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Preface

The Asia-Pacific Microscopy Conference (APMC), a very popular and successful
conference series, is held every four years since 1956 under the aegis of the
Committee of Asia-Pacific Societies of Microscopy (CAPSM), which is a member
of the International Federation of Societies for Microscopy (IFSM). These confer-
ences are held in different cities of Asia-Pacific region in collaboration with different
local bodies of microscopy to promote electron microscopy and various allied
techniques and their application in carrying out scientific research towards the
development of science and technology. The conferences provide a platform for the
young researchers and microscopists to interact with world-renowned scientists in
the field and also with the industrial partners. Across the globe, several electron
microscopy bodies or unions such as International Microscopy Congresses (IMC),
European Microscopy Congresses (EMC), Multinational Congresses on Microscopy
(MCM), Microscopy Society of America (MSA) and IFSM regularly organize
electron microscopy conferences or workshops in different parts of the worlds.

The Electron Microscope Society of India (EMSI), which is one of the affiliated
organizations of CAPSM and IFSM, organized the 12th APMC at Hyderabad, India,
during 3–7 February 2020. The conference included awide range of topics under three
main streams—material sciences, life sciences andmicroscopy techniques. Dedicated
sessions onmicroscopy ofmetals and alloys, glass, ceramics, composites, high energy
materials, functional materials, thin films and coatings, low-dimensional materials,
electronic and photonic materials and other materials were included under material
science. Sessions on microscopy techniques included aberration-corrected TEM and
STEM, SEM–FIB, ion beam microscopy, electron diffraction and crystallography,
EBSD, orientationmicroscopy in TEM/PED,microscopy-basedmicroanalysis, SPM,
spectroscopy analysis, cryo-electron microscopy, 3D-APT, in situ techniques, etc.
Sessions under life sciences dealt with microscopy and imaging associated with
bio-nanotechnology, medical applications, host–pathogen interaction, brain struc-
ture, animal physiology and development, application in paleontology, flow cytom-
etry, diseases and immunocytochemistry, multimodal molecular imaging in health
and disease, imaging methods in medicine, virology and taxonomy and other related
topics.
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There were lectures by world-renowned speakers presenting the advancement in
microscopy along with the new findings in materials and life sciences using dif-
ferent microscopic techniques. Young researchers, students and scholars below the
age of 40 were encouraged to submit new and highlighting results in their
respective fields, which were evaluated under the category student/young
researchers. Around 600 abstracts were submitted for the conference including
the invited and contributory presentations.

Upon completion of the conference, we planned to publish a few papers as
proceedings of the conference along with Springer Nature and requested the
speakers to send their papers for the publication. We are extremely grateful to those
who have submitted full paper for the proceedings. These papers include submis-
sion on materials sciences, life sciences and instrumentation techniques. All of the
submitted papers went through a rigorous peer-review process, and a total of 26
papers were accepted for publication. We hope this proceedings will definitely help
the young researchers in the field of microscopy to carry forward their research, as
most of the papers are in new areas and new findings, in the respective area.

Hyderabad, India Partha Ghosal
Storrs Mansfield, USA C. Barry Carter
Bengaluru, India Kutti Ragunath Vinothkumar
Hyderabad, India Rajdeep Sarkar
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Electron Microscopy: An Important
Tool for Preparation
and Characterization of Asymmetric
Ceramic-Polymer Composite
Nanofiltration Membrane

Sanjukta Roy, Swachchha Majumdar, Ganesh C. Sahoo,
and Priyanka Mondal

Abstract Membrane technology has emerged as an important tool in sustainable
management of water and energy owing to its high efficiency and low footprint.
Ceramic polymer composite membranes are an emerging category which tends to
combine the merits of both pure ceramic and polymeric membranes. The present
work elucidates the role of electron microscopy in preparation and characterization
of novel ceramic-supported-polymeric asymmetric composite membrane developed
by successive pore size reduction of commercial macroporous ceramic support. In
each step of preparation process, formation of a layer (ceramic intermediate layers
and polymeric functional layer) with conforming properties was evaluated and its
morphology was studied in details with the help of Field Emission Scanning
Electron Microscopy (FESEM) analysis. An amine-functionalized composite
membrane was developed using polyethyleneimine as functional layer material over
modified alumina-based ceramic substrate. The membrane was found to exhibit a
water permeability of 3.9-3.1 L m-2 h-1 bar-1 and a low molecular weight cut-off (<
2000) suggesting its nanofiltration nature toward contaminant rejection. The
membrane demonstrated a maximum removal of 93.5% of Crystal Violet dye from
25 mg/l aqueous solution at 4 bar pressure. The excellent stability of the membrane
in high-pressure application suggests its potential use in other nanofiltration
application.
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1 Introduction

Membrane technology occupies an integral position among the various existent
separation technologies due to its lower footprint when compared to conventional
methods of separation [1, 2]. The prevalent membranes that have found wide
industrial application are mainly either polymeric or ceramic in nature.
Concurrently substantial research is being carried out to bridge the gap between the
properties of ‘all-ceramic’ and ‘all-polymeric’ membranes, and thus, the concept of
ceramic-polymeric composite membranes has emerged that aim at blending the
merits of both the types of membranes. Ceramic-supported-polymeric membranes
combine the mechanical robustness of the ceramic support along with the pore size
tunability of polymeric functional layer.

The fabrication of a stable and conformal ceramic-supported-polymeric com-
posite membrane essentially depends on the proper amalgamation of the two
materials in terms of adhesion with each other, which in turn depends on the
properties of the ceramic substrate and the polymer used as functional layer
material. Moreover, microstructure and functionality of the substrate have a sig-
nificant impact on the formation of defect-free thin-film active layer irrespective of
the membrane material, ceramic, or polymeric. Thus, in case of ceramic-
supported-polymeric composite membranes, proper surface modification of cera-
mic substrate and congruent functionalities of the polymeric counterpart plays a
crucial role in preparation of a high-quality membrane [3].

The present work elucidates the role of electron microscopy in preparation and
characterization of novel ceramic-supported-polymeric composite nanofiltration
membrane for application in contaminated wastewater treatment. The asymmetric
composite membrane was developed by successive pore size reduction of com-
mercial macroporous ceramic support via incorporation of consecutive layers over
it. In each step of the preparation process, formation of a layer (ceramic interme-
diate layers and polymeric functional layer) with conforming properties was eval-
uated, and its morphology was studied in details with the help of field emission
scanning electron microscopy (FESEM) analysis. An amine-functionalized com-
posite membrane was developed using polyethylenimine as functional layer
material over modified alumina-based ceramic substrate and its efficacy in removal
of crystal violet (CV) dye from aqueous solution was studied.

2 Materials and Methods

Indigenously developed tubular clay-alumina based low cost ceramic microfiltra-
tion membrane of pore size 1.6 lm and OD/ID 10 mm/7 mm was used as primary
support. The base macroporous support was modified using super ground alumina
and boehmite sol in order to develop a ceramic substrate with requisite pore size
and functionality for thin polymeric top layer formation. Modification of the
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support was carried out by incorporation of two successive ceramic intermediate
layers. The first layer was developed by coating an aqueous slurry comprising of
super ground alumina and boehmite (4:1) along with polyvinyl alcohol (PVA) as
binder. The coating was followed by sintering at 1200 °C. The second intermediate
layer was formed by coating aqueous slurry consisting of 10 wt% boehmite sol and
PVA. The coating was sintered at 600 °C. The modified substrate was then suc-
cessively dip coated with 5 wt% crosslinker (glutaraldehyde) solution and 1 wt%
functional layer material (polyethyleneimine) solution. The resulting composite
membranes were kept in room temperature for 6 h to allow for proper crosslinking
and then thoroughly rinsed and stored in distilled water till further use. Membranes,
each having length of 150 mm and effective filtration area of 0.0027 m2, were used
for clean water permeability, molecular weight cut-off, and dye rejection study [4].

The prepared membrane was characterized with the help of FESEM (Gemini
Zeiss Supra™, 35VP, Germany), energy-dispersive X-ray (EDX) analysis (Carl
Zeiss, RIGMA, Germany), Brunauer–Emmett–Teller (BET) pore size analysis
(Quantachrome, USA), contact angle goniometer (DSA25S, Kruss, Germany),
atomic force microscopy (AFM) (Nanonics, Israel), and thermogravimetric analysis
(TGA) (NETZSCH STA 449 F3 Jupiter).

3 Results and Discussion

3.1 FESEM and EDX Analysis

Figure 1a shows the cross-sectional view of the pristine ceramic support where high
porosity can be observed throughout. The surface view (Fig. 1b) further confirms
its macroporous nature. Figure 1c shows cross section of the ceramic-polymer
composite membrane prepared over the support. The FESEM image clearly reveals
the asymmetric nature of the composite membrane. Region I in the figure depicts
the macroporous ceramic support structure followed by layers II and III denoting
the two ceramic intermediates of decreasing pore size. Thickness of layer II is
*10 lm and layer III is *5 lm. The final polymeric top layer (layer IV) is
*1 lm in thickness. Formation of continuous and defect-free polymeric top layer
can be confirmed from the surface FESEM image (Fig. 1d).

The cross-sectional EDX analysis of the composite membrane (Fig. 2) shows
high intensity of aluminum in the support and intermediate layers. The fluctuations
in the intensities of the elements in the intermediate layers are mainly due to sample
roughness. A decline in aluminum and oxygen intensity and simultaneous sharp rise
in carbon intensity at the top edge, resulting in a cross-over of the peaks, denotes
the thin polymeric functional layer of about 1 lm thickness.

Electron Microscopy: An Important Tool … 5



3.2 Pore Size and Contact Angle Analysis

BET analysis has been performed to find out the final pore size of the composite
membrane. Nitrogen has been used as the adsorbate gas. The analysis reveals
average pore size of the functional layer of the composite membrane to be 1.9 nm.
Thus, a microporous membrane could be formed on the modified ceramic support
with a single polymeric layer. Also, contact angle of the functional top layer is
measured to be 54.2°, which suggests its hydrophilic nature.

Fig. 1 FESEM images of a cross section and b surface of pristine ceramic support, c cross section
and d surface of prepared composite membrane

Fig. 2 EDX analysis of cross section of prepared composite membrane
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3.3 Clean Water Permeability Study

The flux and rejection study of the prepared membrane has been carried out in a
cross-flow filtration setup. The composite membrane has been initially compacted
at 12 bar for 1 h, and water fluxes were measured at inlet pressures ranging from 3
to 12 bar. The pure water permeability was determined by Darcy’s Law as follows:

Jw ¼ Lp�DP ¼ D
l�Rm

ð1Þ

Clean water flux through the composite membrane at different inlet pressures is
shown in Fig. 3. The permeability coefficient is in the range of 3.1–3.9 L m−2.h−1.
bar−1.

3.4 Molecular Weight Cutoff (MWCO) and Dye Removal
Efficiency Study

MWCO of the membrane when studied with different molecular weights of poly-
ethylene glycol (PEG) revealed >90% removal was obtained with 2000 molecular
weight (Fig. 4a). Thus, the rejection behavior of the prepared composite membrane
suggests its potential application in nanofiltration process.

Fig. 3 Clean water permeability study of prepared composite membrane

Electron Microscopy: An Important Tool … 7



Consequently, dye removal capacity of the composite membrane was evaluated
using two different concentrations of CV dye solutions, 25 mg L−1 and 50 mg L−1.
Acceptable rejection of dye was obtained for both the concentrations with the
highest rejection of 93.5% at 4 bar with 25 mg L−1 concentration (Fig. 4b). Such
high rejection of a low molecular weight dye (408 Da) CV with a membrane of
MWCO 2000 as prepared in the present work has not been reported previously [5,
6]. Donnan exclusion phenomenon and steric hindrance between the cationic dye
and the positively charged PEI functional layer played a significant role in high
rejection of the low molecular weight (408 Da) dye.

Flux was higher for lower dye concentration at most of the inlet pressures and
was found to increase with increase of inlet pressure, which was well in accordance
with the principle of filtration. Rejection percentage of dye was also higher for
lower feed concentration and was found to decrease with increase of inlet pressure.
Such a behavior can be accounted for taking into consideration the role of con-
centration polarization phenomenon in the filtration process. The increase in dye
concentration in the feed and increase in operating pressure results in enhanced
concentration polarization effect which causes a drop in the rejection rate [7]. Thus,
there remains a scope of further improvement of membrane structure for reduction/
mitigation of concentration polarization aiding in enhancement of membrane
performance.

3.5 Composite Membrane Fouling Behavior Study

AFM analysis of the composite membrane surface before and after 24 h of filtration
operation was performed to study the fouling behavior. Similar approach for
qualitative assessment of membrane fouling propensity has been adopted by other

Fig. 4 a MWCO study of composite membrane b Flux and rejection of aqueous CV dye solution
through composite membrane
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researchers where AFM images of clean and fouled membranes were compared [8,
9]. In typical membrane fouling studies, duration of each cycle of filtration oper-
ation is 2–8 h depending on the rate of flux declination [10, 11]. Since no signif-
icant flux declination was observed after 24 h of filtration operation in this case, the
antifouling nature of the membrane was confirmed by AFM analysis. Figure 5
reveals that the membrane surface appears to be smoother after filtration due to
some accumulation of dye molecules in the valleys. However, significant changes
in membrane RMS roughness (Sq) and average roughness (Sa) do not appear after
dye filtration which suggests the absence of severe fouling. Repulsion between the
similarly charged membrane surface and dye along with the hydrophilic nature of
PEI results in less severe fouling of the membrane.

3.6 Chemical and Thermal Stability of Prepared Composite
Membrane

The acid and alkali stability of the composite membrane was analyzed by
immersing the membrane in pH 2 hydrochloric acid solution and pH 10 sodium
hydroxide solution of for 24 h. The PEG 2000 rejection of the membrane after
immersion was noted. The thermal stability of the membrane was evaluated by
TGA analysis of the unsupported GA-PEI bilayer in air atmosphere. The change in
PEG 2000 rejection of the composite membrane after immersion in acidic and basic
solutions of extreme pH was noted (Fig. 6a). It was observed that only 3% drop in
rejection occurred after immersion in HCl solution of pH 2 and 7% drop occurred
after immersion in pH 10 NaOH solution. This confirmed the excellent acid–base
stability of the composite membrane suggesting its application in a wide range of
pH. The TGA analysis of unsupported GA-PEI bilayer revealed no significant mass
loss up to 100 °C indicating superior thermal stability of the membrane (Fig. 6b).

Fig. 5 AFM analysis of composite membrane surface a before and b after dye filtration
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4 Conclusions

A novel ceramic-supported-polymeric composite membrane has been developed by
incorporation of ceramic intermediate layers and a thin polymeric functional layer
over macroporous ceramic support. FESEM study has been used as a principal tool
to characterize the membrane structure in each step of preparation. The charac-
teristics of the substrate and the individual layers which are crucial for membrane
stability and performance, such as thickness, porous nature, roughness, and defects
were analyzed using FESEM. EDX analysis further confirmed the chemical
structure of the prepared membrane. The composite membrane was found to exhibit
a water permeability of 3.1–3.9 L m−2 h−1 bar−1 and a low molecular weight cutoff
(2000) suggesting its nanofiltration nature toward contaminant rejection. It
demonstrated a maximum removal of 93.5% of CV dye from 25 mg/l aqueous
solution at 4 bar pressure. The excellent stability of the composite membrane in
high pressure operation suggests its potential use in other nanofiltration application.
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Development of Thin Aluminide
Coatings on Alloy 800 Substrate

R. S. Dutta, P. Mishra, Vishal Singh, and K. Singh

Abstract Magnetron sputtering using aluminium as a target material was
employed on Fe–Ni–Cr containing austenitic Alloy 800 substrates. Electron
microscopic examination with elemental analysis on magnetron-sputtered substrates
indicated formation of *1.0 µm thick oxygen-rich Al–Fe–Ni–Cr containing layer
just below the uppermost aluminium-rich deposited layer. Magnetron-sputtered +
thermally–treated (1273 K for 18 h) substrates revealed formation of thin (*5 µm)
aluminide layers at the upper surface comprising primarily Fe–Al rich layer with
adjoining layers of Fe–Ni-Cr–Al type followed by Ni–Al rich layer. Thin multi-
layered alloy substrate exhibited microhardness value of *405 (±15) Vickers
hardness number (VHN) while for alloy substrate, that was recorded as 310 (±10)
VHN. The scratch test conducted on thin multilayered alloy substrate in the load
range of 1–10 N indicated friction coefficient and penetration depth of *0.1 and
11 µm, respectively. A good adherence was recorded for thin layers as no peeling
off was noticed, which was confirmed by acoustic emission signals. The exposure
of magnetron-sputtered + thermally treated alloy substrates to 70% K2SO4 + 30%
KCl salts at 973 K in air revealed retention of surface oxide predominantly com-
posed of Al–Fe–Cr–Ni type oxide layer indicating its good resistance to aggressive
environment.
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1 Introduction

Intermetallic compounds have been quite extensively studied for last couple of
decades for structural applications at elevated temperatures. The main reasons of
attraction towards these intermetallics have been their low density (in general), high
melting point, good resistance to wear as well as high temperature corrosion [1–6].
Among the intermetallic compounds, b-FeAl, Fe3Al and b-NiAl have exhibited
promising results [2, 3, 7–10]. It is revealed that a continuous and adherent Al2O3

layer forms on aluminide surface on an exposure to oxygen/air atmosphere. This
alumina layer imparts superior oxidation resistance acting as a barrier to diffusion of
ions. That is why, this layer is known from its function itself as diffusion barrier
coating [4, 7, 9, 11–14]. It is also indicated that the protectiveness of a-Al2O3 layer
is superior to Cr2O3 layer at 1273 K onward and also in various environments
having low partial pressure of oxygen [15, 16].

The major shortcoming of aluminides has been their poor ductility. Therefore, a
composite structure comprising a metallic core with an aluminide layer on top is
expected to overcome this deficiency to a considerable extent. This type of structure
can be achieved by depositing a thin aluminium layer on metallic substrate that
should be subjected to a standardized thermal treatment to form aluminide layers on
metallic substrate through diffusion of elements. There are quite a good number of
methods those can be employed for surface coatings. These include physical/
chemical vapour deposition, thermal/plasma spraying, magnetron sputtering and
many more those are discussed elsewhere [4, 17–29]. It can be understood that each
method has its advantages as well as limitations.

Alloy 800 is basically a Fe–Ni–Cr containing austenitic, precipitation-hardening
type alloy. The alloy is having extensive use as construction material for equip-
ments, which require heat resistance, strength, stability up to *1073 K and
resistance to corrosion. It exhibits good creep and rupture strength at high tem-
peratures as well as resistance to sulfidation, carburization and oxidation. The alloy
is also used as digester-liquor heaters in paper pulp industries, heat-exchanger in
petrochemical and chemical industries and steam-generator (SG) tube material in
nuclear industries [30, 31]. It is reflected in the literature that as compared to the
number of studies dealing with the issues related to SG tubes, only a very few
discusses on the development of aluminides on Alloy 800 substrates for high
temperature applications [31–34]. Development of aluminides on Alloy 800 sub-
strates could be of immense industrial importance as these can provide protection
against aggressive environments at elevated temperatures. Therefore, an attempt has
been made in the present investigation to explore this possibility. The first step of
this exploration has been to deposit an aluminium-rich layer on the uppermost
surface of Alloy 800 substrates using magnetron sputtering technique. Pre-heating
of alloy substrates has been done at a standardized temperature during magnetron
sputtering. This process is immediately followed by conversion of deposited
layer to thin layers of aluminides by suitable thermal treatment under controlled
atmosphere through diffusion of elements. Subsequently, microstructural
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characterization, property as well as performance evaluation of thin-layered alloy
substrates have been undertaken. Since magnetron sputtering is a versatile tech-
nique, the same has been chosen as a principal method to form an aluminium-rich
uppermost layer on alloy substrates and also to form an aluminium-containing
metastable phase just beneath it, which are subsequently converted to thin multi-
layer of aluminides. The novelty of this investigation lies in the fact that this kind of
approach to form thin multilayer of aluminides on alloy substrates by magnetron
sputtering with pre-heated substrates followed by suitable thermal treatment has not
been explored earlier.

2 Experimental Method

Commercial Alloy 800 was available in the form of *1 mm thick sheet under
mill-annealed condition. This alloy sheet was used as substrate material in the
present study. Table 1 shows typical chemical composition of the alloy.
Metallographically polished alloy substrates of dimensions *25 � 20 � 1 mm3

were used during magnetron sputtering under controlled atmosphere.
Deposition parameters during DC magnetron sputtering have been given in

Table 2. Magnetron sputtering was continued till a thickness of 4–5 µm layer
formed on the alloy substrates. Preheating of alloy substrates during magnetron
sputtering was standardized at 898 K, while subsequent thermal treatment of
sputtered specimens was standardized at a temperature of 1273 K under controlled
atmosphere. A soaking period in the range of 18–20 h has been found to be ade-
quate to form a fairly continuous, thin multilayer of aluminides on the upper surface
of the alloy substrates. However, in the present investigation, the sputtered samples
were thermally treated at 1273 K for a duration of 18 h.

Table 1 Typical chemical composition of Alloy 800 (wt%)

Ni Cr Fe C Mn Ti Al Si S P N

30.0 19.5 Bal 0.03 0.7 0.5 0.3 0.4 0.01 0.01 0.02

Table 2 Deposition
parameters during DC
magnetron sputtering

Parameter Numerical value

Base pressure 1.1 � 10−5 mbar

Deposition pressure 5 � 10−3 mbar

Power density of cathode 7.4 W/cm2

Substrate temperature 898 K

Substrate rotation 5 rpm

Target Al (99.9% purity)

Target-to-substrate distance 6.5 cm

Sputtering gas flow rate 15 sccm Ar/min
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Magnetron-sputtered alloy substrates (having *5 µm aluminium deposit) as
well as sputtered + thermally treated (at 1273 K for 18 h) substrates were examined
using scanning electron microscope (SEM) along their thickness. Elemental anal-
ysis (energy-dispersive X-ray spectroscopy; EDS) was also conducted on a number
of locations. Despite analysing oxygen, no quantitative estimate of it has been
shown in any analysis. Prior to SEM-EDS analysis, the specimens were metallo-
graphically polished and cleaned.

Microhardness measurements were taken at a number of locations on
thin-layered alloy substrates. Prior to microhardness tests, sputtered + heat-treated
alloy substrates were subjected to light metallographic polishing (800 grit emery
paper onwards) followed by cleaning to remove the uppermost oxygen-containing
aluminium-rich layer. Microhardness values were also measured for bare alloy
substrates. At least two specimens were considered from either bare or heat-treated
alloy substrates. Vickers microhardness number (VHN) was measured applying 1 g
load for 5 s. At least, six readings were taken into consideration for the samples
from each type and average values with the variations were recorded.

The scratch tests (adherence tests) were conducted at ambient temperature on
thin-layered alloy substrates after light metallographic polishing and cleaning of the
sputtered + thermally treated samples. The tests were performed under progressive
mode of loading in the range of 1–10 N over a scratch length of 1 mm to evaluate
the adherence of the layers. The tests were performed with CSM make scratch tester
having a Rockwell indenter of 200 µm tip radius. The parameters those were
recorded during the scratch tests were coefficient of friction, signals of acoustic
emission and depth of penetration. Examination of scratched surface was also
carried out using an optical microscope.

The sputtered + heat-treated alloy substrates of dimensions*10 � 10 � 1 mm3

were exposed to 70% K2SO4 + 30% KCl salts taken in an alumina crucible that
maintained a temperature of 973 K inside a furnace for a duration of 3.5 h in air.
After the exposure to salts, the cross-sections of both bare alloy substrate and thin
multilayered alloy substrate were metallographically polished, cleaned and exam-
ined using SEM-EDS.

3 Results and Discussion

Figure 1 demonstrates X-ray diffraction pattern of mill-annealed Alloy 800 indi-
cating primarily austenite phase. SEM examination as well as quantitative analysis
along the thickness of the magnetron-sputtered Alloy 800 substrate indicated for-
mation of an oxygen-rich Al–Fe–Ni–Cr containing layer having a thickness
of *1.0 µm just below the uppermost aluminium-rich deposited layer as shown in
Fig. 2. Typical EDS analysis of oxygen-rich Al–Fe–Ni–Cr containing layer has
been recorded as (in at.%): 41.4%Al–10.1%Fe–6.1%Ni–5.2%Cr–0.1%Ti.
Elemental analysis indicated that the variation of aluminium content in the said
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layer has been in the range of 8–42 at.% showing a gradual decrease of its content
towards the core.

SEM-EDS analysis of magnetron-sputtered + thermally treated alloy substrate
has revealed formation of thin (*5 µm) multilayer of aluminides at the upper
surface of the alloy substrate through elemental diffusion. It is indicated that the
multilayer comprising primarily Fe–Al rich layer (first one) followed by Fe–Ni–Cr–
Al rich layer (second one) and Ni–Al rich layer (third one) adjacent to substrate as
is evident from Fig. 3 and Table 3.

Based on Fe–Al, Ni–Al and Cr–Al phase diagrams [35–37], Fe–Al rich layer
and Ni–Al rich layer can be designated as FeAl type and NiAl type phase,
respectively, while the intermediate Fe–Ni–Cr–Al rich layer is a solid solution of
Fe, Ni, Cr and Al. Vokál et al. [34] have carried out pack aluminization (cemen-
tation) of Alloy 800 substrate at 1223 K using a pack mixture composed of 5 wt%
Al. According to the authors [34], (Ni, Fe)Al type and Fe2Al5 type phases with a

Fig. 1 X-ray diffraction pattern of mill-annealed Alloy 800 indicating primarily austenite phase

Fig. 2 SEM-EDS analyses along the thickness of magnetron-sputtered Alloy 800 substrate
revealing formation of an Al–O–Fe–Ni–Cr containing layer of thickness of around 1.0 µm just
below the uppermost aluminium-rich deposited layer
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thickness in the range of 15–20 lm have formed on top surface of the substrate.
Dutta et al. [5] have conducted pack aluminization of substrates on Alloy 800 at
1273 K using a pack mixture containing 10 wt% Al. The authors [5] have observed
that FeAl + Fe2Al5 type phases have formed on the outermost surface with an
adjoining layer of FeAl type phase. Houngniou et al. [4] have performed pack
cementation of Fe-30 wt% Cr alloy substrate at 1273 K using a pack containing 15
wt% Al. According to the investigators [4], FeAl and Fe3Al type phases formed as
the first layer followed by an interdiffusion zone, which could be attributable to
diffusion of aluminium towards inward direction with an outward diffusion of iron
and chromium. In view of the above findings, the formation of thin multilayer
consisting primarily of Fe–Al rich layer with adjoining Fe–Ni–Cr–Al rich inter-
mediate layer followed by Ni–Al rich layer as observed in the present investigation
can be manifested as follows. In magnetron sputtering with preheated alloy sub-
strate followed by cooling, a metastable Al–O–Fe–Ni–Cr containing layer forms
just below the aluminium-rich deposited layer. During subsequent thermal treat-
ment of the sputtered substrate at a temperature of 1273 K for a duration of 18 h,
the metastable phase equilibrates and also the uppermost aluminium-rich deposited

Fig. 3 SEM-EDS analyses along the cross section of magnetron-sputtered + thermally treated
Alloy 800 substrate revealing thin multilayer comprising Fe–Al rich, Fe–Ni–Cr–Al rich and Ni–Al
rich layers

Table 3 EDS analyses on magnetron-sputtered + heat-treated Alloy 800 substrate along the
cross-section

Analysis point Elements, at.% Possible phase

Fe Al Ni Cr

Fe–Al rich layer 26.6 22.9 14.8 13.0 Resembling FeAl type phase

Fe–Ni-Cr–Al rich layer 43.4 7.6 25.0 19.7 Fe–Ni–Cr–Al type phase

Ni–Al rich layer 15.1 31.8 47.0 4.5 Resembling NiAl type phase

Alloy substrate 45.9 5.9 26.2 20.4 Austenite phase
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layer. This equilibration takes place by inward diffusion of aluminium with an
outward diffusion of iron, nickel and chromium depending upon their diffusivities.
This phenomenon results in formation of Fe–Al rich layer on the upper surface (of
thin multilayer) with an Fe–Ni–Cr–Al type intermediate layer. The formation of
Ni–Al rich layer adjacent to alloy substrate could be due to slightly higher atomic
weight of nickel than either chromium or iron leading nickel marginally less
favourable element for diffusion as compared to other two elements. The aluminium
content and soaking period favour the formation of Fe–Al rich layer but not any
other high aluminium-containing phase on the uppermost surface of thin multilayer.

In case of thin aluminide layers, the average value of microhardness has been
obtained in the vicinity of 405 (±15) VHN, while the same for the alloy substrate
has been recorded in the proximity of 310 (±10) VHN. For magnetron-sputtered +
thermally treated alloy substrate, the average value of microhardness for thin
multilayer has been found to be much higher as compared to that of the bare
substrate. This finding appears to be consistent with the microstructures of substrate
and multilayer. Higher microhardness values for aluminides than the alloy sub-
strates have been obtained by Dutta et al. in their previous investigations on alu-
minides [5, 38]. According to the authors [5, 38], Fe-aluminides and Ni-aluminide,
formed by pack aluminization of Alloy 800 [5] and Alloy 690 [38] substrates,
respectively, exhibit higher microhardness values as compared to their respective
alloy substrate.

The scratch test on thin multilayered alloy substrate under progressive mode of
loading in the range of 1–10 N has exhibited friction coefficient in the proximity of
0.1 as shown in Fig. 4a. Kumar et al. [39] have performed scratch tests on
iron-aluminide thermal spray coatings at 30 N and 90 N load levels. The authors
[39] have obtained friction coefficient in the range of 0.19–0.28 those are higher
than that obtained for magnetron-sputtered and thermally treated substrate in the
present study. Dutta et al. [5] have conducted scratch tests under progressive mode
of loading in the range of 1–10 N on pack aluminized Alloy 800 substrates. The
authors [5] have reported the value of coefficient of friction in the range of 0.08–0.1
for aluminides while substrate has exhibited that in the range of 0.2–0.22. It appears
that the value of friction coefficient that is obtained in the present study is consistent
with the reported ones. Figure 4b, c demonstrates acoustic emission signals and
appearance of scratched surface at the end of the scratch test, while Fig. 4d shows
penetration depth during the scratch test. Magnetron-sputtered and heat-treated
Alloy 800 substrate has shown good adherence of thin multilayer and absence of
surface peeling off or formation of any crack as is evident from acoustic emission
signals as well as appearance of the scratched surface. A maximum depth of
penetration of around 11 µm has been measured for the multilayered substrate.
Similar behaviour has also been noticed for pack aluminized Alloy 800 substrates
under similar experimental conditions [5]. The aluminized alloy substrate has
exhibited neither any peeling off at aluminides nor at substrate/layer interfaces and
has shown a maximum depth of penetration in the proximity of 12 µm, which is
indicative of good adherence of layers of aluminides [5].
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SEM-EDS analysis of sputtered + thermally treated substrate has shown the
existence of aluminium-oxide layer on the surface of thin multilayered substrate after
the exposure to K2SO4–KCl salts at 973 K. Detailed elemental analyses have
indicated that the surface layer is predominantly composed of Al–Fe–Cr–Ni type
oxide layer having an average thickness in the vicinity of 4 µm with a variation of
composition along its thickness. The maximum contents of the elements have been
recorded as (in at.%): 39.5%Al–21.4%Fe–18.6%Cr–14.1%Ni–12.9%S–4.0%K–
0.5%Cl. The salts used during the exposure are believed to be the main sources of
sulphur, potassium and chloride. Figure 5 shows SEM micrograph along the
thickness of the specimen on which quantitative point analyses using EDS have been
performed. Haanappel et al. [33] have observed that the aluminide coatings, which
formed on Alloy 800H during pack aluminization are resistant to sulphidation up to a
temperature of 823 K. According to Vokál et al. [34], out of (Ni, Fe)Al and Fe2Al5
phases those formed on Alloy 800 surface during pack aluminization, degradation of
(Ni, Fe)Al type phase takes place after the exposure to 50 mol% KCl + 50 mol%
K2SO4 at 923 K. It is, therefore, indicative from the above discussion that the
resistance of magnetron-sputtered + thermally treated Alloy 800 substrates to
K2SO4–KCl salts at 973 K, which is indicative in the present study, could be
attributable to retention of predominantly aluminium-oxide type surface layer.

a b

c d 

Fig. 4 Variation of (a) coefficient of friction, (b) intensity of acoustic emission signal, with scratch
length, (c) appearance of scratched surface at the end of the scratch test and (d) variation of
penetration depth with scratch length, for magnetron-sputtered + thermally treated Alloy 800
substrate
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4 Conclusions

1. Aluminization of substrates of Alloy 800 using magnetron sputtering in con-
trolled atmosphere with properly preheated substrate followed by suitable
thermal treatment in controlled atmosphere can form thin (*5 µm) multilayer
of aluminides on the upper surface of alloy substrate.

2. Thin multilayer primarily composed of Fe–Al rich layer on the upper surface
with adjoining Fe–Ni–Cr–Al rich intermediate layer followed by a Ni–Al rich
layer.

3. In magnetron sputtering with preheated substrate, a metastable aluminium-
containing phase forms below the uppermost aluminium-rich deposited layer. In
the subsequent thermal treatment, equilibration of metastable layer takes place
and also of the aluminium-rich deposited layer. This leads to formation of thin
layers of aluminides by diffusion of aluminium towards inward direction with an
outward diffusion of iron, chromium and nickel based on their diffusivities.

4. Thin multilayered alloy surface shows higher microhardness than bare substrate.
5. Adherence of multilayer has been found to be good under progressive mode of

loading in the range of 1–10 N.
6. Retention of predominantly aluminium-oxide type layer on thin multilayered

alloy surface after the interaction with sulphate-chloride salts at 973 K indicates
its good resistance to aggressive environment.

Fig. 5 SEM-EDS analyses along the thickness of magnetron-sputtered + thermally treated Alloy
800 substrate after the exposure to K2SO4-KCl salts at 973 K indicating retention of
predominantly aluminium-oxide type layer
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Structural Characteristics of Cr-Doped
In2O3 Thin Films Grown by Pulsed
Laser Deposition

Y. Veeraswamy, R. J. Choudhary, D. Shobharani, S. Vinoth,
and M. V. Ramana Reddy

Abstract The pulsed laser deposition technique is employed to deposit undoped
and Cr-doped in2O3 thin films on Si (100) substrate. The obtained undoped and
Cr-doped In2O3 thin film samples were systematically investigated by using XRD,
XPS, VBS-RPES and SEM-EDX. SEM micrographs revealed that the deposited
films showed flake-like structures and Cr-doped In2O3 showed well-separated
columnar morphology. X-ray photo electron spectroscopy reveals ionization states
of the elements present in the films. Cr-core level spectra showed two ionic states 3+

and 4+. Valence band spectroscopy measurements divulge that doping Cr ions
create an additional state close to Fermi level in the valence band spectra of In2O3.
Using resonant photoemission spectroscopy, it is confirmed that the additional state
is due to Cr-3d and O-2p hybridized state.

Keywords Dilute magnetic semiconducting oxides � Valence band structure and
resonant � X-ray photoemission spectroscopy

1 Introduction

The transparent metal oxide with higher carrier mobility has a magnetic property,
then this property attracts very much like a miniature robust device for spintronic
applications. Such materials are known as diluted-magnetic metal oxide semicon-
ductors (DMOS). If carrier-mediated magnetization can be induced in transparent
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semiconducting oxides such as In2O3, ZnO, TiO2, etc., it is predicted that such
DMOS will exhibit coupling among electrical, optical and magnetic properties,
further boosting the prospects of devices emanating from such materials. Among
various transparent conducting oxide materials, In2O3 is a versatile material with a
huge collection of applications in optoelectronics, gas sensors, solar cells, etc. In2O3

is an n-type semiconducting material with a wide optical energy band gap with a
cubic bixbyite crystal structure. In past, a few attempts were made to probe the
magnetic properties of transition metal-doped In2O3. However, the origin of
magnetism in such a system is always a mystery. In that Philip et al. [1] reported
that ferromagnetic ordering in Cr-doped In2O3is due to carrier mediation.
O. D Jayakumar et al. suggested that defects in the synthesis may cause the
magnetism in Iron-doped In2O3 thin films [2]. N. B. Ukah et al. described the
structural and electrical transport properties of Cr-doped In2O3 films, and they have
suggested that pulsed laser deposition technique (PLD) is more advantageous than
other deposition techniques [3]. From the above discussions, it is evident that the
properties of In2O3 based DMOS depend on the dopant and defects which would
alter the electronic structure of such materials. However, change in the electronic
structure of In2O3 occurring by defects or dopants is not well-understood. Probing
the electronic structure will be key to understand the underlying mechanism
responsible for the coupled electrical, optical and magnetic properties of In2O3

based DMOS and accordingly design the material for device application. In this
article, we have probed the valence band structure of pulsed laser deposited In2O3

thin films and its modification resulted due to the environment of Cr-doping.
Resonant photoemission spectroscopy (RPES) was employed to study the charac-
teristics of valence band spectra (VBS). The fabricated undoped In2O3 and
Cr-doped In2O3 thin films are characterized by different analytical techniques like
GIXRD, SEM, EDAX and XPS.

2 Experimental

In the present investigation, we have deposited undoped In2O3 and Cr-doped
In2O3(i.e. In2-xCrxO3(x = 0.06)) thin films on Si (100) substrate. To deposit the
films, a well-sintered target of undoped In2O3 and Cr-doped
In2O3(In2-xCrxO3(x = 0.06)) for pulsed laser deposition technique targets were
prepared by the solid-state process. The high purity In2O3 (99.99%) and Cr2O3

(99.99%) powders (purchased from Sigma-Aldrich) are the precursor chemicals to
synthesize the In2-xCrxO3 (x = 0.06) powder sample by solid-state reaction shown
in Fig. 1a. The grounded mixture was annealed at 800 °C in air for 10 h. The
prepared high purity In2O3and Cr-doped In2O3(i.e., In2-xCrxO3(x = 0.06)) powders
were cold-pressed at 10 ton load and pellets with a diameter of 1-inch and thickness
of 2 mm was made. The as-made pellets were sintered at 900 °C for 12 h. Si
(100) is used as substrates and the films were grown by pulsed laser deposition
(PLD) (Lambda physic complex 201 model) system. Depositions were carried out
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at a laser energy of 200 mJ/pulse for the deposition of 15 min. During the depo-
sition, the distance between target to the substrate was adjusted to 6 cm and the
substrate temperature was sustained at 673 °C. Formerly, the deposition chamber
was evacuated to a base pressure better than 10−6Torr. During the deposition,
oxygen partial pressure was maintained at 0.1 mTorr. The structural and crystal-
lographic phases of the deposited films were analyzed using GIXRD (D8-Discover
system of M/s Bruker) furnished with CuKa. The XPS analysis was recorded in
vacuum in the order of 10−10 Torr using the Omicron energy analyzer (EA-125)
with the Al Ka (1486.6 eV) X-ray source. The photoemission experiments were
carried out after cleaning the deposited films using 500 eV Ar ions. The resonant
photoemission spectroscopy (RPES) and valence band photoemission
(VBS) measurements of the film were performed at the angle-integrated PES
beamline on the Indus-1 synchrotron radiation source at RRCAT, Indore, India. The
valence band photoemission spectra were carried out in the photon energy range of
44–57 eV and were recorded by an Omicron (EA-125) energy analyser. The
position of the Fermi levels (EF) of the samples was determined by measuring PES
spectra of gold which was electrically in contact with the samples.

Fig. 1 a Flowchart of PLD target preparation and b GIXRD of undoped and Cr-doped In2O3 thin
film c and e are SEM and EDS of undoped In2O3, d and f SEM and EDS of Cr-doped In2O3 thin
film
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3 Result and Discussion

3.1 Glancing Incidence X-Ray Diffraction (GIXRD)

In the present investigation, we have deposited pure In2O3 and Cr-doped In2O3(i.e.,
In2-xCrxO3(x = 0.06)) thin Fig. 1(b) presents the GIXRD patterns of the pure In2O3

and Cr-doped In2O3(i.e. In2-xCrxO3(x = 0.06)) thin films on Si (100) substrate.
From Fig. 1b, the observed XRD peaks compared with the JCPDS (card no.
06-0416) standard data file of indium oxide, which confirms the formation of the
phase of pure bixbyite cubic crystal structure of In2O3with the Ia-3(206) space
group. No extra characteristic peaks were observed in the films that can be related to
any metal chromium, indium metal and chromium-based compounds. The pure
In2O3 and Cr-doped In2O3 thin film samples show prominent (2 2 2) peak that
confirms polycrystalline structure. Besides, the (222) peak position shifted toward a
higher angle for Cr-doped In2O3 thin film. The lattice parameters of the pure In2O3

and Cr-doped In2O3 thin film samples were evaluated by analysing the observed
XRD patterns using the celref3 software and are found to be 10.11 and 10.12 Å,
respectively.

XRD results confirm the formation of the nanocrystalline pure bixbyite cubic
phase of pure In2O3 and Cr-doped In2O3 thin film samples.

3.2 Scanning Electron Microscopy (SEM)

Figure 1c, d presents the SEM micrographs of undoped In2O3 and Cr-doped In2O3

thin film samples, respectively. Figure 1e, f, represents energy dispersive spec-
troscopy of undoped and Cr-doped In2O3 thin films. The flake like morphology
applies in case of undoped indium oxide and well-separated spherical morphology
is observed for Cr-doped In2O3 thin film. The mean grain size ranges from 200–300
to 300–500 nm, respectively. It is also observed that the average grain size is more
in case of pure In2O3 thin films compared with the Cr-doped In2O3 thin films.
Figure 1e, f shows the EDS spectra of undoped In2O3 and Cr-doped In2O3 thin film
samples, respectively. From the EDS plot Figs. 1e and 2f, we could observe the
peaks of In and O and the peaks of In, Cr and O elements, respectively, without any
additional peaks, which suggests the purity of the In2O3 and Cr-doped In2O3 thin
film samples, respectively.

3.3 X-Ray Photoelectron Spectroscopy (XPS)

Figure 2i(a) depicts the X-ray photoelectron survey scan spectrum of the undoped
In2O3 thin film. It shows all the intense peaks related to Indium (In) and Oxygen
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(O) electronic states and there are no extra peaks related to any impurity. Figure 2i
(b) represents the X-Ray photoelectron survey scan of Cr-doped In2O3 thin film.
From Fig. 2i(b), the several intense peaks observed in the survey scan spectrum
represent the different electronic states of Indium (In), Chromium (Cr) and Oxygen
(O). The detailed survey scan spectrum has been performed to determine the ionic
state of In, Cr, and O in the deposited undoped and Cr-doped In2O3 thin films.

Figure 2ii(a) shows the core-level fine spectra of Carbon (C) core and its shifting
correction. Figure 2ii(b) shows the deconvolution of the core-level fine spectra of
O–1 s of Cr-doped In2O3. From this the observed spectra show the presence of
three features in the spectrum. The feature around 528.4 eV is related to the lattice
oxygen, while the feature appearing at higher binding energy 531.2 eV is due to the
presence of surface hydrocarbon over the sample surface. The feature around
529.6 eV is due to the presence of oxygen vacancy in our sample. A similar
spectrum is observed for pure In2O3 thin film also. Oxygen vacancy in the film is
rather a familiar occurrence in transparent oxide films due to the loss of oxygen
during the synthesis process. The presence of oxygen vacancy state can be
understood from the Cr core-level spectra. From Fig. 2ii(c), it is observed that In-3d
core-level spectra contain two peaks which are due to spin-orbit splitting and

Fig. 2 XPS study of undoped and Cr-doped In2O3 thin films
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separated by 7.6 eV. Features of In-3d core-level spectrum were fitted with com-
bined Gaussian-Lorentzian function and the observed features corresponding to In
3d3/2 and In 3d5/2 states were observed at 451.6 eV and 444 eV, respectively [4].
This is consistent with the expected 3+ state of In2O3. A similar spectrum was also
observed for the pure In2O3thin film.

Figure 2ii(d) shows the Cr 2p3/2core level spectrum of Cr: In2O3 thin film. The
spectrum was corrected with Shirley background approximation and fitted with the
Gaussian-Lorentzian function. The fitted spectrum reflects the presence of Cr3+

state along with the Cr4+ state. The most intense peak at 576.3 eV is assigned as
Cr3+ state and a hump at higher energy tail of Cr3+ state reflects the presence of
higher oxidation state Cr4+. The hump cannot be a satellite feature due to Cr3+ state
since its position should appear at 11 eV higher in binding energy from the Cr-2p3/2
feature. A small feature of 572.7 eV is due to the multiple splitting of Cr-2p energy
levels [5]. The occurrence of 3+ and 4+ states of Cr ions suggests its substitutional
character and excludes the possibility of Cr clusters in the studied films. The hetero
valence of Cr ion can be explained by the occurrence of oxygen vacancy in the
studied films.

3.4 Valence Band Spectroscopy

After ensuring the ionic state of Cr in In2O3 matrix, we now probe the change in the
valence band spectra of In2O3 thin films due to Cr-doping. In Fig. 3a valence band
spectra obtained at 44 eV photon energy of pure In2O3 and Cr-doped In2O3 thin
films close to Fermi edge is shown. Zero energy corresponds to the Fermi level. It is
observed that there is hardly any density of states available at Fermi level in both
the films and it remains unaltered by doping suggesting their semiconducting nature
[6]. It is also observed that there is a shift in the valence band maxima by 0.9 eV
toward Fermi level due to Cr-doping in In2O3 illustrated in Fig. 3b. It also appears
that an additional feature is emerging close to EF in Cr-doped In2O3thin film sample
[7]. Valence band modification graphical illustration is shown in Fig. 3b.

To better understand the modification of electronic structures due to Cr-doping
in In2O3 thin films, we analyse the VBS in detail. Figure 3c, d simultaneously
shown the normalized VBS of undoped In2O3 and Cr-doped In2O3 thin films at the
photon energy of 44 eV. The spectra were analyzed by with Shirley background
approximation and fitted with the combined Gaussian-Lorentzian function. The
pure In2O3 VBS consists of four features indicated as B (4 eV), C (5.7 eV), D
(7.6 eV) and E (9.9 eV). But in Cr-doped In2O3 thin film, an additional feature at
2.6 eV labeled as a feature A is observed. By comparing these spectra with the
previously reported theoretical calculations on the valence band structure of In2O3,
features C and D are assigned to O-2p occupied states [8] and feature D is due to
oxygen-indium hybridization states. Feature C at 5.7 eV is mainly O-2p bonding
states. Feature E at 9.9 eV appears due to adsorbed CO or OH on the surface [9].
Feature B arises due to In-O bonding states [10]. The additional feature, labeled as
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A, appearing in the VBS spectrum of Cr-doped thin film suggests the modification
in the electronic structure of In2O3 and to reveal its origin, we performed resonant
photoemission spectroscopy measurements.

3.5 Resonance Photoemission Spectroscopy

RPES is performed by measuring VBS at different photon energies. In Fig. 3e, VBS
taken at various photon energies ranging from 44 to 57 eV is shown. The
above-selected energy range extends the photo-absorption energy from 3p to 3d
transition of Cr ions. The spectra were normalized with the beam current. CIS
spectra of feature A is plotted and presented in Fig. 3f. CIS intensity graph is
observed by plotting the normalized intensity of various features at their respective
binding energies with photon energy. From the CIS plot, resonant enhancement in
intensity is shown at the photon energy of 51 eV. The origin of the resonance
feature at 51 eV, can be justified based on the interference of two ways for pho-
toemission. One of the photoemission ways is caused by the direct photoemission
from the 3d state explained in Eq. (1).

