{111}»1,//(0001)8 and (110>y//[110]8.
The combination of TWIP and TRIP effects in
Fe,,Co3,Cr;(Ni,, CCA led to a good combination
of tensile strength and ductility and improved
strain hardening behaviour (UTS: 864 £ 35 MPa,
elongation: 0.62740.021) than Fe,;Co5,Cr,5Ni,s
CCA (UTS: 763+27 MPa, elongation:
0.618£0.016). TEM images showed high-density
dislocations and dislocation pile ups at the grain
boundaries, formation of dislocation walls and
annealed twin boundaries (Fig. 15).

6.1.5 In Situ Neutron Diffraction

Wang et al”® investigated the deformation
response of FeCoCrNi CCA at 293 and 77 K using
in situ neutron diffraction. Neutron diffraction
data were used to calculate lattice strains, stacking
fault probability and dislocation density. The lat-
tice strain () during loading can be calculated
using shift in the diffraction peak, via the follow-
ing equation.

Anid — Anito

£ =
i Apkto

Here, dyjy is the d-spacing from (hkl) reflec-
tion at a given load and dj o is the d-spacing of
the (hkl) reflection at zero load. It was observed
that stacking fault energy decreased as the tem-
perature was decreased (from 32.5 mJ/m? at
293 K to 13 mJ/m? at 77 K) and tendency to form
stacking faults and deformation twins increased
along with dynamic Hall Petch hardening and
dislocation hardening, thereby improving the
strength and ductility at cryogenic temperature.
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Cai et al.”’ used in situ neutron diffraction

along with electron microscopy to study defor-
mation mechanism in hot extruded and annealed
single-phase FCC FeCoCrNiMo,, ,; CCA (Fig. 16).
Mo addition increased the strength of the FeCo-
CrNi CCA because of solute solution strengthen-
ing. Evolution of lattice strain with respect to true
stress showed two distinctive stages with varying
slopes; (a) linear elastic loading and (b) linear
plastic stage after a short transition from elastic
to plastic. The (200) grains exhibited the low-
est elastic modulus, followed by (311), (111) and
(110) for as-extruded CCA. The elastic modulus
of all grain orientations was found to be higher
in annealed CCA than in as-extruded CCA, and
slope of (200) grain was smaller in annealed CCA
compared to as-extruded CCA, suggesting that
(200) grains become harder after annealing. The
as-extruded CCA showed stacking faults, twins
and microbands due to low stacking fault energy
(~19 mJ/m?) and hence high strength and duc-
tility. Annealed sample was strengthened by Mo-
rich intermetallic particles, formed due to the
decomposition of the alloy.

Wu et al.” studied the structural evolution
of single-phase FCC FeCoNiCrMn CCA during
tensile test using in situ neutron diffraction. The
alloy showed strong elastic and plastic anisotropy
and the evolution of lattice strains and textures
in this CCA was found to be similar to conven-
tional FCC metals and alloys. The deformation
mechanism was found to be the operation of
mixed dislocations. Fu et al.”’ studied the ten-
sile deformation behaviour of Fe;;Mn;,Co,,Cr,,
transformation induced plasticity (TRIP) CCA,
using real time in situ neutron diffraction and
multiple mechanisms were found to be operative
during the deformation in stages (Fig. 17). Stage
one was the elastic deformation. The FCC to
HCP transformation triggered at the yield point
(~200 MPa) and hence stage two was TRIP along

with dislocation slip as the main accompanying
mechanism. Stage three started at 400 MPa load
when deformation twins started to nucleate in
the HCP phase. Finally, stage four comprised of
compression twinning and multiple twin systems
along with TRIP and slip mechanisms. These
multiple mechanisms in this CCA resulted in
increase of ductility and work hardening poten-
tial of the alloy.

Naeem et al.'” studied the evolution of dif-
ferent mechanisms during tensile deforma-
tion of Cr,,Mn, Fe,,Co,Ni,;, Cr,sFe,:C0,:Ni,:
and Cr;;5Co0553Nis; 3 CCA at 15 K, using in situ
neutron diffraction experiments. A variety of
mechanisms were observed at 15 K, starting from
dislocation slip, followed by stacking faults and
twinning, with the final transition to inhomoge-
neous deformation due to serrations, resulting in
high work hardening. In situ neutron diffraction
confirmed no phase transformation occurred
during the tensile test.