Cr : 3p63d3 t2g3 : d1xyd
1
xzd

1
yz

� �
þ hv ! Cr 3p63d2 t2g2�d1xy�d1yz

� �
þ e�1 ð1Þ

The other way of photoemission is due to absorption of the photon at the
resonant photon energy by 3p state accompanied by super Coster-Kronig decay. In
the atomic level, the intra-atomic excitation process followed by Super
Coster-Kronig transition is represented as Eq. (2)

Fig. 3 VBS spectral analyses of Cr-doped in2o3 thin film
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The last state is identical in both the cases and this kind of mechanism ascribes to

a Fano-type profile for the photoemission intensity and Coster-Kroning transition
illustrated in Fig. 3g. This confirms that feature A arises due to chromium 3d
derived states. A minimum in the CIS plot is also observed at 46 eV kin to
anti-resonance. Such feature in the CIS plot suggests the feature A to be because of
hybridized states of Cr-3d and O-2p states [11].

4 Conclusion

In the present work, we deposited undoped In2O3 and Cr-doped In2O3 thin films on
Si (100) substrate by using PLD technique. The deposited films are crystalline and
grown in a single phase without any impurity. XPS studies highlight that the grown
films have oxygen vacancies, which also lead mixed oxidations states of Cr in 3+

and 4+ states. The valence band edge is observed to shift toward to Fermi level after
Cr-doping. Cr-doping also gives rise to an additional state close to the Fermi level.
Using RPES studies, it is revealed that the Cr-3d derived states are hybridized with
O-2p states. Cr-doping in the In2O3 thin film results in the magnetic ordering in the
film. It has possible applications in DMOS and spintronic as a material for spin
injectors.
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Estimation of Dislocation Density Using
Electron Channelling Contrast Imaging
in Ti-Hastelloy-N

Harish Donthula, K. V. Manikrishna, B. Vishwanadh, and R. Tewari

Abstract In the present study, using electron channelling contrast imaging (ECCI)
technique dislocation densities were estimated in Ti-modified Hastelloy-N
deformed to a nominal strain of 0.1. These dislocations were imaged using the
backscattered electrons signal under controlled two beam diffraction conditions in
SEM. To obtain such a condition, the crystallographic orientation of the grain is
evaluated from the electron backscattered diffraction (EBSD) patterns. The grain is
then oriented to a desired diffracting condition w.r.t electron beam using the tilt and
rotation angles of the SEM stage. For this purpose, a software has been developed
which helps in manoeuvring the crystal to different diffracting conditions by esti-
mating the permissible tilt and rotation angles of the SEM stage due to its geometry.
The dislocation densities obtained from this technique are corroborated with that of
TEM.

Keywords Electron channelling contrast imaging � Dislocation density � Electron
backscattered diffraction

1 Introduction

Researchers, from past to present, have characterized and quantified crystallo-
graphic defect densities (mainly dislocation density) using different methods,
broadly classified as direct and indirect techniques [1–4]. The direct techniques are
visual-based techniques, while the indirect techniques adopt a mathematical model
to estimate the defect densities. Both these techniques have their inherent limita-
tions and uncertainties in measurement of dislocation densities. For example, XRD
and TEM, which are widely used to estimate the dislocation densities, probe dif-
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ferent length scales in a material; former in micrometres while the latter in
nanometres [2, 3]. XRD estimates average defect densities by employing mathe-
matical models based on the broadening of diffraction peak profiles obtained from a
bulk specimen [3, 4]. However, this technique cannot visualize and characterize
individual dislocations. On the other hand, TEM can quantify and characterize the
dislocations based on the invisibility criterion by imaging at specific diffracting
conditions [1]. The localized dislocation density can be quantifying by measuring
the number of the lattice defects in a bright/dark field TEM micrographs. But TEM
techniques are limited to low dislocation densities, and the margin of error increases
substantially when the contrast of dislocations is lost due to overlapping defects and
artefacts.

Microstructural features in deformed specimens such as slip bands, nano-twins,
dislocation cells and domains are also distributed in the microstructure at various
length scales [5, 6]. For example, depending on the alloy systems and deformation
parameters these features can vary from few nanometres to hundreds of nanometres.
As XRD and TEM probe different length scales in a material, it is highly likely that
the former calculates the average densities due to overall deformation and the latter
due to localized deformation. The length scales and the probing volume for different
techniques are listed in Table 1.

In this regard, SEM-based ECCI can be of a great help, as it can probe the
intermediate length scales between XRD and TEM. Also, this technique can image
the distribution of various microstructural features and lattice defects without vig-
orous sample preparation [5–8]. The differential channelling of the electrons due to
the misorientations caused by defects in a crystal generates a spatial variation of
BSE yield, thereby generating a high contrast image of the defects from a bulk
specimen near two-beam diffracting condition. To image lattice defects using ECCI,
the crystal must be navigated to different diffracting conditions w.r.t electron beam.
However, unlike TEM, kikuchi diffraction patterns are not available for the navi-
gation of the crystal to different diffracting conditions. In the regard, the major
challenges are the following:

• Generation of selected area channelling patterns (similar to kikuchi patterns) for
a crystal of specific orientation w.r.t electron beam.

• Obtaining the permissible tilt and rotation angles of the SEM stage to orient the
crystal into a near two beam diffracting conditions. It is observed that for the

Table 1 Probing volumes and length scales for different techniques

Technique Length scale and probing volume

XRD Few microns along thickness direction; *probe volume > 10−3 mm3

ECCI Less than hundred nanometres along thickness direction with higher field of
view; *Probe volume (10−9 to 10−8 mm3)

TEM <100 nm along thickness direction; *Probe volume (10−12 to 10−11 mm3)
*indicates an approximate estimate, as the probe volume depends on beam size, sample dimension
and magnification
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positive values of deviation parameter (w), product of extinction distance (ng)
and excitation error (Sg), a sharp bright contrast of defects is obtained against the
dark matrix [9].

In this study, a software has been developed to simulate the diffraction patterns
obtained from a crystal oriented with respect to electron beam. Based on the ori-
entation of the crystal, the software estimates the permissible tilt and rotation angles
of the stage to attain the desired two beam diffracting conditions. Using this
approach, the defect densities in Hastelloy-N which was deformed to a nominal
strain of 0.1 are estimated. The obtained dislocation densities from this approach are
corroborated with those obtained from TEM analysis.

2 Experimental

In the study, an as-cast Hastelloy-N block was solutionized at 1200 °C for 2 h to
dissolve the carbides into matrix and subsequently forged into a bar of 6 mm �
6 mm in cross section [10]. The forged bar is then held at 1200 °C for an hour to
obtain a recrystallized microstructure and avoid the precipitation of secondary
carbides at the grain boundaries. Cylindrical samples of 4.5 mm � 6 mm (/)
samples were fabricated from the recrystallized bar and compressed uniaxially to a
nominal deformation of 10% at a strain rate of 10−3 s−1. The compressed samples
were then cut across the axis and mechanically polished until mirror finish is
obtained. Further, chemo-mechanical polishing was carried out with 40 nm col-
loidal silica suspension to eliminate the deformed layer from the surface generated
during sample polishing. TEM samples were prepared from the centre region of the
deformed sample by twin jet electropolishing the mechanically thinned down
samples using a mixture of 90 parts of methanol and 10 parts perchloric acid as
electrolyte at −35 °C and 20 V. Electron channelling contrast imaging is performed
in backscattered imaging mode in Carl Zeiss Auriga FESEM attached with oxford
Nordlys EBSD detector. Defect analysis was carried out using Carl Zeiss Libra
200FE microscope. Foil thickness of the TEM sample was estimated using electron
energy loss spectroscopy using an omega filter attached with the TEM.

3 Achieving the Necessary Diffracting Condition for ECCI

D.G. Coates [11] had first observed selected area channelling patterns, similar to
kikuchi pattern, on a single crystal of GaAs with (111) orientation in backscattering
imaging mode by rocking the stage in two orthogonal directions in a conventional
SEM. Later Crimp et al. [12] based on the invisibility criteria used ECCI to
characterize the nature of the dislocations in Fe–Al alloys. The earlier ECCI studies
used rocking beam method to image dislocations at a specific diffracting condition
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where the sample stage was tilted/rotated by following a specific diffraction band in
the channelling pattern to achieve near two beam condition, an approach similar to
that followed in TEM [11–13]. However, this method could not extensively
explored as (i) most SEMs are not equipped with additional deflector coils to allow
rocking of beam and (ii) poor spatial resolution due to rocking beam or stage was
not suitable for polycrystalline samples.

To overcome the above-mentioned limitations, ECCI is carried out by inte-
grating EBSD with backscattered electron imaging in SEM [14]. In this approach,
the orientation of a crystal/grain w.r.t global reference frame obtained from EBSD
is used to simulate the channelling pattern of the crystal w.r.t electron beam. Using
the appropriate set of tilt and rotation operations of the SEM stage obtained by the
software, the chosen crystal/grain can be navigated to desired diffracting conditions
(w > 0). A detailed flowchart of the software is shown in Fig. 1. At such diffracting
conditions, due to higher channelling of electrons in the perfect crystal (matrix) than
the regions with defects, a spatial variation of backscattered electron yield is
obtained. Therefore, the defects appear brighter contrast against the dark matrix,
similar to a weak beam TEM image as shown in Fig. 2. The contrast generation
mechanism for lattice defects at different diffracting conditions is theoretically
explained by using Bloch wave method [15, 16].

Fig. 1 Flowchart for carrying out ECCI in SEM using the EBSD-based crystallographic software
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4 Results and Discussion

The microstructure of the 10% deformed Hastelloy-N specimen is shown in Fig. 3a.
Consider the region marked as ‘A’ whose orientation /1; /; /2ð Þ ¼ð
343; 42; 10:3ð ÞÞ is determined by EBSD w.r.t the global reference frame. By
choosing the correct set of tilt (preferably lower tilt angles) and rotation angles for
the SEM stage obtained from the software, the chosen grain can be navigated to
different diffracting conditions. For example, three diffracting conditions are chosen
to measure the dislocation density near (011) zone axis, namely g200, g022 and g111.
Figure 3c shows the simulated kikuchi pattern w.r.t electron beam at g111 two-beam
condition by using the rotation and tilt angles of the stage (tilt = 8° rot = 340°). At
such diffracting condition, due to greater electron channelling the grain marked as
‘A’ appears darker than other grains in the microstructure as shown in Fig. 3a. At
higher magnifications, the dislocation structure can be observed as shown in
Fig. 3b. The distribution of defects in the microstructure at similar diffracting
conditions in TEM is also captured as shown in Fig. 3d.

The dislocation density is estimated using the following expression, ¼ 2N
Lt , where

N is the total number of intersection of dislocations with the grid of length ‘L’ on the
micrograph and ‘t’ is the probe depth/foil thickness [17]. The probe depth in the
expression is the length to which electrons channel into the material at a specific
diffracting condition. The typical thickness to which electrons channel at a specific
diffracting condition is in the order of 5ng [16]. The probe depth calculated
using extinction distance for different family of atomic planes in nickel is given in
Table 2 [18]. Similarly, the foil thickness in TEM is calculated using electron

Fig. 2 Microstructure of Hastelloy N deformed to a nominal strain of 0.1, showing the presence
of dislocations captured using ECCI at (202) diffracting condition. The simulated diffraction
pattern of the crystal at diffracting condition is shown in inset
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energy loss spectroscopy [1]. Therefore, using the above expression the dislocation
density calculated at different diffracting conditions from ECCI and TEM are given
in Table 2. The dislocation densities estimated by this method are of the similar
order then the densities estimated by TEM. Both techniques TEM and ECCI can
estimate the dislocation density provided its contrast is discernible. Therefore, this
limits the estimation of defect densities in highly deformed samples due to over-
lapping lattice defects in the microstructure. The uncertainties in measurement of

Fig. 3 a Low magnification image highlighting the region A, which exhibit maximum electron
channelling. b High magnification image of region 'A' showing the dislocation structure at (111)
diffracting condition superimposed with the traces of different crystallographic directions.
c Simulated kikuchi pattern and spot pattern at (111) diffracting condition. d Bright field TEM
image showing the presence of dislocations at (111) diffracting condition. Inset shows the EELS
pattern obtained from the region

Table 2 Dislocation densities calculated at different diffraction conditions using TEM and ECCI.
Probe depths in ECCI at these diffracting conditions are also listed

Diffracting
condition

Probe depth (in
nm) in ECCI

Dislocation density
(m−2) using ECCI

Dislocation density (m−2)
estimated using TEM

111 42 1.75 ± 0.9 � 1014 1.67 ± 0.5 � 1014

200 48 2.11 ± 0.5 � 1014 1.96 ± 0.7 � 1014

022 70 1.71 ± 0.4 � 1014 1.61 ± 1.1 � 1014
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defect densities by TEM are subjected to the presence of artefacts such as bend
contours, thickness fringes and annihilation of dislocations into the free surface near
the hole generated during sample preparation. However, such artefacts do not affect
the estimation of dislocation densities in ECCI. Unlike TEM, ECCI does not
demand a vigorous sample preparation and is a robust technique for estimation of
defect densities in a material. Also, ECCI is an effective tool to understand in-situ
deformation/hardening phenomenon such as nano-indentation, irradiation and
deformation induced transformations which is otherwise not possible with con-
ventional techniques. However, this technique being a largely depended on the
surface topology, utmost care has to be taken in eliminating the deformed layer due
to mechanical polishing from the surface of the specimen.

5 Summary

The major challenge of obtaining channelling pattern from a crystal w.r.t electron
beam is circumvented by using EBSD-based crystallographic approach to simulate
these patterns at different tilt and rotation angles. This EBSD approach, unlike
rocking beam method, has a better spatial resolution and can be integrated to
conventional SEM’s with greater ease. As the latter require tweaking the current of
the deflector coils to rock the beam w.r.t optic axis. The current work has
demonstrated that EBSD-based crystallographic approach for ECCI as a robust
technique for measurement of dislocation densities on a bulk specimen. The dis-
location densities obtained by ECCI in SEM is captured by probing the material at
higher length scales (sub-micron) than TEM with a greater field of view. Therefore,
ECCI can complement the conventional characterization techniques to estimate
lattice defect densities at multiple length scales.
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Efficiency of the Solid Oxide Cell
(SOC) Using Nanocrystalline Mixed
Ionic and Electronic Conducting
(MIEC) Oxides as Air Electrode
Materials in Conjunction with Doped
Ceria-Based Interlayers

Shoroshi Dey, Jayanta Mukhopadhyay, and Abhijit Das Sharma

Abstract Nanocrystalline MIEC air electrodes, viz., La-Sr-Co-Fe and Ba-Sr-Co-Fe
(6482) and nano-Gd-doped ceria (GDC) are synthesized using solution combustion
technique and hydroxide co-precipitated route, respectively. Synthesized calcined
nanopowders are characterized for phase purity using X-ray diffraction showing
rhombohedral lattice for LSCF and cubic lattices for BSCF and GDC. Detailed
transmission electron microscopy (TEM) reveals a near-net shape nanoparticles of
MIEC perovskites and agglomerate free nanoparticles for GDC, and thus a com-
posite functional layer was formulated in combination with MIEC and GDC to
adhere in between electrolyte/interlayer and electrodes. Lower electrode polariza-
tions of 0.017 X.cm2 and 0.17 X.cm2 with high exchange current density prove
better electrode kinetic phenomena @850 °C for both LSCF-6482 and BSCF-6482
with sufficiently high current densities for both SOFC and SOEC modes of oper-
ation with the highest hydrogen generation rate of 0.62 Nl.cm−2.h−1. Cell perfor-
mances are clinically correlated with the cell microstructure.

1 Introduction

Solid oxide cell (SOC) is considered as one of the most efficient energy conver-
sation devices which can play the most vital part for a socio-economic development
in near future [1, 2]. During the past few decades, tremendous efforts have been
devoted toward the development of the air electrode to suppress the delamination
and degradation issues. Mixed ionic and electronic conducting (MIEC) perovskite
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oxides, viz., La1-xSrxCoyFe1-yO3 (LSCF), Sm0.5Sr0.5Co0.5O3 (SSC),
Ba1-xSrxCo1-yFeyO3(BSCF), etc., have recently drawn much attention to encounter
such problems [3, 4]. However, the application of such MIEC perovskites as air
electrodes faces a problem with solid-state unwanted reaction with that of the
conventional yttria-stabilized-zirconia (YSZ) electrolyte, and thus the application of
doped ceria as an interlayer and the composite layer of MIEC mixed with doped
ceria as a buffer layer lowers the interfacial polarization resistances with layer-wise
minimization of the thermal expansion coefficient mismatches from the air elec-
trodes to the electrolyte [5]. Researchers have shown that doping with aliovalent
cations like Gd3+, Sm3+, Eu3+, La3+, etc., can enhance the electrocatalytic activity
by increasing the oxygen vacancy in the ceria lattice [6]. Among the MIECs,
La1-xSrxCoyFe1-yO3 (LSCF) and Ba1-xSrxCoyFe1-yO3 (BSCF)-based oxides have
been widely reported as an efficient air electrode for SOC because of the extended
triple phase boundary (TPB) for oxygen reduction or evaluation reaction through
the bulk path [7, 8]. Doped ceria having an excellent solid solubility of the diffused
‘Sr’ from the air electrodes of such MIEC classes can further increase the stability
of the materials while using for longer time of operation [5]. Comparison of the
partial molar free energy change ðDG�

O2
Þ associated with the oxygen reduction/

evolution process for Ba0.6Sr0.4Co0.8Fe0.2O3 (BSCF-6482) and Ba0.5Sr0.5
Co0.8Fe0.2O3 (BSCF-5582) in the temperature regime 650–950 °C shows high
values for BSCF-6482 system and thus has been taken for the present investigation
with the state-of-the-art La0.6Sr0.4Co0.8Fe0.2O3 based MIEC [9]. It has further been
shown by many groups of researchers that the structural property of the doped ceria
has a strong correlation with processing techniques and thus correlates with the
efficacy of using in conjunction with the air electrodes [10].

Under this present study, La0.6Sr0.4Co0.8Fe0.2O3 (LSCF-6482) and
Ba0.6Sr0.4Co0.8Fe0.2O3 (BSCF-6482)-based multicomponent mixed ionic and
electronic conducting (MIEC) ceramic oxides were synthesized using combustion
technique which is believed to be a modified Pechini process. Gel combustion
characteristics with detail crystallographic structural analyses have been investi-
gated thoroughly. Detailed electron microscopic analyses both for MIEC electrodes
and Gd-doped ceria, which is synthesized by simple, cost-effective and up scalable
co-precipitation method were carried out. Electrode polarizations for LSCF-6482
and BSCF-6482 system in combination with buffer layers of Gd-doped ceria
(GDC) and MIEC on the top of GDC-based electrolyte were studied through
impedance spectroscopic analyses in the symmetric cell configuration. The single
cell (NiO-YSZ/YSZ/GDC/LSCF-6482:GDC/LSCF-6482 and NiO-YSZ/YSZ/
GDC/BSCF-6482:GDC/BSCF-6482) configurations were fabricated and tested
for the electrochemical performances of such MIEC air electrodes in association
with the interlayers and buffer layers through I-V characteristics both under the
SOFC and SOEC modes. The detail results have been presented in corroboration
with synthesized particle size, morphology, electrode, and cell performance both in
SOFC and SOEC modes of operation.
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2 Experimental Procedure

Self-heat sustainable solution autocombustion technique was used for the synthesis
of LSCF-6482 and BSCF-6482 MIEC powders by using nitrate salts of lanthanum,
barium, strontium, iron, and cobalt-based precursors and reported in our previous
articles [11, 12]. L-alanine and citric acid-glycine were used to serve as a metal
complexing fuel agent for such multicomponent perovskites as schematically
shown in Fig. 1a. Schematic representation for synthesizing Gd-doped ceria
(GDC) powder for the interlayer and buffer layers by co-precipitation technique
using nitrate salts as the precursors of cerium and gadolinium is given in Fig. 1b.
Ammonium hydroxide was added to the solution for the complete precipitation with
constant measuring of pH. The detailed procedure for the synthesis with the rate
determining steps and optimized parameters has already been discussed in our
previous communication [13].

Thermal analyses of the precursor gels of LSCF-6482 and BSCF-6482 and dried
GDC powder were carried out using differential thermal and thermogravimetric
analyses (DTA, TGA) using simultaneous thermal analyzer (NETZSCH, STA 449
F3, Jupiter). The samples were tested from room temperature to 1000 °C in air at a
specified heating rate of 5 °C/min. Phase purity of the synthesized materials, calcined
at 850 and 1000 °C for LSCF-6482 and BSCF-6482 respectively and at 750 °C
for GDCwas checked by X-ray diffractometer in the 2h range of 10°–80° with X’Pert
Pro software using (PANalytical, Philips, Holland) X’Celerator operating at 40 kV
and 40 mA with CuKa (k = 1.5406Å) radiation. The morphology of the powders
was characterized using transmission electron microscopy (TEM, Tecnai G230ST)
and the lattice spacing was determined using high resolution TEM (HRTEM)
operating at an accelerated voltage of 300 kV. Detail impedance studies were carried

Fig. 1 a Schematic representation of synthesis procedure for LSCF-6482 and BSCF-6482;
b Scheme for GDC synthesis by using co-precipitation technique
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out using symmetric cell configuration, viz., BSCF-6482/BSCF-6482:GDC(1:1)/
GDC/BSCF-6482:GDC(1:1)/BSCF-6482 and LSCF-6482/LSCF-6482:GDC(1:1)/
GDC/LSCF-6482:GDC(1:1)/LSCF-6482 onto sintered GDC-disks. The interlayer
and buffer layers made of GDC and BSCF-6482/LSCF-6482:GDC (1:1wt ratio) were
prepared by screen printing techniques of the thick pastes of the respective formu-
lations and subsequently heat treated in the temperature range of 1300 °C–1100 °C
for 4 h. The impedance spectra for such symmetrical cells were captured with AC
frequency, i.e., 10−1 Hz � f � 106 Hz from Solartron frequency response ana-
lyzer (Modulab). Cyclic voltammetry by using potentiostat-galvanostat
(PGSTAT302N, Autolab, The Netherlands) was also used for measuring the
exchange current densities of suchMIEC air electrodes. For the single cell fabrication
of configurations Ni-YSZ/YSZ/GDC/LSCF-6482:GDC/LSCF-6482 and Ni-YSZ/
YSZ/GDC/BSCF-6482:GDC/BSCF-6482 tape cast, laminated and sintered half cells
[14] were screen printed with interlayer, buffer layer, and final MIEC air electrode
layers in a subsequent intervals and sintered. I-V characterizations for the single cell
were measured both in SOFC and SOEC mode in the temperature range 800–850 °C
in an indigenously made electrochemical testing assembly. While 3% moist hydro-
gen was fed in the SOFC mode, a mixture of H2O–H2 (1:1) was pumped into the fuel
electrode during SOEC mode of operation. Oxygen is being fed at the air electrode
side during both the operational modes. Cross-sectional micrograph of the single cell
with GDC interlayer was obtained using field emission scanning electron microscope
[FESEM] (Gemini Supra 35, Zeiss) at 10 kV accelerated voltage in a polished sec-
tion of an epoxy mounted sample.

3 Results and Discussion

3.1 Characteristics of Precursors and Synthesized Powders

Thermal analysis of the gels of LSCF-6482, BSCF-6482 and dried powder sample
of GDC in the temperature range of 25–1000 °C reveals highly exothermic com-
bustion process that starts with the decomposition of the trapped water molecules
from the metal complexes in the temperature range of 150–180 °C and is reflected
by the endothermic peak in the DTA curve at 118 °C and 133 °C for LSCF-6482
and BSCF-6482 sample, respectively. Metal-fuel complex decomposition was
initiated at the temperature regime of 150–270 °C as observed from the TG plot for
both the samples which correspond to the exothermic peaks at 269 °C and 238 °C
for LSCF-6482 and BSCF-6482. In this regard, a major weight loss is found in the
temperature range of 300–420 °C with the exothermic peaks at 383 °C for
BSCF-6482 and at 415°C for LSCF-6482, respectively. For GDC, sample as shown
in Fig. 2b exhibits the initial mass loss for the structural water at 183°C which is
reflected by the endothermic peak at 278°C in the DTA. A sharp exothermic peak at
323°C reflects the decomposition of the metal-hydroxide precursor. No consider-
able amount of weight loss was observed after 600°C for all the samples indicates
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the complete decomposition of the metal-ligand complexes. Figure 3a, b depicts the
X-ray diffractograms for the calcined BSCF-6482, LSCF-6482, and GDC, wherein
cubic, rhombohedral, and cubic phases are indexed for BSCF, LSCF, and GDC,
respectively, by using ICDD-JCPDS database (JCPDS card no-34-394, 82-1961,
and 000 055563). No additional secondary peaks are found, demonstrating that
phase pure crystalline samples have been successfully prepared which is also
confirmed from the existing literatures [11, 13, 15]. Transmission electron micro-
scopic analysis (Fig. 4) revealed soft agglomerates of size in the range of 100–
150 nm with embedded primary nanoparticle (in the range of 20–50 nm) for air
electrode materials LSCF and BSCF synthesized by solution combustion technique,
wherein agglomerate free nanoparticle of size *25 nm was observed for the
nanocrystalline GDC, synthesized by co-precipitation method. The crystallite sizes
for these nanocrystalline materials are calculated using Scherer’s equation (Eq. 1).
While the crystallite sizes for BSCF and LSCF were found to be *80 nm and
*56 nm, respectively, the same for GDC (used as a buffer layer) was found to be
*24 nm;

D ¼ 0:94k
bcosh

ð1Þ

where D is the crystallite size, k is the wave length of radiation, b is the full peak
width at the half maxima (FWHM) and h is the peak position. HRTEM for both
LSCF-6482 and BSCF-6482 have revealed ‘d’ spacing of 0.277 nm and 0.283 nm
for the crystal planes (104) and (110) that corroborate well with the crystallographic
findings from XRD as rhombohedral and cubic perovskites for LSCF an BSCF
systems, respectively. The interpenetrating angles, calculated from the fast fourier
transformation (FFT) pattern of the two adjacent lattice planes of the synthesized
LSCF-6482 and BSCF-6482 are found to be 29.81° and 19.44°, respectively. The
highly ordered crystal lattice planes and the induced crystal strain as observed from

Fig. 2 Thermogravimetric and differential thermal analysis plot of a LSCF-6482 and BSCF-6482;
b GDC
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Fig. 3 X-ray diffractograms of a BSCF-6482 and LSCF-6482; b GDC

Fig. 4 TEM micrographs (a, e, i); high resolution TEM images (b, f, j); FFT pattern (c, g, k) with
SAD pattern in the inset (d, h, l) of BSCF-6482, LSCF-6482 and GDC, respectively
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the HRTEM and FFT pattern may be effective for the electrocatalytic oxygen redox
reaction. HRTEM images have revealed that both (111) and (200) planes corre-
sponding to ‘d’ spacing of 0.319 nm and 0.265 nm are exposed for the
nanocrystalline GDC powder having good resemblance with the corresponding
XRD data and FFT pattern exhibits the interpenetrating angle of 54.7°. Formation
of oxygen vacancy at (200) plane is higher than that of the stable least reactive
(111) plane and hence enhance the catalytic activity [12]. Thus, the well-defined
nanocrystalline particle of Gd-doped ceria formed by co-precipitation methodology
may also responsible for the higher electrocatalytic activity when used as the
interlayers and buffer layers.

3.2 Characteristics of MIEC Air Electrodes with GDC
Based Inter and Buffer Layers

In order to establish the efficacy of the MIEC perovskite as air electrode material in
conjunction with the GDC interlayer, impedance spectroscopic analysis has been
carried out by using the symmetric cells of configuration as described in the
experimental section in the temperature range of SOC operation (800–850 °C). The
electrode polarization losses involving the diffusion are primarily being represented
in the lower frequency region, wherein the higher frequency region attributed to the
overall bulk impedance associated with electron transfer through grain interior and
ion transfer process throughout defects in the grain boundaries [5]. From the
temperature dependent Nyquist plot, as shown in Fig. 5a, it is further observed that
with increase in temperature from 800 °C to 850 °C, ohmic resistance (R0) and
interfacial polarization resistance (Rp) of BSCF electrode are found to reduce from
8.94 X.cm2 and 0.22 X.cm2 to 6.86 X.cm2 and 0.17X.cm2 and the same R0 and Rp

values of LSCF electrode are reduced from 1.63 X.cm2 and 0.02 X.cm2 to 1.37 X.
cm2 and 0.017 X.cm2 (Table 1). It is also observed that R0 of LSCF is much smaller
than that of BSCF in both the temperature. This should be attributed to the presence
of aliovalent substitution of Sr2+ in the A site of La3+creating sufficient metal ion
pairs of Co3+/Co4+ and thus optimizing the disproportionation reactions of Co3+

rather than BSCF [8]. The lower values of Rp for both the electrodes at 800–850 °C
dictate their effective application as an air electrode in conjunction with the GDC
interlayer for SOCs. Tafel’s plot as shown in Fig. 5b is the most convenient way for
the measurement of exchange current density (io) to evaluate the electrode activa-
tion mechanism for both oxygen reduction reaction (ORR) and oxygen evaluation
reaction (OER). The activation overpotential for the air electrode is defined as;

gact ¼ �Alog
i
i0

� �
ð2Þ
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where, ηact is the overpotential, ±A is Tafel’s slope, i and io are being the measured
current density and the exchange current density. For both the electrodes, exchange
current density (io) increases to 623.75 mA/cm2 and 380 mA/cm2 from
510.72 mA/cm2 and 254.1 mA/cm2 with increasing the temperature from 800o to
850 °C for the electrodes LSCF-6482 and BSCF-6482, respectively. Higher value
of exchange current density reflects the better electrochemical reaction and easier
charge transfer reaction at the electrode/electrolyte interface and being MIEC also
through the bulk.

I-V characteristic of the single cells of configuration as mentioned in the experi-
mental section with various MIEC air electrodes was investigated both in SOFC and
SOEC modes at 800 °C and 850 °C as shown in Fig. 6a. For the electrodes
LSCF-6482 and BSCF-6482, maximum current densities of 0.71 A.cm−2 and 1.4 A.
cm−2 are observed at 1.3 V in SOECmode, whereas current densities of 0.95A.cm−2

and 0.77A.cm−2 are measured at 0.5 V and at 800 °C in SOFCmode. It has also been
observed that with increasing the operational temperature to 850 °C, the hydrogen
generation rate for both the electrodes increases as shown in Fig. 6b. Hydrogen
generation rate of 0.58 Nl.cm−2.h−1 and 0.30 Nl.cm−2.h−1 is obtained at 800 °
C@1.3 V for BSCF and LSCF compositions with an increasing trend with increase in
temperature. Irrespective of the temperature of operations, BSCF is found to have

Table 1 Interfacial resistances for MIEC air electrodes in symmetric cells

Cell configuration Temperature
(°C)

R0

(ohm.cm2)
RCT

(ohm.cm2)
Rp

(ohm.cm2)

LSCF-6482/LSCF-6482:GDC/GDC/
LSCF-6482:GDC/LSCF-6482

800 1.63 1.65 0.02

850 1.37 1.387 0.017

BSCF-6482/BSCF-6482:GDC/GDC/
BSCF-6482:GDC/BSCF-6482

800 8.943 9.17 0.22

850 6.86 7.03 0.17

Fig. 5 a Temperature dependent Nyquist plot of the symmetric cells of configuration
BSCF-6482/BSCF-6482:GDC(1:1)/GDC/BSCF-6482:GDC(1:1)/BSCF-6482 and LSCF-6482/
LSCF-6482:GDC(1:1)/GDC/LSCF-6482:GDC(1:1)/LSCF-6482; b Tafel’s Plot of log|i| vs V
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higher hydrogen flux because of the intrinsically higher charge transfer reaction for
OER as indicated by the presence of higher oxygen vacancies in the reaction:

O2 þ 2V0
:: þ 4e� ¼ 2Ox

0 ð3Þ

Figure 7 shows the characteristic cross-sectional micrograph for the single cell
of configuration Ni-YSZ/YSZ/GDC/BSCF-6482:GDC (1:1)/BSCF-6482 after I-V
testing which reveals a strong coherence of the interlayer and buffer layers with that

Fig. 6 a I-V characteristics of the single cells with LSCF-6482 and BSCF-6482 as air electrode;
b hydrogen flux of the single cells in SOEC mode of operation

Fig. 7 Cross-sectional micrograph for the single cell of configuration Ni-YSZ/YSZ/GDC/
BSCF-6482:GDC(1:1)/BSCF-6482 with schematic representation of importance of GDC and
GDC + MIEC-based interlayer and buffer layers
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of the YSZ electrolyte and MIEC air electrode. Extended lengths of TPB in the
MIEC air electrodes synthesized using solution combustion resulting in a near-net
shape nanocrystalline particulates help in easy penetration of agglomerate free GDC
nano-particulates synthesized using sol-gel route. Thus, the functionalization in the
buffer layer is established during high temperature sintering of GDC and MIEC air
electrodes ensuring easy charge transfer reactions to happen both for ORR and OER
in SOFC and SOEC modes of operation and inhibition of layer-wise Sr diffusion.

4 Conclusion

Synthesized nanocrystalline MIEC oxides BSCF/LSCF-6482 by solution com-
bustion and GDC nanoparticles by co-precipitation technique reveal phase purity
through X-ray crystallographic study and MIEC air electrodes show rhombohedral
and cubic lattices for LSCF and BSCF systems, respectively, and cubic for GDC.
TEM analysis for MIEC oxides revealed that primary nanoparticles of size *20–
50 nm are embedded into the agglomerate of size*100 nm while agglomerate free
nanoparticles are obtained for GDC nano-powder. Interplanar distance of 0.277 nm
and 0.283 nm obtained from HRTEM for planes (104) and (110) resembles with the
XRD data for LSCF-6482 and BSCF-6482, respectively with desired interpene-
trating angles for effective electrocatalytic activities in SOCs. Lower polarization
values of 0.017 X.cm2 and 0.17 X.cm2 with higher exchange current densities of
623 mA/cm2 and 380 mA/cm2at 850 °C for LSCF & BSCF electrodes reflect the
effective electrode activity. Current densities of 1.48 A.cm−2 and 0.79 A.cm−2 @
1.3 V in SOEC mode with hydrogen generation rate of 0.62 Nl.cm−2.h−1 and 0.33
Nl.cm−2.h−1 are obtained at 850 °C for the cells with BSCF and LSCF electrodes,
respectively. Cell performances with MIEC air electrodes in SOC application
clearly indicate the efficacy of the nanocrystalline GDC interlayer and GDC and
MIEC-based buffer layer by enhancing the bulk TBP length with layer-wise inhi-
bition of Sr.
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permission to publish this work and also BRNS and ONGC Energy Trust for the financial support.
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Role of Second-Phase Particles
on In Situ Deformation
of an AZ80 Mg Alloy

R. Sarvesha, W. Alam, J. Jain, and S. S. Singh

Abstract In situ tensile testing was performed to examine the second-phase par-
ticle’s role in crack initiation and propagation in the as-cast AZ80 alloy. The crack
propagation predominantly occurred through the Mg17Al12 precipitates. Further,
in situ tensile testing, in assistance with EBSD, delineated the strain partitioning
between the matrix and Mg17Al12 precipitate. Besides, two-dimensional
microstructure-based modeling was performed to understand the stress distribu-
tion in the alloy.

Keywords In situ tensile testing � Electron backscattered diffraction (EBSD) �
Microstructure-based modeling

1 Introduction

Magnesium alloys exhibit a high strength-to-weight ratio, making them potential
structural materials in the automobile and space industries [1]. Mg–Al-Zn alloys,
which are designated as AZ series alloys, are a vital class of Mg alloys. As AZ
series alloys mainly constitute aluminum (Al) and zinc (Zn) as alloying elements,
they form non-equilibrium Mg17Al12 precipitates during casting. Apart from the
major alloying elements (i.e., Al and Zn), a small quantity of Mn is also added to
remove Fe from the Mg matrix by forming Al–Mn inclusions, which improves the
overall corrosion resistance of the alloy [2].

The second-phase particles, i.e., Mg17Al12 and Al–Mn inclusions, have been
observed to affect the AZ alloy’s deformation behavior. Lü et al. [3] studied the
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fracture behavior of the AZ91 alloy under tensile loading. Secondary crack growth
in the alloy suggested that the cracks propagate near Mg17Al12 and a-Mg grain
boundaries. Further, it was hypothesized that the crack initiates at the interface of
Mg and Mg17Al12. Yakubtsov et al. [4] studied the tensile behavior of the AZ80
alloys, solutionized at different durations. It was found that the stress-strain
behavior of the alloy strongly depends on the volume fraction of the Mg17Al12
phase. The dissolution of the Mg17Al12 precipitate, with time, during the solu-
tionization increased the ductility.

Additionally, the eutectic Mg17Al12 phase has been believed to strongly influ-
ence the alloy’s work hardening behavior, which is attributed to the high dislocation
density at the interface between the matrix and the Mg17Al12 phase. Recently, it has
been established that both the Mg17Al12 and Al8Mn5 particles in the AZ alloy
deform considerably before fracture [5]. It should be noted that all the above
findings are based on the post-mortem investigation of the fractured samples.

In the present work, we have systematically characterized the microstructure of
the as-cast AZ80 magnesium alloy. For the first time, the effect of the Mg17Al12
precipitates on the fracture process, i.e., crack initiation and propagation, has been
investigated using in situ tensile testing in a scanning electron microscope (SEM).
Besides, two-dimensional microstructure-based modeling has been performed to
understand the stress distribution in the alloy during tensile loading.

2 Experimental Procedure

Direct chill (DC) cast samples were cut into 5 mm � 9 mm � 8 mm blocks, using
electrical discharge machining (EDM), to characterize the sample. The alloy’s bulk
composition was measured using optical emission spectroscopy (OES)
(SPECTROMAXx, AMETEK). Further, the samples were polished till P4000
emery paper, using ethanol as a lubricant, followed by polishing a vibratory pol-
isher (Buehler, VibroMetTM 2) in 0.05 µm alumina dispersed in ethanol. Final
chemical polishing was carried out by agitating in 10% Nital for 10 s. Optical
micrographs (OM) in different modes (bright and dark fields) were obtained using
an optical microscope (Olympus, BX53M).

Secondary electron (SE) and backscattered electron (BSE) images were acquired
using a scanning electron microscope (SEM) (JEOL, JSEM–7100F). EDS ele-
mental maps were obtained using an EDS detector (Oxford, X-max50) attached to
SEM. In situ tensile testing was carried out using a Gatan 2kN tensile stage at a
crosshead velocity of 0.4 mm/min in an SEM (JEOL, JSEM–7100F). Electron
backscattered diffraction (EBSD) using the EBSD detector (Oxford, Nordlys) was
scanned with an accelerating voltage of 20 kV and a probe current of *13 nA.
AZtec Crystal Version 1.1 was used for the post EBSD data analysis.
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3 Results and Discussion

3.1 Microstructure of As-Cast Sample

The composition from OES (Table 1) confirms it to be an AZ80 type magnesium
alloy (as per the ASTM B275 standard) [6]. The optical micrograph (Fig. 1a), at low
magnification, of an as-cast sample, shows that the precipitates have a network-like
structure. The magnified image (Fig. 1b) indicates Mg–Al precipitates and Al–Mn
inclusion. Yellow arrows (in Fig. 1b) indicate the additional dark regions in the
optical micrograph, which will be identified shortly. Further, magnified optical
bright-field image shows these eutectic precipitates contain porosities, which are
prevalent in the optical dark-field micrograph (Fig. 1d). The formation of porosities is
attributed to the selective dissolution of a-Mg during chemical polishing.

The BSE and SE micrographs of the same regions are shown in Fig. 2a, b,
respectively. The BSE micrograph indicates that the Al–Mn particle is bright, and
the Mg–Al precipitates are gray. The magnified SE image (Fig. 2c) shows con-
tinuous precipitates (arrows) adjacent to the large eutectic precipitate. Note that
these regions appeared darker in the optical micrograph (Fig. 1b). The continuous
precipitates exhibit rod and spherical morphologies (indicated in Fig. 2c). EDS
elemental maps show that Zn is segregated in Mg–Al precipitate, whereas Fe is
segregated in Al–Mn inclusion. The segregation of Zn in Mg–Al precipitate and Fe
in Al–Mn inclusion is further confirmed by the presence of their peaks in the EDS
spectra (Fig. 2f). Segregation of Fe in Al–Mn inclusion indicates that it acts as an
effective scavenger for removing Fe from the a-Mg.

Table 1 OES composition of the as-cast Mg alloy

Al Zn Mn Fe Si Mg

9.1 ± 0.3 0.43 ± 0.06 0.16 ± 0.04 0.008 ± 0.005 0.025 ± 0.009 Remaining

Fig. 1 a, b As-cast optical micrographs (OM) in bright-field (arrows indicate Al–Mn inclusion
and Mg–Al precipitates), c, d magnified images of a Mg–Al precipitate in bright-field (BF) and
dark-field (DF), respectively
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Fig. 2 a BSE micrograph and b, c SE micrographs, d corresponding area EDS map,
e composition of the constituent particles (Al8Mn5 and Mg17Al12) and a-Mg matrix, (f) EDS
spectra of the Mg17Al12, Al8Mn5, and a-Mg matrix (solid blue color arrows in a, b and d show Al–
Mn inclusion, whereas dotted black and red arrows indicate rod and spherical type Mg17Al12
principate, respectively.)

Further, EBSD maps of constituent particles are shown in Fig. 3. During EBSD
scanning, a Truphase routine (AZtec, Oxford instruments) was used, where EDS
data is simultaneously collected with EBSD data and the solution for the Kikuchi
patterns was obtained. The hit rate during scanning was around 85%, and the
un-indexed points were cleaned up by removing wild spikes and extrapolating to
five nearest neighbors. The Mg–Al precipitates, as shown in Figs. 1 and 2, corre-
spond to the Mg17Al12 eutectic precipitate having space group I43m. They form
along the grain boundaries of the a-Mg matrix and are poly-crystalline (Fig. 3a, b),
and grains are randomly oriented. The Al–Mn inclusions correspond to the Al8Mn5
phase having space group R3m. They constitute only twin boundaries which
twinned along 1012

� �
direction with dis-orientation of 90.66 ± 5° These con-

stituent particles have also been identified through transmission electron micro-
scopy (TEM) for the alloy of approximately similar composition [10].
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3.2 In Situ Tensile Testing in SEM

The sample dimension and the as-cast microstructure of complete gauge length are
shown in Fig. 4a, b, respectively. The as-cast SE micrograph is similar to the
optical micrograph as shown in Fig. 1a. The SE micrograph at different strain (ɛ)
levels is shown in Fig. 5. No significant microstructural changes were observed
with an increase in strain until a strain of 0.021 (Fig. 5). When the strain reaches
0.033, microcrack is evident on the surface, as shown in Fig. 5. The stress reaches

Fig. 3 a Phase map and b EBSD map of the Mg17Al12 eutectic precipitate and a-Mg matrix. c,
d are the phase map and EBSD map of the Al8Mn5 particle, respectively (Mg17Al12 eutectic
precipitate is indicated in a)

Fig. 4 a In situ tensile testing sample dimension, b SE micrograph of the gage length of the
sample (arrows at the end indicates loading direction)
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the maximum value at this stage, as shown in the stress-strain diagram (refer to inset
in Fig. 5). With the infinitesimal increase in strain, the crack was observed to
propagate predominantly through the Mg17Al12 eutectic precipitates (Fig. 5).

Further, the magnified images from Fig. 4, as shown in Fig. 6a, b, indicate the
evolution of damage in the Mg17Al12 and Al8Mn5 phases at different strain levels. It
is evident from Fig. 6a, b that at the strain (ɛ) of 0.021, the cracks initiate in both the
Mg17Al12 and Al8Mn5 particles. Further, increase in the strain resulted in the
multiple cracks perpendicular to the loading direction (indicated by arrows in
Fig. 6). Besides, the width of the cracks was observed to increase with an increase
in strain. From Fig. 6, it is clear both particles, i.e., Mg17Al12 and Al8Mn5, con-
tribute toward the crack initiation process. However, the crack propagation was
predominantly observed to occur through the Mg17Al12 particles.

Further, to understand the strain partitioning between the Mg17Al12 precipitate
and a-Mg, an in situ test was carried out in assistance with EBSD on the solu-
tionized sample. Solutionization (420 °C, 3 h) was performed to avoid continuous
precipitate interference during EBSD. Details of the solutionization treatment and
respective microstructure have been discussed elsewhere [7].

Fig. 5 In situ SE micrographs showing the crack propagation at different strain levels in the
as-cast AZ80 alloy (arrow indicates a reference feature in the SE micrograph)
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The band contrast map and EDS maps of the solutionized alloy, at ɛ = 0, are
shown in Fig. 7a, b, respectively. IPF-X and grain reference orientation deviation
(GROD)-Angle of the same region, at different strain levels, are shown in Fig. 7c,
d, respectively. GROD-Angle map provides the misorientation angle relative to the
average orientation of the grain. Due to the presence of low angle grain boundaries,
a couple of grains are showing higher GROD value at ɛ = 0. With an increase in the
strain (at ɛ = 0.024), twins are observed to form majorly in the basal and pyramidal
oriented grains (w.r.t loading direction). Additionally, twins were also observed to
originate in the prismatic-oriented grains adjacent to the basal and pyramidal grains.
The formation of twin’s re-orient grains by *86° about 1120

� �
direction [8]. With

Fig. 6 In situ SE micrographs (at higher magnification) showing the crack initiation in
a Mg17Al12 precipitate, and b Al8Mn5 inclusion (arrow indicates the formation of crack in the
Mg17Al12 and Al8Mn5 particle)

Fig. 7 a Band contrast (arrow indicates the loading direction), b EDS, c IPF-X, and
d GROD-Angle are the maps of the solutionized AZ80 alloy at different strain levels (Inset SE
micrographs (70° tilt) in IPF-X at e = 0 and 0.093 show the Mg17Al12 precipitate before loading
and after fracture)
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further increase in strain, width, and length of the twins increase, double twinning is
observed at ɛ = 0.024. The GROD value of the matrix grains was also observed to
increase with increasing the strain. Note that the GROD value of the Mg17Al12
precipitates is zero till fracture (shown by an arrow in Fig. 7d, ɛ = 0.093), which
indicates that the precipitates fracture in a brittle manner. Furthermore, SE micro-
graphs at 70° tilt (insets in Fig. 7c) and corresponding IPF-X suggest the fracture to
be transgranular as the crack is observed to propagate through the grain.

From the in situ EBSD GROD map, it is evident with an increase in the strain,
the increase in the GROD is mainly observed in the regions away from the pre-
cipitate. This suggests deformation was concentrated only in the matrix regions and
away from the precipitate, which could be attributed to the relief in the strain
accumulation near the precipitate after it fractures.

3.3 Microstructure-Based Modeling

As fracture was observed to propagate majorly through the Mg17Al12 precipitates,
the microstructure-based modeling was performed to understand the stress distri-
bution near the Mg17Al12 precipitate. The SE micrograph of the Mg17Al12 pre-
cipitate at ɛ = 0 is shown in Fig. 8a. The micrograph was segmented into two
different phases, i.e., Mg17Al12 and a-Mg, using an image processing software
(ImageJ) (Fig. 8b). The segmented image was converted to vector format (Fig. 8c)
using Rastervect software, which was then imported to a commercial ABAQUS
finite element software.

Fig. 8 a SE micrograph of the Mg17Al12 precipitate, b binary image of the Mg17Al12 and a-Mg
matrix, c vector image, d von Mises stress distribution, and e fractured Mg17Al12 precipitate
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The elastic properties of the Mg17Al12 precipitate and a-Mg matrix were taken
from [9]. This model highlights only the maximum elastic stress distributed due to
the morphology of the Mg17Al12 particle. Loading was applied along the x-direc-
tion. Figure 8d shows the stress distribution in the Mg17Al12 and Mg matrix. It is
evident that the maximum stress is generated near the Mg17Al12 particle, as indi-
cated by the arrow (in Fig. 8d). This high-stress concentration region has been
shown (dotted circle in Fig. 8e) in the corresponding SE micrograph.

Interestingly, the final fracture does not form in this high-stress concentration
region but is far away from it, where the stress is much smaller. This indicates that
the cracks in the Mg17Al12 precipitate would have initiated below the surface due to
the complex morphology of precipitate in 3D [9, 10], which then appeared as the
final fracture surface with an increase in strain. Further, it can be noticed from
Fig. 8e that the crack formed in the Mg17Al12 precipitate is perpendicular to the
loading axis. This also suggests that 2D microstructure-based modeling is inade-
quate to capture the real stress distribution in the alloy. The 3D microstructure-
based modeling is necessary, which will be dealt with in future.

4 Conclusions

The present study indicates that the Mg17Al12 eutectic precipitates play a vital role
in the crack initiation and propagation during tensile loading of an as-cast AZ80
alloy. From in situ tensile test, the cracks were observed to initiate in the Mg17Al12
eutectic precipitate at low strain (ɛ) of 0.021 and then propagate predominantly
through the Mg17Al12 precipitates. Further, the IPF-Z and GROD maps indicate that
the precipitates fracture in a brittle and transgranular manner. In addition, the cracks
in the precipitate are observed to the perpendicular to the loading direction.
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Imaging Dislocation Cores in Severe
Plastically Deformed Nanocrystalline
CP-Ti Alloy Through Geometrical
Phase Analysis of Spherical
Aberration-Corrected HRTEM Images

Chanchal Ghosh and Arup Dasgupta

Abstract An attempt has been made here to map localized strain (lattice distortion)
by means of interpretation of direct contrast of high-resolution aberration-corrected
TEM images. The technique is intriguing since the atom column contrast is gov-
erned by several parameters viz., thickness, defocus, and drift apart from localized
strain. An observed localized linear contrast in the experimental image of bulk
nanocrystalline CP-Ti was attributed to a fluctuation of tensile and compressive
strain along atomic columns. In addition, strain map generated through geometrical
phase analysis quantifies the strain distribution in and around the defect cores.

Keywords Strain � HRTEM � Lattice deformation � Nanocrystalline metals �
Dislocation core � Geometrical phase analysis

1 Introduction

Microscopic and functional manifestations of strains in materials originate from the
existence of local strain at atomic scale levels. This is essentially manifestation of
the shift of atoms from their mean equilibrium positions [1, 2]. These atomic shifts
could be result of several factors, including existence of intrinsic defects, intro-
duction of defects by means of deformation and exposure to irradiation, and
presence of alloying elements or even impurity atoms in trace levels. The
microstructural understanding of the local strain is of immense importance to assess
the properties of the material in the in-service conditions [3, 4]. In material-related
research, X-ray diffraction analysis (XRD) and electron back scattered diffraction
(EBSD) studies can provide the information of the lattice strain quite efficiently.

C. Ghosh � A. Dasgupta (&)
Materials Characterization Group, Metallurgy & Materials Group, Indira Gandhi Centre
for Atomic Research, Kalpakkam 603102, Tamil Nadu, India
e-mail: arup@igcar.gov.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
P. Ghosal et al. (eds.), Applications of Microscopy in Materials and Life Sciences,
Springer Proceedings in Materials 11,
https://doi.org/10.1007/978-981-16-2982-2_7

65

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2982-2_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2982-2_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2982-2_7&amp;domain=pdf
mailto:arup@igcar.gov.in
https://doi.org/10.1007/978-981-16-2982-2_7


However, direct mapping of extremely localized deformation fields spreading
across few atomic columns is next to impossible without the help of techniques
such as high-resolution TEM (HRTEM). To measure the local strain by HRTEM,
the positions of the atomic columns need to be compared to a reference region
(unstrained or relaxed structure) within the same image. It is then theoretically
possible to measure the strain at atomic level [5]. The information of the atomic
position is averaged over at least 1 nm to improve the strain precision and accuracy
of the technique. In case of SiGe layers the strain, precision has been reported in the
literature to be *1.5 � 10−3 and *1 � 10−3 in the HRTEM profiles from the
substrate and middle of the SiGe layers, respectively, which were in very good
agreement with the simulation results [6].

While HRTEM may be the most useful technique here, interpretation of the
high-resolution phase contrast TEM images seems to be most intriguing, since these
images are formed by interference of the direct beam with the diffracted beams and
the phase part is lost at the image plane. Although aberration correction of lenses
improves the resolution, it is nontrivial to derive additional information because of
the indirect nature of phase contrast images. The high-resolution images are also
affected by channeling which occurs when the crystal is imaged along a low index
plane [7]. The quantification of images is further complicated by the presence of
drift, localized strain, or the alloyed interstitials which in turn distort the atomic
column projections. Hence, understanding of the atom column contrast necessarily
demands quantitative HRTEM analysis involving the simulation of structures with
localized strains, drifts, and variation in chemistry [8]. The contrast due to a strain
field at an amorphous silicon/crystalline silicon (a-Si/c-Si) interface relative to the
bulk crystal has been studied using a scanning transmission electron microscope
equipped with a low angle annular dark field (LAADF) and a HAADF detector [9].
In some cases, particularly the severe plastically deformed (SPD) materials, the
strain fields may also manifest through the generation of moiré contrast arising from
a high density of overlapping irregular structured grain boundaries or through the
segregation of alloying elements at the grain boundaries or even through the for-
mation of new phases in metallic alloys [10–12]. In another studies from the
author’s group, the quantitative investigation of induced localized strain in the
Laves phase lattice through a combination of zero-loss phase contrast imaging and
quantitative HRTEM by means of atomic structure modeling and phase retrieval
analysis using multislice image simulation reveals the site substitution behavior of
V in V-TiCr2 Laves phase [13].

In recent years, bulk nanocrystalline titanium and its alloys have drawn con-
siderable attention as one of the major engineering alloys finding a variety of
applications in chemical, aerospace, biomedical, and nuclear industries [14–17].
The combination of high strength to weight ratio and excellent corrosion resistance
in hostile environments makes this family of alloys more attractive than their bulk
counterparts [18–22]. Equal channel angular pressing (ECAP) and severe cold
rolling (SCR) at ambient and cryogenic temperatures are the predominant SPD
methods adopted for producing bulk nanocrystalline (BNC) materials for
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commercial applications [4, 23, 24]. However, the extent of the grain refinement
predominantly depends on the imposed strain, processing routes as well as on the
deformation mechanism of the applied process. Grain refinement is achieved in
SCR method by suppression of dynamic recovery at cryogenic temperatures
resulting in higher defect densities [25]. The yield and tensile strengths of various
metals and alloys, such as Al, Al alloys, Cu alloys, CP-Ti, Zircaloy, and Ni,, have
been reported to have significantly improved by this method [26–29].

In earlier studies from the author’s group, formation of bulk nanocrystalline
grains (*20 nm) was established during cryo-rolling of coarse grained
Ti-5Ta-1.8Nb alloy. This structure is attributed to the severe plastic deformation of
the grains during cryo-rolling [30]. The nanocrystalline grains appeared to be
defect-free under diffraction contrast imaging conditions. Based on the above, a
defect-free grain structure and well-defined atomic columns were expected under
phase contrast imaging conditions. Contrary to the expectations, a delocalized
contrast in aberration-corrected phase contrast images was observed [23]. In the
present study, an attempt has been made to investigate the possible causes for the
delocalized contrast. Toward this purpose, bulk nanocrystalline CP-Ti synthesized
by cryo-rolling was studied in place of Ti–Ta-Nb alloy, so as to eliminate the effect
of alloying elements on the contrast of aberration-corrected images. The different
features observed in the aberration-corrected HRTEM images were analyzed
through quantitative HRTEM and image simulation. The simulated images were
obtained by using the experimental imaging conditions as input in the different
software packages. The experimental images have been interpreted by comparison
with the simulated images, under similar imaging conditions. The drift and the
strain accumulation in the localized scale have been estimated through quantitative
analysis of phase contrast images. The findings have further been evaluated with the
aid of geometrical phase analysis (GPA). GPA provides a fingerprint of the man-
ifestation of the local strain in the phase contrast images and also quantifies the
strain fields.

2 Materials and Methods

CP-Titanium was subjected to a stress-relieving treatment at 650 °C for 2 h (de-
noted as ST) and then cryo-rolled to 90% (denoted as CR 90) in 11 passes by
equilibrating in liquid nitrogen between each pass. Electron-transparent specimens
of ST and CR 90 were prepared by grinding and polishing the 3 mm TEM disk with
successively finer grades of SiC emery sheets followed by dimple grinding and
Ar-ion milling. High-resolution images were taken with a spherical
aberration-corrected FEI Titan 80–300 electron microscope. Phase contrast imaging
was carried out in a negative Cs-imaging (NCSI) condition (Cs = −13.56 lm). In
this particular condition, atomic columns in thin crystalline samples appear as
bright dots on a dark background generating an image, which closely resembles the
projected crystal structure [31]. Multislice image simulation was performed using
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Java-based EMS (jEMS) and SimulaTEM image simulation software to simulate
the high-resolution images of annealed and cold worked CP-Ti [32, 33]. Prior to the
simulation, the hexagonal crystal input file (.cif) was transformed into orthogonal
coordinates using the inbuilt orthogonal transformation matrix in jEMS simulation
package. Qantitative strain mapping from the HRTEM images has been attempted
using the geometrical phase analysis algorithm as developed by Hÿtch and core-
searchers [34]. In GPA, displacement field calculation was carried out for selected
Bragg diffraction spots in the power spectra of the HRTEM image. This dis-
placement field would then compare with an unstrained region (reference region) of
the image to generate the strain map. Details of the schematic for the GPA cal-
culation analogy are presented in Fig. 1.

3 Results and Discussion

Effect of severe plastic deformation in the atomic domain was studied through
comparing phase contrast microscopy results of both ST and CR 90 samples of
CP-Ti. HRTEM characterization was carried out in the aberration-corrected mode
to precisely locate the atomic columns which is otherwise quite difficult in the case
of a metallic specimen having a significant amount of free electron cloud. Relatively
low-magnification bright-field images of the ST and CR 90 samples of CP-Ti are

Fig. 1 Schematic of the
process flow of geometric
phase analysis (GPA) for
strain mapping
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shown in Fig. 2a, b respectively. In the ST sample, the grain sizes are significantly
higher than that of CR-90 specimen. While the grain size of the ST sample is of the
order of *1−2 µm, the grain size of CR 90 sample is of the order of *80
−100 nm. Aberration-corrected HRTEM images of ST and CR 90 samples are
displayed in Fig. 2c, d, respectively. In both the images, bright atomic contrast is
observed in dark background. However, in Fig. 2d, certain regions are observed to
have a linear bright contrast compared to the surrounding regions. This localized
contrast can be attributed either to the defocus used for the imaging or to the change
in the position of the atoms. To eliminate the former cause, phase contrast images
were recorded at different defocus values (Df) raging from +30 nm to −26 nm
keeping the other imaging parameters unchanged for CR-90 specimen, as shown in
Fig. 3. Two important observations are made in the experimental focal series. First,
contrast reversal is observed in few of the atomic columns, which is expected for a
series of phase contrast images with varying defocus. Secondly, it is observed that
the delocalization contrast is present throughout the series and is not an attribute of
a specific value of defocus (Df). Present observation confirms that the observed
contrast is not due to change in defocus. A change in the overall background

Fig. 2 Relatively low-magnification bright-field images from a ST b CR 90. Aberration-corrected
high-resolution images of ST and CR90 specimen are shown in c and d, respectively. The linear
delocalized contrast can be seen in different locations in the HRTEM micrograph from CR 90.
Specimen
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intensity is observed in the phase contrast image which is mainly attributed to the
presence of diffraction-controlled parameters and partial non-satisfaction of weak
phase object approximation (WPOA).

3.1 Effect of Imaging Parameters

The present observations warrant further investigation to identify the cause of the
linear contrast in the aberration-corrected image of bulk nanostructured metal. The
effect of drift and the effect of localized strain in the atomic columns is also reported
to generate similar types of delocalization of the bright contrast in aberration-
corrected images [35, 36]. In the present section, a systematic analysis has been
provided to identify the cause of the linear contrast—whether it is caused by drift or
strain or a combined effect of both. In an earlier work from the author’s laboratory,
significantly higher grain sizes, of the order of few µm, have been reported in ST
specimen as compared to 80–100 nm in CR-90 specimen [23]. This is attributed to
the suppression of dynamic recovery during cryo-rolling. Moreover, the microstrain
is observed to increase initially from ST to 50% cryo-rolling and then reduce with
further increase in cryo-rolling to 90%. Additionally, the nanograins in CR 90

Fig. 3 Experimental images of CR 90 sample at Cs = −0.01356 mm and defocus range of
+30 nm to −26 nm
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specimen are observed to be recrystallized [30]. This is because of the higher stored
energy accumulated in the specimen as a result of extreme amount of cold work and
thus a higher driving force of recrystallization. Having observed a decrease in
microstrain in 90% cryo-rolled sample, in addition to recrystallized nanograins, the
detection of localized strain is quite intriguing and demands further quantitative
understanding. However, it should also be noted that the lattice strains cannot be
removed completely as the lattice defects, in particular dislocations and interstitials
(e.g., O, N, C) are responsible for some amount of lattice strain in the system.
Moreover, most of the bulk nanocrystalline grains experienced plastic deformation
mediated by dislocation slip rather than deformation twinning. As already dis-
cussed, the appearance of delocalized linear contrast in the phase contrast micro-
graphs can either be due to strain or a manifestation of the atomic level drift present
during the experiment. However, the effect of drift can be ruled out in the present
case because of the following reasons. First in Fig. 2d, the delocalization is
observed in all directions, whereas in the presence of drift, the delocalization should
be unidirectional in nature. Second, in the experimental image, the delocalization
zones observed to have spread over a few atomic columns in some specific pockets.
On the contrary, in the presence of drift, the delocalization should be uniform
throughout the entire region of interest. In order to study the effect of thickness and
defocus, the HRTEM micrographs of the ST and CR 90 are compared with the
simulated images generated in similar imaging conditions and are shown in Fig. 4.
It is further observed that in few locations, the atomic contrasts of the simulated

Fig. 4 Simulated defocus series from hcp Ti structure with drift = 0.15 nm keeping other
parameters same as of experimental imaging conditions
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image are not comparable with the experimental focal series images of CR90 shown
in Fig. 3. Having eliminated the possibility of defocus and drifting of images, the
main focus shifts to the possibility of presence of strain in a few selected columns.

3.2 Effect of Strain

To introduce the effect of strain, it has been assumed that a sinusoidal wave passes
through the atomic columns, where it alternatively introduces tensile and com-
pressive strains in the lattice planes. The detail of the scheme for introducing the
sinusoidal wave as well as the change in the relative atom column projection along
the c-direction of hexagonal unit cell is shown as a schematic in Fig. 5a. This
re-modified crystal file has now been used for simulating the phase contrast images
in the multislice routine of SimulaTEM package. The simulated images
(Cs = −0.01356 mm; Df = 3 nm) for different strain values are shown in Figs. 5b,
d. The strain has been introduced in a few atomic columns in each case, marked in
red. The delocalization of contrast is not observed at 5% strain (Fig. 5b). The
change in the contrast started to appear at the introduction of 10% strain (Fig. 5c)
and becomes more prominent at 15% strain (Fig. 5d). In these cases, the delocal-
ization of contrast is observed at specific atomic columns where the strain was

Fig. 5 a Schematic indicating the method used to introduce strain in the atomic columns of
synthetic hcp Ti unit cells. Simulated images with Cs = −0.01356 mm and defocus 3 nm for
different strain values of b 5% c 10% and d 15%. e–f Image-corrected HRTEM micrograph and
the corresponding localized strain map (exx component) from a severely deformed CP-Ti specimen
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introduced. This delocalization of contrast at specific atomic columns is comparable
to the contrast observed in experimental image (Fig. 2d). In order to substantiate the
presence of localized strain in the atomic scale, geometrical phase analysis
(GPA) was carried out for an image-corrected HRTEM micrograph from CR90
CP-Ti specimen. Figure 5e, f displays the collage of an image-corrected HRTEM
micrograph and corresponding exx component of the localized GPA strain
map. Present analysis confirms that the linear delocalized contrast regions present in
the HRTEM image (Fig. 5e) are always associated with an increase in the dis-
placement field and subsequent strain concentration in the corresponding GPA map
(Fig. 5f). The GPA calculation is carried out using the 0110 and 0002 Bragg
diffraction spots from the power spectrum generated from HRTEM micrograph
shown in Fig. 5e. These reflections correspond to the 0.256 nm and 0.234 nm
interplanar spacing from a-Ti, respectively. In addition, a mask size of the order
*|~g2| is used in the frequency space for the present GPA calculation. The average
displacement field measured from the strain map ranges *2–3 nm which encom-
passes 8–10 delocalized lattice planes as seen in the phase contrast images. In the
present case, effect of strain has not been observed in the simulated image below
10% of applied strain value. Therefore, for a given Cs and defocus condition, above
a critical level, the strain in the atomic column is manifested as delocalization in the
high-resolution images. No significant difference in the contrast is observed for any
strain below that value. An in-depth analysis of the GPA map also provides an
indication about the deformation behavior of cryo-rolled CP-Ti. Figure 6 shows
aberration-corrected phase contrast micrograph along with the corresponding GPA
map superimposed over it. The superimposed micrograph confirms that in the GPA
map, the sharp changes from the tensile to the compressive component are always
associated with a dislocation core [37]. The nearby strain field is generated because
of the dislocation field corresponding to the dislocation core. Moreover, from the
superimposed micrographs, it can be seen that the core of the dislocation is

Fig. 6 Superimposed image
of the GPA strain map along
with the atomic resolution
phase contrast micrograph
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comprised of a tensile and a compressive component coexisting over a distance of
two atomic spacing [38]. This measured spacing is in support of the sinusoidal
nature of lattice deformation wave discussed earlier.

4 Summary

Main findings of the work can be summarized as follows

i. The effect of deformation on the nature of phase contrast images has been
studied in severely plastic deformed CP-Ti.

ii. Localized strain is identified as the cause of delocalization of contrast. The
enhancement of localized strain in these delocalized regions has been further
supported by the geometrical phase analysis (GPA) studies.

iii. A critical value of strain localized over only a few rows of atomic columns is
present in the alloy even after it formed a nanocrystalline structure through the
grain fragmentation mechanisms. This strain is manifested as delocalized
contrast in aberration-corrected HRTEM image at a given Cs and defocus
condition. In the present study, it was observed that the said atomic contrast
would appear if the localized strain present in the material was 10% or higher.
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Growth of Spheroidal Silicon Carbide
by Arc Plasma Treatment

R. K. Sahu, T. Dash, V. Mukherjee, S. K. Pradhan, and B. B. Nayak

Abstract Spheroidal growth of silicon carbide (SiC) was observed by treating SiC
grain in thermal arc plasma reactor/furnace followed by 4 h of in situ cooling under
argon atmosphere. The plasma treatment of samples was carried out between 5 and
15 min. under Ar atmosphere. High microhardness and Young’s modulus values
were found for plasma-treated SiC with spheroidal structure. Materials were eval-
uated by employing techniques such as XRD, XPS, micro Raman, FTIR, FESEM,
TEM, EDS, microhardness, and Young’s modulus. Typical 15 min. plasma-treated
SiC shows relatively high microhardness and Young’s modulus values of 3680
VHN and 470 GPa, respectively, than that of untreated one.

Keywords Arc plasma reactor � Spheroids � Microscopy � Hardness

1 Introduction

Silicon carbide (SiC) has potential application in the area of material science and
engineering. It is used for anode material for Li-ion batteries, electrochemical
performance, increase ductility, durability of high carbon steel, and better catalytic
behavior (hydrogen storage) [1–5]. SiC replaces Si for high temperature semi-
conductor application [2–6]. The carbide exhibits very high hardness, high chem-
ical resistance, excellent refractory, and ceramic properties [2, 7]. The high fracture
strength properties of SiC are suitable for ultra-high nanocomposite fiber, polymer,
metals composites, ceramic matrices, etc. for ballistic, armor, and personal safety
equipment [8–10]. Silicon carbide possess high melting temperature, i.e., around
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2200 °C which makes it a better field emitter for high power applications [10].
Silicon carbide is a support for improvements in sulfur recovery as well H2S
oxidation [11]. Silicon carbide tips are promising material for atomic force
microscopy and/or scanning tunneling microscopy [12]. SiC spheroids and
nanostructure are at present synthesized by arc plasma [13], hydro-thermal method
[14], chemical vapor deposition and growth [15], microwave and RF sputtering
[16], etc. Out of these methods, arc plasma synthesis methods are fast and amiable
for bulk production of SiC spheroids and nanorods with a decent amount of purity
in the outcomes. Thermal plasma has high charge density, energy density, and ion
temperature [17]. It can be considered as a suitable source for heat treatment of
silicon carbide which is high melting point material. The SiC with spheroidal
microstructure developed in this work has the scope to be used as a heat radiating
material for higher thermal conductive performance in terms of high filling and
fluidity (for use in heat dissipation sheets, thermal grease, heat dissipation tape, and
thermal compounds) and filling material in composite for developing abrasion
resistance. Spheroidal-based SiC has excellent characteristics of repletion because
of its round shape. It can also be used for corrosion resistance coating, enhancement
of heat resistance, abrasion resistance, high strength, and sliding properties of
automobile and aircraft components. In this work, in situ growth of novel spher-
oidal structure was optimized keeping in view its various applications. Since sample
synthesis has vital role in terms of fabrication and purity, arc plasma processing
proofs as a fast and energy saving technique for spheroidal growth of silicon
carbide. The arc plasma-treated SiC with spheroidal structure shows better
mechanical and microstructural properties than untreated one.

2 Experimental

A 50 kW dc arc plasma reactor/furnace having in situ cooling facility has been used
for growing of spheroids in silicon carbide. Argon of 2 lt/min was used during
plasma treatement. 5–15 min of the plasma treatment of samples was carried out.
Silicon carbide kept in graphite crucible which acts as the anode during plasma
operation. Water continuously supplied for colling down of reactor after plasma
reactor. Electrode spacing of about 0.7 cm was maintained for developing stable arc
condition. In situ cooling of 4 h was carried out after plasma treatment. Even during
cooling for around 3 h, the materials were maintained under Ar atmosphere (*1.5
lit. per min) to prevent oxidation of the product. The plasma experiment conditions
are given in Table 1. Then plasma-treated samples were taken for various charac-
terizations as follows: X-ray diffraction (XRD) was done by “PANalytical X’Pert
Pro diffractometer, microstructural behavior of the samples was done by field
emission scanning electron microscopy (FESEM), ZEISS SUPRA 55 and trans-
mission electron microscope (TEM) (TECNAI G2 (200 kV)), FEI (Netherland).
EDS spectrum was taken to know the elements present in the samples. X-ray
photoelectron spectroscopy (XPS) was done out by using the S/N-10001 (Project
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no. 251, Prevac, Poland). Microhardness and Young’s modulus values of typical
samples were measured by a UMIS nanoindentation system (Fisher-Cripps,
Australia).”

3 Results and Discussion

The plasma treatment of SiC samples was carried out under the argon flow rate of 2
ltr/min. The current and voltage used as 100–145 A and voltage 45–60 V,
respectively. The yield recovery of samples was obtained above 90 wt%. XRD
analysis (Fig. 1) of untreated and plasma-treated SiC exhibit both SiC (cubic) [18]
and small amount of free carbon (C). The intensity of C (002) peak was varied
between before and after plasma treatment. The plasma-treated samples show less
intense peak of SiC. The structural modification and new microstructure developed
in the sample caused because of plasma treatment. Such result is obvious in material
synthesis due to reorientation and growth of planes formed during processing
conditions adopted. The shift of peaks may be due to non-equilibrium plasma
treatment of SiC, which can affect its crystal behavior. Peaks are shifted to lower
two theta values up to 10 min of plasma treatment and found shifted to higher
values beyond 10 min of plasma treatment. The irregular peak shift trend could be
attributed to non-equilibrium reaction kinetics taking place in the plasma
melt-casting operation because of instability of energy transformation for phase
transformation. In fact, plasma is very much well popular for such peculiar
behavior. It is a matter of further study for the near coming future research work.

Table 1 Typical arc plasma-treated experimental conditions opted for silicon carbide

Sample ID Arc
length
(in cm)

Argon gas
flow rate
(Lit/min)

Current
(A)

Voltage
(V)

Yield
(wt%)

Hardness
(VHN)

Young’s
modulus
(GPa)

SiC
(Untreated)

– – – – – 2540 ± 6 402 + 09

SiC-1 (5 min
plasma
treatment)

0.7 2 100 60 90 2850 ± 12 415 ± 06

SiC-2
(10 min
plasma
treatment)

0.7 2 120 45 93 3206 ± 16 435 ± 09

SiC-3
(15 min
plasma
treatment)

0.7 2 145 45 91 3680 ± 11 470 ± 10
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FESEM analysis for the untreated and the typical 10- and 15-min arc
plasma-treated SiC are shown in Figs. 2, 3 and 4 respectively. Irregular type of
plates was found in the untreated SiC. In plasma-treated SiC, it was found that
microstructure changed to spherical form. The microstructure with grain size round
700 µm for 10 min arc plasma-treated SiC was observed in Fig. 3. But when
plasma melting time is improved to 15 min, it is observed that almost plasma
energy optimization occurred and the microstructure with grain size of 2–5 µm was

Fig. 1 XRD results of the SiC samples

Fig. 2 FESEM microstructure of untreated silicon carbide
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observed in Fig. 4. The microstructure was found almost uniform. No defect or
surface irregularly was marked in the FESEM. The spherical microstructure may be
due to the top view of bundle of nanotubes. The higher magnification FESEM of
15 min plasma-treated SiC is shown in Fig. 4 which clearly represents spheroidal

Fig. 3 FESEM image of plasma-treated SiC (10 min plasma treatment)

Fig. 4 FESEM microstructure of plasma-treated silicon carbide (15 min plasma treatment
(*2–5 lm diameter spheroids)
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growth in the microstructure. TEM microstructure of 15 min plasma-treated SiC is
shown in Figs. 5 and 6. Figure 5 confirms the development nanotube of dia. *20–
39 nm in the melt cast SiC. High-resolution TEM is taken on selected phase/area of
Fig. 5 and lattice fringes are clearly observed (Fig. 6) which confirms crystallinity
nature of the plasma-treated SiC. The d-spacing between lattice atomic layers is
measured and corresponding phases of SiC are assigned. Hence, the plasma
treatment was found efficient technique for developing the novel structures of
nanotube and explore the properties of SiC. The elemental identification of 15 min
plasma-treated SiC sample was done by EDS analysis as shown in Fig. 7. It shows
peaks of Si, C, O, and Cu. The minor peak of O is due to the preparation of sample
in a semi-open-type furnace. The appearance of Cu is because of using carbon
coated Cu grids in TEM analysis. No impurity phase was detected in the
plasma-treated SiC. Hence, the plasma treatment of SiC not only changes structures

Fig. 5 TEM microstructure
of 15 min plasma-treated
silicon carbide

Fig. 6 TEM microstructure
of 15 min plasma-treated
silicon carbide showing lattice
fringes
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but also develops nanotubes in random direction which in fact is essential to
enhance the properties of SiC.

XPS Si2p core-level spectra for untreated and 15 min plasma-treated SiC
samples are shown in Fig. 8a, b respectively. The untreated one only shows peak of
SiC. 15 min plasma-treated SiC sample shows two peaks, i.e., for major peak SiC
and minor peak Si-O. Because of trace amount of presence Si-O, it could not
observed in XRD spectra. The incipient oxidation observed may be due to sample
preparation in semi-open type of plasma furnace. The microhardness and Young’s
modulus of untreated and plasma-treated SiC are shown in Table 1. The micro-
hardness and Young’s modulus values were found to be improved after plasma
treatment. The typical 15 min arc plasma-treated SiC sample shows 3680 VHN and

Fig. 7 EDS study of 15 min plasma-treated silicon carbide

Fig. 8 XPS spectra of SiC sample: a untreated and b 15 min plasma-treated
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470 GPa values for microhardness and Young’s modulus, respectively. The
improvement of microhardness of plasma-treated sample may be attributed to the
development of nanotubes grown in the sample. The reported work is the first in
kind in literature.

4 Conclusion

FESEM study of typical 15 min. arc plasma-treated SiC shows spheroidal growth
of microstructure. The microstructure of 15 min plasma-treated SiC observed in
TEM exhibits random growth of nanotubes (20–30 nm). From FESEM and TEM
results, it may be concluded that mixed type of morphology involving nanotubes
(which are observed in TEM) as well as spheroidal (as seen in FESEM) is devel-
oped in the plasma-treated SiC. The above structural modification developed in
plasma-treated SiC can be attributed to the uniqueness of plasma treatment.
Plasma-treated samples show peaks of SiC and C in XRD analysis. The presence of
major SiC and minor Si-O bands was confirmed by XPS analysis. 15 min
plasma-treated SiC exhibits high microhardness and Young’s modulus values of
3680 VHN and 470 GPa, respectively, than that of untreated SiC.
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Deformation Behavior of Inconel 617
Alloy Under Monotonic and Cyclic
Loading

N. C. Santhi Srinivas, Ch. Visweswara Rao, G. V. S. Sastry,
and Vakil Singh

Abstract Inconel 617 alloy is used in important power plant applications involving
steam generation equipment such as boiler superheaters and reheaters. Deformation
behavior of the IN 617 alloy under monotonic and cyclic loading at room tem-
perature, 750 and 850 °C at strain rate of 0.005 s−1 was studied in the present
investigation. Under tensile loading, decrease in strength was observed at 750 and
850 °C compared to the value observed at RT. Transmission electron microscopy
(TEM) studies revealed traces of slip bands whereas precipitation of carbides and c׳
at 750 and carbides at 850 °C. Formation of slip bands suggests slip as the primary
mechanism of deformation under tensile loading at RT. Continuous cyclic hard-
ening under cyclic loading was observed, at all the three temperatures and at all the
strain amplitudes. Cyclic hardening was noticed till peak hardening at 750 and
850 °C at all the strain amplitudes. Increase in temperature of testing had delete-
rious influence on fatigue life. Cyclic hardening at RT was attributed to, the
existence of pile up of dislocations in planar array in slip bands, the interaction of
dislocations with the fine carbide and c׳ particles at 750 °C and with the carbides
particles at 850 °C.

1 Introduction

Enhancement of thermal efficiency and reduction in CO2 emissions in Advanced
Ultra-Super Critical (A-USC) power plants need steam with inlet temperature more
than 700 °C, for which materials with good strength and oxidation resistance at
elevated temperatures are essential. Materials used for these applications need to
withstand steam at high temperatures (700–780 °C) and pressures up to 35 MPa.
Among nickel-based superalloys, Inconel 617 (IN617) alloy is a promising material
for the applications such as super heater, reheater and other steam generating
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components in power plants [1]. IN617 alloy is known to have good oxidation and
corrosion resistance along with exceptional creep strength at temperatures above
950 °C [2, 3].

Study of tensile and low cycle fatigue (LCF) behavior of IN617 and deformation
behavior at room temperature and high temperatures is important as the components
made of IN617 experience monotonic and cyclic stresses during their service. Roy
et al. [4] studied this alloy under tensile loading from RT to 1000 °C and found a
sudden increase in yield strength (yield strength anomaly) at 800 °C. Kauomi et al.
[5] investigated tensile behavior at RT as well as high temperatures at 600, 800 and
950 °C. They observed precipitation and recrystallization at higher temperatures
under tensile loading. Strizak et al. [6] investigated the influence of environment on
LCF behavior and found negligible effect on its fatigue life in air and impure helium
in solution annealed and aged conditions. Rao et al. [7] studied LCF behavior of
IN617 at 750,850 and 950 °C and found reduction in number of cycles for macro
crack initiation with increase in temperature and decrease in strain rate. In this
investigation, the deformation and fracture behavior of IN617 under monotonic and
cyclic loading at RT, 750 and 850 °C was studied.

2 Materials and Methods

The material of the present investigation, IN 617, alloy has the chemical compo-
sition as given in Table 1. It was subjected to solution annealing at 1175 °C for
40 min and was quenched in water. Tensile testing was done at room temperature,
750 and 850 °C using a strain rate of 5 � 10−3s−1 [8].

ASTM E 606 standard cylindrical specimens having gauge section of 5.5 mm
diameter, length of 15 mm length were prepared for LCF studies and tested at three
different temperatures, RT, 750 and 850 °C, at strain amplitudes ranging from
±0.20% to ±0.50% at a constant strain rate of 0.005 s−1 [9]. TEM foils were
sectioned from tested specimens for deformation studies.

3 Results and Discussion

3.1 Deformation Behavior Under Monotonic Loading

Figure 1 shows engineering stress–strain curves at three temperatures in compari-
son. It is obvious from the curves that typical ductile behavior is observed for this

Table 1 Analysis of chemical composition of the alloy IN617 (wt%)

C Fe B Al Mn Ti Si Cu S Cr Mo Co Ni

0.066 0.77 0.002 0.81 0.019 0.38 0.26 0.023 <0.003 20.61 8.92 11.11 Bal
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alloy at all the three temperatures. Table 2 shows the tensile properties obtained
from the tests conducted at 0.005 s−1 strain rate. Reduction in ultimate tensile
strength was observed with increase in the temperature. However, no difference is
observed in the values of yield strength at 850 °C in comparison to the value of
yield strength at 750 °C. A reverse trend in values of ductility was found which
decreased with increase in temperature. Similar results were observed by Mo et al.
[10]. The ratio of SUTS/SYS often referred as degree of work hardening was more at
750 °C compared to that at RT. However, it showed decrement again at 850 °C.

Figure 2a shows the microstructure of the tensile tested specimen at RT as
revealed by TEM, containing traces of slip bands formed during deformation.
Tangles of dislocations were observed within the slip bands. This confirms the
deformation process is through slip at RT under monotonic tensile loading. The
high density of dislocations is due to pileup of dislocations during deformation.

Figure 2b shows the microstructure of the tensile tested specimen at 750 °C.
Formation of carbides as well as Ni3(Al, Ti) precipitates referred as c׳ is observed at
this temperature (inset image). The precipitates are fine and uniformly distributed
through the microstructure. The high degree of work hardening noticed at this
temperature can be attributed to the evolution of carbides and c׳ precipitates and
their interaction with dislocations. Micro-twins were also observed in the disloca-
tion substructure at this temperature which indicates that the deformation process is
by slip as well as micro-twinning. Figure 2c shows the microstructure of specimen
tested under monotonic loading at 850 °C. Carbides can be observed throughout the
matrix and the carbides are bigger in size. Formation of sub-grains is also observed
at this temperature. The decrease in elongation values at this temperature can be

Fig. 1 Stress-plastic strain plots of IN 617 under monotonic loading at different temperatures
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attributed to the formation the bigger size carbides which acted as nucleation sites
for the formation of voids which led to premature failure of the samples.

3.2 Deformation Behavior Under Cyclic Loading

Table 3 shows the summary of the data obtained for IN617 tested under cyclic
loading at three temperatures namely room temperature, 750 and 850 °C.

It can be seen from Table 3 that the temperature has adverse effect on fatigue life
of the IN617 alloy. Fatigue life was found to be reduced with rise in temperature
and strain amplitude. Run out was noticed at room temperature at ±0.18% strain
amplitude, i.e., no failure of the sample was observed. Decrease in life was
observed at 750 °C with rise in strain amplitude. Decrement in life was drastic at
above ±0.375% strain amplitude. Nearly similar trend was detected at 850 °C at
strain amplitudes of similar magnitude.

The strain amplitude (plastic) (Δɛp/2) and average stress amplitude (Δr/2)
determined from the hysteresis loops at 0.5Nf often referred as half life cycle, are
also presented in Table 3. It is evident that the value of Δɛp/2 increased with
increase in strain amplitude as well as temperature. Increase in strain amplitude also
affected the stress amplitude which exhibited rise in the values. However at 750 °C,

Table 2 Effect of monotonic loading on properties of IN617 at different temperatures

Temperature
(°C)

0.2% Y.S,
MPa (SYS)

U.T.S, MPa
(SUTS)

Elongation,
% (ef)

R.A
%

Degree of work
hardening (SUTS/SYS)

RT 372 785 73 52 2.11

750 180 435 71 50 2.41

850 189 240 63 55 1.45

0.5 μm

(b) (a) (c) 

Fig. 2 Microstructure of the specimen tested under monotonic loading: a at RT showing traces of
slip bands (dashed line) and dislocation tangles with in slip bands b at 750 °C showing formation
of fine precipitates, micro-twins present in the substructure and dislocation–precipitate interaction
c at 850 °C showing formation of coarse carbide precipitates and sub-grains
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the values of stress amplitude observed at higher strain amplitudes were higher
compared to those at RT. The stress amplitude values at 850 °C followed similar
trend as that of the RT. Degree of hardening was increased with increase in tem-
perature from RT to 750 °C; however, it was again decreased at 850 °C.

Figure 3 depicts the variation of stress amplitude with fatigue cycles at two
strain amplitudes studied at three temperatures. Cyclic hardening is observed at all
the strain amplitudes and temperatures, except at ±0.5% strain amplitude. The
tested specimen at this strain amplitude showed cyclic hardening initially upto100
cycles and then exhibited cyclic softening at RT. At higher temperatures, contin-
uous cyclic hardening is observed and dual slope behavior is visible from Figs. 3a,
b. It can be concluded that from these curves, that Inconel 617 alloy exhibits mostly
cyclic hardening behavior at the three temperatures studied. This behavior is in line
with the hypothesis that cyclic hardening is expected in the materials with SUTS/SYS
ratio greater that 1.4 (Table 2) and monotonic strain hardening exponent (n) values
greater than 0.15 [9].

Figure 4 shows plots of the plastic strain amplitude and 2Nf often referred as
number of reversals to failure, at three different temperatures clearly depicting the
validity of Coffin–Manson (C-M) relationship. C-M plot at 750 °C can be seen in
the left to that of the 850 °C due to sudden decrease in life at higher strain
amplitudes at 750 °C.

Figure 5a and b show microstructures of the samples tested under cyclic loading
at RT and at two strain amplitudes (±0.2% and ±0.5%) as revealed by TEM. The
sample at low strain amplitude shows traces of slip bands, micro-twins and

Table 3 Data for IN617
tested under cyclic loading at
different temperatures

Δet/2 Nf (Cycles) Δep/2 Δr/2 (MPa) H %

Room temperature

0.0018 Run outa 0.00011 322 19.5

0.0020 95,931 0.00043 369 21.5

0.0025 35,329 0.00079 377 22.6

0.00375 13,239 0.00168 441 26.8

0.0042 6994 0.00198 452 30.0

0.0050 5743 0.00253 505 25.6

750 °C

0.0020 6926 0.00051 286 88.2

0.0025 6237 0.00,054 319 120.7

0.00375 945 0.00120 454 126.1

0.0050 405 0.00219 531 103.5

850 °C

0.0020 2600 0.00035 260 29.0

0.0025 1190 0.00095 272 48.3

0.00375 973 0.00175 295 45.8

0.0050 435 0.00290 350 39.2
aRun out at 1,82,000 cycles
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dislocations within micro-twins. The dislocation pile ups are also more within the
slip bands. It clearly shows the deformation process is through slip and twinning at
this temperature and strain amplitude. At higher strain amplitude, there was
reduction in dislocation density and tangles of dislocations were less. There was no
evidence of precipitation of second phase particles. The annihilation of dislocations
might have occurred at this strain amplitude which caused the absence of the
pileups of dislocations at this strain amplitude.

Figure 6a and b show microstructures of the samples tested under cyclic loading
at 750 °C and at two strain amplitudes (±0.2% and ±0.5%) by TEM clearly
indicating precipitation of carbides and c׳ particles. This can be confirmed from the
analysis of diffraction patterns presented in our previous publication [9]. These
precipitates are fine and uniformly distributed throughout the structure. These
precipitates were found to form at tangles of dislocations. The interaction of dis-
locations with the precipitates also can be evidenced from the micrographs. The
dislocation density was found to be less than that at RT. At high strain amplitude,

Fig. 3 Stress response curves under cyclic loading at RT, 750 °C and 850 °C at two strain
amplitudes: a ±0.2% and b ±0.5%

Fig. 4 Coffin–Manson plots
of the IN 617 alloy at RT,
750 °C and 850 °C
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precipitates formed were less in number and smaller in size due to decrease in cyclic
fatigue life observed at this strain amplitude. Formation of the precipitates increased
the stress amplitude continuously for the subsequent cycles. The degree of hard-
ening also increased due to the precipitates which increase in number and size with
rise in strain amplitude.

Figure 7a and b show microstructure of the samples tested under cyclic loading
at 850 °C and at two strain amplitudes (±0.2% and ±0.5%) which clearly depict
precipitation of carbides which are bigger in size and randomly distributed in the
microstructure. The absence of c׳ particles at 850 °C is also reported by Mankins
et al. [2] as the c׳ solvus line lies in the temperature range of 760 °C and 816 °C.
Sub-grain formation can also be visualized. The precipitates contributed for
increase in stress amplitude for the subsequent cycles. Number of precipitates was
found to decrease with increase in strain amplitude. The degree of work hardening

Micro twin 

(a) (b) 

Fig. 5 Microstructure of the samples tested under cyclic loading at RT at two strain amplitudes:
a at ±0.20% revealing traces of slip bands and dislocations within micro-twins (shown by arrow)
b at ±0.50% revealing less number of dislocation tangles

)b()a(

Fig. 6 Microstructure of the samples tested under cyclic loading at 750 °C at two strain
amplitudes: a at ±0.20% revealing precipitates formed and their interaction with dislocations b at
±0.50% revealing evolution of precipitates and dislocation interaction
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(Table 3) at 850 °C was low compared to that at 750 °C due to the absence of c׳
particles and decrease in number of carbides. At low strain amplitude, micro-twins
were observed (shown by arrow) in which aligned dislocations can also be seen.
Dislocation density was low compared to that at RT and 750 °C. The precipitation
behavior of the alloy at high temperature is observed to be same under monotonic
and cyclic loading, i.e., formation of c׳ particles and carbides at 750 °C whereas
only formation of carbides at 850 °C.

4 Conclusions

1. Tensile properties of IN617 alloy showed that the temperature had adverse effect
on strength parameters. Also, ductility parameters decreased at 750 °C and
850 °C compared to the values of RT due to precipitation of carbides.

2. Deformation mechanism under monotonic loading is observed to be slip at RT.
Precipitation of carbides and c׳ particles, and their interaction with dislocations
at 750 °C contributed to high degree of work hardening. Deformation process is
by slip as well as micro-twinning. Precipitation of coarse carbides and sub-grain
formation was observed at 850 °C. Low density of dislocations was found at
higher temperatures.

3. Cyclic deformation studies revealed cyclic hardening at RT which was attrib-
uted to the existence of pile up of dislocations in planar array in slip bands, and
to the interaction of dislocations with to fine carbide and c׳ particles at 750 °C.
The hardening at 850 °C is attributed to the interaction of dislocations with the
carbides particles.

4. Coffin–Manson relationship was found to be valid at the three temperatures
explored.

Micro twin 

(a) (b) 

Fig. 7 Microstructure of the samples tested under cyclic loading at 850 °C at two strain
amplitudes: a at ±0.20% revealing precipitates formed which are bigger in size compared to that
formed at 750 °C b at ±0.50% revealing precipitate formation and their interaction with
dislocations
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A Study on the Active Eutectoid Phase
Transformations of Ti/Zr–Cu Alloys

Harish Donthula, R. Tewari, B. Vishwanadh, R. Banerjee,
and S. Banerjee

Abstract In this paper, the insupressible eutectoid transformations in Ti–Cu and
Zr–Cu alloys are studied. Under non-equilibrium cooling conditions, the parent
b (bcc) phase decompose into several fine colonies of lamellar eutectoid of a
(hcp) and M2Cu (tetragonal) phases (M = Ti/Zr) nucleated within the grain. The
resultant lamellar eutectoid microstructures in both these alloy systems show a finer
lamellar spacing and orientation relationship between the product phases. This
article discusses the favourable conditions during non-equilibrium conditions that
helps in maintaining the integrity of transformation front between the parent and
product phases during the transformation resulting in lamellar morphology.

Keywords Active eutectoid decomposition � Orientation relationship � Lattice site
correspondence � Transformation front

1 Introduction

In general, eutectoid transformation involves decomposition of a parent phase into
two product phases which evolve cooperatively, sharing a common growth front
with the parent phase resulting in a lamellar morphology. However, the lamellar
morphology of eutectoid products is not always maintained. In certain conditions,
when the advancing front where three phases come in contact, cannot maintain its
integrity, the two-phase product degenerates into a non-lamellar morphology.
Under such non-equilibrium cooling conditions facilitated by higher cooling rates,
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the transformation of parent phase into the lamellar eutectoid products is suppressed
and partition less transformation is favoured which results in the formation of
metastable phases, like martensite and bainite [1, 2]. However, some eutectoid
transformations in titanium and zirconium alloys cannot be suppressed by rapid
cooling and the formation of lamellar eutectoid product is insuppressible. Such
transformations are categorized as “active eutectoid” transformations.

Preliminary studies on eutectoid transformations in titanium alloys were pio-
neered by Jaffee [3], who classified these eutectoid transformations into two cate-
gories: namely, sluggish and active. Most of the eutectoid transformations in
titanium alloys fall into the category of sluggish. On the other hand, there are few
eutectoid transformations encountered in Ti–Cu, Ti–Ni and Ti–Si alloys, are so
rapid that they cannot be suppressed even by rapid quenching and hence classified
as active eutectoid transformations. This phenomenon of active eutectoid trans-
formation is not confined only to Ti based alloys, but also found in Zr based alloys
such as Zr–Cu, Zr–Ni and Zr–Fe, which exhibit non-suppressible eutectoid trans-
formation [4–8]. The following are some of empirical observations in different
alloy systems which exhibit active eutectoid transformations:

(i) eutectoid transformation temperature is high,
(ii) eutectoid composition is lean in solute and
(iii) intermetallic product phase is rich in the base metal.

However, the studies on microstructural evolution and phase transformations in
active eutectoid transformations are limited. In the current work, the active eutec-
toid transformation is studied from the view point of Ti–Cu and Zr–Cu alloys. The
details of the different phases involved in these active eutectoid transformations are
tabulated in Table 1.

In these alloy systems, the microstructures of hypo-eutectoid and near eutectoid
alloys showed evidences of martensitic, bainitic and eutectoid transformations
[9–11]. It is found that there exists a competition amongst these transformations due
to which retained b is absent in these of the microstructure, even in those samples
subjected to higher cooling rates, was observed. In order to suppress the formation
of the metastable phases and understand the active eutectoid decomposition from

Table 1 Details of the eutectoid transformations in Ti–Cu, Zr–Cu and U-Mo alloys

Alloy
system

Eutectoid
composition
(at.%)

Eutectoid
temperature
(°C)

Details of product phases

Ti–Cu 12 798 b - Ti ! a - Ti þ Ti2Cu
BCCð Þ HCPð Þ BCT - MoSi2ð Þ

Zr–Cu 2.2 810 b - Zr ! a - Zr þ Zr2Cu
BCCð Þ HCPð Þ BCT - MoSi2ð Þ

*U–Mo 20 500 c - U ! a - U þ U2Mo
BCCð Þ orthorhombicð Þ BCT - MoSi2ð Þ

* is a sluggish eutectoid but with similar crystallography as Ti/Zr–Cu eutectoids
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the super saturated parent phase, hyper-eutectoid alloy compositions (Ti-15wt%Cu
and Zr-2.5wt%Cu) are chosen. The higher density of interfaces (a/M2Cu) per unit
volume due to fine intermetallic plates (20–30 nm thick) and inter lamellar spacing
(40–50 nm) formed as a result of active eutectoid transformation [4, 5], makes
these is alloy systems a potential candidate for higher strength applications.