Thus, it is clear that in situ characterization
experiments using different probes have played
an important role in raid mechanism-based
mechanistic development of complex concen-
trated alloys with excellent mechanical properties.

6.2 Additive Manufacturing

Additive manufacturing is a 3D printing process-
ing technique of layer-by-layer deposition of a
melt pool of powder and wire metals'>**10h102,
It overcomes the manufacturing barrier of the
conventional processing technique and helps to
fabricate the intricate structure. Additive manu-
facturing offers design freedom, near-net or net-
shape production, efficient use of materials in
a short time with substantial cost-effective for
many cases. Additive manufacturing uses many
processing techniques i.e. selective laser melting,
electron beam melting, laser metal deposition,
ultrasonic additive manufacturing, gas metal arc



—
O
-~

.

20.0

11.2

Undeformed

1222
311

N
o
«

orr—t—e—n 220 11.0

- 400
= 10.3
r 10.2

B0

Intensity (a.u.)

- Observed
—— Calculated

Deformed

22 24

0 12 14 16 18 20

08 1

i - | Lattice space (A)
05%25%  15%
0.9 : 1600
(c) L R I Y (d)
0.8 ssegds, ; 1400 1 fu| m W e il y
1 i ' ' =
| ; 33 : | Ll
< 0.7 , - | < 1200 V{,-'."
L6 _— : i o ]
S 06 i, I =% = ~4/140 /
£ 0.5+ L o+ 2 ~ 800 aa A
b 4 % o 5 3 M‘A“ " S Zfail’:‘:?rass
Q0.4 2 - =5 O 600{ |4 _w, W5
£ A o Z s
03{ £ i g 400 o® B Macro true Stress oo siross
© o x £ S ® Estimated FCC stress
029 = . =il E': 200 e A  Estimated HCP stress ,z,,ﬁ,hg':?mss
0.1 : ; — : ; ; ;
0 200 400 600 800 1000 0.0 0.1 0.2 0.3 0.4
Macro true stress (MPa) Strain

Figure 17: a EBSD inverse pole figures and corresponding phase maps and b neutron diffraction pat-

terns in comparison with the Rietveld refinements before and after ~ 6% deformation. ¢ Dynamic FCC
fraction during tensile test, d Phase specific stress strain behaviour of FeggMnz,Co44Cryg CCA

weld, etc. A variety of metals and alloys i.e. cop-
per, steels, titanium alloys, aluminum alloys, Ni
alloys and high entropy alloys or complex con-
centrated alloys have been used to fabricate the
final product. Unlike conventionally processed
microstructure, additively manufactured micro-
structure consists of porosity, thermal residual
stress and gradient microstructure depending on
processing parameters. Therefore, to mitigate the
porosity and the residual stress as well as under-
standing the effect of complex microstructure
on the properties inclined the attention of many
researchers. In situ techniques give a signifi-
cant insight to recognize the hidden mystery of
additive manufacturing processed alloys. Many
studies were carried out to appreciate the process-
ing-microstructure-properties paradigm. A brief
summary and the importance of in-situ experi-
ments are focused on the following sections.

6.2.1 Cyclic Phase Transformation

A layer-by-layer deposition offers a significant
microstructural change due to remelting and
cyclic heating of a layer by the upcoming layer
in powder-based additive manufacturing pro-
cesses. Jeremy et al.'® studied the microstructural
changes of X40CrMoV5-1 steel during deposition
by laser metal deposition (LMD) using in situ
synchrotron X-ray diffraction in transmission
mode at the Deutsches Elektronen-Synchrotron
(DESY) in Hamburg, Germany. A schematic and
the photograph of the actual experimental setup
for simultaneous deposition and synchrotron dif-
fraction is provided in Fig. 18. A solid-state YAG
laser having 1.4 pm wavelength, 300 W power,
0.3 mm spot size was used at a working distance
of ~5 cm below the powder delivery nozzles. The
detail of the metal deposition is given in Table 2.
The deposition was performed on the same base
metal (20 x 50 x 10 mm?®) substrate clamped by
a massive copper holder for sufficient heat flow.
A sample of 30 x 1.5 x 6.5 mm’ was prepared by
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Figure 18: Experimental setup for in situ synchrotron XRD measurement during laser metal deposition
(LMD) of steel X40CrMoV5-1. a Schematic of in situ XRD and LMD and b Image of the LMD process head