2 Experimental

The hyper-eutectoid compositions of Ti–Cu (Ti-15wt%Cu) and Zr–Cu (Zr-2.5wt%
Cu) alloys were produced by arc melting using a non-consumable tungsten elec-
trode and water cooled copper crucible in an argon atmosphere. These alloy sam-
ples were produced from high purity titanium, zirconium and copper (99.99%). To
ensure their chemical homogeneity in these dilute alloys, master alloys of Zr-10wt
%Cu and Ti-25wt%Cu were diluted to the required compositions by addition of
solvent element. The as-cast arc melted buttons are shrouded and sealed in mild
steel capsules under vacuum and hot rolled into sheets at a temperature of 1000 °C.
The specimens of Ti-15wt%Cu and Zr-2.5wt%Cu fabricated from the hot-rolled
sheets are glass sealed in argon atmosphere to prevent oxidation during the sub-
sequent heat treatments. The glass sealed specimens of these alloys were then
solutionized in b-phase (1000 °C in Ti-15wt%Cu and 950 °C in Zr-2.5wt%Cu) for
an hour and subsequently water quenched.

Specimens for scanning electron microscopy were polished using emery sheets of
different grit sizes, followed by diamond polishing using 1-µm suspension to obtain a
mirror finish surface. The specimens are then chemically etched for microstructural
characterization under SEM. For TEM, the pre-thinned foils made by mechanical
polishing of the heat treated specimens were electro-polished using a mixture of 90
parts of methanol and 10 parts perchloric acid as electrolyte at −35 °C and 20 V.
SEM specimens were examined under FEI and Auriga Carl Zeiss FESEM instru-
ments. TEM examination was carried out in Technai F-30 microscope with an
accelerating voltage of 200KV.

3 Results and Discussion

The microstructures of the b quenched Ti–Cu and Zr–Cu specimens are shown in
Fig. (1a & b). The microstructures showed the distribution of several lamellar
eutectoid colonies (longest dimension being 2–3 µm) nucleated within a prior b
grain. Unlike conventional eutectoid decomposition resulting in nodular eutectoid
colonies, these lamellar eutectoid colonies have uni-directional growth. One such
colony is marked in Fig. 1a. In Ti–Cu, the arrangements of the lamellae in a colony
(feathery structure) show as if these lamellae are fanning out from the point of
origin (Fig. 1b). In contrast, the lamallea in Zr–Cu eutectoid are parallel, straight

A Study on the Active Eutectoid Phase Transformations … 99



and does not fan out from the point of origin suggest a possibility crystallographic
habit plane between the two phases. The TEM micrograph from an individual
colony of Zr–Cu is shown in Fig. 1c. The compositional analysis by EDS showed
the copper in the intermetallic region is close to 33 at.% Cu in both these alloys,
indicating that the solute separation has reached equilibrium limits. However, the
microstructure did not show the presence of any retained b phase in the
microstructure. The composite selected area diffraction pattern from one such
colony is indexed in term of 1120

� �
a and 100½ �Zr2Cu zone axes as shown in Fig. 1d.

The matching of diffraction spots and the parallelity of the crystallographic zone
axis between the two phases indicate the presence of an orientation relationship
between them, which can be expressed as:

100 nm

1μm 
2μm 

a

c d

b

Fig. 1 a–b The microstructure of the water quenched Ti–Cu and Zr–Cu hyper eutectoid alloys.
c TEM micrograph of an eutectoid colony in showing the presence of a-Zr and Zr2Cu. Inset shows
EDS map of copper enrichment and depletion in Zr2Cu and a-Zr phases, respectively. d SAD
pattern from the colony indexed in terms of a-Zr and Zr2Cu
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1120
� �

a�Zr== 100½ �Zr2Cu; 0002ð Þa�Zr== 013ð ÞZr2Cu:

A similar orientation relationship is also observed in the eutectoid decomposition
of hyper-eutectoid Ti–Cu alloy [12, 13]. Based on orientation relationships obtained
between the product phases and their crystallography, following observations could
be made:

(i) The unit cell of Ti2Cu/Zr2Cu can be visualized as stacking of three unit cells of
parent b phase along any of the <001> b directions with specific atomic sites
decorated by copper and titanium atoms as shown in the Fig. 2. The crys-

Fig. 2. The unit cells of the
intermetallic phase (Ti2Cu)
and b phase

Table 2 The crystallographic information of the phases involved in eutectoid transformation and
the three phase crystallography between the parent and product phases

Alloy system Parent b
phase

Product phases

a-phase Intermetallic

Ti–Cu Space group:
Im3m
(BCC,
a = 3.31 Å)

Space group: P63/mmc
(Hexgonal, a = 2.95 Å;
c = 4.68 Å)

Space group: I4/mmm
(Tetragonal, a = 2.94 Å;
c = 10.78 Å)

Zr–Cu Space group:
Im3m
(BCC,
a = 3.63 Å)

Space group: P63/mmc
(Hexgonal, a = 3.22 Å;
c = 5.14 Å)

Space group: I4/mmm
(Tetragonal, a = 3.2204 Å;
c = 11.1832 Å)

Three phase
crystallography

Burgers OR

Crystallographic OR deduced from the study

Lattice correspondence between b and M2Cu constructed
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tallographic details of the parent and product phases involved in the eutectoid
transformation are tabulated in Table 2.

(ii) Based on the observed OR between a and M2Cu and the Burgers OR between
a and b, a three phase crystallographic relationship between a, b and M2Cu
can be constructed [7, 12, 13] as shown in Table 2.

The absence of any pro-eutectoid features in the microstructure suggested that
the alloy systems have unequivocally showed that the direct eutectoid decompo-
sition of the b phase on water quenching. Such a condition in a hyper-eutectoid
alloy can be attained when the parent phase is undercooled into the direct eutectoid
umbrella formed by extension of solvus curves of b/a and b/M2Cu below trans-
formation temperature as shown in Fig. 3. The thermodynamic feasibility of direct
eutectoid transformation is discussed in detailed by Donthula et al. [12].

It is evident from Fig. 1c that the inter lamellar spacing of the active eutectoid
decomposed products is close to 80 nm. The time required (t = x2/D) for diffusion
of impurity solute atoms [14] in the bcc lattice along the interface to a characteristic
length of half lamellar spacing (k/2 * 40 nm) at direct eutectoid transformation
temperature is close to 0.01 s and 0.02 s for Zr–Cu and Ti–Cu eutectoid, respec-
tively. In addition, the contribution due to anamolous diffusion and the interfacial
effects further reduce the time required for solute partitioning along the interface
[12]. The presence of lattice site registry between the parent and the product phases
suggests that short range diffusion of solute atoms across the transformation front
by few unit cells (minimum of three) is sufficient for solute rich b phase (*33 at.%
Cu) to transform to intermetallic and solute lean b into a. It is also reported that the
velocity of transformation front during the active eutectoid transformation is few
orders higher than that of the conventional eutectoid [12].

The finer lamellar spacing and the higher diffusivity of the diffusional species
makes the solute segregation along the transformation front to solute rich and solute

Fig. 3. Schematic of phase
diagram showing the region
of direct eutectoid
transformation for a
hyper-eutectoid alloy
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lean region feasible at such a short timer intervals. Therefore, due to the finer
lamellar spacing and higher diffusivity of the solute atoms along the transformation
front, the integrity of the transformation front under non-equilibrium cooling
conditions is uncompromised. Also, the lattice site registry between the parent and
product phases reduces the length scale of atomic shuffle to few unit cells ahead of
the transformation front resulting in greater velocity of the transformation front. In
this regard, it is worthwhile to discuss the eutectoid transformation in U–Mo alloy
system (refer Table 1). Due to lower transformation temperature and the slothy
diffusional species (molybdenum) makes the solute segregation ahead of the
transformation front unfeasible, thereby degenerating into a non-lamellar mor-
phology. Though a crystallographic relationship exists between b-U & a-U and a-U
& U2Mo, transformation is suppressed due to poor diffusional kinetics [15]. In
contrast to U–Mo system, it is the synergy of higher diffusional kinetics for solute
segregation along the transformation front and the presence of lattice registry which
can quickly transform the solute rich and depleted regions of parent phase into
product phases leading to insuppressible lamellar eutectoid.

4 Summary

Some of the observations based on the study on the active eutectoid transformations
in Ti–Cu and Zr–Cu alloy systems are the summarised as the following:

• The lamellar structure showed the presence of a-Ti/Zr and the M2Cu (M = Ti/
Zr) with a finer lamellar spacing. The parent phase is not retained in any of the
non-equilibrium cooled samples.

• Unlike the conventional lamellar eutectoid colonies which nucleate at the grain
boundaries, the lamellar colonies can nucleate within the grain in active
eutectoid transformation.

• The lattice site correspondence between the parent and product phases, because
of the orientation relationship, and the rapid kinetics are the solute species are
the characteristic features of the active eutectoid transformation.

References

1. Banerjee S, Mukhopadhyay P (2007) Phase transformations examples from Titanium and
Zirconium alloys, 1st edn. Pergamon, Amsterdam

2. Froes FH (2015) Titanium physical metallurgy processing and applications. ASM
International, Ohio

3. Jaffee RI (1958) The physical metallurgy of titanium alloys. Prog Met Phys 7:65–106
4. Krishnamurthy S, Jackson AG, Jones H, Froes EH (1988) Beta-eutectoid decomposition in

rapidly solidified titanium-nickel alloys. Metall Trans A 19(1):23–33

A Study on the Active Eutectoid Phase Transformations … 103



5. Kumar L, Ramanujan RV, Tewari R, Mukhopadhyay P, Banerjee S (1999) Active eutectoid
decomposition in Zr-3 wt% Fe. Scripta Mater 40(6):723–728

6. Brice DA, Samimi P, Ghamarian I, Liu Y, Mendoza MY, Kenney MJ, Reidy RF,
Garcia-Avila M, Collins PC (2017) On the eutectoid transformation behaviour of the Ti–Zn
system and its metastable phases. J Alloy Comp 718:22–27

7. Mukhopadhyay P, Menon SK, Banerjee S, Krishnan R (1979) Active eutectoid decompo-
sition in a near-eutectoid zirconium-copper alloy. Metall Trans A 10:1071–1079

8. Franti GW, Williams JC, Aaronson HI (1978) A survey of eutectoid decomposition in ten
Ti–X systems. Metall Trans A 9:1641–1649

9. Souza SA, Afonso CRM, Ferrandini PL, Coelho AA, Caram R (2009) Effect of cooling rate
on Ti–Cu eutectoid alloy microstructure. Mater Sci Eng C 29:1023–1028

10. Lee HJ, Aaronson HI (1988) Eutectoid decomposition mechanisms in hypo eutectoid Ti–X
alloys. J Mater Sci 23:150–160

11. Devaraj A, Nag S, Muddle BC, Banerjee R (2011) Competing martensitic, Bainitic, and
Pearlitic transformations in a hypo-eutectoid Ti–5Cu alloy. Metall Mater Trans 42:1139–1143

12. Donthula H, Vishwanadh B, Alam T, Borkar T, Contieri RJ, Caram R, Banerjee R, Tewari R,
Dey GK, Banerjee S (2019) Morphological evolution of transformation products and eutectoid
transformation(s) in a hyper-eutectoid Ti-12 at.% Cu alloy. Acta Mater 168(63):63–75

13. Dong Q, Yu H, Yao Z, Long F, Balogh L, Daymond MR (2016) Study of microstructure and
precipitates of a Zr–2.5Nb–0.5Cu CANDU spacer material. J Nucl Mater 481:153–163

14. Neuman G, Tuijn C (2009) Self diffusion and impurity diffusion in pure metals. In: Pergamon
material series, vol 14

15. Neogy S, Saify MT, Jha SK, Srivastava D, Hussain MM, Dey GK, Singh RP (2012)
Microstructural study of gamma phase stability in U–9wt.% Mo alloy. J Nucl Mater 422(1–3):
77–85

104 H. Donthula et al.



TEM Studies of Segregation
in a Ge–Sb–Te Alloy During Heating

Manish Kumar Singh, Chanchal Ghosh, Shalini Tripathi,
Paul Kotula, Gokhan Bakan, Helena Silva, and C. Barry Carter

Abstract Phase-change materials are important for optical and electronic com-
puting memory. Ge–Sb–Te (GST) is one of the important phase-change materials
and has been studied extensively for fast, reversible, and non-volatile electronic
phase-change memory. GST exhibits structural transformations from amorphous to
metastable fcc at *150 °C and fcc to hcp at *300 °C. The investigation of the
structural, microstructural, and microchemical changes with high-temporal resolu-
tion during heating is crucial to gain insights on the changes that materials undergo
during phase transformations. The as-deposited GST film has amorphous island
morphology which transform to the metastable fcc phase at *130 °C. The
second-phase transformation, from fcc to hexagonal, is observed at *170 °C.
While the as-deposited amorphous islands show a homogeneous distribution of Ge,
Sb and Te, these islands boundaries become Ge-rich after heating. Morphological
and structural evolutions were captured during heating inside an aberration cor-
rected environmental TEM equipped with a high-speed camera under a low-dose
conditions to minimize beam-induced changes in the samples. Microchemical
studies were carried out employing ChemiSTEM technique in probe-corrected
mode with a monochromated beam.
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1 Introduction

Phase-change materials are important class of materials for their usage in optical
and electronic memory applications including phase change random access memory
(PCRAM). The PCRAM relies upon the heating induced amorphous to crystalline
phase transformation wherein materials exhibit a large change in electrical resis-
tance [1, 2]. Germanium-Antimony-Tellurium (GST) based alloys have attracted
considerable attention of the scientific community owing to their rapid switching
time (*nanoseconds) and high cyclic endurance. There are three stoichiometric
GST alloys namely, GeSb2Te4, Ge2Sb2Te5, and GeSb2Te7 lying on the pseudobi-
nary tie line joining GeTe and Sb2Te3. Among them Ge2Sb2Te5 (GST-225) alloy is
most promising due to its better stability at room temperature, fast crystallization,
and good reversible transformation between amorphous and crystalline states [3].
The physical and crystallization properties of phase change materials to a large
extent determine the performance of these memories. One of the issues with
GST-225 has been the requirement of large reset current to melt-quench the
materials, followed by rapid quenching to room temperature. To circumvent this,
strategies were adopted to dope GST-225 with light elements including N and O to
increase the resistance of the crystalline phase which in turn reduces the reset
current [4–6]. Moreover, delayed crystallization has also been observed which
further improves the room temperature stability of GST-225. The role of capping on
the crystallization temperature of GST-225 film has significant effect. For the
100-nm thick films, the non-oxidized films crystallize at *170 °C, whereas
uncapped films show amorphous to crystalline phase transformation at *150 °C.
The early transition observed in uncapped films has been attributed to the surface
oxidation and have been demonstrated previously in several reports [7, 8].
A reduction of 50 °C in the crystallization temperature of 10 nm GeTe film has
been reported, when exposed to atmosphere for 2 months. Kooi and coworkers
reported the complete crystallization of the GST-225, 10 nm film at room tem-
perature upon exposure to atmosphere for 2 months [9]. We have recently reported
the crystallization temperature of *130 °C, in an uncapped Ge-rich GST-225 film
of thickness 30 nm exposed to atmosphere for 4 months [10]. The observed
depression in crystallization temperature as well as chemical segregation was
ascribed to the presence of oxygen in the film. It has been demonstrated that
chemical composition of the GST-225 remains unchanged after the amorphous to
crystalline transformation. However, situation may change if composition deviates
from the standard one caused by film deposition conditions such as nature of
substrates and protective layers, exposure to atmosphere and so on. For instance,
Ge-rich GST-225 film was reported to grow when sputtered from a target of a
Ge2Sb2Te5 [10]. This film exhibited chemical segregation among Ge, Sb, and Te in
as-deposited film at room temperature which increases further at elevated temper-
atures. The increased crystallization temperature observed in thickness of the films
less than 10 nm have been attributed to interface energy/stress between the active
films and protective layers [11]. However, the effect on crystallization and chemical
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changes of uncapped film of thickness less than 10 nm exposed to air has not been
explored in detail. The crystallization behavior of the amorphous GST-225 thin
films have been investigated through X-ray diffraction, temperature dependence of
electrical resistivity, calorimetric, spectroscopic, and electron microscopy [12–19].
The investigation of phase transformation of GST-225 at high spatial and temporal
resolutions in real time using in-situ TEM is required to determine the transfor-
mation temperature precisely [20, 21]. However, amorphous GST can transform to
crystalline with the exposure of electron beam and impair the determination of
crystallization temperature [22, 23]. To minimize the e-beam effect on sample,
investigation using a low-electron dose is required. The images acquired using a
low dose possess a low SNR thereby makes the image interpretation difficult. This
can be even more challenging for GST, as the chemistry of the transformed phase
and the amorphous matrix remain nearly same. The present work deals with the
study of structural transformations and chemical segregation in uncapped
Ge2Sb2Te5 thin film sputtered directly on SiNx support of the protochips. The
structural transformation was followed in-situ using an aberration corrected envi-
ronmental TEM.

2 Materials and Methods

The GST-225 film of a thickness 40 nm was deposited directly on SiNx support
film of a protochips using magnetic sputtering from Ge2Sb2Te5 target [10, 24, 25].
The details of deposition condition of the film have been reported elsewhere. The
in-situ heating of the film was carried out employing an Aduro 300 heating holder
in a FEI image-corrected Environmental TEM (ETEM). Dynamics of the crystal-
lization process were captured using a low-electron-dose with a large-field-of-view
direct electron detection camera (Gatan K3 IS). The film was heated at a ramp rate
of 5 °C/s from room temperature 25 to 200 °C. Microchemical studies were carried
out employing a FEI G2 80–200 kV ChemiSTEM in probe-corrected mode with a
monochromated beam and the chemical distribution within the specimen was
determined using four quadrant X-ray energy dispersive spectrometry (XEDS)
detectors.

3 Results and Discussion

The bright-field TEM micrographs of as-deposited and after exposure of e-beam for
about 30 min and their corresponding selected area electron diffraction
(SAD) patterns are shown in Fig. 1. The islands morphology of the as-deposited
40 nm GST-225 film was observed. Average size of the islands was measured to be
*15 nm. The SAD pattern is devoid of any distinct spot or rings leading us to
conclude that the as-deposited film is amorphous in nature. However, there might
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be weak reflections which are masked by the amorphous matrix. A low-dose and
large field of view micrograph along with corresponding power spectrum as inset is
shown in Fig. 1b. The absence of lattice periodicity in the power spectrum confirms
the amorphous nature of the film. After 30 min of exposure with e-beam (300 kV),
a few islands with dark contrast were observed in the BF image indicating the
crystallization of the film. This is further evidenced by the presence of rings in the

Fig. 1 BF-TEM micrographs and their corresponding SAD patterns (insets) of as-deposited
GST-225 film of thickness 40 nm (a) at the beginning and (c) after 30 min of e-beam. Exposure.
(b) shows a low-dose and large field of view image with FFT as inset
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corresponding SAD pattern. The rings in the SAD pattern are indexed to (200) and
(220) of fcc-GST-225 phase. The e-beam has triggered amorphous to crystalline
transformation in GST-225 film suggests that GST is extremely sensitive to the
radiation (e-beam) and requires an alternate imaging technique, e.g., low-electron
dose imaging, cryo-TEM. To minimize the effect of e-beam, a low-electron dose
rate (6.67 e. Å−2. s−1) was used to record the images, while heating the film inside
the aberration corrected TEM. Structural transformation was recorded using a
high-speed camera. The morphology of the film at 130 °C during heating is shown
in Fig. 2. The onset of the crystallization was observed at 130 °C which is about
20 °C less than the reported value in the literature. The contrast in the image has
been reduced due to low-dose imaging and has been enhanced through integration
of in-situ video data set. Nevertheless, the presence of a faint ring in the power
spectrum (inset-top left) revealed the early stages of crystallization and indexed as
fcc phase of GST-225. One such crystallite at a very early stage is marked in a red
square in the micrograph and is digitally zoomed, as shown in bottom right inset.
The lattice spacing *0.34 nm has been marked in the image which corresponds to
(111) of fcc-GST-225 phase. The similar amorphous to crystalline transformation
studies in an uncapped 30 nm GST-225 film on SiNx support membrane on
Protochips have been reported previously [10].

With further heating at 150 °C, crystals corresponding to Sb2Te3 phase was also
observed as shown in Fig. 3, where three different regions marked as 1, 2, and 3
along with corresponding power spectra as well as digitally zoomed images are also
shown. Figure 4 depicts a low-dose image showing the microstructural nature of

Fig. 2 Low-electron-dose micrograph of GST-225 film heated at 130 °C. Power spectrum and a
zoomed image of a crystalline domain as insets showing onset of crystallization
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the film heated at 170 °C. With the increase in temperature, crystallinity of the film
increases, and the presence of crystalline domains are visible even in a low-dose
condition (Fig. 4a). Power spectrum (shown as inset) exhibits increased number of
spots conforming to a greater degree of crystallization in the film. Periodicities
corresponding to fcc-GST-225, hex-GST-225, and Sb2Te3 phases are marked in the
power spectrum. Emergence of newer crystallites can also be observed in the
low-dose HRTEM micrograph and two such crystallites are marked with red
squares. The magnified view of them is displayed in Fig. 4b, c, respectively, where
lattice fringe spacings correspond to (200) of fcc-GST-225 and (0003) of Sb2Te3 are
presented. It is noteworthy to mention that the crystalline domains are observed
within the islands and inter-island regions remain devoid of long-range order.

The chemical nature of the film heated at 100 °C is shown in Fig. 5a. This figure
comprised of the STEM-HAADF image and the corresponding STEM-XEDS maps
of Ge, Sb, Te, O, and their composite from the same region. It is apparent that the

Fig. 3 Low-electron-dose micrograph of GST-225 film heated at 150 °C showing three different
regions 1, 2, and 3. Power spectra and digitally zoomed images corresponding to regions 1, 2, and
3 are also shown. The spots in the power spectra corresponding to Sb2Te3 and fcc-GST-225 phases
are marked
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distribution of the elements is not homogeneous where Ge and O are rich in the
inter-island regions, whereas the islands consist of Sb and Te. The composite map
clearly depicts the distribution of the elements. It is evident that a chemical seg-
regation is taking place resulting a partition of Ge–O and Sb–Te at this temperature.
However, there can be a few nanostructural domains of GST-225 over the islands.

Fig. 4 (a) A low dose image of GST-225 film heated at 170 °C along with power spectrum
showing periodicities corresponding to fcc and hexagonal GST-225 and Sb2Te3 phases. The false
color rings are inserted for the visibility of spots. The magnified images from selected square
regions in (a) showing lattice fringe spacings correspond to fcc-GST-225 and Sb2Te3 phases in
Figures (b) and (c), respectively

Fig. 5 STEM-HAADF image and STEM-XEDS maps of Ge, Sb, Te, and O along with their
composite images acquired from the in-situ heated GST-225 film at (a) 100 °C and (b) 150 °C.
The field of view for all the images is 125 nm.
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With the increase in temperature, this partition becomes prominent as shown in the
element maps acquired at 150 °C (Fig. 5b). This chemical segregation can be
attributed to the following: (i) The uncapped nature of the film which promotes the
oxidation with a long exposure to the atmospheric conditions and (ii) island mor-
phology of the film. The oxidized GST-225 film promotes the chemical segregation
into Ge–O and Sb2Te3 over crystallization into the fcc and subsequent hexagonal
phase. In the previous communication from author’s group [10], it was shown that
Ge segregates toward island boundaries even in as-deposited film based on room
temperature STEM-XEDS maps.

Of the elements present in the Ge2Sb2Te5, Ge is more prone to oxidation owing
to its affinity toward oxygen, leading to preferential oxidation of Ge. The remaining
film is then rich in Sb and Te. The bond-dissociation energy for Ge–O (657.5 kJ/
mol) is much higher than that of the Ge-Te (396.7 kJ/mol), Te–O (377 kJ/mol) and
Sb-O (434 kJ/mol) [26]. The Ge–O compound is thermodynamically more favor-
able than Sb-O or Te–O compounds. This explains the preferential oxidation of Ge
over Sb, and Te with long term atmospheric exposure. The microchemical nature of
the similar film at room temperature has been reported earlier [10]. Moreover, in the
same communication the STEM-XEDS line profiles at 200 °C, the stoichiometry of
the island was estimated close to Sb2Te3.

Oxygen can play a very different role depending on the nature of its presence in
the system. The increase in the crystallization temperature from 150 to 200 °C was
observed when 16.7 and 21.7 wt% oxygen was incorporated into GST-225 [6].
Moreover, in the presence of oxygen, the onset of amorphous to crystalline
transformation is significantly delayed due to hindrance in the cubic atomic
arrangement [8]. Contrary to this, in the oxidized film the crystallization is observed
at relatively lower temperature. The Sb diffuses faster than those of Ge and Te in
Ge–Sb–Te, however, in the presence of oxygen, Ge moves out from the Ge–Sb–Te
matrix [27] and segregates toward the island boundaries in the present study. The
similar results were observed in the case of Ge1Sb2Te4 system where oxygen
influenced the formation of Ge–O and Sb2Te3 phases [28]. They act as a hetero-
geneous nucleation sites for the FCC and HCP phase transformations.

4 Conclusions

The following conclusions can be drawn from the present work.

1. The amorphous to crystalline transformation temperature in an uncapped
GST-225 film of thickness 40 nm has been observed at *130 °C using a
low-electron dose and large field of view direct detection camera. The observed
reduction in the crystallization temperature is attributed to oxidation of the film.

2. At 170 °C, crystallites correspond to fcc and hexagonal GST-225 along with
Sb2Te3 phases are observed.
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3. The island morphology and oxidized nature of the film promotes chemical
segregation resulting into formation of Ge–O and Sb–Te rich phases.

4. The current study can be extended to investigate the phase transformation
behavior of GST-based films in the presence of O and other interstitials.
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Synergistic Effect of Cold Work
and Annealing Temperature
on Recrystallization and Texture
of 18-Cr ODS

Sumita Santra, S. V. Ramana Rao, and Komal Kapoor

Abstract Synergistic effect of cold work and annealing temperature in recrystal-
lization and texture was studied in an extruded and annealed 18-Cr oxide dispersion
strengthened (ODS) steel bar. The study revealed that alpha and gamma fibre
texture in deformed structure transforms to near Goss/Brass orientation at 1150 °C
where substructure initiates. Misorientation between pre-existing matrix and
nucleated grain orientation suggests texture transformation through high energy
boundaries of high mobility with a misorientation range of 15–45°.

Keywords ODS � Texture � Recrystallization � Misorientation

1 Introduction

Oxide dispersion strengthened (ODS) steels are being proposed as candidate clad
tube material in the future sodium-cooled fast reactor (SFRs). Typical fabrication
process involves hot extrusion and multiple cold forming with intermediate heat
treatments in order to reduce the anisotropy that is one of the major issues in the
ODS fabrication which effects the service conditions [1]. These process parameters
have substantial impact on alloy microstructure and texture. Study of the changes in
microstructure and texture at each stage is essential to optimize the fabrication
parameters to obtain the desired microstructure and texture. Several studies have
been conducted, and reports are available on recrystallization behaviours of ferritic
steels, like interstitial free (IF) steel [2–4] and silicon steel [5–8] for the immense
industrial importance. Fewer works on recrystallization texture of cold-rolled ODS
ferritic steels are available [9–12]. The present work focuses on studying the
synergistic effect of cold work and temperature in texture evolution in 18-Cr ODS
alloy.
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2 Experimental

18-Cr ODS steel bar after extrusion and annealing was sliced into sheets, and the
sheets were subjected to cold rolling by 30, 40 and 50% (measured as a reduction in
sheet thickness). Each sheet was further sliced into three pieces and annealed at
1050, 1150 and 1250 °C in vacuum for 30 min followed by furnace cooling
(Table 1).

Electron backscattered diffraction technique (EBSD—make: Oxford
Instruments, Nordlys Nano) was employed for orientation imaging microscopy
(OIM). The samples were prepared through mechanical polishing followed by
electropolishing in a solution of methanol, 2-butoxyethanol and perchloric acid in
7:2:1 ratio at 25 V, −35 °C.

3 Results

Figure 1a shows the OIM map of extruded and annealed bar of 18-Cr ODS alloy.
Elongated grains were observed along the longitudinal direction with around 40%
recrystallized fraction. Figure 1b shows the corresponding U2 = 45° section of the
orientation distribution function (ODF). In cubic materials, usually texture is
described through U2 = 0 and 45° sections of ODF with ideal orientations as shown
in Fig. 1c, d, respectively [13]. Same was used for the present study of texture in
ODS. Complete alpha fibre texture was found *6.5 times random (tr). Only {111}
<1−10> component of gamma fibre was present (6.9 tr).

OIM map of the 30% cold worked sheet after annealing at 1050 °C is shown in
Fig. 2a. Fine deformed grains coexisted with some abnormally grown grain with
35% recrystallized. Figure 2b shows OIM map after annealing at 1150 °C, with
61% grains recrystallized and 16% in substructured form. Annealing at 1250 °C led
to increase in recrystallized fraction and growth. Figure 2c shows the OIM map of
the 50% cold worked and annealed sheet at 1050 °C with 35% recrystallization
fraction. At 1150 °C, deformed fraction drastically reduced and recrystallized and
substructured fraction was 85 and 9%, respectively (Fig. 2d). Annealing at 1250 °C
increased recrystallized fraction of grains with growth. The recrystallization maps
were generated from the OIM images through Channel-5 software. The critical
misorientation of 1° and 7.5° was considered for subgrain and grain identification.
Figure 3a shows the recrystallization map of 30% cold worked sample after

Table 1 Chemical composition of the 18-Cr ODS alloy used in the present study

Elemental composition (in Wt %)

Cr Ti W Al Y2O3 O C N Fe

18 0.36 2.2 0.05 0.3 0.12 0.030 0.016 Bal
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annealing at 1050 °C. The recrystallized, substructured and deformed parts are
presented in blue, yellow and red colour, respectively. Figure 3b shows the
recrystallization map of 30% cold worked sample after annealing at 1150 °C.
Similarly, Fig. 3c, d shows the recrystallization map of 50% cold worked sample
after annealing at 1050 °C and 1150 °C, respectively. The results obtained for 40%
cold worked sheet with annealing were similar of course with varying amount of
recrystallized grain fractions. The results related to recrystallization fraction study
for all the samples are given in Table 2.

After 30% cold work, the complete alpha and gamma fibre was found but of less
strength (Fig. 4a). U2 = 45° and U2 = 0° sections of ODF are presented for com-
parison and for studying the texture transition. After annealing at 1050 °C, partial
alpha fibre {001} <110> to {111} <1−10> (max 6 tr) was observed (Fig. 4b).
{111} <1−10> component of gamma fibre was also present (4tr). When annealed at
1150 °C, texture changed to Goss type (3 tr) as shown in Fig. 4c presenting
U2 = 0° and 45° of ODF. At 1250 °C, Brass component of texture was found with
7.6 tr strength (Fig. 4d).

After 40% cold work, complete alpha fibre was found but the components with
orientation {001} <110> to {112} <110> became preferentially stronger 13 tr and
gamma fibre component {111} <1−10> was present. At 1050 °C, alpha fibre

Fig. 1 a OIM image of extruded and annealed 18-Cr ODS bar; b corresponding ODF; Orientation
used for texture description in cubic materials plotted in c U2 = 45° and d U2 = 0° sections of the
Euler space [13]
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became partial with strong {111} <1−10> component (12 tr) along with {111} <1
−10> component of gamma fibre (12.6 tr). At 1150 and 1250 °C, Goss and Brass
components developed.

Figure 5a shows the U2 = 0° and 45° section of ODF after 50% cold rolling.
Partial alpha fibre formed (5 tr). Gamma fibre was complete with strong {111} <11
−2> (9 tr) component. Figure 5b shows the U2 = 0° and 45° ODF section at 1050 °
C of 50% cold-rolled sample. Partial alpha fibre formed with strong (10 tr) ori-
entation in between {112} <110> and {111} <1−10>. Gamma fibre was complete
with strong {111} <1−10> component (7 tr). Figure 5c shows that Goss-type
texture forms at 1150 °C (max. 9.6 tr). At 1250 °C, Goss texture intensity increased
(11.4 tr) as can be seen from Fig. 5d.

4 Discussion

The extruded and annealed rod has dominant deformed structure with homogenous
alpha fibre (6.9 tr) and {111} <110> component of gamma. After 30% cold work,
same exists. At 1050 °C, partial alpha ({001} <110> to {111} <110>) was retained

Fig. 2 OIM image obtained from 30% cold worked 18-Cr ODS sheet annealed at a 1050 °C and
b 1150 °C; from 50% cold worked 18-Cr ODS sheet annealed at a 1050 °C and b 1150 °C
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with increase in intensity. Weak Goss {101} <100> texture is formed at 1150 °C.
At 1250 °C, Brass texture {011} <211> (7.6 tr) is developed. Correlation with
Table 2 data suggests that deformed grains have alpha and gamma texture whereas
substructure and recrystallization develops near Goss or Brass texture. To under-
stand the process of texture transformation, misorientation angle between the
growing grain and the major texture components of the consumed matrix was
calculated. Table 3 shows that most of the transformations either perfectly or
marginally (considering the deviation from ideal orientation in the practical ODS
steel [14]) satisfies the criteria for high energy boundaries with high mobility
having misorientation in the range of 15°–45° [15, 16]. Only misorientation
between matrix {001} <110> to Goss is high 62.8°. But it is quite possible that
matrix {001} <110> transformed to Brass grains at 1150 °C which were of much
lesser intensity probably because of either small quantity or size.

Fig. 3 Recrystallization map of 30% cold worked 18-Cr ODS sheet annealed at a 1050 °C and
b 1150 °C; from 50% cold worked 18-Cr ODS sheet annealed at a 1050 °C and b 1150 °C
showing deformed structure in red, substructure in yellow and recrystallized part in blue
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Table 4 shows that matrix {112} <110> of 40% cold worked sample trans-
formed into {111} <110> energetically favoured through misorientation of 19.47°
at 1050 °C. On the other hand, 54.74° misorientation inhibited transformation
which is supported by the fact that he strength of the {001} <110> component

Table 2 Misorientation and recrystallization fraction obtained for different sample conditions

Alloy Condition Fraction of grains with
misorientation (0–15°)

Fraction (%)

Deformed Substructured Recrystallized

18-Cr
ODS

As
extruded

42 60 – 40

30% CW 72 70 – 30

40% CW 68 85 – 15

50% CW 74 85 – 15

30-1050 45 65 – 35

30-1150 45 23 16 61

30-1250 52 11 3 86

40-1050 50 68 – 32

40-1150 41 12 25 63

40-1250 35 9 16 75

50-1050 49 65 – 35

50-1150 32 6 9 85

50-1250 18 1 17 82

Fig. 4 ODF U2 = 0° and 45° section of a 30% cold worked; annealed at b 1050 °C; c 1150 °C;
d 1250 °C
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before and after annealing remained same. Annealing at higher temperature, i.e.
1150 °C and 1250 °C produced near Goss/Brass texture. Brass nucleation from
matrix {001} <110> is favourable through misorientation of 46° but nucleation of
Goss grains overcoming 62.8° misorientation might have been possible through
stored energy from increased amount cold work and higher temperature.

Fig. 5 ODF U2 = 0° and 45° section of a 50% cold worked; annealed at b 1050 °C; c 1150 °C;
d 1250 °C

Table 3 Misorientation between nucleus and deformed grain of 30% CW and annealed samples

Nucleus/growing
grain

Deformed matrix

{001} <110> {112} <110> {111} <110>

{011} <211>
(Brass)

46° @½ 2 24 5 � 30° @½ 11 1 � 35.6° @½ 16 1 12 �

{011} <100>
(Goss)

62.8°
@½ 5 12 12 �

45.99°
@½ 117 10 24 �

45.99°
@½ 117 10 24 �

Table 4 Misorientation between nucleus and deformed grain of 40% CW sample

Temperature Nucleus/growing
grain

Deformed matrix

{001} <110> {112} <110>

1050 °C {111} <110> 54.74° @[ 1 1 0 ] 19.47° @[ 0 1 1 ]

1150 and 1250 °C {011} <211> (Brass) 46° @[ 2 24 5 ] 30° @[ 1 1 1 ]

{011} <100> (Goss) 62.8 @ [ 5 12 12 ] 45.99° @[ 117 10 24 ]
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50% cold work produced {001} <110> and {111} <110> component of alpha
fibre and strong {111} <112> component of gamma. At 1050 °C, partial alpha from
{001} <110> to {111} <110> was developed with maximum in between {112}
<110> and {111} <110> via high mobility boundaries as shown in Table 5.
Annealing at 1150 °C and 1250 °C transformed the texture to strong near-Goss
orientation with much higher intensity (Table 6).

5 Conclusions

Deformed structure in 18-Cr ODS develops alpha and gamma fibre texture with
excitation of different components with different amount of cold work. Substructure
initiates at 1150 °C with texture transformation from alpha/gamma fibre to near
Goss/Brass orientation. It is suspected that the texture transforms through
high energy boundaries of high mobility associated with a misorientation range of
15–45°.
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Nucleation of Precipitates on Multiple
Habit Planes in an Artificially Aged
AA2618 Alloy

Rajdeep Sarkar, A. K. Mukhopadhyay, Partha Ghosal,
Vipin S. Ramteke, and Deepak Kumar

Abstract The aim of this investigation is to study precipitation behavior in an
aluminum alloy AA2618, based on Al–Cu–Mg–Si–Ni–Fe system. The as-received
extruded alloy was solution treated and independently aged at ambient temperature
as well as aged for various times at 193 ± 1 °C, and at 275 ± 1 °C for 5 h. TEM
revealed that the microstructure developed due to prolonged natural aging consisted
of a fine distribution of Guinier–Preston–Bagaryatski (G-P-B) zones. During arti-
ficial aging, the sample aged for as low as 1 h revealed the presence of very fine
precipitates on both {220}Al and {420}Al planes. With increasing artificial aging
hours, widespread precipitation occurred on both {220}Al planes, and, of course, on
{420}Al planes that are known to be due to the S′/S (Al2CuMg) phase. The cor-
responding selected area diffraction patterns confirmed the presence of G-P-B zones
and S phase in the microstructure. Preliminary high-resolution transmission electron
microscopy (HRTEM) did confirm the presence of precipitates on {220}Al planes in
the artificially aged samples of AA2618.

Keywords Aluminum alloy AA2618 � Natural and artificial aging � Precipitates �
Multiple habit planes � Transmission electron microscopy (TEM) � High-resolution
transmission electron microscopy (HRTEM)

1 Introduction

The precipitation behavior during aging of 2xxx series Al–Cu–Mg alloys of
commercial interest, wherein the alloy composition lies in the a(Al) +
S(Al2CuMg)-phase field in Al–Cu–Mg phase diagram [1], is commonly described
as: supersaturated solid solution (aSS) ! G-P(Cu, Mg) zones, i.e., G-P-B
zones ! Sʹ(Al2CuMg) ! S(Al2CuMg) [2]. Silcock [3] pointed out that the dis-
tinction between Sʹ and S is very slight and somewhat arbitrary. In this commu-
nication, no distinction will, therefore, be made between Sʹ and S. Wilson and
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Partridge [4], using an Al—2.5 wt% Cu—1.2 wt% Mg alloy aged at 190 °C,
observed that small rod-shaped S precipitates initially nucleated on dislocation
loops and helices formed during quenching. As aging progressed, the rods grew in
the <100>Al directions and widened to form laths lying on {420}Al [4].

The G-P-B zones consisting of “groups of Mg and Cu atoms” are cylindrical and
form as rods along <100>Al directions [2]. The G-P-B zones are typically identified
by the presence of diffuse streaks (superimposed on diffuse G-P-B spots) along
<100>Al directions through the forbidden {110}Al reflections [5, 6] in selected area
electron diffraction patterns. A recent work by the present authors [7] did establish
the formation of precipitates on {220}Al planes in over aged AA2618 and AA8090
alloys [7], wherein (i.e., under such aging conditions), the S phase is known to be
present as the prime rather the only strengthening precipitate in constituent ternary
Al–Cu–Mg system [8]. However, our previous studies [7] did not verify whether
the precipitation on {220}Al planes could also occur early in the artificial aging
cycle coincident with the presence of G-P-B zones as the major precipitate in the
microstructure. It is the purpose of the present work, using transmission electron
microscopy, to examine the formation of precipitates on {220}Al in addition to S
phase known to be forming on {420}Al in an artificially aged AA2618 aluminum
alloy.

2 Experimental Procedure

The AA2618 alloy was supplied by Century Extrusions Limited (CEL), Kharagpur
[7] in the form of extrusions. The composition (wt%) of the alloy is: 2.4% Cu, 1.4%
Mg, 0.19% Si, 0.96% Fe, 1.0% Ni, 0.04% Ti, and balance Al. The artificial
aging treatment consisted of heating the material to the solutionizing temperature of
530 °C for 2 h, quenching in water at ambient temperature followed by aging at
193 °C for 1 to 20 h, and at 275 °C for 5 h. The 275 °C sample was examined
because, under this aging condition, the microstructure consists only of S phase.
Following solution treatment, the alloy was further natural aged for times up to
8 weeks to detect and study the formation of G-P-B zones.

The TEM, using a 200 kV Tecnai 20 T G2 (FEI make) microscope, was used to
characterize the phases present in naturally aged and artificially aged microstruc-
ture. Samples for TEM studies were prepared using standard metallographic
techniques [7]. Preliminary HRTEM studies were carried out on the artificially aged
samples of the alloy, using a Themis Z TEM (FEI make) at 300 kV. Plasma
cleaning of the TEM foils was carried out 2 min before the HRTEM experimen-
tation. Vickers hardness measurements, using a 10 kg load, were taken following
various stages of natural and artificial aging to monitor the progress of precipitation
hardening in the AA2618 alloy.
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3 Results and Discussion

A transmission electron micrograph obtained from the as-quenched alloy using a
two-beam orientation near <100>Al zone is shown in Fig. 1a. The as-quenched
materials were, however, unavoidably naturally aged for about 2 h before the
specimens for TEM could be prepared and examined. Figure 1b represents a
selected area electron diffraction pattern (SAEDP), obtained from the same region
of the TEM thin foil as that of Fig. 1a but the electron beam is now approximately
parallel to <001>Al. Bright field image obtained from the naturally aged alloy (for
8 weeks) using a two-beam orientation (g200) near <001>Al zone is shown in
Fig. 1c.

Figure 1d represents an SAEDP, obtained from the same region of the thin foil
as that of Fig. 1c but the electron beam is now approximately parallel to <001>Al.
The noticeable features of Fig. 1a, c are the absence of dislocation loops. This is
known to be due to both Si and Mg having a strong affinity to bind vacancies in Al

Fig. 1 a Transmission electron micrograph obtained from the alloy when naturally aged for 2 h:
the two-beam orientation (g200) was obtained near <001>Al zone, b SAEDP corresponding to the
same region of the thin foil as that of (a) but the electron beam is approximately parallel to
<001>Al c Transmission electron micrograph obtained from the alloy when naturally aged for
8 weeks; the two-beam orientation (g200) was obtained near <001>Al zone, and d SAEDP
corresponding to the same region of the thin foil as that of (c), when the electron beam is
approximately parallel to <001>Al
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[9]. Both the micrographs, on the other hand, contain a few dislocations in the
matrix. The microstructure, naturally aged for 2 h, further showed the presence of
fewer fine precipitates that could be viewed with a better visibility within or in
proximity to the thickness fringes, as shown in Fig. 1a. Such fine precipitates were
detected relatively more in numbers in the alloy naturally aged for 8 weeks, as
shown in Fig. 1c.

The SAEDP presented in Fig. 1b shows the presence of very faint, diffuse spots (a
couple marked by short arrows) in locations that are known to be occupied by the
G-P-B zones [5–7]. On the other hand, in Fig. 1d, the characteristic continuous,
diffuse streaks (marked by long arrows) through the forbidden {110}Al locations are
further present along with the diffuse spots (marked by short arrows) due to G-P-B
zones [5–7]. From the as-quenched hardness value of 69 VHN, the hardness of the
alloy also increased to 105 VHN following 8 weeks of natural aging. This shows
that the G-P-B zones continually developed during natural aging and the formation
of such G-P-B zones is associated with appreciable hardening of the alloy. In

Fig. 2 a SAEDP obtained from the alloy when artificially aged for 1 h; the electron beam is
approximately parallel to <001>Al, b transmission electron micrograph obtained from the alloy
when artificially aged for 1 h; the two-beam orientation was obtained near <001>Al zone,
c transmission electron micrograph obtained from the region from where the SAEDP in a was
obtained, d dark field image obtained using the cross-streak region, i.e., the position of the
forbidden {110}Al reflection [refer to (a)]
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Si-bearing Al–Cu–Mg alloys, the G-P-B zones contain Si [10], and Si additions
cause a refinement of the S phase morphology during artificial aging [4, 10].

TEM results for the alloy artificially aged at 190 °C for 1 h are shown in Fig. 2.
The characteristic continuous diffuse streaks in the SAEDP (shown by long arrows
in Fig. 2a) along <100>Al directions through the forbidden {110}Al reflections
together with the characteristic diffuse spots (a couple shown by short arrows)due to
the G-P-B zones could now be observed with more clarity. Figure 2b, c represents
transmission electron micrographs obtained using two-beam orientation (i.e. g200
near <001>Al zone) and near on-zone (i.e., when the electron beam is approxi-
mately parallel to <001>Al) conditions, respectively. A dark field image obtained
using the cross-streak region (i.e., the forbidden {110}Al reflection position) illu-
minating the aging products is shown in Fig. 2d. Transmission electron micro-
graphs in Fig. 3a, b are showing the presence of fine precipitates on both {220}Al
and {420}Al planes in the alloy when artificially aged for 1 h and 3 h, respectively.
It follows that these rod-like precipitates grow along <100>Al directions and, as a
result, they are viewed end-on when imaged with the electron beam being
approximately parallel to <001>Al. It is, therefore, safe to conclude that either the
entire aging product or a majority of the aging product observed in the 1 h sample
(refer to Figs. 2d and 3a) must represent the G-P-B zones. It further follows that the
G-P-B zones in this alloy system either form only on {220}Al planes or on both
{220}Al and {420}Al planes. The present results are not adequate to distinguish
between these possibilities.

The streaks were subsequently developed along <220>Al and <042>Al directions
[refer to Fig. 4] with artificial aging hours reaching 10 h and more. Figure 4a, c and
b, d represents SAEDPs obtained from the alloy when the electron beam is

Fig. 3 a Transmission electron micrographs [imaged in <112>Al orientation] obtained from the
alloy when artificially aged for (a) 1 h and (b) 3 h, respectively. Note the nucleation of fine
precipitates on {220}Al and {420}Al planes, and an increase in the number density and size of such
precipitates with increasing aging hours. The {220}Al and {420}Al planes are indicated in
(a) while, the directions are shown in (b)
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approximately parallel to <111>Al and <112>Al, respectively. Figure 4a, b and c, d
corresponds to the alloy when artificially aged for 10 h and 20 h, respectively. The
most noticeable features of these SAEDPs are the presence of streaks along
<042>Al directions (marked by short arrows) as well as <220>Al directions (marked
by long arrows). These diffraction features suggest the presence of fine precipitates
on {420}Al and {220}Al planes. It may be noted that the alloy attained a peak
hardness value of 134 VHN after aging for 16 h, and the hardness value decreased
to 122 VHN following aging for 20 h.

Bright field images, corresponding to the SAEDPs in Fig. 4c, d, are shown in
Fig. 5a, b, wherein the electron beam is approximately parallel to <111>Al and
<112 >Al, respectively. In Fig. 5a, b, the formation of precipitates parallel to
{220}Al planes [Fig. 5a] and {420}Al and {220}Al planes [Fig. 5b], respectively,

Fig. 4 a and b SAEDPs, when the electron beam is approximately parallel to <111>Al and
<112>Al, respectively, obtained from the alloy when artificially aged for 10 h. c and d SAEDPs,
when the electron beam is approximately parallel to <111>Al and <112>Al, respectively, obtained
from the alloy when artificially aged for 20 h. In Fig. 4a, c, the arrows show streaks along <220>Al
directions. In Fig. 4b, d, the short arrows show the streaks along <042>Al directions and the long
arrows show streaks along <220>Al directions. The streaks in Fig. 4 suggest the formation of fine
precipitates on {420}Al and {220}Al planes
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may be observed. TEM image in Fig. 6a [imaged in <112>Al orientation] is
showing a region of the thin foil from where Fig. 5b was obtained. Figure 4d
represents the corresponding SAEDP. Figure 6b represents a two-beam (g220)
electron diffraction pattern corresponding to the transmission electron micrograph
shown in Fig. 6c. Figure 6d represents a dark field image obtained using the streak
located at 2/3 <220>Al position [marked by an arrow in Fig. 6b]. Consideration of
Figs. 5 and 6 does indeed demonstrate the formation of precipitates parallel to
{220}Al planes in the alloy.

Bright field image (in <112>Al orientation) of the alloy, artificially aged for 5 h
at 275 °C, is shown in Fig. 7a. The figure shows presence of coarse precipitates on
{220}Al and {420}Al planes in the alloy (having a hardness value of 97 VHN). The
corresponding SAEDP of Fig. 7a is shown in Fig. 7b. These results indicate that the
phase precipitates forming on {220}Al planes co-exist together with the S phase
known to be forming on {420}Al planes.

Figure 8 represents a high-resolution transmission electron micrograph in <001>
Al orientation showing the nucleation of precipitates along {220}Al and {420}Al
planes in the alloy aged for 20 h at 190 °C.The present results and interpretations
demonstrate that during artificial aging of the alloy AA2618, the nucleation of
precipitates occurs parallel to {220}Al planes apart from the known habit planes of
{420}Al due to S phase. Such a trend is observed very early in the aging cycle when
the microstructure is known to be consisting of G-P-B zones, as well as in over aged
conditions when only S phase is known to dominate the microstructure in Al–Cu–
Mg–Si alloys having similar Si content [10]. Preliminary HRTEM studies carried
out on slightly over aged AA2618 alloy do show the nucleation of precipitates on
{220}Al planes. Further, HRTEM studies involving different stages of artificial
aging of the alloy are planned to conclusively know the details of the precipitates
forming on {220}Al planes.

Fig. 5 a and b Transmission electron micrographs obtained from the alloy when artificially aged
for 20 h. The electron beam is approximately parallel to (a) <111>Al and (b) <112>Al, respectively
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Fig. 6 a Transmission electron micrograph [imaged in <112>Al orientation] representing a wider
and an enlarged view of the region of the thin foil from where Fig. 5b was obtained. Figure 4d
represents the corresponding SAEDP. b, c represent a two-beam (g220) electron diffraction pattern
and the corresponding micrograph, respectively. d represents a dark field image obtained using the
streak located at 2/3 <220>Al position [marked by an arrow in (b)]. Consideration of Fig. 5 and this
figure does indeed demonstrate the formation of precipitates parallel to {220}Al planes in the alloy

Fig. 7 a Transmission electron micrograph [in <112>Al orientation] showing the presence of
coarse precipitates on {220}Al and {420}Al planes in the alloy when artificially aged for 5 h at 275
°C; the corresponding SAEDP is shown in (b)
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4 Conclusions

1. In an AA2618 alloy, the G-P-B zones form during natural aging and it causes
considerable hardening of the alloy.

2. Following 1 h of aging at 190 °C, the nucleation of very fine precipitates is
detected on both {220}Al and {420}Al planes. The number density and the size
of such precipitates grow with aging times. The precipitation continues to occur
on both the habit planes, albeit with coarser morphology, even following over
aging at 275 °C.
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Hot Deformation Behavior
of c-TiAl-Based Ti–45Al–8Nb–6Cr–0.2B
Alloy in the c + b Phase Field
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P. P. Bhattacharjee, and Partha Ghosal

Abstract The hot deformation behavior of a cast Ti–45Al–8Nb–6Cr–0.2B (at.%)
alloy has been investigated in the temperature and strain rate range of 1000–1200 °C
and 0.5–0.005 s−1, respectively, using a Gleeble thermo-mechanical simulator. The
as-cast pancake shows a coarse distribution of c-TiAl laths with irregular b(B2)-phase
structure (average volume fraction: c = 0.75 and b = 0.23). Characteristics of hot
deformation have been evaluated through the correlation between Arrhenius type
constitutive models, processing maps, and microstructural evolution. The apparent
activation energy, measured through the hyperbolic-sinusoidal relationship between
flow stress, temperature, and strain rate, has been found to be 282.90 kJ/mol. The
significantly low activation energy is attributed to the absence of lamellar
microstructure and high volume fraction of b(B2)-phase which aids deformation at
higher temperatures. Microstructural evolution of the deformed samples indicates that
the flow softening corresponds to the dynamic recrystallization (DRX). DRX has
been found to occur preferentially in the coarse lath boundary of the TiAl phase and
also within elongated b(B2)-grains. It has been shown that extensive DRX as a result
of morphological characteristics of c-phase together with a high volume fraction of
b-phase facilitates high hot workability of the present alloy.
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1 Introduction

Gamma TiAl-based alloys are an emerging class of materials for high-temperature
aerospace applications due to their high specific strength, oxidation resistance (800–
900 °C), and excellent structural stability. Applications of c-TiAl-based alloys are
now realized in the manufacturing of gas turbine components such as disks, blades,
valves, and spacer rings [1] as well as automobile engine parts such as cast tur-
bocharger rotors and valves [2, 3]. However, one of the major obstacles in these c-
TiAl alloys which limit their applications is the poor workability at industrially
acceptable high temperatures [4, 5].

In recent years, significant advancements have been made to enhance the hot
processing capability through the development of the so-called b-solidifying TiAl
alloys [6]. Solidification of TiAl alloys through b-Ti phase field containing high Nb
and other b-stabilizers (e.g., Mo, W, Cr, Mn, Ta) results in not only retained b-
phase which improves hot formability but also more chemical uniformity and
reduced dendrite segregation [5]. However, the beneficial effects of retained b-
phase on the hot workability come at the expense of high-temperature creep
resistance. Hence, the optimization of b(B2) phase fraction with respect to
acceptable levels of creep resistance and hot workability is essential. The addition
of Cr to the high Nb-containing c-TiAl-based alloys has recently been explored [7].
Cr decreases the a-transus (*15 °C per at.%) in Ti-48Al-based alloys. It not only
widens the a-phase field toward higher Al content but also tends to lower the c
solvus [8]. Further, an increase in Cr addition lowers the volume fraction of the
transformed a2 phase by stabilizing the a-phase at high temperatures and promotes
the formation of thermal twins in the c-phase [8]. These factors together with the
weakening of Ti–Al bond covalency in Cr alloyed TiAl-based alloys lead to the
enhancement in ductility due to Cr in duplex alloys [8]. Although Cr addition (*2
at.%) to high Nb-containing TiAl alloys has shown improvement in hot deforma-
bility [7], it will be interesting to examine whether workability further improves
with higher levels of Cr additions.

In the present study, the hot workability of a Ti–45Al–8Nb–6Cr–0.2B alloy
having a significant amount of retained b-phase in the as-cast condition has been
explored.

2 Experimental Procedure

The experimental alloy having a nominal composition of Ti–45Al–8Nb–6Cr–0.2B
(at.%) was melted in a vacuum arc melting furnace using a non-consumable
tungsten electrode in the form of pancake (/100 mm � 15 mm; 450 g). The
pancake was re-melted six times by flipping over to ensure chemical homogeneity.
The analyzed alloy chemistry of the pancake was found to be in good agreement
with the desired nominal composition. Hot compression tests were carried out using
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Gleeble-3800 thermo-simulator at the temperature range of 1000–1200 °C and
strain rates in the range of 0.5–0.005 s−1 followed by forced air quenching.
Cylindrical specimens (/8 mm � 12 mm) machined from the pancake were used
and specimen surfaces were polished, and parallelism of top and bottom ends was
ensured. The true stress-true strain curves have been calculated from the
load-extension data using a standard module available in Gleeble data processing
software. The microstructure evaluation was carried out in the cast condition and
also after hot compression by scanning electron microscopy (SEM), X-ray
diffraction analysis (XRD), and electron backscatter diffraction (EBSD). For the
EBSD study, after standard metallographic polishing, the final polishing was car-
ried out in Buehler vibratory polisher (Vibromet 2) for 8–12 h using non-crystallize
colloidal silica (0.05 lm) in dilute solution. The EBSD scans had been performed
using Zeiss FEG-SEM (model: Supra55) with the attached Oxford Nordlys EBSD
detector. Data analysis had been carried out in TSL 8.0 software. The raw data were
cleaned using a pseudo-symmetry module in TSL software to remove the
pseudo-twins of 60o <−11−1>, 90° <010>, and 70o <1−10> [9]. This is essential as
the pseudo-symmetry-related indexing problem in c-TiAl arises due to its close
tetragonal c:a ratio of 1.018. X-ray diffraction (XRD) studies were carried out using
a PHILIPS PW 1710 automatic diffractometer.

3 Results and Discussion

3.1 Initial Microstructure

Characterization of the initial microstructure from the mid-region of the pancake in
the as-cast condition is shown in Fig. 1. Figure 1a represents a low magnification
BSE image showing acicular laths of c-TiAl phase (dark contrast) with a network of
the remnant b(B2)-phase (bright contrast). Laths of c-TiAl have both fine and

Fig. 1 a Back-scattered SEM image showing microstructural development in the as-cast
condition. b A representative XRD pattern of the as-cast alloy
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coarse morphology and are found to originate from prior b grain boundaries.
Quantitative phase estimation has been carried out by EBSD phase analysis and the
average volume fraction of c, and b-phases are 76%, and 23%, respectively. In
addition, a very small amount of long needle-shaped TiB phase has been identified
(mostly found at colony boundaries visible only at higher magnifications). The
presence of constituent phases is further established by X-ray diffraction study as
shown in Fig. 1b. The as-solidified microstructure corresponds to the b + c phase
field in a highly b-stabilized TiAl-based alloy [10]. It is to be noted that the
microstructure of the present alloy is substantially different from the typical lamellar
colony structure comprising of (a2 + c)-phases.

3.2 Hot Deformation Flow Behavior

The high-temperature flow behavior of the alloy has been studied by the hot
compression tests in the temperature range of 1000–1200 °C and strain rate range
of 0.5–0.005 s−1. The true stress-true strain curves obtained through hot com-
pression tests up to 50% reduction in heights are shown in Fig. 2. As observed by
previous studies [7, 11], both temperature and strain rate significantly affect the flow
stress of the material. At lower temperature and higher strain rates, the flow curves
are characterized by the initial rapid work hardening stage, followed by dynamic
softening stage and steady-state regime at higher strains. On the other hand, at
higher temperatures and slower strain rates, the flow curves are increasingly
dominated by the steady-state (flow stress saturation). The shape of the flow curves
is a typical characteristic of the hot deformation dominated by the dynamic
recrystallization processes. The flow behavior of the alloy is representative of a low
stacking fault energy (SFE) material [5, 12].

During hot deformation, the combined effect of temperature and strain rate on
flow behavior can be expressed in terms of the Zener–Hollomon parameter (Z) [13].
Sellars and McTegart [14] first proposed a constitutive equation that relates the flow
stress and the deformation parameters. The equation has been shown to yield
satisfactory results even for c-TiAl alloys [7]. It considers the flow behavior of
materials during deformation as a thermally activated process and is expressed as

Z ¼ _e exp
Q
RT

� �
¼ A sinh arð Þ½ �n ð1Þ

where A, n, and a are material constants and Z, _e, r, Q, R, T have their usual
meaning. The apparent activation energy (Q) can be calculated by partial differ-
entiation of Eq. (1).
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Q ¼ R
@ ln _e

@ ln sinh arð Þ½ �
� �

T

@ ln sinh arð Þ½ �
@ 1=Tð Þ

� �
_e

ð2Þ

Figure 3 displays the pertinent plots showing linear relationships between
appropriate forms of peak stress, strain rate, and deformation temperatures. The
average apparent activation energy for hot deformation obtained through the mean
slopes of ln sinh arð Þ½ � versus 1/T (Fig. 3c) is found to be 282.9 kJ/mol and the value
of a is obtained as 0.007 MPa−1. Figure 3d shows a good linear relationship and
from linear regression, the values of A, n are estimated to be 1.55 � 109 s−1 and
1.565, respectively. Therefore, the constitutive equation of hot deformation of Ti–
45Al–8Nb–6Cr–0.2B alloy at peak stress can be expressed as

_e ¼ 1:55� 109 sinh 0:007:rð Þ½ �1:56exp � 289200
RT

� �
ð3Þ

The calculated value of apparent activation energy for the present alloy is close
to the activation energy of Ti–Al interdiffusion (298 kJ/mol), and Ti self-diffusion
(260 kJ/mol) in single-phase c-TiAl alloys [15]. It indicates that the dominant hot

Fig. 2 True stress-true strain curves of the experimental alloy deformed at a 1273 K, b 1373 K,
and c 1473 K as a function of strain rates
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deformation mechanism is DRX. It should be noted that the apparent activation
energy of Ti–45Al–8Nb–2Cr–0.2B alloys has a significantly higher value
(429.4 kJ/mol) [7] similar to Ti–45Al–5Nb–0.2B–0.2C, Ti–45Al–8Nb–0.2C, and
Ti–45Al–10Nb alloys having initial near-lamellar microstructure [5]. It is evident
that the hot deformation behavior of the TiAl alloy is controlled by microstructural
features. The significantly higher values of activation energies mainly can be
attributed to lamellar a2 + c microstructures since a2/c interfaces act as a strong
barrier to the mobile dislocation motion [5]. The absence of lamellar structures, as
well as the high volume fraction of highly deformable B2-phase, could possibly
account for the very low apparent activation energy of the present alloy.

3.3 Microstructure After Deformation

Development of microstructures imaged at the longitudinal cross-section of
deformed specimens over the entire processing parameter range is summarized in
Fig. 4. It is evident that the development of microstructures is strongly affected by

Fig. 3 Determination of constants of constitutive behavior (Eq. 1) from the linear relationships of
a ln _eð Þ verus ln rp

� �
, b ln _eð Þ versus ln sinh a:rp

� �� 	
, c ln sinh a:rp

� �� 	
versus 1000/T, and d ln Zð Þ

versus ln sinh a:rp
� �� 	
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both temperature and strain rate. From the EBSD band contrast images of 50%
deformed samples, c-TiAl phase carries most of the deformation (darker contrast
implies more lattice strain), whereas b-phases are recovered/recrystallized. At high
strain rate (0.5 s−1), the c-grains are highly deformed with lots of deformation bands
and kink band formation. Very fine, dynamically recrystallized (DRX) grains at the
inter-phase boundaries indicate the initiation of DRX processes. With the increase in
temperature and decreasing strain rate, the extent of DRX of c-grains increases
significantly. Coarsening of both c- and b-phases can be observed at higher tem-
peratures and lower strain rates. It is thus evident from the microstructures presented
here that the significant flow softening observed in this alloy at higher temperatures
and lower strain rates can be attributed to the occurrence of DRX as concluded by
Seetharaman and Lombard [16] in Ti–49.5Al–2.5Nb–1.1Mn alloy.

3.4 Hot Deformability and Processing Map

The hot deformability of the present alloy has been analyzed through a processing
map using the dynamic material model (DMM) approach pioneered by Prasad et al.

Fig. 4 Matrix of post-deformation microstructures imaged by EBSD band contrast mode as a
function of deformation temperature and strain rates
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[17]. The power dissipation efficiency map constructed at a strain of 0.4 (at the near
steady-state condition) is shown in Fig. 5, showing iso-efficiency lines directly
related to microstructural evolution. It is evident from the figure that the peak effi-
ciency of about 80% can be found near 1100 °C/0.005 s−1 and 1200 °C/0.05 s−1,
whereas the dissipation efficiency is considerably lower toward a higher strain rate
regime for the entire temperature range. This unstable deformation condition is
marked as the cross-hatched region. The area below the red cross-hatched mark
corresponds to the stable flow area implying that defect-free deformation can be
carried out at this zone. Indeed, it has been found that experimental deformation
behavior corroborates well with the trend predicted by the process map (refer to the
actual photograph of deformed samples in Fig. 5). It is believed that DRX plays a
critical role in facilitating higher dissipation efficiency during deformation in
agreement with the microstructural features as shown in Fig. 4.

In this context, the deformability of the present alloy should be compared with
the Ti–45Al–8Nb alloy having a fully lamellar structure [11] and Ti–45Al–8Nb–
2Cr–0.2B alloy having a mixed lamellar and remnant b-phase (vol. fraction*10%)
[7]. Macroscopic surface morphologies of the deformed samples and processing
maps indicate that the present alloy clearly offers a much wider hot-working

Fig. 5 a Contour plot of power dissipation efficiency as a function of temperature and strain rates
at a true strain of 0.4. Insets: Photographs of deformed samples tested using parameters
corresponding to locus of the indicated points
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window to achieve “sound” quality wrought products. This is mainly attributed to
the large volume fraction of b-phase and absence of lamellar structure.

As pointed out previously [7], at higher strain rates and lower temperatures
presence of b-phase has a major influence on the hot workability of c-TiAl-based
alloys. Although brittle at room temperature, the b-phase becomes relatively more
deformable compared to the c- and a2-phases at elevated temperatures.
Consequently, the preferential deformability of b-phase absorbs the stress con-
centration which is generated by lamellar colony boundary sliding during defor-
mation. It is well established that such a process can lead to the minimization of
cavitation at triple junctions as noticed by Nieh et al. [18]. It is to be further noted
that hot deformation, being a typical thermally activated process, depends heavily
on dislocation glide and climb processes at a given temperature and strain rate. It
has been commonly observed that owing to their lower SFE and poor mobility of
the dislocations across the lamellar (a2 + c) structure, c-TiAl-based alloys are prone
to DRX during hot deformation [19]. In presence of high content of Nb-solutes
which further reduce diffusivity (hence mobility of dislocations), the deformability
of the lamellar structure plays a critical role as demonstrated through very
high-value activation energy of lamellar or near-lamellar alloys [7, 11].

It is evident from the foregoing discussion that the amount of retained b-phase
along with the absence of lamellar morphology of microstructure facilitates the
improvement in hot workability of b-modified c-TiAl alloys containing high nio-
bium and chromium.

4 Conclusions

(1) High-temperature flow behavior of the Ti–45Al–8Nb–6Cr–0.2B alloy displays
typical strain rate and temperature-sensitive flow softening. The apparent
activation energy of hot deformation (Q) and the stress exponent are found to
be 282.9 kJ/mol and 1.565, respectively. The significantly low activation
energy is attributed to the absence of lamellar microstructure and high volume
fraction of b-phase.

(2) The present experimental alloy demonstrates a much improved hot workability
window as evidenced by the processing map and macroscopic observation of
actual deformed samples in the temperature range of 1373–1473 K and strain
rate range of 0.05–0.005 s−1.

(3) Significantly high hot workability of the present alloy is attributed to the high
volume fraction of b-phase and morphological characteristics of c-phase (i.e.,
absence of lamellar morphology).
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In-Situ Dissolution Behavior
of Secondary Alloy Phases
in Al–Zn–Mg–Cu-Base AA7055
Aluminum Alloy

Renu Ghanghas, Chandan Mondal, Deepak Kumar,
and Partha Ghosal

Abstract The present study reports the dissolution behavior of the secondary alloy
phases of an Al–8.3Zn–2Mg–2.4Cu–0.15Zr alloy (AA7055) during in-situ heating
within a scanning electron microscope operating under highly evacuated condition.
It has been shown that the dissolution of the major secondary alloy phases (i.e., η
(MgZn2)-base and T (Al2Mg3Zn3)-base phases present in the inter-dendritic
channels) is initiated at a substantially low temperature (*300 °C) under SEM
operating condition. It is to be contrasted with the fact that the typical homoge-
nization temperature of 7xxx series Al alloys is always greater than 450 °C under
atmospheric pressure. Characterization of morphological changes during the in-situ
heating to different predetermined temperatures reveals that the dissolution process
occurs by the thinning, discontinuation,, and spheroidization (TDS) mechanism
which encompasses spheroidization and thinning processes. In addition, the dis-
solution kinetics of the fine eutectic phases have been found to be significantly
accelerated compared to that under atmospheric pressure. The results are further
augmented by conventional ex-situ homogenization experiments. The composi-
tional variations of secondary phases have been investigated as a function of time
and temperature. The result shows that elemental compositions of Fe-bearing
phases vary marginally, whereas that of Zn, Cu-rich phases move from
non-equilibrium to equilibrium values.
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1 Introduction

Al–Zn–Mg–Cu-based 7xxx series aluminum alloys are widely used for structural
applications in aerospace industries due to their superior combination of properties
encompassing a high strength-to-weight ratio, good fracture toughness, moderate
fatigue resistance [1–2]. The processing of these alloys is quite challenging because
of substantial alloying contents. During casting, solute redistribution leads to the
segregation of a large fraction of alloying elements at the grain boundaries and
forms secondary phases at inter-dendritic channels [3–4]. Homogenization treat-
ment of the as-cast structure is required to remove chemical inhomogeneities and
stabilize the microstructure. The homogenization time and temperature play a vital
role in the evolution of secondary phases in 7055 alloys [5–6]. The alloys are
precipitation hardenable, and follow a precipitation sequence of super-saturated
solid solution ! GP zones ! η′ ! η (MgZn2) [7]. The η-phase has a quaternary
phase composition containing Al, Zn, Mg, and Cu [8]. AA7055 alloy represents the
highest strength wrought aluminum alloy through the ingot metallurgical route.
The attractive mechanical properties of AA7055 alloy are dependent mainly on the
nature, stability, morphology, and distribution of the strengthening precipitates and
other constituent phases which, in turn, depend on the availability of alloying
elements present in the form of a super-saturated solid solution of alloy [9]. The
presence of coarse secondary phase at inter-dendritic channel deteriorates the
toughness and fatigue performance of these alloys [10–11]. Hence, dissolution of
the secondary phases present at inter-dendritic channels during homogenization
assumes greater significance [12–13].

Over the last few decades, considerable work has been done to understand the
evolution of secondary phases such as eutectic and divorced eutectic MgZn2-base
and T-base phases located at the inter-dendritic channels (IDC) [14–15]. In this
study, series of experiments have been carried out to visualize the dissolution
mechanism of the secondary alloy phase employing an in-situ technique inside the
scanning electron microscope chamber [15] and analyze compositional variation as
a function of time and temperature.

2 Experimental Procedure

The 7055 aluminum alloy used in the present study was prepared via an ingot
metallurgical route. The details of the alloy preparation are reported elsewhere [8].
The analyzed chemical composition of the alloy is shown in Table 1. The as-cast

Table 1 Chemical composition of the alloy

Elements Zn Cu Mg Zr Fe Si Al

Wt. % 8.3 2.4 2 0.15 0.09 0.06 Balance
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samples were homogenized both in an air furnace (ex-situ) and inside the scanning
electron microscope (SEM) chamber (in-situ) at different temperatures for different
durations. The characterization of the as-cast and homogenized samples were car-
ried out using ZEISS EVO 18 SEM equipped with Oxford energy dispersive
spectroscopy (EDS). The micro-chemical analyses of the secondary phases were
evaluated with EDS. An average of 10 readings has been reported for compositional
analysis of secondary phases. X-ray diffraction (XRD) study was undertaken in
order to identify the alloy phases on a PHILIPS PW 1710 automatic diffractometer.
The quantitative analysis (i.e., area fraction) of secondary phases visible in the
microstructure was carried out by using ImageJ software. The analysis of a mini-
mum of 10 images from different locations at 100� magnification pictures has been
considered for area fraction measurement. An advanced microscopy technique, i.e.,
in-situ heating in SEM was used to visualize the dissolution mechanism of the
secondary alloy phase as a function of time and temperature. In-situ heating of the
as-cast sample was performed inside the SEM (ZEISS EVO 18) chamber using
GATAN hot stage (H1004 Heating Module).

3 Results

3.1 Microstructural Characterization of the As-Cast
Material

Typical microstructures of the as-cast alloy are shown in Fig. 1. The as-cast
microstructure consists of a-Al solid solution surrounded by the secondary alloy
phases situated at the inter-dendritic channels (IDC). The IDC phases, appearing
with brighter contrast in BSE images, are semi-continuous and are distributed
uniformly throughout the alloy. The BSE images reveal that there are two contrasts

Fig. 1 a Typical BSE image of the as-cast sample showing the dendritic microstructure,
b corresponding X-ray diffraction pattern. Inset a: Higher magnification image of secondary
phases and positions of EDS analyses
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of secondary alloy phases in the as-cast microstructure (Fig. 1a: inset). The EDS
analyses show the presence of Cu, Zn, Mg elements in regions having bright
contrast (point A) and Cu, Fe elements in regions having gray contrast (point B).
Only Al, Zn, and a marginal amount of Mg elements were present in the matrix
region (point C). Table 2 shows the micro-chemical analysis of the secondary
phases. The gray region represents the presence of Cu and Fe-bearing particle (i.e.,
Al7Cu2Fe) and the brighter regions indicate the presence of either η or T containing
higher atomic number elements (i.e., Zn, Mg, Cu). A typical XRD pattern of the
as-cast sample (Fig. 1b) reveals the presence of two secondary phases, i.e., η
(MgZn2) and T (Al2Mg3Zn3) in the as-cast alloy [8]. In addition to these phases, a
Fe-rich phase (possibly Al7Cu2Fe type) is identified by EDS compositional anal-
ysis, although the same could not be detected by XRD due to its low volume
fraction.

3.2 Morphological Changes of Secondary Alloy Phases

3.2.1 In-Situ Heating at 300 °C

The morphological changes of the secondary phase have been monitored in-situ at
regular intervals during soaking inside the SEM chamber to 300 °C for a total
time period of 40 h. The results are summarized in Fig. 2a–f showing the sequence
of secondary phase dissolution occurring in the eutectic and divorced eutectic
regions of the microstructure as a function of soaking time. During the initial period
of soaking, it has been observed that the secondary phase dissolution process started
with the inhomogeneous coarsening in the eutectic region (Fig. 2b). It is followed
by discontinuous thinning of the divorced eutectic at the IDC by the formation of
perturbation (Fig. 2c, d).

Initially, the eutectic phase starts coarsening with time which leads to a decrease
in the interfacial energy (between the a-Al solid solution and the secondary phase)
by the reduction in the interface area and the divorced eutectic regions start
becoming thinner. The thinning process continues till the IDC (divorced eutectic)
regions become discontinuous at some regions. In-situ experimentation reveals that
the presence of shape irregularity at the interface accelerates the dissolution by
perturbation mechanism. The discontinuities or perturbations continue to increase
with time (Fig. 2e, f).

Table 2 EDS analysis of
secondary phases of the
as-cast alloy

Phase Al Zn Mg Cu Fe

A 37.88 31.24 12.13 18.75 –

B 58.14 3.93 – 20.30 17.63

C 90.43 7.72 1.85 – –
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3.2.2 In-Situ Heating at 350 °C

The in-situ experiment has also been conducted at 350 °C for about 5 h. Figure 3
shows the microstructural evolutions of eutectic and divorced eutectic phases at
IDC as a function of soaking time at 350 °C. Figure 3a shows the starting
microstructure at room temperature. On reaching and stabilizing the temperature at
350 °C Fig. 3b, one can see the perturbations developing in divorced eutectic
regions. Thinning can also be seen in confined regions in the divorced eutectic
phase. As the soaking time at 350 °C increases (Fig. 3c), it has been observed that
thinning is no longer confined, rather it extends to other divorced eutectic regions.
Perturbations continue to develop in the microstructure. Coarsening can be
observed in the eutectic phase. After 1 h, the microstructure shows the onset of
discontinuity in grain boundary channels (Fig. 3d). As the soaking time increases
further the discontinuity in the divorced eutectic regions grows further with the
partial dissolution of the grain boundary phase. With further increase in soaking
time, extensive dissolution of the secondary phase is seen along with considerable
coarsening (and spheroidization) of the eutectic phase. After 5 h of soaking at 350 °
C (Fig. 3e), a significant amount of spheroidization of divorced eutectic occurs in
some regions. It is to be noted that the simultaneous occurrence of dissolution and
coarsening could be associated with two different phases (i.e., η and T phases)
coexisting at the IDC eutectic structures. However, due to compositional similarity,
they can not be distinguished easily through BSE images. Further studies involving
the phase-resolved dissolution phenomenon need to be undertaken to resolve the
issue.

Fig. 2 BSE images captured during in-situ heating: a at RT, soaking at 300 °C for b 1 h, c 3 h,
d 10 h, e 35 h, and f after cooling to RT
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3.3 Conventional (Ex-Situ) Homogenization Experiments

Another set of as-cast specimens have been subjected to a conventional homoge-
nization treatment in an air furnace at 400 and 450 °C. For 400 °C soaking, it has
been observed that after 1 h, the microstructure remains essentially unaltered
compared to the as-cast microstructure. After 6 h, both the coarsening of eutectic
and thinning of the GB phase can be noticed in the microstructure indicating the
initiation of the TDFD mechanism as reported by Eivani et al. [16, 17, 18]. After
12 h, the continued thinning of the GB phase has led to discontinuity in the
divorced eutectic. The spheroidization process is prominently visible after 26 h and
it continues along with a partial dissolution of secondary phases with further
increase in homogenization for 34 and 50 h. In contrast, spheroidization could be
noticed even after 1 h at 450 °C. After 6 h, partial dissolution can be observed
along with spheroidization of the IDC phase which is observed toward the later
stages at 400 °C. It can be inferred that the dissolution rate is much higher at 450 °
C leading to the observation of partial dissolution of secondary phases even at short
soaking duration. This shows that such a high temperature is very effective for the
dissolution of secondary phases. The microstructural developments after 26 h of
soaking are compared in Fig. 4.

Micro-chemical analyses of the secondary phases that survive the homoge-
nization soaking of 50 h indicate the identity of such phases. The results are
compiled in Tables 3 and 4. EDS analysis (Table 3) of the secondary phase (marked
as A1 in Fig. 4a) shows the possible presence of the S (Al2CuMg) phase. Fe-rich
particle is also present in the grain boundary region (location B1). The presence of
η-base phase Mg(Zn,Cu,Al)2 is also indicated at location C1 (Fig. 4a, b) as rem-
nants of partially dissolved divorced eutectic structure. EDS analysis (Table 4) of

Fig. 3 BSE images captured during in-situ heating of Al–Zn–Mg–Cu alloy at a RT, b 350 °C/
30 min, c 350 °C/60 min, d 350 °C/105 min, e, while cooling
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the alloy after 26 h of homogenization shows the presence of η phase at location C2

(Fig. 4d). The Fe-rich phase is also present in the IDC region (location A2 and B2)
as shown in Fig. 4a, b.

Fig. 4 The presence of different intermetallic phases after 26 h of homogenization at a, b 400 °C,
c, d 450 °C

Table 3 EDS analysis of
phases after 26 h at 400 °C

Phase Al Zn Mg Cu Fe

A1 44.51 – 16.79 38.70 –

B1 56.40 – – 29.52 14.08

C1 19.63 41.12 17.02 22.23 –

Table 4 EDS analysis of
phases after 26 h at 450 °C

Phase Al Zn Mg Cu Fe

A2 53.05 – – 32.87 14.09

B2 58.77 – – 28.93 12.30

C2 27.62 33.12 17.15 22.11 –
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3.4 Observation of Different Stages of Dissolution

Using the in-situ heating technique in SEM, we have already visualized the TDFD
mechanism (as it occurred during homogenization) which was earlier proposed by
Eivani et al. based on ex-situ experiments [17, 18]. The evidence of this mechanism
can also be observed through the samples homogenized for different durations using
the ex-situ experiments (Fig. 5). Coarsening of the IDC phase can be seen in
(Fig. 5b). Figure 5c shows the thinning process while formations of perturbations
are observed in Fig. 5d, e and the spheroidized IDC phase is visible in Fig. 5f.

4 Discussion

4.1 Morphological Changes of Secondary Phases

In accordance with the findings of ex-situ experiments by Eivani et al. [16, 17], it
could be noticed that the dissolution process starts simultaneously with both the
eutectic and divorced eutectic morphologies (Fig. 2). However, morphological
changes during the dissolution of the eutectic mixture and divorced eutectic phases
appear to be different. The dissolution of the lath-shaped divorced eutectic phase,
which is a Zn-rich Mg (Zn, Cu, Al)2-based η phase [8], begins with
perturbation-like discontinuous thinning along the length of the phase (circle
enclosed part of Fig. 2d). On the other hand, the dissolution of eutectic phase

Fig. 5 BSE morphologies of the IDC phase after homogenization in air furnace at 450 °C:
a initial, b eutectic coarsening, c thinning of GB phase, d perturbation formation, e spheroidization
initiation, f spheroidization
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mixture (a-Al solid solution (dark) and Mg (Zn, Cu, Al)2-based η phase (bright))
follows the classical discontinuous coarsening mechanism (the spheroidization)
[18]. With the increasing temperature of soaking to 350 °C, the divorced eutectic
phases tend to attain complete dissolution, whereas the eutectic part remains par-
tially dissolved and spheroidized state. Recently, a specific dissolution mechanism
called thinning, discontinuation and full dissolution (TDFD) has been forwarded by
Eivani et al. [16] to account for the dissolution mechanism of grain boundary
phases in Al–Zn–Mg alloy. It has been shown that a particle situated at IDC
develops initial protrusions on its surface and grows into an ellipse shape. Further
spheroidization continues till the IDC particle assumes a nearly spheroidal shape
with a protruded surface, and finally, IDC particles tend to acquire spherical shape
with the removal of surface protrusions in order to minimize the particle–matrix
interfacial area and resultant surface energy.

The present results suggest that the dissolution of divorced eutectic grossly
follows the mechanism suggested by Eivani et al. [16], although at a lower tem-
perature of annealing (i.e., 300 °C) the discontinuation could not be observed even
after 40 h of soaking. The difference in dissolution behavior could be attributed to
the compositional variation of the alloys. The alloys used by Eivani et al. can be
categorized as a compositionally lean alloy compared to the present alloy having a
significantly higher amount of Zn, Mg, and Cu. According to the section of the
quaternary Al–Zn–Mg–Cu phase diagram for 6 wt.% Zn at 460 °C [19], the present
alloy composition falls under a two-phase field (a-Al + S). Hence, complete dis-
solution depends strongly on the composition [8]. With still higher Zn content and
lower temperature the present alloy composition will tend to move toward a-
Al + S + Z (AlZnMgCu) phase field [28]. It is, therefore, suggested that for the
compositionally rich alloy such as the present one the mechanism could be visu-
alized as the thinning, discontinuation, and spheroidization (TDS).

4.2 Quantitative Analysis of Secondary Phase Dissolution

The quantitative analysis of the area fraction of secondary phases in the alloy was
investigated using BSE micrographs of as-cast sample and samples homogenized
for different time intervals. The analyses of the BSE images indicate that the
fraction of the secondary phase particles decreases even during in-situ soaking at
300 and 350 °C as well as ex-situ soaking at 400 °C, in addition to the morpho-
logical changes toward spheroidization.

The results (as shown in Fig. 6) show that the area fraction of secondary phases
comprising of the eutectic and divorced eutectic regions gradually decreases with
the increase in soaking time at 400 °C. On the other hand, there is a rapid reduction
of the secondary phase fraction at the initial stage for soaking at 450 °C, followed
by rather sluggish dissolution kinetics. The average rate of change in area fraction
during soaking is higher at 450 °C than that at 400 °C. The total decrease in area
fraction of secondary phases at 400 °C is approx 42%, while it is 72% at 450 °C for
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the same total duration of homogenization (after 50 h). The results indicate that as
expected, 450 °C temperature is more effective for homogenization as the diffusion
of alloying elements is faster compared to 400 °C.

4.3 Pros-n-Cons of In-Situ Experiments

The present study reports for the first time the in-situ dissolution behavior of the
secondary phases of an AA7055 Al under high vacuum conditions in the temper-
ature range of 350–350 °C. One of the key objectives of such experimentation has
been to examine the morphological modifications during the soaking. The results of
morphological variations have been documented in the previous sections in con-
junction with the results of conventional ex-situ experiments. Although the findings
are quite interesting, the unavoidable consequences need to be kept in mind for
future research plans.

It could be noticed that the kinetics of secondary phase dissolution during in-situ
experimentations under high vacuum conditions is significantly faster even at a
much lower temperature compared to that of ex-situ experiments. In order to get a
direct correlation, further in-situ experiments have been conducted at 400 °C. The
results are reported in detail elsewhere [15]. Unexpectedly, it has been found that
complete dissolution occurs within 30 min of soaking. In order to get insight into
such an extraordinarily fast rate of dissolution kinetics, the in-situ experiments are
interrupted at different times, and the chemical compositions of the phases are
evaluated by EDS. It indicates that during soaking at 400 °C, the Zn content of the
η-phase and the matrix vanishes rapidly such that the sample after complete dis-
solution of secondary phases shows negligible Zn content at the surface. This is
consistent with the fact that the operating condition of the in-situ experiment inside
the SEM chamber (*10−6 torr vacuum, 400 °C) coincides with the triple point of
Zn. This further explains the relatively faster dissolution rate of the secondary
phases at 370 °C with a higher rate of heating. It is to be noted that during the faster

Fig. 6 Evolution of area
fraction of secondary phase
during homogenization at 400
and 450 °C
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rate of heating, a temperature shoot up of 10–15 °C occurs at the beginning before
the specimen temperature stabilizes. Such as temperature shoot up enables reduc-
tion of Zn content of the system and therefore, dissolution of secondary alloy
phases happens at a faster rate. The phenomenon also points out the possibility of
the composition induced dissolution reaction (i.e., η ! a (solid solution))
implying thermodynamic instability of Zn-rich secondary alloy phases due to
Zn-loss.

Although the consequences described above point towards apparent drawback of
the technique, it evokes a hitherto unreported result that it is the Zn content of the
secondary phases that control the dissolution processes during homogenization.
Such information could potentially dictate the future high strength aluminum alloy
development based on the Al–Zn–Mg–Cu system since the complete dissolution of
secondary alloy phases remains one of the key considerations for the new age high
solute 7xxx series alloys.

5 Conclusions

(1) The major secondary phases present in the as-cast microstructure of AA7055 Al
alloy are η- and T-base quaternary phases as identified by XRD and EDS
analysis, whereas traces of the Fe-bearing phase have been detected through
quantitative EDS analysis only. Following ex situ homogenization at 400–
450 °C, Mg (Zn, Cu, Al)2-based η phase is found to survive the homoge-
nization with compositional modification and a transformed Al2CuMg-base S
phase is identified apart from insoluble Fe-rich phase.

(2) A series of in-situ heating experiments in the range of 300–350 °C has been
carried inside an SEM to directly monitor the morphological modifications
occurring in secondary alloy phases during intermediate temperature homog-
enization. Dissolution of divorced eutectic is significantly sluggish compared to
the eutectic phase mixture which is first of its kind observation and grossly
follows the thinning, discontinuation, and spheroidization (TDS) model at an
intermediate temperature of soaking. This validates the model experimentally.

(3) The kinetics of secondary phase dissolution during in-situ experimentations
under high vacuum conditions is significantly faster even at a much lower
temperature compared to that of ex-situ experiments. Faster dissolution of
secondary phases (especially near 400 °C) under ultra-high vacuum is associ-
ated with the ‘loss’ of Zn content of the phase.

Acknowledgements The authors would like to thank the Director, DMRL for his constant
support and encouragement. This research work has been funded by the Defence Research and
Development Organization (DRDO), Government of India.

In-Situ Dissolution Behavior of Secondary Alloy Phases … 155



References

1. Deng Y, Yin Z, Cong F (2012) Intermetallic phase evolution of 7050 aluminum alloy during
homogenization. Intermetallics 26:114–121. https://doi.org/10.1016/j.intermet.2012.03.006

2. Ciesler M, Bajer J, Hajek M, Ocenasek V (2012) In-situ electron microscopy observation of
the microstructure changes in the 6082 Aluminium alloy during homogenization. Metal 2012
5:23–25

3. Sha G, Cerezo A (2004) Early-stage precipitation in Al–Zn–Mg–Cu alloy (7050). Acta Mater
52:4503–4516

4. Xie F, Yan X, Ding L, Zhang F, Chen S, Chu MG, Chang YA (2003) A study of
microstructure and microsegregation of aluminum 7050 alloy. Mat Sci Eng A 355:144–153

5. Xu D, Li Z, Wang G, Li X, Lv X, Zhang Y, Fan Y, Xiong B (2017) Phase transformation and
microstructure evolution of an ultra-high strength Al-Zn-Mg-Cu alloy during homogenization.
Mater Charact 131:285–297

6. Li W-B, Pan Q-L, Xiao Y-P, He Y-B, Liu X-Y (2011) Microstructural evolution of ultra-high
strength Al-Zn-Cu-Mg-Zr alloy containing Sc during homogenization. Trans Nonferrous Met
Soc China 21:2127–2133

7. Polmear IJ (2006) Light alloys-from traditional alloys to nanocrystals, 4th edn. Butterworth-
Heinemann

8. Mondal C, Mukhopadhyay AK (2005) On the nature of T(Al2Mg3Zn3) and S(Al2CuMg)
phases present in as-cast and annealed 7055 aluminum alloy. Mat Sci Eng A 391:367–376.
https://doi.org/10.1016/j.msea.2004.09.013

9. Jia P, Cao Y, Geng Y, He L, Xiao N, Cui J (2014) Studies on the microstructures and
properties in phase transformation of homogenized 7050 alloy. Mat Sci Eng A 612:335–342

10. Xi-gang F, Da-ming J, Qing-chang M, Bao-you Z, Tao W (2006) Evolution of eutectic
structures in Al-Zn-Mg-Cu alloys during heat treatment. Trans Nonferrous Met Soc China
16:577–581

11. Xie FY, Kraft T, Zuo Y, Moon CH, Chang YA (1999) Microstructure and microsegregation
in Al-rich Al–Cu–Mg alloys. Acta Mater 47:489–500

12. Chen K, Liu H, Zhang Z, Li S, Todd RI (2003) The improvement of constituent dissolution
and mechanical properties of 7055 aluminum alloy by stepped heat treatments. J Mater
Process Technol 142:190–196

13. Deng Y-L, Wan L, Wu L-H, Zhang Y-Y, Zhang X-M (2011) Microstructural evolution of
Al–Zn–Mg–Cu alloy during homogenization. J Mater Sci 46:875–881

14. He L-Z, Jia P-F, Zhang L, Cui J-Z (2016) Evolution of secondary phases and properties of
7B04 aluminum alloy during DC homogenization. Trans Nonferrous Met Soc China 26:319
−327

15. Sarkar R, Mondal C, Deepak K, Saha S, Atul K, Ghosal P (2016) Structure-property
characterisation at nanoscale using in-situ TEM and SEM. Defence Sci J 66:381–390

16. Eivani AR, Ahmed H, Zhou J, Duszczyk J (2009) Evolution of grain boundary phases during
the homogenization of AA7020 aluminum alloy. Metall Mater Trans A 40:717–728

17. Eivani AR, Ahmed H, Zhou J, Duszczyk J (2010) Modeling the TDFD dissolution of Al–Fe–
Mn–Si particles in an Al–4.5Zn–1Mg alloy. Phil Mag 90:2865–2897

18. Eivani AR, Ahmed H, Zhou J, Duszczyk J (2010) Modelling dissolution of low melting point
phases during the homogenisation of AA7020 aluminium alloy. Mat Sci Technol 26:215

19. Strawbridge DJ, Hume-Rothery W and Little AT (1948) The constitution of aluminum-
copper-magnesium-zinc alloys at 460 degree C. J Inst Met 74: 191–225

20. Guo W, Guo J, Wang J, Yang M, Li H, Wen X, Zhang J (2015) Evolution of precipitate
microstructure during stress aging of an Al–Zn–Mg–Cu alloy. Mat Sci Eng A 634:167–175

21. Li Y, Li P, Zhao G, Liu X, Cui J (2005) The constituents in Al–10Zn–2.5Mg–2.5Cu
aluminum alloy. Mat Sci Eng A 397:204–208

156 R. Ghanghas et al.

http://dx.doi.org/10.1016/j.intermet.2012.03.006
http://dx.doi.org/10.1016/j.msea.2004.09.013


22. She H, Shu D, Chu W, Wang J, Sun B (2013) Microstructural aspects of second phases in
as-cast and homogenized 7055 aluminum alloy with different impurity contents. Metall Mater
Trans A 44:3504–3510

23. Liu Y, Jiang D, Xie W, Hu J, Ma B (2014) Solidification phases and their evolution during
homogenization of a DC cast Al–8.35Zn–2.5Mg–2.25Cu alloy. Mater Charact 93:173–183

24. Wang H, Xu J, Kang Y, Tang M, Zhang Z (2014) Study on inhomogeneous characteristics
and optimize homogenization treatment parameter for large size DC ingots of Al–Zn–Mg–Cu
alloys. J Alloys Compd 585:19–24

25. Robson JD (2004) Microstructural evolution in aluminium alloy 7050 during processing. Mat
Sci Eng A 382:112–121

26. Shi Y-J, Pan Q-L, Li M-J, Liu Z-M, Huang Z-Q (2015) Microstructural evolution during
homogenization of DC cast 7085 aluminum alloy. Trans Nonferrous Met Soc China 25:
3560−3568

27. Torres EA, Ramírez AJ (2011) In situ scanning electron microscopy. Sci Technol Weld
Joining 16:68–78

28. Cieslar M, Bajer J, Hajek M, Ocenasek V (2014) High-Temperature Processes Occurring
During Homogenization of AA6082 Aluminum Alloy. In: Grandfield J. (eds) Light Metals
2014. Springer, Cham. pp 237–241. https://doi.org/10.1007/978-3-319-48144-9_41

In-Situ Dissolution Behavior of Secondary Alloy Phases … 157

http://dx.doi.org/10.1007/978-3-319-48144-9_41


Microstructural Attributes
to the Stability of ‘Brass’-Texture
During Cold Rolling of AA7010 High
Strength Aluminium Alloy

Chandan Mondal, Vipin S. Ramteke, Vajinder Singh,
Rajdeep Sarkar, and R. K. Satpathy

Abstract Orientation stability of a unique rotated-Brass (rBs)-{110} 556h i texture
during cold rolling of an Al–Zn–Mg–Cu-based 7010 aluminium alloy has been
systematically investigated by X-ray diffraction, electron back-scattered diffraction,
and transmission electron microscopy. It has been found that during unidirectional
cold rolling, the rBs-{110} 556h i component retains the location of intensity
maxima, but the maximum intensity decreases sharply up to 60% reductions in
thickness with a concomitant increase in orientation spread. At lower strains
(*30%), the deformation appears to be homogeneous and the texture can still be
described by a strong rBs component. Deformation becomes more and more
heterogeneous and above 50% cold-rolling reduction, grain-scale shear bands
forms. The width of such bands does not increase with deformation, but sharp
misorientations are developed across them. Detailed analysis of microtexture in
conjunction with TEM studies establishes that the rotation around the 112h i axis
within the shear band area is facilitated by the change of the co-planar slip systems
to a single slip. This can lead to a texture development near the Bs-S regions of the
b-fibre in accordance with the ‘Dillamore theory’.

Keywords 7010 Al alloy � Crystallographic texture � Cold rolling � EBSD � TEM

1 Introduction

Investigations on the evolution of crystallographic texture have become an essential
part of widespread industrial applications owing to its growing importance in the
possibility of tailoring the engineering properties of the products. It is well known
that during fabrication, the processing parameters strongly influence microstructural
development and induce crystallographic texture in metallic materials. However,
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the development of texture and the resultant anisotropy in mechanical properties
can be either advantageous or disadvantageous depending on the applications
involved [1]. Control of texture by various modifications of processing schedule,
therefore, has become an indispensable component of alloy and product develop-
ment programs.