and the built sample

Table 2 The process parameters of laser metal

deposition for printing of X40CrMoV5-1 steel

Height
position
Dwell time increment
between each Powder for each
Feed rate layer mass flow layer
300 m/min 5 5.6 g/min 0.3 mm

printing 30 successive layers exploiting two pow-
der nozzles at 2.4 bar argon atmosphere.

A monochromatic synchrotron x-ray beam
(97.6 keV) was used at a frequency of 10 HZ
in transmission mode through the thickness
of the sample. 2D Perkin-Elmer detector with
2048 x 2048 pixels was used to collect the diffrac-
tion pattern and was situated at 1.42 mm from
the sample. A 1000 x 200 pm? cross-section of
the synchrotron beam was focused on the first
deposited layer just above the substrate in the
course of the whole experiment. Heating rate up
to 30,000 K/s or more was observed during metal
deposition and subsequent cooling rate was in
the range of 300-2000 K/s above 1273 K sub-
strate temperature thereafter on further cooling,
it reached 20 K/s cooling rate.

A set of 45 diffraction patterns were recorded
from the first built layer during printing of the
first layer and subsequent fast cooling of the sec-
ond layer. The corresponding 3D integrated dif-
fraction pattern is shown in Fig. 19a. In the initial
three frames, the liquid phase was identified in
the form of a broad low-intensity peak, followed
by increasing sharp delta ferrite (BCC) peaks and
then the austenite (FCC) peaks were observed.
Further, delta ferrite peaks disappear within a few
measurements and the intensity of the austenite
peaks rapidly increase. An austenite to martensite
transformation was observed after 12 frames
(1.2 s) that continued for the subsequent cooling
period.

Figure 19b represents the change in the
amount of austenite and martensitic phase on the
first built layer during the subsequent 11 depos-
ited layers on the top. In this whole process, the
thermal cycle on the first deposited layer continu-
ously decreased and it was observed that remelt-
ing of the first layer occurred up to the third
deposited layer on the top (Fig. 19¢) and each
time new martensitic transformation occurred
due to full re-austenitizing. Further, partial re-
austenitizing of the first layer was observed till 7
deposited layers on the top and its fraction con-
tinuously decreased due to a continuous decrease
in the thermal cycle. For the next deposited layer,
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the maximum temperature was not sufficient to
transform martensite to austenite and self-tem-
pering was observed. Thus, in operando monitor-
ing of phase evolution in additive manufacturing
using synchrotron diffraction helps in controlling
the process parameters like deposition rate and
laser power to achieve desired phase fraction that
determines the mechanical properties of the AM
component.

6.2.2 Residual Stress

The main complication in the additively manu-
factured Ti6Al4V is the undesirable residual
stress due to thermal cycles by melting and
remelting in successive layer deposition'® and
martensite phase formation due to high cool-
ing rate (SLM produces ~ 10° to 10® K/s'% unlike
conventionally process having 1.5 x 10° K/s on
water quenching'®). These undesirable proper-
ties limit the application and numerous investi-
gations were performed to design heat treatment
conditions to obtain suitable phase fractions to

achieve desirable mechanical properties. In situ
XRD heating and in situ TEM heating setup were
employed to monitor the evolution of phases
during heat treatment'?”. Stress relaxation and
phase decomposition were analysed by XRD with
vacuum heating stage (Anton Paar DHS 1100
heating stage) in the range of 25-1000 °C. Micro/
nano structural changes were investigated in the
range of 298-1173 K using FEI Titan with 300 kV
acceleration voltage with 4-point feed-back con-
trolled heating based on a MEMS-based heating
system.