The evolution of texture during hot deformation of aluminium alloys has been
studied extensively over the past several decades aiming towards characterization
and control of texture components [2–4]. Depending on the alloy composition, the
rolling temperature, and the mode of deformation, various texture components such
as Copper (Cu)-{112} 111h i, Brass (Bs)-{110} 112h i, S-{123} 634h i, cube-
{100} 001h i, and Goss (G)-{110} 001h i are formed. During hot rolling, the texture
development of aluminium alloys can adequately be described by b-fibre orienta-
tion distribution spanning the four major components, namely Cu, S, {168} 211h i
and Bs [4]. In recent years, the development of a strong, single component
rotated-Brass (rBs) texture has been reported in a 7010 Al alloy [5] and this pro-
vides a unique opportunity to study the stability of such texture in 7010 Al alloy.
The present article reports the microstructural attributes for the stability of such a
strong rBs texture during subsequent cold rolling.

2 Experimental Procedure

A 6-mm-thick hot rolled AA7010 Al alloy sheet was used in the present investi-
gation. The analysed chemical composition is shown in Table 1. The alloy was
prepared via conventional ingot metallurgical route and the as-cast ingot was
homogenized at 465 °C for 30 h followed by air cooling. The homogenized and
scalped slab of dimension 200 mm � 150 mm � 80 mm was hot cross-rolled to a
92% total reduction in thickness. A detailed description of the processing schedule
and corresponding textural evolution has been described elsewhere [5, 6]. The test
coupons of dimension 50 mm (l) � 30 mm (w) � 5 mm (t) were solutionized at
465 °C for 1.5 h and quenched in water at ambient temperature. For studying the
stability of Bs texture, the heat-treated test coupons cold-rolled unidirectionally to
30, 50, and 60% reduction in thickness.

The development of crystallographic texture was measured at the half-thickness
of the sheet specimens in the as-rolled condition using an Inel G3000 X-ray texture
goniometer by Schultz back reflection technique. Four incomplete pole figures
({111}, {200}, {220}, and {311}) of the matrix phase were measured with 15 mm
specimen translation, and the orientation distribution function (ODF) plots were

Table 1 Chemical composition of the AA7010 Al alloy

Elements Zn Mg Cu Zr Fe Si Al

Wt. % 6.2 2.3 1.6 0.13 0.14 0.12 Balance

160 C. Mondal et al.



calculated. From the ODFs, the recalculated pole figures were generated. Selected
samples were subjected to microtexture study using a field emission gun scanning
electron microscope (FEG-SEM) (Model: Zeiss Supra-55) with electron
back-scattered diffraction (EBSD) facility. TEM characterization was carried out
using a Technai G2 microscope operating at 200 kV.

3 Results and Discussion

The initial material is a solution treated hot cross-rolled alloy having a strong
rotated ‘Brass’ (rBs) texture [5]. It has been found that the main attributes for the
evolution of the strong rotated-Bs texture are (i) stability of rotated-Bs orientations
under multi-step cross-rolling deformation, (ii) partially recrystallized microstruc-
ture having a high propensity of rotated-cube and -Goss orientations during
inter-pass annealing, (iii) strong recrystallization resistance of near Bs oriented
elongated grains, and (iv) retention of elongated grain morphology produced by
Zener pinning during hot rolling [5]. The detailed mechanism of evolution of
texture and microstructure of the hot cross-rolled AA7010 Al alloy and the thermal
stability of the texture during extended solution heat treatments are described
elsewhere [5–7].

3.1 Evolution of Texture and Microstructure During
Cold Rolling

The solution treated specimens are subjected to cold deformation by unidirectional
rolling to study mechanical stability of the single component rBs-{110} 556h i
texture. The cold-rolling reduction has been continued up to 60% reduction in
thickness till cracks appear at the edges on further deformation. Development of
texture in the specimens subjected to 30, 50, and 60% reductions in thickness has
been characterized and presented in Fig. 1 in terms of {002} pole figures and
corresponding orientation intensity distribution along the a- and b-fibres. The pole
figure of the 30% deformed specimen shows that the starting texture of the solution
treated specimen is retained with a marginal reduction of texture intensity and
concomitant increase in the spread of orientation. From the ODF analysis, the major
component is found to be {1 12 15} 12 11 8h i with f(g) = 17. With further
increase in deformation to 50%, the orientation distribution tends to spread between
Bs and S orientations (Fig. 1b). Maximum orientation density, however, is still
observed near the rotated Bs (S/Bs) orientation at {169} 654h i with f(g) = 8.5. The
orientation spread reaches towards S component and a weak component
{214} 4 12 5h i with f(g) = 2 can be noticed at u2 = 65°. For the 60%
cold-rolled specimen, the maximum orientation density is found near the S/Bs
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component at {169} 12 7 6h i with f(g) = 10. Similar to the 50% deformed
specimen, an orientation spread towards S component at {214} 121h i with
f(g) = 3.5 can be noticed at u2 = 65° along with an inhomogeneous 111h i fibre at
u2 = 45° section (Fig. 1c). Quantitative comparison of the texture with respect to
the starting specimen is depicted through the a-fibre and b-fibre intensities as
shown in Fig. 1d, e.

It is evident that the strong Bs component retains the location of intensity
maxima during cold rolling, but the intensity maximum decreases sharply up to
60% rolling reductions. The rolling reduction also considerably increases orienta-
tion spread. The development of optical microstructure of the deformed is shown in
Fig. 2. The microstructure of the 30% cold-rolled specimen (Fig. 2a) exhibits
homogeneous deformation of the grains. On the other hand, the elongated grains
with grain-scale shear bands (Cu-type shear bands) represent the microstructure of
both the 50 and 60% deformed specimens. For the 50% deformed specimen, one set
of shear bands are observed approximately at 35° to the rolling plane in few grains,
whereas two sets of intersecting shear bands at*±38° in most of the grains of 60%
deformed specimen. A typical intersection of shear bands producing an ‘X’-junc-
tion is shown in the inset of Fig. 2c.

Fig. 1 Experimentally determined {200} pole figures and u2 = 45, 65, and 90° ODF sections at
successive stages of cold deformations: a 30%, b 50%, and c 60%.d-e corresponding orientation
intensity distribution across the a- and b-fibres, respectively
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A detailed study based on EBSD analysis incorporating orientation, grain
boundary character, and misorientation distribution has been carried out on the
deformed specimens. The inverse pole figure (IPF) maps of the deformed speci-
mens further corroborate the optical microstructural features in conjunction with
misorientation histograms and kernel average misorientation maps (Fig. 3). Grains

Fig. 2 Optical
microstructures observed at
the long transverse sections of
the specimens cold rolled to
a 30%, b 50%, and c 60%
deformation (presence of
shear bands marked by
arrows). c-Inset: magnified
view of the shear band
crossing
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of 30% deformed specimen are uniformly deformed and traces of localization of
slip activities (marked by arrows) can be noticed. Deformation becomes signifi-
cantly heterogeneous with the increase in rolling reduction, and at 50% cold-rolling
reduction, grain-scale shear bands form (Fig. 3b). Following 60 and 60% cold
deformations, grains become severely fragmented by the presence of shear bands
extending a few grains and producing clear grain boundary offsets (Fig. 3c). The
formation of extensive shear bands is accompanied by an increase in the grain
misorientation spread in agreement with the observations of global texture analysis.
The gradual increase in misorientation (Both LAGB and HAGB) with deformation
is evident from the histograms (Fig. 3d–f) in conjunction with a sharpening of
orientation gradients across the grains as depicted by the KAM maps (Fig. 3g–i).

Characterization of deformed microstructure has further been complemented by
transmission electron microscopy. Figure 4 represents montages of bright field
images of the longitudinal sections of 50, and 60% deformed specimens. Typical
deformation microstructure at low strains consisting of basic ‘pre-shear band-like
structures’ (microbands) is believed to be developed by slip only and distinguishing
features of such microstructures is the formation of thin microbands (usually
0.1–0.5 lm thick) on the slip planes. Microbands are observed in isolated grains
spreading across a few subgrains parallel to {111} plane traces, and in few localized
areas along the microband propagation path, they are hardly distinguishable from
the matrix losing their structural features (Fig. 4a). Furthermore, bands have a

Fig. 3 EBSD IPF maps, corresponding misorientation distribution histograms, and KAM maps of
the cold-rolled specimens subjected to a, d, g 30% deformation, b, e, h 50% deformation, and c, f,
i 60% deformation
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non-uniform dislocation distribution along the length forming the so-called island
structure at the front of the band. Observations are in agreement with that of Korbel
and Martin [8]. With increasing, deformation level abundance of microbands
turning into shear bands increases sharply producing sharp boundary offsets. The
shear strain in the band, determined at the offset length, has been measured to be as
high as 6 with a concomitant increase in misorientation across them (Fig. 4c).
However, the width of the microband-turned shear bands do not vary significantly
with increasing strain levels. The salient features of the deformation microstructures
can be summarized as (i) propagation of shear bands through subboundaries
resulting in distinct shear offsets at the boundaries, (ii) discrete shear bands parallel
to the operating slip plane {111} with almost no increase in bandwidth, and

Fig. 4 a, b Montages of TEM micrographs for 50 and 60% deformed specimens showing the
spread of shear bands (SB) across the subgrains. [Electron beam is nearly parallel to 110h iAl]
c average misorientations across the SBs as a function of deformation percentage
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(iii) misorientation increases across the shear bands a function of deformation. It is
clear from the foregoing discussion that the evolution of microstructural features
and consequential variations in texture are associated with the formation of
microbands and shear bands. The relationship between the orientation stability and
shear band formation is discussed further in the following section.

3.2 Effect of Shear Band Formation on Texture Stability

The evolution of crystallographic texture and microstructure in the present study
has two prominent features: (i) the maximum texture intensity continues to be near
the Bs orientation following unidirectional cold rolling up to 60% thickness
reduction, although with the increase in deformation, the pole figures tend to show a
considerable spread of orientations, and (ii) orientation spread near the Bs-S
components across the b-fibre becomes predominant as the amount of deformation
increases. Concomitantly, it has been observed that conversion of the microbands
into the shear bands occurs with increasing cold deformation level and results in
considerable misorientation across them. This is consistent with the observations
and mechanisms proposed earlier [9–13].

It is well known that macroscopic shear bands have precursors in microbands
that represent an avalanche of dislocation glide in a crystallographic slip system
[10, 11]. Investigations aimed at revealing the mechanism by which microbands are
organized into the macroscopic shear bands suggest that instability of dislocation
substructure is responsible for nucleation, while its growth is facilitated by the
stress concentrations [11]. The evolution of shear band structure with increasing
deformation is analysed through high-resolution EBSD band contrast maps
superimposed with boundaries as depicted in Fig. 5. It can be observed that the
mechanism of formation of a macroscopic shear band is essentially considered to be
a two-stepped process that involves nucleation of microbands by dislocation ava-
lanche and its subsequent conversion into a macroscopic shear band when
encountering grain boundary or an obstacle that prevents long-distance dislocation
glide. High local misorientations generated across these bands suggest a large stress
concentration at the front of the bands (Fig. 4c). Furthermore, it is often observed
that in process of converting a microband into shear bands, some microbands are
effectively stopped at the grain boundaries giving a strain contour, while the others
are able to penetrate the boundaries with a prominent slip offset which is consistent
with the observation by Korbel and Martin [8].

It has been pointed out by Dillamore et al. [12] that shear bands form due to
plastic instability triggered by geometrical softening and it has been shown that the
presence of preferred orientation is an important factor in determining the angle.
Dillamore et al. [12] have formulated a necessary condition for the formation of a
grain-scale shear band as:

166 C. Mondal et al.



1
r
dr
de

¼ n
e
þ m

_e
d_e
de

þ 1þ nþm
M

� �
dM
de

� m
N
dN
de

� 0

where n and m represent the work hardening exponent and strain rate sensitivity,
respectively; M is the Taylor factor, and N is the mobile dislocation density. With
the usual behaviour of materials with positive strain, work hardening rate, and strain
rate sensitivity, it is apparent that a probable factor in holding the above inequality

Fig. 5 EBSD band contrast maps overlaid with low and high angle boundaries of a 30%, b 50%,
and c 60% deformed samples (presence of shear bands marked by arrows). d–f Corresponding
{002} pole figures showing orientation spread
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permissible is the term (dM/de) that corresponds to geometrical softening. Shen and
Duggan [9] have considered the effect of microband formation on the orientation
meta-stability during cold deformation. It has been shown that microbands can
occur in the grains with orientations such that its transverse direction (TD) is nearly
parallel to either 110h i or 111h i axes and the rolling direction along the high slip
fraction direction. In such a case, grain rotation is oscillatory between the two
orientations having a variation in rotation rate from negative to positive. This leads
to stability of texture components that satisfy the criteria such as the {110} 556h i in
the present case. With increasing the level of deformation, however, the microbands
are converted into shear bands and the strain becomes increasingly localized within
these bands leading to a net positive rotation around the TD as observed experi-
mentally in the present study (Fig. 5d–f). The situation has been described by Paul
et al. [13]. The salient feature of the texture evolution is the rotation around the
112h i axis within the shear band area facilitated by a change of the initially
co-planar slip systems to a single slip. This can lead to texture development near the
Bs-S regions of the b-fibre. The present case can, therefore, be considered as an
experimental verification for the above mechanism.

In summary, microstructural evolution shows the formation of grain-scale and
discrete shear bands with increasing cold deformation. The width of such bands
does not increase with deformation but sharp misorientations are developed across
them. It indicates a strong tendency for a localized slip with a single slip operation.
Detailed analysis of microtexture in conjunction with TEM studies establishes that
the rotation around the 112h i axis within the shear band area is facilitated by the
change of the co-planar slip systems to a single slip. This can lead to texture
development near the Bs-S regions of the b-fibre. This type of rotation within
well-developed shear bands is believed to be responsible for the evolution of texture
components near the Bs-S fibre. Finally, it is to be noted that the development of
such shear band induced texture could possibly be deleterious to the mechanical
properties, especially in terms of uniform elongation, as it could promote severe
deformation localization and associated shear failure. Since the shear band devel-
opment is intensified by the relatively coarser grain size, a possible remedy may lie
in the grain refinement by the application of a suitable thermo-mechanical pro-
cessing schedule.

4 Conclusions

(1) Unidirectional cold rolling results in retention of the rotated-Bs component with
a continuous decrease in intensity of this component as well as a substantial
increase in the spread of orientation. Microstructural evolution shows the for-
mation of grain-scale and discrete shear bands. The width of such bands does
not increase with deformation but sharp misorientations are developed across
them.
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(2) At low deformations (*30%), homogeneous deformation of the material
facilitates the retention of rBs orientation, while at higher deformation, the
localized shear band formation results in orientation spread.
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Microscopic and Magnetic
Investigations in Sputtered
Sm-Fe Thin Films

Himalay Basumatary, J. Arout Chelvane, Vajinder Singh,
and Rajeev Ranjan

Abstract This article reports the structure, microstructure, and magnetic properties
of Sm-Fe films grown on Si <100> by DC magnetron sputtering. Films were
grown with varying argon gas pressures, namely 5, 10 and 15 m.Torr, and keeping
the sputtering power constant at 100 W. All the films were found to be amorphous
in nature irrespective of the processing conditions. Microscopic investigation of
film surface showed an island kind of surface morphology in the form of globules,
whose sizes increased with increase in argon gas pressure. Thermomagnetic mea-
surements indicated ferromagnetic behavior at room temperature for the film
deposited with 10 and 15 m.Torr gas pressures. Magnetic measurements showed
low anisotropy coupled with low coercivity for the films grown at higher gas
pressures. A maximum magnetostriction of about 390 micro-strains has been
achieved for an applied magnetic field of about 6 kOe.

Keywords Magnetostrictive thin films � Scanning electron microscopy �
Magnetization measurements

1 Introduction

Magnetostrictive materials form an important class of smart materials that can be
strained with the application of an external magnetic field. These materials convert
energy between magnetic and elastic states, and for this reason, magnetostrictive
material has been employed for a wide variety of applications such as actuators,
sensors, and transducers. Magnetostriction being an inherent property of ferro-
magnetic materials, it does not degrade with respect to time as do some poled
piezoelectric materials. C15 based rare earth transition metal intermetallics exhibit
high magnetostriction owing to strong magnetic anisotropy. Among the binary

H. Basumatary � J. Arout Chelvane (&) � V. Singh
Defence Metallurgical Research Laboratory, Hyderabad, India

H. Basumatary � R. Ranjan
Department of Materials Engineering, Indian Institute of Science, Bangalore, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
P. Ghosal et al. (eds.), Applications of Microscopy in Materials and Life Sciences,
Springer Proceedings in Materials 11,
https://doi.org/10.1007/978-981-16-2982-2_17

171

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2982-2_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2982-2_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2982-2_17&amp;domain=pdf
https://doi.org/10.1007/978-981-16-2982-2_17


alloys, TbFe2 and SmFe2 alloys exhibit highest positive and negative magne-
tostriction, respectively [1]. Although a plethora of literature is available on Tb-Fe
based magnetostrictive alloys, studies on SmFe2 based alloys are limited owing to
the challenges such as (i) process optimization due to high vapor pressure of Sm,
(ii) reactivity of Sm-Fe alloy, and (iii) complexity in device design. [2]. However,
SmFe2 alloy in thin-film form finds wide applications as magnetic microdevices [3–
5]. Further, the overall deflection of magnetostrictive-substrate cantilever assembly
can be enhanced by utilizing a combination of positive and negative magne-
tostrictive thin films in the form of a bimorph structure which is desirable for
microactuator applications. Considering these factors, it is important to carry out a
detailed study on this thin film to understand the magnetic properties thoroughly.
Further, it is observed from literature that there are only few studies on the
understanding of structure and magnetic properties of sputter deposited Sm-Fe
films, with respect to various processing conditions [2–8]. Hence, in the current
study, an investigation has been taken up to understand the effect of one of the
sputtering parameter, namely argon gas pressure on the structure, microstructure,
and magnetic properties of Sm-Fe films.

2 Experimental Details

Sm-Fe films were deposited at room temperature on Si <100> substrates by dc
magnetron sputtering (Sputtering unit make: M/s. LJ-UHV Technologies, Taiwan)
employing an alloy target with a nominal composition of Sm33Fe67. Prior to
sputtering, a base pressure of about 1 � 10–8 Torr has been achieved in the sput-
tering chamber. Films were grown with varying argon gas pressure (viz., 5, 10, 15
m.Torr) and keeping the sputtering power constant at 100 W. The deposition time
(60 min) and target to substrate distance (6 inches or 150 mm) were kept constant
for all the experiments. Aluminium layer of 3 nm thin was used as a capping layer
to prevent oxidation of films. Thicknesses of the films were determined by using a
stylus profilometer. Surface topography of the films was traced by employing an
atomic force microscope (AFM). Structural investigations were carried out by using
grazing incidence X-ray diffraction (GIXRD). Surface topography of the films was
evaluated with the aid of a field emission gun scanning electron microscope
(FEGSEM). Magnetic measurements along in-plane direction were measured by
using a SQUID magnetometer. Field-cooled (FC) and zero field-cooled
(ZFC) measurements were carried out at an applied magnetic field of 0.5 kOe in
the temperature range 4–390 K. Position-sensitive detector-based optical technique
was used to measure magnetostriction in thin films.
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3 Results and Discussions

The variation of film thickness for films grown with different Ar pressure is given in
Table 1. It is evident from the table that with increase in Ar gas pressures, the
thickness of Sm-Fe film increases. This could be correlated with the increase in the
number of Ar ions with increase in gas pressure. Increase in the number of Ar ions
dislodges more atoms from the sputtering target which in turn increases the overall
film thickness. The AFM images of Sm-Fe films grown at different gas pressures
such as 5, 10, and 15 m.Torr are shown in Fig. 1a–c, respectively. All the films are
found to exhibit an island kind of morphology in the form of globules whose sizes
increase with increase in gas Ar pressure. This can be attributed to the increase in
film thickness with increase in Ar pressure. The rms surface roughness estimated
from AFM images are displayed in Table 1. With increase in argon gas pressure,
there is a slight increase in the surface roughness of the films. This can be correlated
with the increase in the size of the globules with increase in processing gas pressure.

Figure 2a–c shows the FEGSEM micrographs of Sm-Fe thin films deposited
under varying gas pressures, namely 5, 10, and 15 m.Torr, respectively. The film
processed with lower gas pressure, viz., 5 m.Torr exhibit a random distribution of
fine globular islands. However, with subsequent increase in Ar gas pressure, the
sizes of islands are found to increase considerably. This again can be attributed to
the increase in the thickness of the films with increase in Ar pressure as observed
from Table 1. FESEM microscopy observations are found to be in good agreement
with the AFM studies shown in Fig. 1. The composition of the films determined
using energy-dispersive spectroscopy technique is found to vary with change in
processing gas pressure (Table 1). The concentration of Fe in the film is found to
increase from 58 at.% to 62 at.% when the Ar pressure is increased from 5 to 10 m.
Torr. At 15 m.Torr Ar pressure, the film composition is found to be saturated. This
could be attributed to the increase in sputtering yield with increase in number of Ar
ions. Usually, the sputtering yield increases initially with increase in Ar ions and
reaches a maximum value, and then, it decreases again [9, 10]. Fe being relatively
lighter, increase in sputtering yield of Fe can be more prominent when compared to
heavier Sm atoms. As a result, Fe concentration in the film increases. With further
increase in Ar pressure, collision among the Ar gas atoms also increases which

Table 1 Film thickness, surface roughness, composition, Curie temperature (Tc), and magne-
tostriction of Sm-Fe films deposited under varying sputtering parameters

Sputtering
parameters

Composition
(±1 at. %)

Film
thickness
(±2 nm)

Surface
roughness
(±0.1 nm)

Tc
(±1 K)

Magnetostriction
(±5 -strains)

Power Ar
pressure

100 5 Sm42Fe58 205 2.7 250 –

100 10 Sm38Fe62 250 2.8 370 390

100 15 Sm38.5Fe61.5 270 2.9 370 380
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Fig. 1 AFM images of
Sm-Fe films deposited at
different sputtering Ar
pressure, a 100 W & 5 m.
Torr, b 100 W & 10 m.Torr,
c 100 W and 15 m.Torr
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Fig. 2 FEGSEM images of
Sm-Fe films deposited at
different sputtering Ar
pressure. a 100 W & 5 m.
Torr, b 100 W & 10 m.Torr,
c 100 W and 15 m.Torr
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nullify the increase in sputtering yield. Therefore, at 15 m.Torr Ar pressure, the film
composition is found to be nearly constant.

Structural properties of Sm-Fe films deposited under different gas pressures were
studied using GIXRD. A representative GIXRD pattern of Sm-Fe film deposited at
100 W sputtering power and 15 m.Torr Ar gas pressure is shown in Fig. 3. All the
films are found to be amorphous in nature irrespective of the sputtering processing
conditions. This can be attributed to the large difference in atomic size between Sm
& Fe and very fast cooling involved during sputtering process. Sputter-deposited
Tb-Fe thin films have shown similar structural behavior with change in processing
conditions [11].

Thermomagnetic studies on Sm-Fe films were carried out by measuring the
magnetization with respect to temperature under ZFC and FC conditions in the
temperature range of 4–390 K. For each film, ZFC and FC plots were traced at a
constant magnetic field of about 0.5 kOe and such thermomagnetic measurements
are shown in Fig. 4. The film deposited at 5 m.Torr gas pressure exhibits Curie
temperature less than room temperature. However, with subsequent increase in
processing gas pressure, the Curie temperature is found to increase. The magnetic
ordering temperature estimated from thermomagnetic plots are shown in Table 1.
The increase in Curie temperature with increase in the Ar gas pressure can be
corroborated with the increase in the Fe content with increase in gas pressure. In
addition to this formation of larger islands with increase in Ar gas pressure as
evidenced from AFM and FEGSEM, studies can also aid in increasing the Curie
temperature [12, 13]. Presence of bigger islands could also increase the Curie
temperature of Sm-Fe films owing to the increase the exchange interactions. Island
size-dependent magnetic properties in Tb-Fe films have been reported earlier by
Basumatary et al. [11]. Further, from the thermomagnetic plots, it is also interesting
to note that the film deposited at lower Ar gas pressure exhibits large irreversibility
between the ZFC and FC plots. This could be probably due to the presence of
large anisotropy in the film owing to the high Sm content present in the film.

Fig. 3 GIXRD pattern of
Sm-Fe film deposited at
100 W power and 15 m.Torr
Ar pressure
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The decrease in the anisotropy with increase in gas pressure is clearly seen from the
magnetization measurements as indicated in Fig. 5. When the sample is cooled
down to low temperature without magnetic field, the moments are freezed and
application of magnetic field does not change the magnetization value. However, as
the temperature is increased, the magnetization also increases due to contribution
from the thermal energies and reaches an equilibrium value. Further increase in
temperature leads to decrease in magnetization which is in accordance with the
Curie–Wiess law [14]. During FC, the magnetization state is retained and a large
difference in ZFC and FC curve is obtained at low temperature. The large irre-
versibility in ZFC and FC plots in this film indicates presence of strong anisotropy
in this film (at low temperature). This can further be evidenced from the low
temperature magnetization measurements which show a large coercivity at 5 K
(Fig. 5). The bifurcation of ZFC and FC is found to be small for the films deposited
at higher gas pressure (100 W, 10–15 m.Torr) (Fig. 3). With increase in magnetic
field strength, the ZFC and FC plots are found to merge with each other. The
magnetization measurements carried out for the films processed at higher gas
pressures indicate a strong ferromagnetic behavior at room temperature with low
coercivity. From the magnetization measurements, it is clearly evident that films
grown at higher gas pressure namely 10 and 15 m.Torr are suitable for practical
magnetostrictive applications.

Fig. 4 Thermomagnetic plots
measured at 0.5 kOe magnetic
field for Sm-Fe films
deposited under varying
sputtering Ar pressure.
a 100 W, 5 m.Torr, b 100 W,
10 m.Torr and c 100 W,
15 m.Torr
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Fig. 5 Magnetization curves
measured at different
temperatures for Sm-Fe films
deposited under varying
sputtering Ar pressure.
a 100 W, 5 m.Torr, b 100 W,
10 m.Torr and c 100 W,
15 m.Torr

178 H. Basumatary et al.



Using optical technique, magnetostriction was measured for the films deposited
at 100 W sputtering power and Ar pressure of 10 m.Torr and 15 m.Torr, as these
two films only exhibit Curie temperature above room temperature (Table 1).
A maximum magnetostriction of * −390 micro-strains at a magnetic field of 6
kOe has been obtained in the film deposited at 10 m.Torr. Nearly same value of
magnetostriction is obtained for the film deposited at 15 m.Torr Ar pressure. This
can be attributed to the similarity in film composition and thicknesses of the two
films. The magnetostriction value obtained from the current study is comparable
with the value reported by Honda [3].

4 Conclusions

Structural, microstructural, and magnetic properties of Sm-Fe thin films deposited
on Si (100) substrates under different sputtering Ar gas pressures were investigated.
AFM and FEGSEM studies indicated an island kind of surface morphology whose
sizes increased with increase in Ar gas pressure. GIXRD studies showed that all the
as deposited Sm-Fe films are amorphous in nature. Thermomagnetic measurements
indicated Sm-Fe films deposited at lower Ar pressure exhibited Curie temperature
below the room temperature. This was attributed to the presence of very fine islands
and composition rich in Sm content. Curie temperature of about 380 K was
obtained for the films deposited at higher gas pressures. A maximum magne-
tostriction of *390 micro-strains has been obtained at magnetic field strength of 6
kOe for the film deposited at 100 W sputtering power and 10 m.Torr Ar pressure.
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Expanding the Application Space
of Ion Microscopy

Fabián Pérez-Willard, Alexandre Laquerre, Tobias Volkenandt,
Michael W. Phaneuf, Raymond Hill, and John A. Notte

Abstract In this paper, we review selected recent innovations to focused ion beam
(FIB) instrumentation. Three examples show how new inventions and refinement of
existing workflows continue to expand the large application space already covered
today by FIB, FIB-SEM, and FIB-FIB solutions enabling improved or even com-
pletely new workflows for sample preparation and microstructure characterization.
At one end of the FIB application space, the recent addition of a high-efficiency
magnetic sector field spectrometer to gas-field ion source (GFIS) systems now adds
sub-15 nm analytical spectrometry to most precise ion imaging and patterning
capabilities. At the opposite end, the combination with ultra-short pulsed laser
ablation allows to link FIB analyses to macroscopic scales up to the mm range.
Even well-established workflows like FIB-SEM tomography continue being opti-
mized striving for a more and more accurate 3D representation of matter.

Keywords HIM � SIMS � Nanopatterning � FIB-SEM � FIB-SEM Tomography �
LaserFIB

1 Introduction—Different Ion Species for Different
Applications

Focused ion beams have been demonstrated from many of the elements in the
periodic table [1–3]. Different source types are used for their generation: The liquid
metal ion source (LMIS), the plasma ion source, and the gas-field ion source (GFIS)
are widely commercially available and used on multi-purpose FIB systems [4, 5].
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Research is ongoing on alternative sources like the low temperature ion source
(LoTIS) [2] and the nano-aperture ion source (NAIS) [6].

The choice of the appropriate ion species and source type depends on the appli-
cation. Figure 1 shows the beam diameter d50—containing 50% of the total beam
current—as a function of beam current for 30 kV He+, Ga+, and Xe+ ion beams in a
double logarithmic plot. The He+ and Ga+ data result from ion optical simulations of
ZEISS Orion GFIS and ZEISS Capella GaFIB columns of recent generation. The Xe
plasma data points were extracted from [7]. Along the plot vertical axis with
decreasing beam diameter, imaging and thus machining resolution improve.

In the central area of the plot, between some tens of pA and up to around 50 nA,
the Ga FIB (blue line in Fig. 1) offers the best performance with beam sizes of
approximately 10 nm to 1 µm. In this area, the combination of precision and
material removal rates is optimal to address important applications like standard
cross-sectioning work, TEM and atom probe sample preparation, and
nano-patterning. This is the reason why Ga LMIS FIBs are so popular, making up
more than 95% of FIBs in use today on multi-purpose ion microscopes. The
Ga LMIS has a high brightness of *106 Am−2sr−1 V−1, an energy spread
of *5 eV [4] and covers a current range of 1 pA to 100 nA in today’s
state-of-the-art Ga FIB columns. In the last five years, Ga FIBs have been devel-
oped further mainly targeting source stability (for long-term experiments), maxi-
mum current (milling throughput), and low kV performance (surface quality)
improvements. The latter are important in the context of, e.g., TEM sample
preparation to reduce the extent of amorphization in the FIB thinned area.

Fig. 1 Beam size versus current for the Ga LMIS, the Xe plasma source and the He GFIS
operated at 30 kV. Decreasing beam diameter directly translates to increasing machining precision.
The Xe plasma data was reproduced from [7]. The images are examples of structures prepared with
Ga (blue frame) and He beams (orange frame, left image courtesy of D. Pickard, NUS, Singapore)
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Other applications like the preparation of very large cross sections [8] or the
tomography of large volumes [9] can benefit from the larger currents offered by
plasma sources (see gray curve in Fig. 1). Commercial Xe plasma FIB systems are
specified with 2–2.5 µA maximum current. Theoretically this source can even
deliver up to 10 µA current [4]. As compared to the Ga LMIS, the energy spread of
the plasma source is similar, *5 eV, and the brightness two order of magnitudes
lower, *104 Am−2sr−1 V−1 [4].

At the other end of the graph, the GFIS column offers the smallest ion beam probe
for the highest resolution ion imaging or most precise nano-patterning tasks [10–12].
See Reference [13] for a comprehensive review about the He/Ne GFIS microscope
and its applications. Of the three sources discussed, the GFIS has by far the smallest
virtual size—a single atom—, the highest brightness, and a lower energy spread
of *1 eV. Operating currents are in the range of few 100’s of fA to 100 pA.

The He GFIS was first commercialized in 2006. In its early years, its quantitative
analytical capabilities were limited to doing spectroscopy of the backscattered He
ions using an adapted silicon drift detector [14, 15]. Since 2012, this same GFIS
source can be operated with Ne gas. The Ne ion offers a much higher sputter yield
per ion than He, and still a sub-2 nm probe. The advent of Ne opened the possibility
of doing secondary ion mass spectrometry (SIMS) in the He/Ne GFIS instrument.
SIMS spectrometers have now become available capable of efficiently collecting
and analyzing the small number of secondary ions generated by the few-picoamps
Ne beam.

2 SIMS on the He/Ne GFIS Microscope

Such a SIMS detector, specifically designed for use in the He/Ne GFIS microscope,
was developed at the Luxembourg Institute for Science and Technology (LIST)
jointly with the company ZEISS [16, 17]. In this setup, a magnetic sector type
detector is used. The magnetic field separates the different secondary ions according
to their mass/charge ratio physically in space. Four individual detectors (one fixed
and three movable) can collect signals from four different ion masses of choice in
parallel [17].

Figure 2a shows a first example: the SIMS Al+ map of a GaAs/Al(0.7)Ga(0.3)As
multilayer cross section sample, BAM-L200 [18], obtained using the magnetic
sector detector. The BAM-L200 sample is a standard often used to quantify the
spatial resolution of SIMS instrumentation. The plot below the map corresponds to
the Al+ average signal intensity as a function of position, where the position axis is
perpendicular to the multilayer stack. A 3.5 nm single thin layer of AlGaAs can be
resolved. The same is true for all neighboring AlGaAs/GaAs/AlGaAs sandwich
structures to the right of the 3.5 nm line. From left to right, the periods or line pair
pitches of the sandwich structures are 17.5, 23, 31, 42, 57, and 76.5 nm (all three
layers of each sandwich structure have the same thickness). Resolution can be
defined as the half of the resolved pitch. With this criterion, the SIMS map would
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show a spatial resolution of 9 nm. An alternative—more conservative—resolution
criterion, in which the Al+ signal in the central GaAs is required to drop below 50%
of the maximum intensity in the AlGaAs layers, would yield a resolution of 15 nm
(corresponding to the 31 nm line pair pitch). In any case, a resolution of around
10–15 nm is to the best of our knowledge, unmatched by any other SIMS technique
and only limited by the interaction of the Ne beam with the sample [17].

Figure 2b shows a second example. In this case, the sample is a fully processed
thin-film copper indium gallium diselenide (CIGS) solar cell on a glass substrate.
Using a Ga FIB, a cross section was cut at an angle of 15° relative to the sample
surface. The Ne GFIS SIMS analysis was done on the freshly cut surface of the
sample. A second experiment was done on a reference CIGS on alumina sample
(not shown). For the measurements, a Ne beam current of 8–9 pA was used.
Mapping resolution was 1024 � 1024 Pixels with a dwell time of 1.5 ms/pixel,
totaling an acquisition time of about 25 min per measurement. These are typical
acquisition parameters. The FOV was 15 µm (left image of Fig. 2b).

Ne GFIS SIMS reveals the distribution of the alkali elements Na (in green color)
and K (red) in the CIGS layer in detail. The alkalis originate from the glass sub-
strate, which contains these two elements. During solar cell fabrication, Na and K
diffuse from the glass into the active layer material. The experiment shows that Na
and K are found preferentially at the grain boundaries of the active material. The
grain boundaries are “decorated” with the alkalis forming roughly 100-nm wide
bands. The Ga background signal (blue) comes from the CIGS material. As com-
pared to atom probe tomography [19], Ne GFIS SIMS allows to study a large
number of grain boundaries (within a FOV of 15 µm for this example), so that the
gained information can be put more easily into the context of the full solar cell.

As expected, in the CIGS layer of the reference sample (alumina substrate),
which was processed in the same way, no Na and K was detected. This is because
the alumina substrate does not contain these elements.

3 Toward 1 nm-Voxel FIB-SEM Tomography

A second innovation relates to advanced FIB-SEM (or FIB-FIB) tomography. It
introduces the concepts of “True Z” and “Thin & Fast.” These target most accurate
3D reconstructions even of challenging beam sensitive samples.

In FIB-SEM tomography, the sample is sliced by FIB (usually Ga or Xe) and the
cross section (XY plane) imaged by SEM (or FIB) [20]. For an accurate 3D data
acquisition, it is important to correct for sample drift due to charging or thermal
effects during the run. This is especially true when aiming for high 3D resolutions
with small—typically 2–10 nm—isometric voxels. Advanced FIB-SEM tomogra-
phy solutions correct sample drift by cross-correlation imaging of distinct fiducials
on the sample. FIB or SEM image-based drift correction is performed regularly
during the run on these fiducials. The SEM based approach described in [21] has
the advantage that drift correction is done using a “fresh” fiducial after every single
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Fig. 2 SIMS data collected by Ne SIMS. a Al SIMS signal on a BAM-L200 resolution standard
[18]. The sample consists of an AlGaAs/GaAs heterostructure. A 3.5 nm wide AlGaAs single line
and an AlGaAs/GaAs line pair with a total width of 17.5 nm can be resolved. b Na, K, and
Ga SIMS maps of a thin-film CIGS solar cell showing the distribution of the alkali elements at
grain boundaries (sample courtesy of T. Magorian-Friedlmeier, ZSW, Stuttgart, Germany)
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slicing step. Further, SEM imaging, as opposed to FIB imaging, does not affect the
shape of the fiducial. The slice thickness information can be fed back to the
acquisition system to adapt FIB milling progression into the sample. Therefore,
slice thickness homogeneity across the image stack is improved. Furthermore, any
stabilization required, e.g., at the beginning of the 3D acquisition or after any
unexpected change in the environmental conditions around the microscope, is
shorten [21].

However, despite this feedback loop during FIB, milling deviations from the
targeted slice thickness can still occur. As an example, Fig. 3a shows a very
unstable section of a run. The slice thickness deviates substantially from the tar-
geted thickness of 6 nm by −4 to +6 nm. Not surprisingly, a reconstruction
assuming the nominal slice thickness of 6 nm leads to artifacts: As shown in
Fig. 3b, a reference straight line shows wiggles in the reconstructed virtual XZ
plane. A much more truthful reconstruction, see Fig. 3c, is achieved by taking the
actual measured Z position of each slice, i.e., the “true” Z value, into account. This
is done by resampling the 3D dataset in Z to produce a new stack of images with the
actual targeted slice thickness. In summary, “True Z” combines precise measure-
ment of slice position in Z and adaptive milling control, both accomplished during
acquisition, and the post-acquisition resampling of the 3D dataset prior to 3D
analysis (segmentation, reconstruction, metrology).

Fig. 3 a Measured slice thickness versus slice number for 100 slices of a FIB-SEM tomography
run in which strong sample drift is observed. b Virtual XZ views of a straight line using the
nominal (left) and the measured slice thicknesses (right) for reconstruction
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In Fig. 4, the impact of “True Z” on metrology of a NAND flash memory device
is illustrated. Figure 4a, b, shows the virtual XZ planes after standard and “True Z”
reconstruction. The device shows a periodic structure that is clearly disrupted at the
bottom half of the image, where slices thinner than expected were collected. This
transforms circular features into oblong ones. See, e.g., the feature highlighted by
the arrows. Therefore, any attempt to extract metrology data would lead to errors
(+35% in Z dimension for the highlighted feature) and most probably to wrong
conclusions. Figure 4c shows the “True Z” reconstruction of this dataset, which
now allows improved metrology.

Another challenge of advanced FIB-SEM tomography is faced when dealing
with beam-sensitive samples. Prominent examples are epoxy-embedded biological
samples. These suffer from “shrinkage” when dosed with the SEM beam during the
tomography acquisition (see Fig. 5a). A similar behavior is observed when sections
of epoxy-embedded samples are imaged under TEM [22]. The higher the electron
imaging dose, the more pronounced is the shrinkage. Often, the top of the volume is
not affected, but the artifacts gradually start appearing with increasing depth. This is
the case in Fig. 5a. In severe cases, when dealing with very soft epoxy resins, the
artifacts can be even visible on the full depth of the cross section face. Effectively,
the shrinkage leads to a tilt of the cross section face plane, i.e., the imaging plane,

Fig. 4 FIB-SEM tomography data of a flash memory device. a Virtual XZ planes after standard
reconstruction. b XZ plane after “True Z” reconstruction. The arrows point onto the same feature
on both images. c Volume of interest after “True Z” reconstruction to allow improved metrology
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that keeps changing erratically during the tomography acquisition. This introduces
unwanted artifacts in the reconstruction, which become most obvious when ana-
lyzing the virtual planes XZ and YZ, see Fig. 5b.

Cutting very thin slices, e.g., 1 nm thick or less, and imaging the block face with
fast scans, is an effective way to reduce this problem on this type of samples. The
fast scans keep the electron dose low, below the activation threshold of shrinkage,
at the expense of lower signal-to-noise ratios (SNR). However, multiple of these
low SNR images are then accumulated to restore the intended signal-to-noise level
and targeted slice thickness (Z). Thus, the name “Thin & Fast” for this acquisition
strategy. We have found this approach to work very well on differently embedded
biological samples. Figure 5b shows Thin & Fast versus standard acquisition results
on a mammalian salivary gland sample. Details can be found in [23].

4 The LaserFIB—A New Instrument Class

Finally, a third innovation is the LaserFIB, i.e., a femtosecond (fs) laser integrated
to a FIB-SEM. The laser allows to gain rapid access to structures buried deeply in a
sample for their subsequent FIB-SEM analysis [24]. In this context, samples can be
packaged electronics or display devices, or engineering materials that have been
previously characterized by a non-destructive 3D imaging technique (e.g., syn-
chrotron, CT, XRM).

Fig. 5 FIB-SEM tomography results on a mammalian salivary gland sample (sample courtesy of
K. Narayan, Center for Molecular Microscopy, Frederick National Laboratory for Cancer
Research, NIH, USA). a SEM overview of the area of interest after acquisition. The inset shows
the shrinkage artifact. This is a particularly pronounced manifestation of the shrinkage of the
e-beam dosed polymer. b Reconstructed YZ planes using the standard (left) and the new “Thin &
Fast” approach (right). The arrows highlight artifacts (e.g., striping) of the standard acquisition
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Figure 6 shows a simple experiment in silicon that illustrates nicely the enor-
mous gain in material removal speed as compared to any focused ion beam.
A 2 mm � 1 mm � 730 µm trench was cut in 5 min. This corresponds to a
removed material volume of 1.5 � 109 µm3 and a removal rate of 5 million µm3/s.
For comparison, let us consider the maximum achievable sputter rate by FIB:
Assuming an ideal scenario in which we consider a 2.5 µA Xe plasma FIB and a
sputter yield of 5.2 atoms/Xe ion in silicon [25], the maximum ablation rate that can
be reached by FIB is still below 1600 µm3/s. (In practice, this limit is lower due to a
loss in FIB current density at very high currents.) Thus, the laser removes material
more than three orders of magnitude faster than any FIB. For the example shown in
Fig. 6, our ideal-scenario FIB would require at least 25 days of milling time. In
other words, this preparation task simply cannot be accomplished by FIB on a
realistic time scale. On the other hand, some applications, e.g., failure analysis in
state-of-the-art packaged display or electronic devices, do require site-specific
material removal at this scale. As of today, only the LaserFIB can tackle such
preparation challenges opening a new application space that was previously not
accessible for FIB instrumentation.

The inset of Fig. 6 shows a LaserFIB by ZEISS. An alternative approach was
chosen in [26] and has been recently commercialized, too [27]. In the depicted
system, the laser machining work is done in a separate dedicated chamber to avoid
contamination of the main FIB-SEM chamber. The sample is shuttled between both
chambers using a correlative approach to lock the coordinate system of sample
holder, FIB-SEM, and laser to each other, thus allowing targeted site-specific laser
work with an accuracy of down to 2 µm [28].

In the field of materials science, there are other interesting applications for
LaserFIBs, see Fig. 7, for example, the (site-specific) preparation of very large
cross sections (Fig. 7a) or of cantilevers or pillars (see Fig. 7c) for micromechanical

Fig. 6 LaserFIB machining of <100> silicon. a SEM overview image of a 2 mm � 1 mm trench.
The inset shows a photograph of a LaserFIB system with the laser machining unit attached to a
dedicated side chamber (in the foreground). b SEM tilted image of the side wall of the trench
showing a depth of 730 µm that was reached after a laser processing time of 300 s
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testing with dimensions of up to millimeters [29]. Remarkably, fs laser-induced
sample damage or heat effects are minimal as shown by EBSD analysis of
laser-machined surfaces [26, 28, 29]. Figure 7b shows the microstructure of a laser
cross section in steel directly after the laser polishing step (no FIB polish).
Figure 7d illustrates another possible use case for this technology in the context of
TEM sample preparation of deeply buried features. The LaserFIB technology is still
in its infancy but is rapidly gaining adopters in science and industry.

5 Summary

Innovation in FIB microscopy continues to take place at a high pace aiming to
provide increased precision, maximum information from the sample, and faster
times-to-result. In this paper, we discussed three good examples.

A newly developed SIMS detector for the He/Ne GFIS microscope adds ana-
lytical capabilities to this unique imaging and nano-structuring tool. In combination
with the Ne GFIS beam, SIMS studies can be done with unprecedented spatial
resolution below 15 nm.

In the area of high-resolution FIB-SEM tomography, techniques like True Z and
Thin & Fast satisfy the demand for a more accurate 3D reconstruction of volumes

Fig. 7 Examples of LaserFIB work. a Preparation of a large 200 µm � 200 µm free standing
cross section. b Detail of a laser-polished steel surface. c Array of laser-machined pillars. Such
pillars are suitable for synchrotron or laboratory-based X-ray microscopy, or as micromechanical
testing objects. d H-bar preparation in copper. The inset shows one H-bar window,
400 µm � 215 µm, machined in 34 s
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of interest. Such reconstructions allow to extract more precise measurements in 3D
for process and quality control in semiconductor, materials, and life sciences.

Finally, the addition of a fs laser beam to ion beam instrumentation in LaserFIB
systems allows to expand site-specific sample preparation beyond the traditional
application space of focused ion beams into the macroscopic regime.
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A Novel Method for Electron
Microscopy Processing Using a Decade
Old Archived Paraffin-Embedded
Tissues

R. Yanti, H. L. Hing, K. G. Hanan, A. M. H. Muhd, Z. Zaida,
J. S. Nurul, and S. S. Galvin

Abstract This study investigates the effectiveness of new SEM and TEM pro-
cessing protocols on tissues obtained from archived paraffin blocks and compared
to the tissues processed for electron microscopy using the standard processing
methods. The samples used for this study were fresh mouse brain tissues in newly
prepared paraffin blocks and archived brain tissues in paraffin blocks. Both groups
were stained with H&E stain and observed via light microscopy before both
samples underwent conventional and our alternative electron microscopy protocols.
In the proposed protocol, distilled water replaces xylene for dewaxing step, and the
post-fixation process is omitted. The microscopic images were observed, the
landmark organelles were measured, and the effects of processing temporal varia-
tions were assessed. Comparable morphological organelle dimensions were
observed from both the conventional as well as the alternative protocol for fresh and
the archived sample. To summarize, the alternative method for reusing archived
FFPE blocks has successfully retained the ultrastructure of the tissues, thus proving
to be a promising potential as a new protocol for reusing archived FFPE blocks.

Keywords FFPE tissue � SEM processing protocol
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1 Introduction

Patient diagnosis has been essential in diagnosing the condition of patients since the
dawn of health care. In our day and age, hospitals carry out this process by
obtaining specimens such as body fluids and tissue biopsy for diagnosis. Tissue
biopsy is preserved in formalin and will be sent to the laboratory to be turned into
formalin-fixed paraffin-embedded tissue (FFPE) blocks. Through testing of said
blocks, FFPE blocks are important in diagnosing a lexicon of diseases based on the
pathology of the tissue [4]. These blocks can be stored and archived for many years
on end as stated by Kokkat et al. [2]. Formalin acts as a preservative that maintains
the morphology and cellular components for histological observation and
immunohistochemistry testing [1].