Figure 20a-i shows in situ XRD plot at the
fixed area for the different temperatures during
heating. At room temperature, the asymmetric
peaks indicated an imperfect lattice due to the
presence of anisotropic lattice micro-strain, dislo-
cation densities and crystallite size'*®. On heating,
XRD peaks sifted towards the left side and sug-
gested the release of compressive residual stresses
by an increase in lattice parameter and narrower
peaks indicated an increase in the crystallite size
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Figure 20: a-i In situ X-ray diffraction patterns and corresponding a-ii micro strain evolution were plotted
during heating in the temperature range of 25-1000 °C for AM Ti6Al4V. b TEM bright field images acquire
at (i) 25 °C, (ii) 550 °C and (iii) 600 °C and their respective diffraction patterns (iv—vi) for AM Ti6AI4V

and reduction in the micro-strain. Micro-strain
(values determined from peak shift) versus tem-
perature plot (Fig. 20a-ii) suggested that initially
microstructure had compressive stress upto
300 °C and after that it was slightly tensile. The
stress relaxation was spotted in the range of 25 °C
to 400 °C without martensitic phase transforma-
tion. At 550 °C from Fig. 20a-i, (110) g peak can be
observed at the base of (1011),, and the split-
ting of (0002) peak can be observed between 37°

and 38.6°. Thus, it indicated that martensite o’
decomposed into equilibrium o« and p phases and
further at 750 °C, fully transformed o and p phase
was observed. On further heating to 1000 °C
showed that the intensity of the beta phase peaks
increased at the expense of the equilibrium o
phase peaks.

In situ TEM images and respective diffraction
patterns for the temperature of 25 °C, 550 °C and
600 °C are represented in Fig. 20b. Diffraction
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patterns showed the significant change in the
relative d-spacing of (0002), (0110) and (0111)
planes, which validated the stress relaxation and
crystal structure changed with an increase in
temperature.

6.2.3 Effect of Porosity

The evolution of the undesirable pores is a
major issue in as-printed Al alloys. High poros-
ity caused by trapped argon gas which is used
for inert atmosphere along with hydrogen and
oxygen gas from air and decomposition of
water vapour. These pores worsen the ductility,
although it achieved better strengthening and
larger maximum stress than as-cast Al alloys™.
3D X-ray microscopy (XRM) nicely showed the
pores and precipitate Al,Cu distribution, shape
and size. In situ damage evolution was explicitly

studied using x-ray microscopy (XRM) (Xra-
dia 520 Versa)'?. Figure 21 refers to the spatial
distribution of the pores and Al,Cu precipitate
before test, during test and after test for as-cast
and as-deposited Al alloy. As-deposited showed
relatively higher and homogenously distributed
pores (3.51%) than as-cast having localised and
interconnected pores (0.336%). A large amount
and homogeneously distribution of AL,Cu were
clearly noticed in the as-cast aluminium alloy
compared to as-deposited aluminium alloy
having lesser and heterogeneously distribu-
tion due to very high cooling rate. As-cast sam-
ple failed at the area of localised pores and a
lesser amount of Al,Cu precipitates. However,
the conventionally processed sample failed at
the location of the larger in size and the higher
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number of pores as well as higher content of
Al,Cu precipitates.

6.2.4 Damage Micro-Mechanism  Around
Inclusion
Oxide inclusions form in additively manufac-
tured 316 stainless (316 SS) steel due to gas
impurity and native oxide layer on the outer
surface of powder during deposition'!'"'",
These inclusions are oxides of Si, Mn and Ti
due to their higher affinity towards oxygen
than other alloying elements of 316 SS''>!
which contributed to a detrimental effect on
the toughness despite the alloy showing good
work hardening behaviour due to cell structure
formation. Thus, a systematic damage micro-
mechanism was needed to understand the
causes of damage around the inclusions. In situ
electron backscatter (EBSD) and electron chan-
nelling contrast imaging (ECCI) were used for
characterization to understand the damage phe-
nomenon''’, ECCI image at 2% (Fig. 22b) refers
to the motion of dislocations inside the cell as
shown by a white arrow around a big inclusion

that also shows a slip band in the viscinity.
Kong et al.''” observed the heterogeneous sub
microcellular structure around big inclusion
and dislocations first generated inside the large
cellular structure due to lower CRSS value for
slip. In situ secondary electron images shown
in Fig. 22c1-c7 suggested an asymmetric crack
growth around the inclusion with subsequent
deformation. It was observed that crack ini-
tiation started at the interface of the slip band
and inclusion due to high local stress after 2%
deformation followed by growth aided by dislo-
cation absorption-mechanism at the surface of
the void. EBSD IPF map (Fig. 23al) and ECCI
image (Fig. 23a3) confirmed the deformation
twin ahead of the crack tip after 15% deforma-
tion. Further at 25% deformation, the IPF map
(Fig. 23b1) confirmed the twin thickening and
the ECCI image (Fig. 23b2) indicated the nano-
twin cluster which inhibited the further growth
of the crack. The detailed damage micro-mech-
anism around the inclusion with increasing
strain could be understood by the schematics
shown in Fig. 23c1—c4.
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6.2.5 Fracture Anisotropy Due to the
Crystallographic and Spatial Orientation
of a Lath

AM Ti6Al4V has o+ p phase microstructure con-

sisting of columnar prior beta grain morphol-

ogy with preferential < 100 > crystallographic
texture along the vertical direction (VD). Such
morphology generates due to thermal gradient
which prevents the nucleation ahead of solidifi-
cation during metal deposition''”'"°, It has con-
centrated spatial orientation of alpha lath and
crystallographic texture. The deformation and
damage anisotropy due to columnar grain mor-
phology, the crystallographic orientation and
spatial orientation of alpha lamellae in Ti6Al4V is
well established in the literature!!”-!20-122,

To understand this for additive manufac-
tured Ti6Al4V, three different orientations of
tensile samples along the vertical direction

(VD), at 45° to the horizontal direction (HD)
and HD were prepared'?’. An in situ SEM study
was performed on the tensile stage inside the
FE-SEM chamber for each case and images
were captured for different deformation steps.
Figure 24 refers to the load versus displace-
ment curve as well SEM images at different dis-
placement steps for HD sample. A band of slip
lines along the alpha lath which is~45° to the
loading axis can be seen at the step of 600 pm.
EBSD analysis suggests that alpha laths have a
high Schmid factor for prismatic slip systems.
On further deformation, a crack indicated by
a black arrow grows along the alpha lath ori-
ented at 45° to the loading axis. It suggests the
crack is more prone to those laths which are
oriented along the highest shear stress plane.
When a crack encounters a lath, it resists crack
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propagation by localized plastic deformation
leading to the formation of a shear band which
helps in further crack propagation as shown in
Fig. 24g, h. Similarly, in situ studies of other
orientations is also provided in the investiga-
tion'?. The sample loaded along HD showed
lower maximum stress than the sample loaded
along 45° to HD direction and the VD sam-
ple showed the lowest stress. This anisotropy
in mechanical properties is mainly attributed
to alpha laths rather than columnar prior beta
grain boundaries. The sample loaded along the
VD direction showed higher deformation till
failure than the sample loaded along the 45° to
the loading axis and the highest strain till failure
was observed for the HD sample. The present
investigation concluded that the morphologi-
cal and crystallographic orientation of the alpha

laths determine the fracture anisotropy in AM
Ti6Al4V alloy.

6.2.6 Hydrogen-Embrittlement

Hydrogen-embrittlement  causes  detrimental
effect for steels due to the transition mode of
failure from the ductile to brittle'**. Figure 25
indicates an in situ synchrotron x-ray diffraction
study for hydrogen-free and hydrogen-charged
AM maraging steel during a tensile test'”. It
was observed that the intensity of retained aus-
tenite peaks for hydrogen-free maraging steel
reduced with deformation and merged into the
background (Fig. 25a). However, the hydrogen-
charged specimen (Fig. 25b) did not show signifi-
cant changes in the intensity of retained austenite
peaks even after failure. The stress required for
the transformation of retained austenite to mar-
tensite for hydrogen-charged specimen was
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300 MPa which was lower than the required
stress (760 MPa) for the hydrogen-free specimen
(Fig. 25¢, d). Thus, a premature transformation
of martensite caused enhancement in localized
stress; consequently, leading to a brittle fracture.