Formalin-fixed paraffin-embedded tissue (FFPE) is a technique heavily applied
in clinical and research laboratories. Tissue samples from patients are preserved or
fixed in formalin and are processed in laboratories. The tissue is then embedded into
paraffin wax to produce FFPE. The block is sliced very thinly with a microtome to
obtain thin samples. These blocks can be archived for years on end [7].
Furthermore, techniques for antigen retrieval for extraction of DNA, RNA, and
proteins from the FFPE blocks make this technique viable in terms of effective
preservation for both the morphology and the molecules in said blocks [2]. In
addition, miRNAs that are being reliant on for diagnosis, prognosis as well as
disease prediction can be preserved. miRNAs has become increasingly significant
in disease diagnosis therefore, the isolation of these materials from FFPE blocks has
increased clinical value. However, due to the rough protocol of tissue processing
into FFPE blocks, important clinical material can be fragmented immensely while
formalin chemically cross links them.

Xylene and osmium tetroxide are carcinogenic agents that are used in tissue
processing. Xylene is greatly used in the clinical field as a solvent; however, it has
adverse effects toward organs such as the lungs and liver over prolonged exposure
and symptoms such as breathing difficulties, anemia, and abnormalities in ECG
readings may manifest. Studies have been conducted to replace xylene from slide
preparation for histological observation [8].

2 Materials and Methods

2.1 Sampling

This study was carried out on the brain tissues of six adult female Mus musculus
sp., weighing between 120 and 140 g, and a decade old FFPE blocks. The mice
were obtained from the Animal Unit of Universiti Kebangsaan Malaysia, and we
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adhered to all ethic procedures (Universiti Kebangsaan Malaysia Animal Ethics
Committee FSK/2016//YANTI/28-JAN./727-FEB.-2016-JAN.-2017) and (FSKB/
BIOMED/2008/YANTI/12-AUGUST/231-SEPT-2008-JUNE-2011). The brains
were removed and fixated with 10% formalin before embedding into paraffin wax.
The blocks were sectioned using a microtome (Leica Biosystems) and processed
into slides which are then observed under a light microscope for histological
observations. This process was repeated with the archived FFPE blocks using the
conventional deparaffinization protocol. Both samples were stained with H&E stain.
Both fresh and archived FFPE blocks were put through the conventional and
alternative protocols.

2.2 Proposed Modifications

The tissue processing followed the protocol by Lighezan et al. [3] using osmium
tetroxide (OsO4) as the control group, whereas the test group omitted the OsO4

totally. The deparaffinization process for both control and test groups was subcat-
egorized into group with xylene substituted with hot distilled water (45 °C) and
those that follow the regular deparaffinization process. The slides were then observed
under an SEM and TEM, and ultrastructural observations were carried out.

2.3 Conventional and Modified TEM Steps

See Fig. 1.

3 Results

3.1 Histological Observation-Light Microscopy

See Photograph 1.

3.2 Histological Observation-TEM

3.2.1 Histological Observation (Conventional Protocol)

See Photograph 2.
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3.2.2 Histological Observation (Modified Protocol)

See Photograph 3.

Fig. 1 Conventional and the modified TEM steps where the modified steps showed (1) Hot water
replacing xylene, (2) OsO4 staining was omitted

Photograph 1 Photograph on the left shows the light microscopy observation for a cerebellum
tissue slide prepared from freshly prepared FFPE and compared to photograph on the right shows
the archived cerebellum tissue slide. Both were stained with hematoxylin and eosin and are under
40� magnification. Black arrow indicates myelin sheaths while yellow circle indicates neuronal
structures
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3.3 Histological Observation-SEM

3.3.1 Histological Observation (Conventional Protocol)

See Photograph 4.

3.3.2 Histological Observation (Modified Protocol)

See Photograph 5.

2.0 μm 2.0 μm

Photograph 2 Photograph on the left (15,000� magnification) shows the conventional protocol
that is successful in retaining the tissue ultrastructure although the technique can be sharpened
during processing. Photograph on the right (30.0 k � magnification) shows the neuronal cell that
has maintained its size and has not shown shrinkage (size for neurons is 5–10 µm)

1.0 μm 1.0 μm

Photograph 3 Photograph on the left (15,000� magnification) shows the quality of the image
acquired that is good and is comparable to the image from the conventional protocol. Photograph
on the right (60.0 k � magnification) shows an axon still surrounded by its myelin sheath
(diameter of the axon = 414 nm)
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4 Discussion

The results from the light microscopy observations on freshly prepared tissues in
paraffin blocks and the ones from the archived FFPE blocks has shown the neuron
were about similar in size, which is about 5.4 mm average in length. This finding
suggests to us that the tissues from our archived blocks are at the very least
morphologically sound to be used to test out our alternative electron microscopy
protocols.

Based on the observation in the micrographs, the usage of hot water in our
proposed protocol was sufficient for deparaffinization purposes, freeing up tissues
without damaging tissues. The quality of the images from the protocols using
xylene and hot water did not show elements of damages, for example, the myelin
sheaths were intact around the 404 nm (Photograph 3) in diameter of the axon from
our sample using the alternative protocol.

OsO4 acts as a negative stain and stains lipids in membranes and vesicles.
Although paramount in its use in the EM protocols, OsO4 has toxic effects if there is
prolonged exposure [5]. A study conducted by Moran and Coats [6] states that the

Photograph 4 Photograph on the left shows fresh blocks compared to the archived FFPE block
on the right. It is noted that even after dewaxing in hot water, the ultrastructure of the neurons in
the archived FFPE tissues is preserved and comparable to the freshly prepared paraffin blocks

Photograph 5 Photograph shows the comparison between freshly prepared paraffin blocks on the
left and archived FFPE blocks undergoing the modified protocol on the right
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use of OsO4 is unnecessary in the EM protocols as the image quality obtained
without OsO4 is similar to the image obtained with using OsO4. Our proposed
protocol in this study yields similar results as well since the image obtained by the
EM show intact cellular structure and clarity although the contrast of the image is
different compared to the conventional protocol using OsO4.

The preservation of the cellular structures such as the axons and neurons can be
observed and identified in both fresh and archived tissue in the modified method.
The modified method has its advantages as it drastically reduces the tissue pro-
cessing time and is cost effective. Thirteen hour from the dewaxing phase can be
saved by replacing distilled water with xylene, whereas skipping OsO4 saves an
additional hour not to mention being cost effective as xylene and especially OsO4 is
costly. Replacing and removing these steps still yield viable images as shown by
this study as the morphological ultrastructure of the cells is preserved and can still
be used in diagnosis.

5 Conclusion

The results of the study show that the modified technique for specimen preparation
from archived FFPE tissue to samples for electron microscopy is possible and has
been shown to preserve the comparable morphological ultrastructure and integrity
of the freshly prepared tissues as observed in our micrographs. This novel technique
is quicker in the tissue preparation phase by up to 85% compared to the conven-
tional technique. Thus, this novel technique shows immense potential to be con-
sidered as the new protocol for reusing archived FFPE tissues as it is proven to be
more effective and viable. It will be exciting to be able to retrieve protein antigens
from the archived FFPE and study them further with the latest instruments which
were not available before.

Acknowledgements The authors wish to thank Hi-Tech Instruments (Malaysia) Berhad, Mr KY
Tay and Dr Abby Soo for their technical supports in making this study possible.

References

1. Groelz D, Sobin L, Branton P, Compton C, Wyrich R, Rainen L (2013) Non-formalin fixative
versus formalin-fixed tissue: a comparison of histology and RNA quality. Exp Mol Pathol
94(1):188–194

2. Kokkat TJ, Patel MS, Mcgarvey D, Livolsi VA, Baloch ZW (2013) Archived formalin-fixed
parafin-embedded (Ffpe) blocks: a valuable underexploited resource for extraction of DNA,
RNA, and protein. Biopreservation Biobanking 11(2):101–106

3. Lighezan R, Baderca F, Alexa A, Iacovliev M, Bonţe D, Murărescu ED, Nebunu (2009) The
value of the reprocessing method of parafin-embedded biopsies for transmission electron
microscopy. Rom J Morphol Embryol 50(4):613–617

A Novel Method for Electron Microscopy Processing Using … 201



4. Mansour A, Chatila R, Bejjani N, Dagher C, Faour WH (2014) A novel xylene-free
deparaffinization method for the extraction of proteins from 54 human derived formalin-fixed
paraffin embedded (Ffpe) archival tissue blocks. MethodsX 1:90–95

5. Mclaughlin AIG, Milton R, Perry KMA (1946) Toxic manifestations of osmium tetroxide.
Br J Ind Med 3(3):183–186

6. Moran P, Coats B (2012) Biological sample preparation for SEM imaging of porcine retina.
Microsc Today 20. https://doi.org/10.1017/S1551929511001374

7. Sadeghipour A, Babaheidarian P (2019) Making formalin-fixed, paraffin embedded blocks. In:
Yong W (eds) Biobanking. Methods in molecular biology, vol 1897. Humana Press,
New York, NY

8. Stockert J, López-Arias B, Del Castillo P, Rmeoro A, Blázquez-Castro A (2012) Replacing
xylene with N-heptane for parafin embedding. Biotech Histochem 87(7):464–467

202 R. Yanti et al.

http://dx.doi.org/10.1017/S1551929511001374


Intracellular Localization
of Micronutrients in Algae Cells Using
Scanning Transmission Electron
Microscopy–Energy-Dispersive X-ray
Spectroscopy (STEM-EDX)

Purbasha Sarkar, Manish R. Shukla, Priyanka Kumbhar,
Suvarna Manjre, Santanu Dasgupta,
and Vishnupriya Bhakthavatsalam

Abstract Various elements including iron play a vital role as micronutrients in
growth and development of algae cells. Understanding the process of element
uptake, assimilation and utilization of these elements by algae cells are essential for
optimizing growth conditions in algae ponds, for cost-effective biomass production.
In addition to bulk elemental analysis methods, electron microscopy-based
semi-quantitative elemental analysis methods can provide high-resolution spatial
information about element distribution in algal cultures for a comprehensive and
accurate understanding of the element utilization processes. Toward this goal, we
standardized a protocol for localizing various elements within unicellular algae cells
using scanning transmission electron microscopy–energy-dispersive X-ray spec-
troscopy (S/TEM–EDX). We applied this method to study iron uptake and intra-
cellular distribution process by algae cells over a week of cultivation.

Keywords Algae � Iron uptake � Micronutrients � STEM-EDX

1 Introduction

Microalgae are rich source of lipid, protein, carbohydrates, vitamins, micronutri-
ents, and pigments, which can be utilized in production of biofuel, nutraceuticals,
dietary supplements, cosmetics, animal fodder, and many other green products [5].
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They are photosynthetic organisms that utilize atmospheric CO2 to grow and
require minimal other external resources. They can grow in wide range of water
bodies including freshwater, seawater, and even wastewater. They can tolerate wide
range of temperatures, salinities, pH, and light conditions. They have short life
cycle allowing faster harvesting of desirable products compared to plants. Their
productivity can be further improved by growth condition manipulation and genetic
engineering. All these characteristics have made microalgae a valuable feedstock
for various industries. They also are gaining interest due to their application in
wastewater treatment and atmospheric CO2 mitigation [5].

Algae cells utilize various elements available in different forms in the environ-
ment for their growth and development. These micronutrients are utilized directly
or indirectly for several crucial processes occurring in the cells, such as photo-
synthesis and respiration. The cells can either utilize these elements immediately
after uptake or store it for future use. Growth and biomass production by algae cells
are directly dependent upon uptake, assimilation, and utilization of essential ele-
ments by these cells [4]. Presence of excess elements in the growth media can cause
cell toxicity and is a waste of expensive nutrients. Understanding the process of
uptake, assimilation, and utilization of essential elements by algae cells can aid in
formulation of optimum dosage for these micronutrients during algae cultivation.
Such knowledge will be of additional value for development of micronutrient-rich
dietary supplements and animal feed products from algae.

Algae-based food and feed products are rich source of iron for the consumers.
The micronutrient iron (Fe) has a major effect on the intracellular and extracellular
environment of the algal species [9]. Iron is essential for cellular processes such as
respiration, photosynthesis, nitrogen assimilation and fixation, and DNA synthesis,
where it acts as electron donor in its ferrous state, and as electron acceptor in its
ferric state [1, 3]. Iron, however, is also a limiting factor for growth of marine algae
as it is highly insoluble in seawater and the dissolved iron has low bioavailability
[12]. Understanding the iron uptake and utilization in a spatio-temporal manner thus
becomes critical for optimizing iron requirement of the algal cells. This knowledge
can aid in formulation of optimum inoculum protocol for iron in algae cultures that
will be support maximum cell growth and development while controlling elemental
toxicity.

Bulk elemental analysis of algal biomass is done by biochemical and spectro-
scopic analysis methods [6, 8, 10]. SEM–EDX is used for elemental mapping of
outer surface of algae cells [6]. However, intracellular localization of iron and other
elements is not possible by these techniques. Optical microscopy using iron-specific
stains are used to study iron assimilation patterns within relatively large multicel-
lular algal cells [7]. However, the limitation is that it cannot resolve finer details
within unicellular algae such as Nanochloropsis, Chlorella, and Chlamydomonas.
Transmission electron microscopy (TEM) is a method widely used by biologists to
image ultrastructure of individual cells. Scanning TEM (STEM) that has better
spatial resolution than conventional TEM is primarily used for analysis of materials.
STEM paired with energy-dispersive X-ray spectroscopy (EDX) is used for ele-
mental identification and mapping. EDX detector can identify individual elements
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present in a sample based on their characteristic X-ray peaks produced due to their
unique atomic structure and difference in energy of inner and outer electronic shells.
Elements with low atomic number cannot be detected by EDX, although advances
in technology in last decade has made it possible to detect boron, carbon, and
nitrogen [2]. STEM-EDX is predominantly used for materials research; however, its
application for biological studies is gaining interest in recent years [11, 14].

In this report, we standardized a protocol for localizing various elements within
unicellular algae cells using STEM-EDX. Using this method, we mapped the
various microelements in and around individual algae cells. We further focused on
the elemental iron distribution pattern in algae cultures exposed to varying ionic
iron content in growth media. Our study shows that STEM-EDX has great potential
for simultaneous ultrastructural imaging with elemental mapping of biological
samples such as cells and tissues, for studying elemental uptake physiology.

2 Experimental

Cell culture: Algae cells (Nanochloropsis sp.) were grown in sea water-based
media with urea and phosphoric acid, in Kuhner shaker at 30 °C with 400 lE light
illumination for 12 h. Culture flasks were shaken at 100 rpm, and CO2 environment
was maintained inside the incubation chamber during the photosynthetic light
period. Iron concentration in the culture was varied by addition of ferric chloride
stock solution at (a) 2X, for a normal iron condition, and (b) 4X, for a high iron
condition. Following incubation, cultures were harvested at 0, 1, 4, and 7 days,
washed in normal sea water media to remove the excess iron not attached to algae
cells, and processed for electron microscopy.

STEM-EDX: All fresh algae cells were harvested at various time points, cen-
trifuged, and the cell pellets were immediately fixed in 2.5% glutaraldehyde and 4%
paraformaldehyde in seawater media. Fixed samples were incubated at 4 °C
overnight, washed thrice in seawater media, followed by a final wash in distilled
water. Samples were then dehydrated in an ethanol series (25, 50, 75, 90, 100%),
then infiltrated in an epon-araldite resin series (25, 50, 75, 100%). All samples were
finally embedded and polymerized in 100% resin mixed with accelerator. Ultra-thin
sections (70–100 nm) were cut using Leica Ultracut-7 ultra-microtome, collected
on formvar-carbon-coated copper mesh TEM grids (Electron Microscopy Sciences,
USA) for STEM-EDX analysis. STEM imaging was done with Titan G2 60–300
TEM (FEI Company, USA) equipped with X-FEG electron gun operating at
300 kV which was used to find well-preserved cells in multiple sections from each
sample type. Nanometer-resolution in situ elemental maps for several individual
cells and their surroundings in each sample type were then obtained using
Chemi-STEM EDX detectors. The beam intensity was optimized to get a minimum
1 kcps in the energy spectrum for at least 15 min to obtain false color elemental
mapping of each sample.
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3 Results

Detection and mapping of elements by STEM-EDX: Presence of several elements
including nitrogen (N), oxygen (O), sodium (Na), magnesium (Mg), aluminum
(Al), silicon (Si), phosphorus (P), sulphur (S), chlorine (Cl), potassium (K), calcium
(Ca), and iron (Fe) could be detected in variable intensity in algae cells from all the
above-mentioned cultures. Location of these elements could be mapped in and
around individual algae cells to the spatial resolution of few nanometers (Fig. 1).

Fig. 1 Detection and intercellular localization of elements in algae cell cultures by STEM-EDX
mapping. (a–o) Cells grown in normal Fe (2X) for 7 days. a STEM bright field image of cells
mapped. b High angle annular dark field (HAADF) image of cells mapped. c EDX Spectrum
showing elements detected in area scan of B. d–o STEM-EDX maps of elements detected in
spectrum. Scale bar = 2 lm

206 P. Sarkar et al.



Some of these elements such as carbon, nitrogen, oxygen, and chlorine were
observed to be present throughout all cells, whereas other elements were localized
as tiny electron-dense particles in different parts of cells.

Spatial localization of iron (Fe): Variation in elemental Fe concentration in the
growth media resulted in different localization patterns in and around the algae cells
at various time series points (Fig. 2a–j). A very low intensity of Fe signal was
detected throughout the cells in all cultures, which can be considered as basal Fe
content of each cell. In cultures grown with normal iron concentration (2X), cells
with only such basal Fe content was observed at Day-0 (Fig. 2a), Day-1 (Fig. 2b)
and Day-4 (Fig. 2c). Such cells were also predominant in cultures grown upto
7 days. However, in few cells (*1–2% of population), tiny electron-dense deposits
of Fe could be observed inside the cells (Fig. 2d). Small clumps of Fe were also
visible outside the cells in 2X cultures grown for 1, 4, and 7 days (Fig. 2b–d).

In cultures grown with high iron concentration (4X), cells with only basal Fe
content were predominant for all time series data points as in 2X samples. However,
unlike 2X samples, electron-dense Fe deposits could be seen within individual cells
as early as Day-1 (Fig. 2f) and was also present in Day-4 (Fig. 2h) and Day-7
(Fig. 2j) samples. Fe deposits were detected on the plasma membrane in Day-1
cultures (Fig. 2f). By Day-4, Fe deposits could be detected in the cytoplasm as well
as in the chloroplasts apart from being attached to plasma membrane (Fig. 2h). By
Day-7, slightly larger deposits of Fe, compared to those seen at earlier time series
points, were localized only within the chloroplasts (Fig. 2j). Large chunks of Fe
precipitates were found lying outside, but in close proximity to the algae cells at all
time series points with 4X iron in media (Fig. 2e, g, i). These external Fe deposits
were often attached to broken pieces of membranes and other cell debris.

4 Discussion

These results suggest that addition of higher concentration of Fe in algae growth
media can cause accumulation of Fe as dense aggregated particles within the cells,
although the frequency of such cells remain extremely low (*1–2% of a popula-
tion) when cultures are grown for 1–7 days. Most of the extra Fe seems to get
precipitated as large aggregates outside in close proximity to the cells. Above
indicates possible presence of a regulated Fe uptake mechanism in these algae cells,
as previously suggested by physiological studies of marine microalgae [13]. Further
STEM-EDX studies combined with molecular biology experiments would be
required for a clear understanding of the mutiple steps and players involved in the
Fe uptake, accumulation and utilization pathways of these algae cells. Similar
studies can be conducted for other elements and other algal species, which will help
in optimizing pond culture conditions for various algae strains based on their
respective elemental requirements. The results of the current study also shows that
addition of excess Fe did not bring any noticeable increase in algae cell size.
Addition of excess Fe will hence be waste and could even help cohabitating
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contaminant organisms in open pond cultures. Hence, knowledge of optimum dose
of Fe and other elements will also help in reducing contamination load in the ponds
using inoculum-based elements input.

Fig. 2 Localization of iron (Fe) in algae cell cultures by STEM-EDX mapping. a–d Cells grown
in normal Fe (2X) for a 0 day, b 1 day, c 4 days, d 7 days, e–j Cells grown in high Fe (4X) for (e,
f) 1 day (g, h) 4 days (i, j) 7 days. Panel I: STEM bright field images of cells mapped. Panel II:
Fe maps overlaid on respective high angle annular dark field (HAADF) images. Scale bars = 2 lm
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5 Conclusion

This study demonstrates that STEM-EDX can be used for cellular localization of
elements of unicellular algae cells. Such studies can add valuable spatial infor-
mation to elemental uptake studies that are mostly limited to bulk analysis
techniques.
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work.
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Cryo-EM Structure of Rotavirus VP3
Reveals Novel Insights into Its Role
in RNA Capping and Endogenous
Transcription
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1 Introduction

Rotavirus (RV) is a major causative agent of severe diarrhea among infants and
children (<5 years of age). RV infections are responsible for more than 200,000
deaths annually [2]. RV belongs to the family Reoviridae and contains a segmented
double-stranded RNA (dsRNA) genome [8]. The infectious virion, also known as a
triple-layered particle (TLP), consists of three layers formed by six viral proteins
(VPs). The outer, middle, and inner capsid layers of the TLP are formed by VP7
and the spike protein VP4, VP6, and VP2, respectively. The innermost core of the
virion composed of the VP2 layer contains the RNA-dependent RNA polymerase
(RdRp), VP1, a capping enzyme, VP3, and the eleven segments of dsRNA genome
(Fig. 1a). During the process of virus entry into the host cell, RV sheds the outer
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layer of VP7 and VP4, and the resulting double-layered particle (DLP) released in
the cytoplasm adopts a transcriptionally active form to transcribe the genomic
dsRNA segments [20, 29]. The capped mRNA is extruded from inside the core of
the DLP through channels at the icosahedral fivefold axes (Fig. 1b) [18]. The
endogenous transcription in the DLPs can also be activated in vitro in the presence
of S-adenosyl methionine (SAM), ATP, and divalent metal ion (MgCl2) [18, 19]
(Fig. 1b). The DLPs are molecular machines that can transcribe the genomic seg-
ments continuously without compromising their structural integrity as long as the
metabolites required for transcription are made available. It is suggested that all the
11 segments are transcribed simultaneously in equimolar ratios during endogenous
transcription [18, 24]. How the viral polymerase VP1 and the capping enzyme VP3
inside the core of the structurally intact DLP coordinate this process of simulta-
neous transcription of 11 dsRNA segments is a mystery.

The nascent positive-strands emerging from VP1 during transcription are capped
by VP3 before their exit through the channels at the fivefold axes of the DLPs [19].
5′-RNA capping, a conserved cellular process, is adopted by several viruses. In
addition to facilitating efficient translation, the 5′-RNA cap also protects viral
mRNA from cellular nucleases and aids in evading the host immune response [25].
The 5′-mRNA capping involves a concerted series of enzymatic steps. In the ini-
tiation step, the terminal c-phosphate of the nascent RNA, following its separation
from the template RNA strand, has to be removed using RNA triphosphatase
(RTPase) activity. The second step involves the transfer of GMP onto the 5′-end of

Fig. 1 Structural organization of rotavirus particle and RNA capping during endogenous
transcription. a Rotavirus TLP structure consisting of six viral proteins. Structural proteins are
represented in the ribbon model, and their spatial arrangement in TLP is denoted by arrows.
Structures are prepared from PBD IDs: 2R7R (VP1), 3KZ4 (VP2), 3IYU (VP4), 3KZ4 (VP6),
3FMG(VP7), 3IYU (TLP), and 3N09 (DLP). The location of VP3 inside the particle remains
unclear. b During the rotavirus replication cycle, the outer VP7/VP4 layer is released, and the
resulting form of DLP actively transcribes genomic dsRNA transcripts. DLPs can also transcribe
the genome segments in vitro in the presence of SAM, ATP, and MgCl2. c The transient duplex
formed between the template and nascent strand needs to be separated (possibly by VP1 or VP3 or
both) followed by 5′-capping which involves multiple enzymatic activities
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the nascent transcript by the guanylyltransferase (GTase) that links the GMP to the
first nucleotide through a 5′-5′ triphosphate linkage. Two additional steps by the
methyltransferase (MTase) add a methyl group at the N7-position of the GMP
(m7G; cap0) and then at the 2′-O-ribose sugar of the first nucleotide (Cap1) [25]
(Fig. 1c). While GTase and MTase activities for VP3 have been established [5, 21],
it is unclear whether VP3 harbors RTPase activity, how the nascent RNA is sep-
arated from the template (helicase activity), and whether VP3 is involved in this
process.

The overall structure of the TLP along with the individual capsid proteins at
near-atomic resolution has been determined except for the structure of VP3 until
recently [17, 29]. Although it has been possible to visualize the structure of VP1
from cryo-EM images of the TLP or DLP using focused refinement techniques, the
structure or the location of VP3 inside the particle has been elusive [10, 14]. Except
for the X-ray crystallographic structure of the C-terminal domain of VP3, which
exhibits phosphodiesterase (PDE) activity that is suggested to be responsible for
antagonizing the OAS/RNAase L antiviral pathway [22, 30], the structural details
of the full-length VP3 have been lacking. Recently, using high-resolution cryo-EM
techniques, we have determined a 2.7 Å structure of full-length VP3 [17]. Together
with X-ray crystallography and complementary biophysical and biochemical
analysis, we have provided a comprehensive description of the VP3 structure in
relation to its various enzymatic activities along with a plausible model for how
VP3, along with VP1, coordinates endogenous transcription inside the RV particle.

2 Cryo-EM Structure of VP3 Exhibits Stable Tetrameric
Assembly with a Modular Domain Organization

We used the baculovirus Sf9 insect cell expression system to express full-length RV
VP3 and purified the protein using the Ni–NTA affinity-based purification system.
The purified VP3 was used for crystallization at room temperature using the
hanging drop vapor diffusion method. The crystals obtained were harvested in
liquid nitrogen, and X-ray diffraction data were collected at the Advanced Light
Source, Lawrence Berkeley National Laboratory beamline 5.0.2. Our attempts to
solve the phase problem using molecular replacement methods were unsuccessful
in the absence of any homologous structures. Structure solution using
selenomethionine-substituted VP3 was also not successful as these crystals did not
diffract to high-enough resolution, and also the anomalous signal was weak. This
prompted us to undertake structure determination using single-particle cryo-EM
techniques. The recent developments in cryo-EM sample grid preparation methods,
improvements in direct electron detectors, and significant developments in data
processing software have revolutionized the resolution that can be achieved for
macromolecular structures by cryo-EM [16]. Considering that VP3 forms a stable
tetrameric molecular assembly, as observed by gel-filtration and analytical
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ultracentrifugation analysis, with a total molecular weight of *392 kDa, VP3, is a
suitable target for high-resolution cryo-EM structure determination. Cryo-EM grid
optimization was performed by using Vitrobot (Mark IV, FEI) with a
well-established vitrification protocol [12]. The flash-frozen hydrated VP3 sample
was imaged on a 300 kV JEM-3200FSC electron microscope (JEOL) equipped
with a K2 Summit direct electron detector (Gatan). From 1,690 movie stacks,
133,712 particles were boxed by EMAN 2.2 and used for generating initial
reference-free 2D class averages using RELION 2.1 (Fig. 2a, b) [4, 26]. The initial
3D model was generated in e2initialmodel.py [28] using good 2D classes and
further refined in RELION [26]. A total of 70,892 particle images were used for a
final reconstruction yielding a resolution of 2.7 Å at a 0.143 threshold of the
Fourier shell correlation (FSC) after post-processing (Fig. 2c). For model building,
we used a secondary structure prediction of the VP3 amino acid sequence followed
by manual model building in COOT [13] and model refinement using techniques as
implemented in the PHENIX software and in Rosetta software for density refine-
ment with secondary structure and Ramachandran restraints [1, 9]. The final model
was validated using MolProbity and EMRinger software [3, 6]. The availability of
the subunit structure from the cryo-EM allowed us to revisit the X-ray diffraction
data and determine the crystallographic structure of VP3 using molecular

Fig. 2 Cryo-EM structure of RV VP3 using single-particle reconstruction methods [17]. a Raw
micrograph of VP3 showing homogenously distributed VP3 particles on the grid. b 2D class
averages showing multiple orientations of VP3 particles. c FSC curve showing 2.7 Å resolution at
0.143. d The final structure of the VP3 tetramer (EMDB ID: EMD-0632) is shown along the
twofold axes of the D2 symmetry. Individual subunits chain A (deep sky blue) and chain B
(chocolate brown) and their two-old related symmetry pairs chain A′ (cyan) and chain B′ (salmon)
are shown in shades of blue and brown. e A representative sample of cryo-EM density showing
side-chain densities
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replacement method to *3.5 Å resolution (PDB ID: 6O3V), which showed the
formation of an identical tetrameric assembly as observed in solution (see Kumar
et al. [17] for detailed methods).

The tetrameric assembly of VP3 consists of two sets of antiparallel dimers
intertwined around each other with D2 symmetry (Fig. 2d). The large total buried
surface area (*17,080 Å2) is consistent with a highly stable tetrameric assembly.
Such a stable tetrameric assembly, as observed with VP3, is rather a unique feature
for a capping enzyme and was not observed in the structure of the orthologous
bluetongue virus (BTV) capping enzyme VP4 [27]. The final model shows electron
density for the side chains of amino acid residues across the structure (Fig. 2e).
Each VP3 subunit exhibits a modular domain organization with each of the
domains involved in oligomeric contacts facilitating the stabilization of the tetra-
meric assembly (Fig. 3a, b). The structural comparison with the closest structural
homolog VP4 from BTV [27] reveals the enzymatic domains required for critical
steps of mRNA capping which are conserved with subtle differences in the N- and
C-terminal domain. Despite conserved enzymatic folds (GTase and MTase), the
relative domain organization shows significant variability with a high r. m. s. d.
value of 5.6 Å upon the superposition of RV VP3 with BTV VP4. The N-terminal
kinase-like (KL) or MAVS domain [11] exhibits the least structural and sequence

Fig. 3 Structural and enzymatic features of RV VP3 [17]. a The full-length structure of a
monomeric subunit of RV VP3 with each domain is colored separately. N- and C-terminal are
labeled in respective domain colors. b The surface representation of the tetrameric assembly with
domains in each subunit colored as in A. Individual domains participate extensively in stabilizing
the tetrameric assembly of RV VP3. c VP3 shows ATP modulated helicase activity. Fluorescence
intensity is measured for 6-FAM labeled RNA when it gets separated from a complementary strand
labeled with BHQ-1 quencher. d VP3 and PDE domain alone exhibit RTPase activity. The
32-P-!-Labeled RNA was incubated with enzymes, and loss of radioactivity was observed on
radiography film. RV NSP2 was used as a positive control
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conservation with BTV VP4 suggesting its possible role in interacting with viral or
host proteins. The KL domain in RV VP3 (*181 aa) is also significantly larger
than in the BTV VP4 (*108 aa) and contains an additional uncharacterized fold
[17]. So far, no catalytic activity has been proposed or determined for the KL- or
MAVS domain. We also observed a cognate ligand GMP interacting with the
catalytically conserved residues [23] in the GTase domain of VP3 both in the X-ray
and cryo-EM structures. Additionally, we observed a sulfate group in our X-ray
structure bound to the conserved His41 in the N-terminal domain, possibly anal-
ogous to phosphate released after GTase activity [7]. Both the MTase domains
(N7-MTase and 2′-O-MTase) contain a conserved MTase fold with subtle varia-
tions in substrate binding regions. An additional difference between the RV VP3
and BTV VP4 is the presence of a C-terminal domain with PDE activity in the RV
VP3, which is implicated in countering the antiviral OAS-RNase L pathway [30].
Consistent with the role of VP3 in the RNA capping, our bio-layer interferometry
analysis demonstrated that VP3 binds to ssRNA with nanomolar binding affinity.
Similar high-affinity binding was also observed with VP3-PDE domain alone
suggesting that the C-terminal PDE domain is principally involved in binding to
RNA, which was further confirmed by a preliminary cryo-EM structure of VP3 in
complex with 8-mer ssRNA (5′-rG.rG.rC.rU.rU.rU.rU.rA-3′).

3 VP3 Exhibits Helicase and RTPase Activity

To explore if VP3 can play a role in separating the transient template-nascent
transcript strand duplex, we performed a fluorescence-based helicase assay. This
assay revealed that VP3 exhibits RNA helicase activity, which can be modulated by
ATP and MgCl2 (Fig. 3c). This clarified a novel role for VP3; separating the
nascent transcript from the template strand as it exits from the viral polymerase VP1
during endogenous transcription [14]. Following strand separation and binding to
the nascent transcript, the next step in the capping is the removal of the terminal
phosphate from the nascent transcript. Does VP3 exhibit the required RTPase
activity? Consistent with the involvement of the C-terminal PDE domain in binding
to ssRNA, our biochemical analysis demonstrated that this domain exhibits RTPase
activity (Fig. 3d). Thus, in addition to the previously demonstrated GTase and
MTase activities required for the capping process and the phosphodiesterase
activity, our studies revealed that VP3 exhibits RTPase and RNA helicase activities.
Such a combination of as many as five distinct enzymatic activities in a single
protein is indeed unique.
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4 A Plausible Model for RNA Capping in RV

Considering our observations that VP3 forms a highly stable tetramer, that it can
effectively bridge the distance between a neighboring pair of VP1 molecules inside
the particle core, and that the C-terminal domain with RNA binding and RTPase
activities is distally located, we have proposed a plausible model as to how VP3
inside the RV core is involved in capping the nascent transcript to support simul-
taneous transcription of the dsRNA segments [17]. In this model, one VP3 tetramer
is localized between every non-redundant pair of VP1 molecules inside the core
with each end of VP3 tetramer facing a VP1 molecule (Fig. 4). In such an
arrangement each VP3 tetramer can simultaneously cap two transcripts exiting from
the VP1 molecules.

Fig. 4 Proposed mechanism of VP3 associated capping during endogenous transcription [17].
VP3 (each domain colored individually as in Fig. 3a) placed in between two adjacent VP1
molecules (gray) attached to the innermost VP2 layer (green) close to fivefold axes caps the
nascent transcript. Lower panel represents the schematic cartoon representation of simultaneous
capping activities performed by VP3 tetramer inside the particle during endogenous transcription.
The surface representation in upper panel is rendered from PDB IDs: 6O6B (VP3) and 4F5X (VP1
and VP2)
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5 The Future Perspectives

Our studies, while answering several fundamental questions about RV VP3, has
raised several new questions that need to be addressed in future studies. First,
can VP3 be visualized inside the core of the particles during endogenous tran-
scription? Although it has been possible to visualize VP1 inside the particle in both
quiescent and actively transcribing states using the cryo-EM technique [10, 14],
curiously it has not been possible to visualize VP3. There could be several reasons
including a possible dynamic association of VP3 with VP1 during transcription or
suboptimal protocols for activating the endogenous transcription such that the
transcripts are efficiently capped favoring a sustained association with VP1. It will
be exciting to validate our proposed model particularly if the tetrameric form of
VP3 is the functional state during endogenous transcription in RV, or to determine
whether during the assembly of the nascent RV core, VP3 is destabilized and
incorporated into the particle as a monomer or a dimer. Secondly, further studies are
required to address other fascinating questions such as a) how does the transcript
traverse through the various domains in VP3 during the process of acquiring the
cap, b) are there significant conformational changes associated with this process,
and c) how does the capped transcript exit the transcribing particle. It is evident that
further elaborate cryo-EM studies with appropriate image processing and refine-
ment techniques, together with clever biochemical manipulations are necessary to
address these questions. What is the oligomeric state of VP3 during replication,
does it exist as a tetramer during its role as an antagonist of the antiviral OAS/
RNase pathway, and what is the role of the KL domain are other outstanding
questions that merit further investigation perhaps leveraging the recent advances in
the successful implementation of the rotavirus reverse genetics system [15].
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A Microscopic Analysis of Liposome
Based Hydrophobic Drug Delivery

Tejaswini Appidi, Syed Baseeruddin Alvi,
P. V. P. Deepak Bharadwaj, and Aravind Kumar Rengan

Abstract Microscopy plays a crucial role in understanding the materials at
nanoscale and evaluating inter & intra cellular processes at the nano/micro scale and
beyond. Many hydrophobic drugs and agents encapsulated within nanosystems are
reported for their enhanced therapeutic efficiency. In this paper, we discuss the
differences in the drug dynamics and cellular uptake of two hydrophobic fluorescent
compounds: Chlorophyll rich fraction of Anthocephalous cadamba (CfAc) &
curcumin encapsulated within a liposomal nanosystem. The dynamics of
hydrophobic drug release and its cellular interaction in vitro were studied by
transmission electron microscopy (TEM) and confocal laser scanning microscopy
(CLSM), respectively. Though CfAc and curcumin are both hydrophobic, they
differ in their drug release dynamics. In the case of CfAc, the drug is released in its
nano form directly into the cells. Whereas in the case of curcumin, the drug initially
releases in the form of nano crystals which coalesce to form micron-sized crys-
talline depots. These depots then tend to release the drug in the localized cellular
environment. The drug release patterns of both CfAc & curcumin were evidenced
by using both TEM & CLSM.
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Graphical Abstract The differences in drug dynamics and cellular uptake of two
fluorescent hydrophobic anti-cancer agents: CfAc & curcumin [7–9, 16]

Keywords Liposomes � Curcumin � Hydrophobic drug delivery � Photothermal
therapy

1 Introduction

Microscopy has been a very useful and an important tool in understanding the
potential of the nanomaterials for various biological applications. The electron and
optical microscopies have helped the researchers visualize the nanomaterials and
their subsequent effects on the intra-cellular processes leading to the development
of advanced functional materials for diagnostic & therapeutic applications. The
morphology of nanosystems, their disintegration facilitating drug release, subse-
quent intra-cellular changes and therapeutic efficiency can be studied using
microscopy. The efforts to understand and validate the mechanism of therapy are
substantiated by the observations and findings recorded using microscopes: both
optical and electron.

Optical microscopes, both light and fluorescent helped understand the biological
processes in cells with well-suited resolutions and availability of diverse range of
fluorescent probes to mark proteins, organelles, and other structures for imaging [1].
Electron microscopes like scanning electron microscope & transmission electron
microscopes have been used to understand the morphology of nanosystems for drug
delivery and the changes in their structure with the drug release profile [2].
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Transmission electron microscopy is considered a valuable technique not just for
the physico-chemical characterization of nanomaterials, but also to understand their
effects on biological systems [3].

The systemic delivery of hydrophobic pharmacophore is not accessible due to its
higher partition coefficient. In other words, the hydrophobic drugs tend to
precipitate/degrade when exposed to aqueous environment, thus requiring
nanoparticles for its delivery in vivo [4]. The liposomal nanosystem has long been
investigated for the delivery of hydrophobic drugs. Currently, there are several
clinically approved liposomal formulations available in the market as pharmaceu-
tical (drugs) and nutraceuticals (Phytochemicals). The in-situ cellular interactions
and release kinetics of the liposomal delivery impacts the pharmacokinetics and
pharmacodynamics of these nanoformulations. Thus, it is essential to investigate the
dynamics of drug release by adopting appropriate in-vitro models that helps in
designing new therapeutic strategies. In the current study, the drug dynamics and
cellular uptake of two hydrophobic compounds, CfAc (Chlorophyll rich fraction of
Anthocephalous Cadamba) & curcumin encapsulated in a liposomal nanosystem
were studied using microscopy. The photothermal mediated release of CfAc and its
effect on cancer cells was also evaluated. Transmission electron microscope
(TEM) was employed to understand the morphological changes with drug release;
fluorescence and confocal microscope were used to understand the cellular uptake
of these hydrophobic compounds (i.e., CfAc and curcumin) in cancer cells. TEM
analysis of Lipos-Cur NPs showed the formation of micro and nanocrystals of
curcumin resulting in the sustained delivery. The cellular uptake studies of CfAc
and curcumin showed two types of drug delivery mechanisms, owing to the
physical composition of the drugs independent of the delivery vehicle.

2 Materials and Methods

2.1 Materials

The lipid hydrogenated soy phosphatidyl choline (HSPC) & 1,2-Distearoyl-sn-
glycero-3-phosphocholine (DSPC) were a generous gift from Lipoid, Germany.
IR-780 iodide, 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI), were pur-
chased from Sigma Ltd. (U.S.A). Curcumin, Soya PC, methanol, chloroform, were
procured from SRL chemicals, India. Phosphate buffer pH 7.0, Trypsin–EDTA,
DMEM, RPMI, Calf Serum (US origin), were purchased from Hi-media Chemicals,
(Mumbai, India). All the chemicals were used as received without any further
purification.

A Microscopic Analysis of Liposome Based Hydrophobic Drug … 223



2.2 Cell Lines and Maintenance

Cancer cell lines (B16, MCF-7) were obtained from the National Center for Cell
Sciences (NCCS), Pune, India. The cell lines were cultured in DMEM/RPMI
medium supplemented with 10% (v/v) Fetal bovine serum (FBS), 1% L-Glutamine,
and 100 U/ml penicillin/streptomycin and were maintained at 37 °C in a humidified
atmosphere containing 5% CO2 under sterile conditions.

2.3 Synthesis of Liposomes Encapsulating Hydrophobic
Anti-Cancer Agents

Liposomes encapsulating hydrophobic anti-cancer agents CfAc and Curcumin were
prepared by thin film hydration method [5, 6]. CfAc was obtained as reported
earlier [7]. The Lipos-CfAc (liposomes encapsulating CfAc) & Lipos-Cur (lipo-
somes encapsulating curcumin) NPs were prepared as follows. Briefly, 10:1 ratio of
lipid (Soya PC/HSPC/DSPC) & anti-cancer agent were dissolved in an organic
solvent (chloroform/methanol). The prepared solution was then subjected to vac-
uum evaporation using rotary evaporator. The dried film was hydrated using dis-
tilled water @ 60 °C for 1 h. Following the hydration, the solution was subjected to
probe sonication for a total of three cycles (each cycle was for 10 min with 2 s on/
off). The unentrapped drug was separated by centrifugation [8, 9]. Liposomes
encapsulating CfAc and IR780 (an NIR dye) (LCIR NPs) were also synthesized
using the same protocol as mentioned above.

2.4 Drug Release with Photothermal Trigger

LCIR NPs & control (Milli Q Water) were exposed to NIR laser irradiation
(808 nm, 0.6 W) (Shanghai Inter-Diff Optoelectronics Technology Ltd., Shanghai,
China) and the increment in temperature was recorded, using a thermal imaging
camera (Chauvin Arnoux, CA, 1950 IR camera). The release of CfAc was quan-
tified by the measuring the flourescence intenisty at 680 nm (for an excitation of
410 nm) with laser irradiation time [10–13].

2.5 Cell Viability Assay

The cytotoxic effects of the LCIR NPs in cancer cells was evaluated using a
photothermal trigger [14]. Briefly, the cells were seeded into 96 well plates in
triplicates at a density of 1 � 104 cells/well overnight. The cells were treated with
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LCIR NPs and subjected to laser irradiation for a duration of 4 min per well and
incubated at 37 °C for 24 h. Cells without laser irradiation were considered as
controls. The cell viability was measured by MTT assay [15].

2.6 Microscopic Analysis of Lipos NPs
and Their Cellular Uptake

(a) Transmission Electron Microscopy imaging: The prepared Lipos NPs, both
Lipos-CfAc & Lipos-Cur NPs were drop casted on a copper grid. The imaging was
performed and in-situ formed nano/micro crystals were observed using transmission
electron microscopy (JEOL, JEM 2100, USA). The grids were stained with uranyl
acetate prior to imaging [8]. (b) In-vitro drug release and cellular uptake: Cancer
cells were treated with Lipos NPs. The cells after an incubation period of 5 h were
stained with DAPI to stain the nucleus and imaged using confocal laser scanning
microscopy (CLSM, Leica, Germany). Lipos-Cur NPs were subjected to centrifu-
gation (2000 rpm for 10 min) in order to isolate microcrystals formed from
Lipos-Cur NPs. The pelleted crystals were treated with cells and CLSM imaging
was performed [8].

3 Results and Discussions

Liposomes encapsulating curcumin, (Lipos-Cur NPs) and liposomes encapsulating
CfAc, (Lipos-CfAc NPs) showed green and red fluorescence, respectively, owing to
their inherent fluorescence properties [7, 8, 16]. The differences in the drug dynamics
and cellular uptake of these two fluorescent anti-cancer agents were evidenced by
transmission electron microscopy and confocal scanning laser microscopy. The drug
release from liposomal nanosystem using an external photothermal trigger and its
effect on cancer cells is discussed first. Liposomes encapsulating CfAc & NIR dye
IR780 (LCIR NPs) were used to understand the photothermal mediated drug release
and its therapeutic efficacy. Photothermal therapy uses NIR active nanomaterials
which convert light energy to heat energy. The heat generated facilitates the drug
release at the desired site. The photothermal agent, i.e., IR780, makes the
nanoparticles responsive to the NIR laser irradiation. The absorbance of LCIR NPs
(Fig. 1a) at 680 and 796 nm, indicates the encapsulation of CfAc & IR780 dyes,
respectively. These LCIR NPs when subjected to NIR laser irradiation absorb the
light energy and convert it to heat, resulting in an increase in temperature (Fig. 1b).
The rise in temperature was recorded, and the corresponding thermal images were
captured by an infrared thermal camera (Fig. 1c). The heat generated facilitates the
release of CfAc as evidenced by an increase in its fluorescence (Em: 680 nm) with
irradiation time (Fig. 1d). The inset shows the release of CfAc with red fluorescence
under UV light. The therapeutic efficacy of LCIR NPs against two different types of
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cancer cells, i.e., B16 (skin cancer cell line) & MCF-7 (breast cancer cell line) are
shown in Fig. 1e. LCIR NPs when activated using photothermal trigger resulted in
significant cell death (*70% & 60% cell death was recorded for B16 & MCF-7
cells, respectively), while cells treated with LCIR NPs only remained unaffected.
Hence we demonstrated an external photothermal trigger mediated drug delivery
resulting in a combinational therapeutic effect (of both photo thermal heat and
released drug). The synergistic effect of combinational therapies over individual
therapies was discussed in detail in our earlier reports [7, 16]. Most of the
nanosystems are evaluated for their drug delivery & therapeutic efficacy, similar to
LCIR NPs as discussed above. The in-vitro drug release patterns help determine the
dosage for the treatment against cancer cells and their therapeutic efficacy will be
evaluated by a viability assay. But in this paper, we further tried to explore and
understand the basic differences in drug release dynamics and cellular uptake of
hydrophobic drugs delivered by a liposomal carrier system.

In addition to various internal & external stimuli for drug release, liposomes are
known for their drug release by fusion of lipid bilayers with cell membrane
phospholipids in-vitro [17]. Drugs also leach out from the liposomal membranes
resulting in their slow release. As most of the currently available active pharma-
ceutical ingredients are hydrophobic in nature, the drug release from formulations
and its interaction with cells must be evaluated. To understand the dynamics of
hydrophobic drug release, CfAc & curcumin were chosen. Lipos-CfAc &
Lipos-Cur NPs were subjected to transmission electron microscopy & confocal
laser scanning microscopy.