The representative studies covered in the pre-
sent section clearly demonstrate the role of in situ
characterization techniques for process parameter
optimization, in service performance as well as
failure in different operative conditions for addi-
tive manufactured metallic materials, thus high-
lighting the significant role of in situ techniques
in process-property-performance paradigm in
additive manufacturing.

7 Way Forward

A brief overview of the in situ characteriza-
tion experiments as high throughput tools for
materials and process development shows the
tremendous potential of these tools for rapid
development of materials and processes. With the
vast compositional and process parameter space

available for exploring, it is more of a rejection
process than a selection process with a desire to
avoid false negatives. We are able to probe the
real space for the evolution of grain structure,
phase transformation and damage accumulation
while compositional space can be explored at dif-
ferent length scale to determine the partitioning
of elements at different length scales. Similarly,
characterization tools providing a view of the
reciprocal space offer information on the evolu-
tion of structure, texture, stress and strain in the
material. Combinatorial approach with in situ
multiple probes like synchrotron diffraction and
fluorescence mapping coupled with SEM based
in situ EBSD can offer information from the real,
reciprocal and composition space at the same
time. Thus, it is possible to obtain hyperdimen-
sional information about the microstructure on
the new platform and monitor it as a function
of external stimuli. Combinatorial microscopy
techniques like 3D diffraction contrast tomogra-
phy offer a wide range of information to develop



a fundamental understanding of processes in
4 dimensions. The real attributes of the micro-
structure provide huge multidimensional data
which can be used to generate knowledge using
machine learning and artificial intelligence tools.
It is envisioned that few high throughput in situ
experiments will provide high-quality multi-
dimensional information that can be used to
predict properties and performance of materi-
als based on physics-guided machine learning
tools to enable rapid development of materials
and processes with little efforts. A robust high
throughput in situ characterization guided ICME
approach will help in accelerating process devel-
opment for existing materials and processes and
may also pave way for the development of new
materials in the future. It is therefore important
that the millennial metallurgist is acquainted with
not just the handling of sophisticated characteri-
zation tools and multiscale simulation techniques
but the ability to incorporate this expertise in the
ML-AI paradigm to be relevant in the coming
century.

8 Conclusions and Perspective

In situ experiments have provided better insights
into the operative micro-mechanisms of differ-
ent processes like solidification, deformation,
recrystallization, solid-state phase transformation
and failure in conventional metallic materials and
helped in the development of new metallic materi-
als like complex concentrated alloys and processes
like different additive manufacturing processes.
In situ characterization has played an important
role in developing mechanistic mechanism-based
crystal plasticity models or deformation and fail-
ure of metallic materials while data obtained from
in situ experiments have helped tune models for
solidification, recrystallization, phase transforma-
tion of metallic materials. Of particular interest
are in situ characterization techniques offering
hyperdimensional data from the real, reciprocal
and compositional space that provides up-to-date
information on different attributes of microstruc-
ture as a function of an external stimulus. Despite
the tremendous advancement, there is a scope to
add more peripherals to include different modes
of loading and expand the range of process param-
eters like operating temperature, strain rate, strain
path changes and cyclic loading as well as different
environments to obtain information over a wide
range of working conditions. There is a need to
develop more such platforms and better the reso-
lution as well as the data acquisition speed to cap-
ture real-time data. The huge data obtained from

in situ experiments coupled with microstructural
simulations can be used to build machine learning
models to cut down on further experiments thus
paving way for the development of new processes
for existing alloys as well as for the development
of new metallic materials. Cradle to grave jour-
ney of a material observed using different in situ
experiments in a short period of time can provide
a mechanism map for different processes, acceler-
ating development which can justify the high ini-
tial investment in operando techniques. In catalyst
development there is a rational catalysis design
wherein a new catalyst is developed from computa-
tions on the properties of the existing catalysts and
a similar process is followed in the pharmaceuti-
cal industry'?’. We believe the rational process and
alloy development are possible within the ICME
framework wherein high throughput in situ char-
acterization experiments will play an important
role and will become the bedrock for the sustain-
able development of metallic materials and pro-
cesses in the future.
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