Fig. 1 Drug release & therapeutic efficacy with photothermal trigger: a Absorbance spectra of
LCIR NPs, b Increase in temperature &, c Infrared thermal images of LCIR NPs subjected to
photothermal trigger, d Increase in fluorescence with photothermal trigger indicating the drug
release (inset shows the fluorescence of LCIR NPs (i) before & (ii) after laser irradiation), e % of
viable cells treated with LCIR NPs and activated with photothermal trigger (PTT)
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The atomic force microscope imaging of Lipos-CfAc NPs, is presented in
Fig. 2a. Figure 2b shows the TEM image of uniformly dispersed liposomes loaded
with CfAc. The liposomes were spherical with sizes ranging from 100 to 150 nm,
uniformly dispersed without any aggregations or depositions. Cellular uptake of
Lipos-CfAc NPs in cancer cells can be observed from the CLSM images shown in
Fig. 2c. DAPI stains the nucleus of the cells and presence of CfAc was identified by
its inherent red fluorescence. As can be seen from the merged image, the red
fluorescence indicating the presence of CfAc was observed in the cytoplasm of the
cell. The CfAc was delivered directly to the cells, without any depot or crystal
formation resulting in a rapid and efficient drug delivery.

The dynamics of curcumin released from the liposome (Lipos-Cur NPs) were
studied by TEM imaging of freshly prepared liposomes entrapping curcumin
(Lipos-Cur NPs). Curcumin was selected as a model drug due to its hydrophobic
nature and fluorescence properties. With the advent and availability of versatile
microscopic techniques like TEM imaging we can understand the dynamic of drug
released from a nanoparticle. As shown in Fig. 3a the Lipos-Cur NPs were
observed as spherical lamellar structures entrapping curcumin (*200 nm). It was
also observed that the smaller nanocrystals of curcumin were either associated with
liposomes (Red arrows) or released from the nanosystem (inset-black arrows).

Fig. 2 Microscopic analysis of drug dynamics & cellular uptake a AFM imaging of Lipos-CfAc
NPs, b Negatively stained TEM image of CfAc loaded liposomes showing no crystalline drug
deposition, c CLSM imaging of cellular uptake of CfAc loaded liposomes in cancer cells.

A Microscopic Analysis of Liposome Based Hydrophobic Drug … 227



These curcumin nanocrystal further aggregates to form micro crystals, slowly due
to hydrophobic interactions [18]. It is also reported that the curcumin due to its
hydrophobic nature tends to interact by sharing hydrogen bonding with neighboring
curcumin molecule [19]. As a result of these interactions, nuclei are formed which
further grows to form a nano crystal and finally a microcrystal (Fig. 3b) [20]. These
results demonstrate the transition of a hydrophobic drug from a nano dispersion to a
microcrystal by in-situ aggregation. The microcrystals formed were stable and
exhibited sustained drug release leading to formation of a depot.

We have then evaluated the cellular interaction of so formed curcumin micro-
crystals with cancer cells. The cancer cells treated with isolated curcumin micro-
crystals were imaged using CLSM. Figure 4 shows the interaction of a curcumin
microcrystal with cancer cells. It can be observed that the green fluorescence was
evenly distributed with in the cytoplasmic site depicting the uniform uptake of
curcumin. More interestingly the intense green signal arising from the attached

500 nm

a

b

Lipos Cur NPs Released Curcumin 
nanocrystals Curcumin 

microcrystals

Lipid bilayer 
entrapping curcumin

100 nm

Fig. 3 The drug release dynamics of hydrophobic curcumin from Lipos-Cur NPs. A. Negatively
stained TEM image of curcumin nanocrystals released from Lipos-Cur NPs and curcumin
microcrystals, red arrows shows nanocrystals associated with lipid membranes and black arrows
shows released curcumin nanocrystals. B. Schematic representation of release, aggregation and
formation of curcumin microcrystals
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microcrystals suggests that the curcumin was released from these micro depots into
the cell cytoplasm. The site of microcrystal attachment to the cell was observed by a
z-scan, and it was observed that the crystals were firmly attached on the cell surface
in spite of several wash cycles. These findings suggest that the curcumin exhibits
nano to micro transition when subjected to aqueous environment and the micro-
crystals formed acts as a drug depot. The sustained availability of curcumin in situ
can lead to suppression of cancer cell for prolonged duration [21].

4 Conclusions

In this paper, we evaluated the drug release dynamics and cellular uptake of two
hydrophobic anti-cancer agents (CfAc [7] & Curcumin [9]) delivered by a lipo-
somal nanosystem. We also demonstrated photothermal mediated drug release of
CfAc and its effects in-vitro. Lipos-CfAc NPs showed an in-situ, rapid delivery and
cellular uptake of CfAc, while Lipos-Cur NPs showed a sustained release of cur-
cumin through depot formation. A direct drug delivery without any depot formation
was observed for Lipos-CfAc NPs, while crystalline depots were observed in the
case of Lipos-Cur NPs leading to indirect and sustained delivery. The same has
been observed in-vitro, in cancer cells. Two hydrophobic drugs, despite being
released from a similar type of nanosystem, showed differences in their drug release
patterns & cellular uptake, indicating that uptake of hydrophobic drugs depends
entirely upon the physico-chemical properties of the drug. The two different types
of drug release patterns observed here are equally important as therapeutic appli-
cations may warrant either a rapid or slow & sustained drug delivery depending on
the disease conditions.
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10 µm

Fig. 4 Intra-cellular uptake and localization of curcumin microcrystal depots in B16 cells (red
arrows shows the location of microcrystal attachment to the cancer cells)
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Abstract A cryo-electron microscopy (cryo-EM) system equipped with a
cold-field emission gun and an energy filter is well-suited for higher-resolution
single particle analysis and high-precision 3D electron crystallography. We
designed such system and installed a JEOL CRYO ARM 300 electron microscope-
the first machine of this model. The microscope has provided high quality data in
both imaging and diffraction since July 2018. For single particle analysis, we are
routinely able to reconstruct higher-resolution structures with better estimated
B-factors for map sharpening from smaller numbers of images than can be obtained
with conventional Schottky emission. For 3D electron crystallography, we are also
routinely able to obtain highest-quality diffraction data thanks to higher-energy
electrons and energy filtration. Automated data collection allows high-throughput
structure determination in both applications. This review introduces our recent
results, progress, and perspective for running such cryo-EM system.
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1 Introduction

Cryo-electron microscopy (cryo-EM) can yield high-resolution structures of bio-
logical and other complex molecules in imaging and diffraction modes. Imaging
mode is used mainly for single particle analysis of protein molecules and complexes
embedded in thin ice. This technique can produce 3D reconstruction from projec-
tion images, and thus is targeted for larger-sized molecules that yield good image
contrast in vitreous ice. 3D electron crystallography utilizes diffraction mode to
obtain diffraction patterns of small and thin crystals, and is applicable to tiny
crystals of smaller molecules, which are hard to solve by single particle analysis and
do not grow to a suitable size for X-ray diffraction even with a high-intensity
synchrotron radiation beam.

It is a challenge to further improve cryo-EM applications. We designed a new
cryo-EM system for higher-resolution single particle analysis and high-precision 3D
electron crystallography, and installed a JEOL CRYO ARM 300 electron micro-
scope as the first machine of this model in RIKEN SPring-8 Center (Fig. 1a). The
model is operated at an accelerating voltage of 300 kV and equipped with a
cold-field emission gun (CFEG). The CFEG produces an electron beam with high
temporal-coherence and superior high-resolution signals beyond 2 Å over that from
the Schottky gun ([2]; Fig. 1b). It also has a new in-column energy filter cooled with
water flow. Filtration of inelastically scattered electrons remarkably reduces back-
ground noise and improves the signal-to-noise ratio of diffraction spots [12, 14, 17].

Operation of the system started in July 2018. Despite initial flaws and bugs as
can be expected with any new machine, the system is now much improved and has
successfully yielded high quality data in both applications. This review introduces
some recent results, progress and future plan for running such cryo-EM machines.

2 Single Particle Analysis with CFEG

We have carried out single particle analysis of various samples from *50 kD to
super macromolecular complexes, which include membrane proteins. We have
already achieved a 1.5 Å resolution structure of mouse apoferritin (Fig. 2a; EM
Data Resource ID: EMD-9865;EMPIAR ID: 10248) from *120,000 particle
images out of 840 movie frames imaged with a CFEG and collected on a GATAN
K2 Summit camera. It was the highest resolution single particle reconstruction at
that time. A recent report claimed that a new program suite M in Warp improved
the resolution to 1.3 Å resolution from the same dataset [10]. Using a K3 camera,
we also obtained a 1.6 Å resolution apoferritin structure (Fig. 2b).

Biologically important targets examined with this system so far include apple
latent spherical virus (ALSV; [7] and photo system I of Acaryochloris [3]. We have
determined the structure of ALSV at 2.9 Å resolution, which is the first structure
solved in the genus Cheravirus of picorna-like plant viruses (Fig. 3). The 3D map

234 K. Yonekura et al.



was reconstructed from a relatively smaller number of particle images (*8000)
with an improved B-factor (−29.7 Å2) for map sharpening. As the particle size of
ALSV is large (*300 Å), we took images at a relatively lower nominal magnifi-
cation of 40,000�, and the resolution could be improved if a higher magnification
is used. Most of the side chains as well as the main chain are clear in the map,
which allowed de novo modeling of atomic coordinates for the whole virus capsid.
Thus, the structure reveals that three capsid proteins have a unique folds that
contribute to capsid stabilization. Image analysis also resolves RNA leaking from
protrusions of the virus particles (Fig. 3). The results suggest how capsid stabi-
lization is achieved and how virus genome is released.

Acaryochloris marina is a cyanobacterium that can, uniquely, use far-red light
for oxygenic photosynthesis. We have determined the structure of A. Marina
photosystem I by single particle analysis with a cold-field emission beam at 2.5 Å
resolution reconstructed using *86,000 particle images from *4000 movie
frames [3]. The structure reveals a unique arrangement of electron carriers and
light-harvesting pigments (Fig. 4). Indeed, the pigment molecules are well-resolved
in the cryo-EM map (Fig. 4b). Thus, the analysis has shed light on how the low
energy yield from far-red light is efficiently utilized for driving oxygenic
photosynthesis.

Fig. 1 A cryo-EM system in RIKEN SPring-8 Center and signals obtained with the CFEG. a A
CRYO ARM 300 electron microscope. Installed as the first machine of this model. b Power
spectrum of a Pt-Ir image taken with the CFEG. CTF ring patterns are clear up to a ring
of *1.13 Å. See also Hamaguchi et al. [2]
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We are now routinely able to reconstruct higher-resolution structures with better
estimated B-factors for map sharpening from smaller numbers of images than can
be obtained with conventional Schottky emission (e.g., [2, 3, 7]).

3 3D Electron Crystallography by eEFD

In the standard scheme of 3D electron crystallography, sequential frames of rota-
tional diffraction patterns are recorded on the detector of an electron microscope,
while the sample crystal is continuously rotated (e.g., [8, 11, 14]) as in macro-
molecular X-ray crystallography.

Fig. 2 Single particle
analysis of mouse apoferritin.
a Zoom-up view of a 1.5 Å
resolution reconstruction
(EMDataResource ID:
EMD-9865; EMPIAR ID:
10248). Reconstructed from
120,295 particle images out of
840 movie frames collected
on a GATAN K2 Summit
camera. b A 1.6 Å resolution
reconstruction [5]. Collected
on a K3 camera
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Fig. 3 Single particle analysis of ALSV. a Typical cryo-EM images of ALSV. Arrows indicate
points where RNA chains exit the capsid. b Atomic model of the overall structure, built on a 2.9 Å
resolution structure. Reconstructed from 8018 particle images out of 110 movie frames collected
on a GATAN K2 Summit camera. c A class average of selected cryo-EM images. Leakage of RNA
genome is resolved to come from the vertex of the virion. See Naitow et al. [7] for details

Fig. 4 Single particle analysis of A. marina photosystem I. a Top (left) and side (right) views of
the cryo-EM map determined to 2.5 Å resolution. Reconstructed from 86,419 particle images out
of 4237 movie frames collected on a GATAN K2 Summit camera. Overlaid with the atomic model
built on the map. b Typical light-harvesting pigments. Density maps are well-fitted with the atomic
models. See Hamaguchi et al. [3] for details
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Filtration of inelastically scattered electrons from a sample can improve image
contrast by boosting amplitude contrast [13]. Yet, this effect is more prominent in
electron diffraction from small crystals, especially protein crystals embedded in thin
amorphous ice [12, 14, 17]. The sample and particularly the surrounding ice yield
many inelastically scattered electrons, which result in higher backgrounds in
diffraction ([12] and [17]). This effect is worse for thick crystals and/or highly tilted
crystals due to the strong interaction of electrons with the sample and the shorter
mean free path of inelastically scattered electrons compared to elastically scattered
ones [1]. Energy filtration can remove these energy-losing electrons, while at the
same time reducing multiple scattered electrons as they are likely to be inelastically
scattered at least once. Moreover, only elastically scattered electrons represent
correct Coulomb potentials, which provide charge information on molecules ([14–
16]). In addition to energy filtration, a higher energy electron is also beneficial, as it
has higher penetrating power through the sample and reduces multiple scattering
and radiation damage [17].

The CRYO ARM 300 microscope has the traditional in-column X-type energy
filter in JEOL microscopes with a new water-cooling system. This new energy filter
is stable for a session of 1—a few days without re-tuning by the operator. However,
the goniometer of the sample stage had only supported stepwise tilt with a constant
speed in the original design of the CRYO ARM microscope. So, we implemented a
custom-designed rotational goniometer with variable rotation speeds, which were
measured to be accurate and consistent [5].

Thus, the 300 kV microscope with an energy filter and a stable rotational
goniometer is very advantageous for 3D electron crystallography. Indeed, we have
already shown that the cryo-EM system has also yielded data quality and
structure-refinement statistics superior to those obtained with other microscope
systems ([17]; Fig. 5). We named this approach as eEFD (electron energy-filtered
diffraction of 3D crystals; [17]).

We have also developed a scheme for automated data collection of rotational
electron diffraction patterns by combined use of SerialEM [6] for positioning of
sample crystals and ParallEM [17] for rotational data collection [9]. This remark-
ably accelerates data collection from many crystals, which allowed us to obtain very
high-resolution structures including hydrogen atoms from thin crystals of several
organic molecules including a nanographene fiber ([4]; Fig. 6).

4 Perspective

Following our success, more than five CRYO ARM 300 microscopes with the same
as or a similar specification to our first machine will be installed throughout Japan
and more be all over the world including India. One of them will be in RIKEN
SPring-8 Center for shared use of single particle analysis.
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Fig. 5 Electron 3D crystallography of thin 3D catalase crystals. a A diffraction frame taken with
the CRYO ARM 300 microscope at an accelerating voltage of 300 kV and with energy filtration.
b A frame taken with a JEOL JEM-2100 microscope at 200 kV and without energy filtration.
Intensity profiles of diffraction spots at *3 Å (indicated by red circles) are overlaid on the
diffraction patterns. c A Coulomb potential map of catalase around the heme-binding site overlaid
with the atomic model built on the map. Calculated from one rotational dataset as in (a). See also
Yonekura et al. [17]
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A Correlative Fluorescent and Electron
Microscopic Technique
for Ultralocalization of Trichocyte
Keratins
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Abstract Trichocyte keratin heterodimers in the cortex of hair occur as interme-
diate filaments (IF) within geometrically organized bundles (macrofibrils). To
understand how heterodimerization of various keratin species contributes to IF and
macrofibril formation, it is important to track the sub-cellular relationship between
different keratin types in hair follicles. Distribution and localization of keratins, at
an ultrastructural level, can be determined through immuno-ultrastructural studies.
However, the conventional fixative-tissue interaction, dehydration and plastic
embedding process, along with heavy metal staining potentially obscures the
antigenic epitopes accessibility. Here, we demonstrate a sample preparation method
for confocal fluorescent and electron microscopy of high-pressure frozen and
freeze-substituted wool follicles that provides clear ultrastructural preservation and
keratin labelling while minimizing common artefacts associated with conventional
fixation. The contrast obtained using dark-field scanning transmission electron
microscopy (DF-STEM) is sufficient to obtain high-resolution images without any
further post-staining or silver enhancement.
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1 Introduction

The hair follicle is a complex miniature cylindrical organ consisting of different cell
lineages arranged in laterally concentric layers, and within which a hair develops
though a series of steps in an axial direction. Firstly, cells at the base of the follicle
undergo continuous division and then differentiate to produce six (or seven in
medullated fibres) cell types that develop into tightly coordinated cylindrical layers.
Each cell line has a distinct pattern of maturation during hair growth including gene
expression, morphological shaping and cell–cell junction development [1].
Trichocyte keratins are of two types, Type I and Type II, which form promiscuous
heterodimers. These heterodimers are localized to the cytoplasm of cortical cells
and, in combination with keratin-associated proteins (KAPs) self-organize to pro-
duce macrofibrils that fill the cortex of the hair shaft (it is primary structural
component). Localization of keratins is prerequisite for identifying interactions of
keratins with other keratins, KAPs and other cellular components such as cell
junctions that contribute to structure assembly. Numerous studies using antibody
markers have aided in characterizing and localizing keratins in hair follicles [2–8].
Most immunolabelling studies have been restricted to fresh tissues because
accessing antigenic epitopes in fixed samples was challenging. In recent years,
immunogold labelling techniques have been carried out on Lowicryl embedded
sections to determine the sub-cellular locations of keratins in the human hair follicle
[4, 7]. However, these and earlier studies used chemical fixation and dehydration.
Recently, we reported [9] a method for ultrastructural preservation of intact wool
follicles using high-pressure freezing, freeze substitution (HPF-FS) in epoxy resin.
In this study, we extend that method to immunohistochemistry. Correlative
fluorescent and electron microscopy were used to localize keratin K85 in follicles
subjected to high-pressure freezing and freeze substitution (HPF-FS). Since
high-temperature polymerization and strong cross-linking properties in epoxy might
reduce the antigenicity of the biological sample, the samples were embedded in
Lowicryl resin [10, 11]. While fluorescence microscopy enabled patterns of keratins
to be observed across a large space, electron microscopy then enabled ultrastruc-
tural (sub-cellular) location of keratins in a small part of the same section.

2 Methods

High-pressure freezing and freeze substitution. Skin biopsies (*4 mm diameter)
were collected and individual follicles were dissected and high-pressure frozen as
described in Velamoor et al. [9]. For freeze substitution (FS), the frozen carriers
were transferred into precooled moulds in a Leica AFS2 device (Leica
Microsystems, Germany) containing the FS media (0.5% uranyl acetate (UA)
dissolved in methanol and 5% water) for 56 h at −90 °C. The temperature was then
gradually raised (at a rate of 5 °C per hour over 9 h) to −45 °C. The FS media was
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removed and the follicles were washed and rinsed in 4� methanol for about 2 h.
The samples were then infiltrated for about 2 h each with 10, 25, 50, 70, 90 and
100% Lowicryl resin, prepared as per manufacturer’s instructions (Electron
Microscopy Sciences, Cat# 14,340). The temperature was slowly raised from −45
to −25 °C for 8 h during these infiltration steps. The samples were then replaced
with fresh 100% Lowicryl resin at regular intervals over 36 h at −25 °C. The
samples were then UV polymerized with fresh resin for about 48 h at −25 °C.
Then, the temperature was slowly raised to 20 °C (at 1.8 °C per hour over 24 h)
and maintained for another 48 h. After removing the carriers, the samples were
sectioned (100 nm) using an ultramicrotome (Leica UC6 and UCT ultramicro-
tomes, Leica Microsystems), collected on formvar-coated nickel grids and
processed for immunolabelling experiments.

Immunolabelling. The sections were incubated with 0.1 M glycine and blocking
solution (1% bovine serum albumin and 0.2% cold fish skin gelatin in 1� phos-
phate buffer saline (PBS)) for 30 min each to remove any residual aldehydes and to
block non-specific binding of antibodies, respectively. After thorough washing with
1� PBS, the sections were incubated with primary keratin polyclonal antibodies
(raised in rabbit against K85 tail domain: 466–485; IASGPVATGGSITVLAP) at
1:200 dilution, overnight at 4 °C. Then, the samples were incubated in Alexa
Fluor® 488 goat a rabbit conjugated to 5 nm gold (1:15 dilution; Life technologies,
cat # A31565) for 2 h at room temperature.

Imaging. Fluorescence imaging was carried out using an Olympus BX61
Montaging light microscope. Philips CM100 (operated at 100 kV) and JEOL
2200FS 200 kV TEM fitted with a TVIPS F416 CMOS camera (TVIPS, Gauting,
Germany) were used for electron microscopy. Dark-field imaging was carried out
using scanning image device (ASID) with upper dark-field detector and SightX
software.

3 Results

Ultrastructure of the follicle. The preservation of ultrastructural details along the
axis of the follicle through zones associated with stages of hair growth [12, 13] with
HPF-FS followed by Lowicryl embedding was assessed at two points (Fig. 1a):
lower bulb (below Auber’s level), top of the bulb (above Auber’s level and Orwin’s
threshold). At the base of the follicle, cells from the germinative matrix, adjacent to
the dermal papilla (DP), differentiating into the Henle’s, Huxley’s and inner root
sheath cuticle (IRSc) layers were clearly visible (Fig. 1b, c). Trichohyalin granules
were evident only in the Henle’s layer. The cuticle cells appeared cuboidal in shape
and had clearly defined cell membranes and intact nuclei. In contrast, cortical cell
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membranes were not well defined (Fig. 1b). However, the nucleus and fine keratin
fibres were well defined (Fig. 1b, c). The difference in staining contrast clearly
distinguished the dermal papilla from the cortex (Fig. 1b).

At the distal end of the follicle bulb Henle’s layer hardens (Orwin’s threshold).
Distal of this point trichohyalin granules were observed only in the Huxley’s layer
(Fig. 1d). The intensity of keratin increased tremendously. At high magnification,

Fig. 1 Uranyl acetate mediated Lowicryl embedded wool follicle. a Schematic representation of
wool follicle. b Low magnification micrographs below Auber’s level. c Inset from (b) showing the
different compartments in the IRS, and the hair shaft’s Cu and Cx. Trichohyalin granules
(TG) were identified only in the He at this level in the follicle. d Micrograph of follicle above
Auber’s level. e Inset from (d) showing keratin (K) fibres inside the cortex. e Micrograph of the
follicle post-Orwin’s threshold. g High magnification image from inset (f) post-He layer’s
cornification, showing accumulation of keratin fibres. Scale bar presents 10 µm (b, d and f) and
5 µm (c, e and g)
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the fine fibres were aggregated into bundles, forming developing macrofibrils
(Fig. 1e). Further up from the Orwin’s threshold (keratogenous zone), the IRS
contained cornified Henle’s, Huxley’s and IRS cells, and the hair shaft cuticle and
cortical cells were clearly distinguishable (Fig. 1f, g). Keratin filament structures
were clearly defined and had increased contrast compared with more proximal parts
of the cortex. The natural degradation of cytoplasmic features in cortical cells that
forms part of the hair maturation process was well preserved (e.g. condensation of
nuclear material).

Keratin localization during fibre growth. Wool follicles were immunolabelled
with an antibody against keratin, K85, tagged with a fluorophore conjugated to
5 nm gold. The fluorescent labelling shows the localization of K85 (Fig. 2a)
matches up to the densely stained fibrous keratin bundles, amongst the ultrastruc-
tural features of the follicle (Fig. 2b). The lack of fluorescent labelling in the
germinative matrix and IRS shows that the K85 is localized primarily in the cortex
and possibly diffusely in the fibre cuticle cells at this mid-bulb location (elongation
zone) along the follicle axis (Fig. 2c).

Fig. 2 Correlative K85 antibody-labelled fluorescent and electron microscopy of a wool follicle.
a Fluorescent labelled mid-bulb (elongation) region. b Electron micrograph corresponding to (a).
c Correlated fluorescent and electron micrographs from inset (b). Scale bar: 5 µm in (a–c).
d Electron micrograph of follicle in the elongation zone. e Inset from (d), showing keratin K85
immuno-labelled with 5 nm gold. f Keratin K85 immunogold labelling obtained using DF-STEM
in comparison with (e). Scale bar: 1 µm in (d) and 500 nm in (e, f)
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To localize K85 that had been detected by antibodies conjugated to 5 nm gold at
an ultrastructural level (Fig. 2d–f), both regular and DF-STEM methods were
effective. Although the 5 nm gold labels were detectable as electron dense dots
using regular TEM (Fig. 2e), the gold labels were better visualized from the
background using dark-field (DF) STEM (Fig. 2f). A few nanogold particles were
clearly located in the cytosol (Fig. 2d), but most were localized within the fibrous
bundles.

Keratin localization distal of Henle’s hardening. The localization of K85 was
observed at Orwin’s threshold (where Henle’s layer hardens) and more distally in
the keratogenous zone (Fig. 3a–c). The correlative fluorescent and electron
microscopy show K85 labelling localized to long filamentous structures inside the
cortex and to a less extent in the cuticle cells. No evident labelling was observed in
the IRS. Lack of gold markers in the IRS and localization of the gold with keratin
fibres from high-resolution images from DF-STEM emphasizes the specificity of
the K85 antibody (Fig. 3d, e).

Fig. 3 Immunolabelling of wool follicle with K85 distal of Orwin’s threshold. a Fluorescent
labelling of wool follicle in the distal keratogenous zone. b Electron micrograph corresponding to
(a). c Correlated fluorescent and electron micrographs at high magnification from inset (b). Scale
bar: 10 µm in (a, b) and 5 µm in (c, d). d Inset from (e) showing K85 immuno-labelled with 5 nm
gold in the cortex and cuticle using ADF-STEM. eMicrograph of the follicle in keratogenous zone
at lower magnification. f Inset from (e) showing keratin K85 localization in upper keratogenous
zone. Scale bar: 10 µm in (e); 200 nm in (d, f)
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4 Discussion

Ultrastructure with Lowicryl embedding. This is the first study to embed
HPF-FS follicles in Lowicryl resin for ultrastructural immunolabelling. The struc-
ture of different cell types and cytosolic components such as the nucleus, mito-
chondria, keratin and trichohyalin granules were easily distinguished within the
follicle. Fine details of interactions between keratin intermediate filaments (IFs) and
cell junctions were also clear at higher magnification (image not shown). However,
the preservation of fine sub-cellular details such as the desmosomes and interaction
between IFs and trichohyalin granules were less clear compared to samples
previously published from epoxy embedded sections [9].

Primary antibody labelling. The labelling of keratin, K85, in the ultrastructure
was exclusively in the cortex and cuticle cells. These findings are in agreement with
previously published studies [4, 6, 7]. Lack of staining in the dermal papilla,
germinative matrix and IRS cells shows the specificity of the antibody. An increase
in labelling intensity in the keratogenous zone was also observed in the present
study. K81 and K86 sequentially switch upon differentiation, especially above
Auber’s level and keratogenous zone. Thus, the increase in labelling intensity is
suggested to be an effect of epitope masking resulting in identifying a closely
related K86 keratin, along with K85 [4, 6, 14, 15]. Follicles in this study were
subjected to HPF-FS. The preservation of structural integrity following HPF-FS has
been published recently [9]. While HPF preserves the follicle structural integrity
close to native state, freeze substitution replaces vitrified ice with organic solvents
at −90 °C. At such low temperatures, these fixatives remain unreactive and
homogeneously diffuse through these immobilized structures. Therefore, masking
of epitopes due to fixative interaction is minimal. Increased accumulation and
aggregation of keratin IFs following cellular degradation could be a potential reason
for the increase in K85 intensity.

TEM processing. Apart from fixative effects, post-staining of sections with uranyl
acetate followed by lead citrate staining is a common source of artefacts. While
insufficient staining results in loss of structural context, over staining could obscure
the signal originating from the secondary antibody conjugated to gold nanoparti-
cles. In addition, the size of the gold nanoparticles is often increased using a silver
enhancement procedure. Although silver is a noble metal, it is not completely inert
to chemical reactions. For instance, aldehydes frequently used as fixatives are
known to reduce silver [16]. In recent years, DF-STEM has become a powerful tool
to characterize nanogold particles labelling specific proteins. In this study, we have
shown that the nanogold particles conjugated to the secondary antibody could be
visualized clearly without any further staining or silver enhancement technique. In
conclusion, DF-STEM reduces the need for post-preparation processing such as
double staining and silver enhancement for localizing the immunolabelling. In
combination with HPF-FS, it better resolves the ultrastructural details of keratin
localization in wool follicles.
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Volume Microscopy of Nudivirus
Infected Cells

Bruno M. Humbel, Sailakshmi Velamoor, Allan Mitchell,
and Mihnea Bostina

Abstract Volume microscopy is an ideal method to investigate microbial infec-
tions. In this study, we used Oryctes rhinoceros nudivirus (OrNV) as a model to
illustrate the power of this technology in deciphering morphological changes
associated with viral replication. Nudiviruses are large dsDNA rod-shaped envel-
oped viruses infecting a wide range of hosts. The best characterized member of the
family, OrNV, infects rhinoceros beetle, a devastating pest damaging coconut and
oil palm trees in Southeast Asia and the Pacific islands. Although previous electron
microscopy studies have described the cellular changes associated with OrNV
infection, little is known regarding the mechanism of viral assembly and egress.
Here we used focussed ion beam and scanning electron microscopy to characterize
the cellular remodelling associated with OrNV infection.

Keywords Volume microscopy � FIB-SEM � Virus assembly � Virus egress �
Nudiviruses

1 Introduction

Volume electron microscopy enables three-dimensional visualization of biological
specimens with unprecedented details [1, 2]. Ultrathin sections are only accidentally
capable to capture special events such as membrane fusion sites [3]; therefore, we
merely can speculate if, e.g. a vesicle has any connection to an outside organelle.
Using volume microscopy we can image hundreds of sections, at a very high
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Z-resolution of few nanometers that allows to follow and reconstruct completely an
organelle structure. By providing us reliable information in the third dimension no
such events could escape our observation. Volume microscopy can be performed
using serial sectioning TEM or using an SEM with its different applications of array
tomography [4–6], serial block-face tomography [7] or focussed ion beam
(FIB) tomography [8]. Although each technique has its own pros and cons [9],
FIB-SEM tomography currently offers the highest voxel resolution of serial
imaging modalities at *5 nm3 [10]. This study demonstrates the power of
FIB-SEM in obtaining detailed structural information of the mechanism of viral
replication using OrNV as a model.

The Nudivirdae family comprises a series of diverse members of large dsDNA
rod-shaped enveloped viruses reported to infect a wide range of invertebrate hosts
belonging to the Coleoptera, Lepidoptera, Orthoptera, Diptera, Siphonaptera,
Hymenoptera, Thysanura, Trichoptera, Neuroptera, Homoptera, Acarina, Araneina,
and Crustacea. They were previously described as “nonoccluded baculoviruses”.
Similar to baculoviruses, nudiviruses have a circular dsDNA genome and replicate
in the nuclei of host cells [11].

The best characterized member of the Nudiviridae family is Oryctes Nudivirus
(OrNV), first observed in the nuclei of fat body cells of infected Oryctes rhinoceros
beetle [12, 13]. Rhinoceros beetle is a devastating pest damaging coconut and oil
palm trees in Southeast Asia and the Pacific islands. Being pathogenic to inverte-
brates, when orally transmitted, OrNV first infects the midgut epithelial cells and
further spreads to other tissues. Since OrNV is capable of killing both adults and
larvae, it is widely used as a biocontrol agent against this beetle [12]. Currently,
DSIR-HA-1179 cell line, isolated from Heteronychus arator (HA), is the only cell
line susceptible and permissive to OrNV infection [14–17]. Electron microscopy
studies have established the basic steps of virus entry and exit [18]. While electron
tomography is crucial for understanding the nuclear and cytoplasmic changes
associated with viral replication and assembly, the limited tilt angle reduces the
quality of 3D information. Here, we used FIB volume electron microscopy to
characterize the membranous and cellular changes incurred during virus assembly,
nucleocytoplasmic transport and viral egress following OrNV infection.

2 Methods

Cell line and virus. DSIR-HA-1179 cells were maintained at 27 °C as attached
cultures in 25 cm2 tissue culture flasks in TC-100 insect cell medium (Sigma)
supplemented with 10% foetal bovine serum (FBS) (Life technologies, NZ). For
long-term storage, 1 � 107 DSIR-HA-1179 cells were resuspended in freezing
medium (TC-100, 10% FBS, 10% DMSO), allowed to freeze gradually using a “Mr.
Frosty” freezing container (Nalgene) and later transferred to liquid nitrogen.
Confluent monolayers of attached DSIR-HA-1179 cells at day ten of culture were
treated with TrypLE™ Express as previously described [16] to dissociate the cell
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monolayer into a single cell suspension. The number of cells in suspension was
counted on a haemocytometer. Approximately 2 � 105 viable cells were transferred
per well in a six-well plate (Day 0) in a culture volume of 2 mL and incubated for
five days. At day five, the cells in one well were dissociated with TrypLE™ Express
and counted. Medium was replaced, and cells were inoculated with OrNV virus
(strain X2B) at a multiplicity of infection (MOI) of 2000 virus particles per cell and
incubated at 27 °C. After 72 h, the insect cells were detached, briefly centrifuged,
resuspended in approximately 20 µl growth medium and further prepared for
microscopy. Uninfected control cells were processed in the same manner.

Oryctes nudivirus strain X2B was propagated in DSIR-HA-1179 cells. Briefly,
DSIR-HA-1179 cells grown to confluency in a T75 flask were inoculated with OrNV
virus stock and monitored for cytopathic effect. When the majority of cells presented
cytopathic effect, the flask with cells and medium was frozen (−80 °C) and thawed at
room temperature (RT) to release the virus from cells. The lysate was centrifuged for
5 min at 2500� g. Clarified lysate was quantified for OrNV infectious particles
using the end-point dilution method, aliquoted, and stored at −20 °C.

High-pressure freezing. Approximately 0.5 µl of concentrated cells were loaded
into a 200 lm deep copper membrane carriers (Engineering Office M Wohlwend
GmbH, Switzerland), precoated with hexadecane (Sigma-Aldrich). The membrane
carriers with the sample were then transferred into the Leica EMPACT 2 Bayonet
pod. Filler solution (10% Ficoll in 0.1 M cacodylate buffer, pH 7.4) was added, and
the transfer pod was torqued down and sealed. The samples were frozen using the
EMPACT2 high-pressure freezing machine (Leica Microsystems, Vienna, Austria).
The membrane carriers with frozen samples were removed from the transfer pod
under liquid nitrogen and processed for freeze substitution.

Freeze substitution. For volume electron microscopy, samples were treated with
various contrast enhancing agents as follows: after the acetone washes and
removing the samples from the AFS machine, they were treated with 1% thiocar-
bohydrazine in acetone at 40 °C (Acros Organics 207,530,050) for 30 min, fol-
lowed by acetone washes at room temperature and 2% OsO4 in acetone at 40 °C for
30 and 60 min, respectively. Following further acetone washes at room tempera-
ture, the samples were then incubated with 2% uranyl acetate (in acetone) at 4 °C
overnight. The sample was than washed twice with acetone and twice with
methanol at room temperature followed by 2% lead acetate in methanol
(Sigma-Aldrich 215,902) for an hour at 40 °C. This last contrasting step was fol-
lowed by methanol washes, methanol/acetone and then acetone washes at room
temperature. The samples were then gradually infiltrated with increasing concen-
trations of epoxy resin in acetone and finally embedded in Epoxy embed 812 resin
(EMS EmBed 812), following manufacturer’s instructions. The protocol following
regular freeze substitution was based on previously described methods [19].

Imaging and analysis. Volume microscopy was done with a focussed ion beam
scanning electron microscope (Helios 650, FEI Company, Eindhoven, The
Netherlands). Milling was done with a gallium ion beam at 30 kV and 2.4 nA.
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The imaging was done at 1.5 keV, 800 pA, 6144 � 4096 frame size, with 71.4 Å
pixel size and 100 Å section thickness. Sequential images were aligned with IMOD
using cross-correlation [20]. Manually traced segmentation of the features was
carried out using “drawing” and “interpolation” in IMOD and was further refined
with UCSF Chimera [21].

3 Results

High-pressure freezing and freeze substitution (HPF-FS) followed by volume
microscopy enabled us to study the fine ultrastructural changes happening during
several stages of OrNV life cycle (Fig. 1). Segmentation of the membranous and
cellular structures allowed us to track changes that occurred during virus assembly,
the transition via the nuclear lumen, and virion shedding to extracellular space.

Changes in nucleoplasm. Similar to baculoviruses, nudiviruses replicate and
assemble inside the nucleus [18]. Our volume microscopy data show a significant
remodelling of the nucleus during OrNV infection (Fig. 2a–c). Chromatin con-
denses while a large part of the nucleus is dedicated to viral replication and
assembly, and it displays a less dense appearance. The nucleus becomes populated
with numerous membrane structures associated either with the process of virion
assembly or with the traffic across the nuclear envelope.

Numerous long tubules (Fig. 1) with dimension and structure compatible with
that of the mature virions are clearly visible (Fig. 2d), and their dense interior
suggests the insertion of dsDNA similar to that of full virions. Enveloped virions are
present inside the nucleus either free or enclosed inside vesicles connected to the
inner nuclear membrane (INM). Their origin is suggested by prominent INM
invaginations that penetrate inside the nucleus and engulf virions. From this posi-
tion, they can be further transported to the nuclear envelope lumen (NE).

Nucleocytoplasmic transport. Virions inside the NE were mostly observed inside
convoluted vesicles (Fig. 2e, f). Notably, no non-enveloped capsids were observed
inside the NE which indicates that during this nucleocytoplasmic traffic the virions
are always presented with their original membrane derived from the nuclear
tubules. Despite the numerous structural changes observed, the integrity of the
nuclear envelope is maintained overall.

Cytoplasmic changes. Cytoplasm of the OrNV infected cells undergoes dramatic
changes. We can observe large multi-membrane vesicles (MMVs) that contain
enveloped virions (Fig. 2g–i) in single or convoluted membranes (Fig. 2h).
Additionally, single virions are observed in the cytoplasm. The morphology of
Golgi bodies looks distorted (Figs. 2i and 3e), while herniation of mitochondria
(Fig. 3a, b) and releasing of small vesicles from ER (Fig. 3b, d) are also clearly
visible at this resolution.
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Viral egress. The virions egress into the extracellular space seems to occur in an
exosome-like fashion (Fig. 3a–c). Most of the observed viruses are encapsulated
either in single membrane vesicles or in multi-membrane vesicles. Their fusion with
the plasma membrane will allow the shedding of virions either as single mature
particles or as enclosed in a cellular derived membrane (Fig. 3c, f).

Fig. 1 Volume microscopy of an OrNV infected cell. The thickness of the segmented section is
*420 nm. Virions assemble from long tubules clustered around macrovesicles are packaged into
the nuclear lumen, and further egress into the cytoplasm. Cytoplasmic space contains numerous
organelles such the mitochondria, Golgi and ER, along with numerous MMVs containing virions.
Few virions, enclosed in vesicles, are seen shedding from the plasma membrane. Scale bar, 1 µm
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4 Discussion

This study establishes volume microscopy as an ideal method to follow the process
of microbial infections using OrNV infected cells as a model. Despite the structural,
genetic and biological similarities shared with baculoviruses, the mechanisms of
nudivirus assembly and egress poses some specific problems. The absence of
occlusion bodies implies the need of supplemental membrane material to envelope
individual viral capsids. By using volume microscopy, we have characterized a

Fig. 2 Changes in the nucleus and cytoplasm during OrNV infection. a–c Sequential sections
through the reconstructed volume at the centre of the nucleus (N) and below, *1 µm apart. Scale
bar presents 2 µm. d Region displaying virions (white arrows) shedding from long tubules
(Tu) inside the nucleus. e Virions, packaged into vesicles, fuse with the INM. f Vesicles enclosing
virions are present inside nucleus. g Free-floating virions and virions enclosed in MMVs (white
arrows) are observed in the cytoplasm. h Virions encapsulated in MMVs. i Despite considerable
remodelling, the nuclear membrane remains intact and cytoplasmic components such as
mitochondria (M) and Golgi (G) are clearly distinguishable. Enlarged views from inset (d–i) are
50 nm thick. Scale bar (d–i), 2 µm

256 B. M. Humbel et al.



dramatic remodelling of the nuclear landscape which brings large quantities of
membrane material inside the nucleus close to viral replication sites. It also allowed
to follow the trajectory of virions from the assembly site to the extracellular space.
Differently from other cases of viruses replicating inside the nucleus, OrNV appears
to assemble into a mature particle inside the nuclear compartment and to cross the
nuclear envelope using a series of membrane vesicles, to transit through the
cytoplasm inside some vesicular bodies, before being released into the extracellular
space either as single virions or a as virions contained inside vesicles. The presence
of long tubular membranous structures or the existence of thin connections between
double membrane vesicles and the inner nuclear membrane raises challenges which
volume microscopy is uniquely qualified to solve. Our sample preparation protocol
and imaging parameters resulted in high-quality spatial information which per-
mitted to describe unambiguously the nature of these structures in a way which
neither EM of serial sections nor electron tomography would be capable. In con-
clusion, volume microscopy delivers simultaneously the high resolution needed to
precisely describe subtle changes occurring inside cellular organelles and the large
volumetric information necessary to obtain an adequate morphological context.

Fig. 3 Changes in the cytoplasmic organelles following viral entry and viral exit from cytoplasm
(a–c). Scale bar 2 µm. d Enlarged view from inset (a) shows macrovesicles released from ER.
e Herniation of mitochondria and association of Golgi with vesicles are evident. f Single viruses
enclosed inside vesicles are observed in the extracellular matrix. Enlarged images from inset
(d–i) are 50 nm thick. Scale bar (d–f), 1 µm
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Structural Biology Research in India:
A Thriving Cryo-EM Community
Heralds a New Era

Jayati Sengupta

Abstract The ‘resolution-revolution’ in the electron cryo-microscopy (cryo-EM)
field has made cryo-EM a preferred tool for determining molecular structures of
intrinsically dynamic biological macromolecules, since it allows visualization of the
molecular intricacies without crystallization. The significance of cryo-EM has been
recognized by the scientific community, and the Chemistry Nobel Prize in 2017 was
awarded to three eminent early developers of this astounding technique, Professors
Jacques Dubochet, Richard Henderson and Joachim Frank. The recent APMC
meeting held at Hyderabad has showcased the increasing community of cryo-EM in
India. Scientists with expertise in this field have joined together in various Indian
Institutes, making the cryo-EM society of India a fertile ground for new accom-
plishments for many years to come. I highlight here, the current status of cryo-EM
in India and its prospect in contributing novel research findings to the structural
biology field.

Keywords Indian science � Structural biology � Cryo-EM

1 Introduction

The Electron Microscope Society of India (EMSI) hosted the 12th Asia Pacific
Microscopy Conference (APMC-2020) during 03–07 February, 2020 at Hyderabad,
India. APMC-2020 has attracted researchers, academicians and industry experts
from diverse backgrounds and provided a global forum for the representatives to
present their research.
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Electron microscopy for life sciences was one of the theme events among diverse
area of spectroscopy and microscopy applications covered in the meeting. Plenary
lectures of international experts enlightened us on cutting-edge research in the
cryo-EM field. The meeting gathered together researchers of the cryo-EM com-
munity of India and allowed them to report their results to the international group of
experts. The conference also brought a golden opportunity to the young and
enthusiastic investigators, who have joined the Indian cryo-EM group in recent
years, to exchange their ideas.

Indian structural biology field bears a long tradition of X-ray crystallography.
The first facility, established at the Indian Association for the Cultivation of Science
(IACS), Kolkata, laid the foundation for biological crystallography. Later,
Professor M. Vijayan and his colleagues were at the front line to establish X-ray
crystallography as a tool for determining structures of proteins and other
biomacromolecules in other Indian scientific institutions.

To my knowledge, I was the first person to come back from abroad to start a
new-generation cryo-EM research. My association with cryo-EM field was started
somewhat suddenly, after I got a chance to join Professor Joachim Frank’s ribo-
some research group as a postdoctoral researcher with a vague idea about cryo-EM
and its application for structure determination of biological macromolecules. A trip
down memory lane brings me back to that gloomy day of February 2000 when I
arrived at Frank’s laboratory in Albany, New York. Eventually however, the
vibrant atmosphere of the lab, brilliant co-workers, and a fabulous mentor made my
days brighter and brighter. I was fortunate to take part in several groundbreaking
discoveries of Dr. Frank’s group that unveiled different aspects of the protein
translation process. With the knowledge of single particle cryo-EM and fondness
for the astonishing molecular machine ribosome, I left Frank’s laboratory in 2008
and started my independent one at the Structural Biology and Bioinformatics
Division of CSIR-Indian Institute of Chemical Biology (CSIR-IICB), Kolkata.

Within a year or so of my joining the institute, a talented virologist trained in
structural virology lab of Prof. Jack Johnson (The Scripps Research Institute, USA),
Dr. Manidipa Banerjee, joined IIT, Delhi. Following that, Dr. Vinothkumar Kutti,
who was associated with the Nobel Laureate Prof. Richard Henderson, joined the
National Centre for Biological Sciences (NCBS), Bangalore, and more recently two
other experts, trained in renowned cryo-EM labs, Dr. Somnath Dutta and
Dr. Tanweer Hussain, have joined the Indian Institute of Science (IISc), Bangalore.
In due course, several other young and enthusiastic scientists from cryo-EM field
joined in various Indian research laboratories. This young brigade has quickly
brought the cryo-EM field in India from infancy to a fast-growing stage.

2 Setting up of Cryo-EM Facilities in India

Professor A. N. Ghosh, a veteran electron microscopist (an able student of
Professor N. N. Dasgupta who made Asia’s first electron microscope in India) first
started cryo-electron microscopy, with amazing customized tools and a 120 kV
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electron microscope at the National Institute of Cholera and Enteric Diseases
(NICED), Kolkata. Dr. Manidipa Banerjee first established a new-generation
cryo-EM facility at IIT Delhi, equipped with a 200 kV Tecnai F20 microscope.
Eventually, the-then Director Professor Siddhartha Roy’s fervor made it possible to
establish a cryo-EM facility at CSIR-IICB too, with a 300 kV dedicated
cryo-microscope Tecnai Polara in 2014.

Meanwhile, invention of direct detector revolutionized the cryo-EM field almost
overnight in terms of resolution [1]. Couple of years ago, a DBT-sponsored
National cryo-EM facility, equipped with direct electron detectors, had been created
at NCBS (Titan KRIOS), under the leadership of Dr. Vinothkumar Kutti. More
recently, another National Facility has been established at IISc, Bangalore
(furnished with Talos Arctica and direct detector), under the supervision of
Dr. Somnath Dutta and Dr. Tanweer Hussain (Fig. 1).

Fig. 1 Some of the cryo-EM facilities established in India. Tecnai T20 is the first new-generation
microscope installed at IIT, Delhi. At CSIR-IICB, Tecnai G2 Polara has been installed. National
cryo-EM facility at NCBS, Bangalore, equipped with TITAN Krios and direct detectors, has been
created. IISc, Bangalore houses the new TALOS series microscope Arctica with direct detector
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3 Initiatives of Indian Cryo-EM Community

The first cryo-EM structure from India, even though at low resolution, was pub-
lished by Professor A. N. Ghosh’s group [2]. Subsequently, a cryo-EM study
representing the first structure of Mycobacterium ribosomes [3] was published by
my laboratory, which identified additional ribosomal RNA and protein features
displaying structural diversity in bacterial ribosomes (Fig. 2a). Following
resolution-revolution, several high resolution structures have come up from dif-
ferent groups in recent years, which reinforced our observations of additional
features in mycobacterium ribosome.

Dr. Manidipa’s group has produced interesting results on virus structures
(Fig. 2b). One of their early works was on Flock House Virus (FHV), a model
non-enveloped virus, that aimed to understand the mechanistic details of
non-enveloped virus interaction with host cell membranes [4]. Quite recently,

Fig. 2 Examples of cryo-EM structures generated in India. a The first structure of Mycobacterium
ribosome identifying additional rRNA expansions was published by our laboratory (EMD-5307).
b A large virus structure was published by Dr. Manidipa’s lab (EMD-6639). c The E. coli 50S
ribosomal subunit in complex with a heat-shock related protein HflX, representing the first
sub-nanometer resolution structure (*8 Å) published from India (EMD-6979). d The first
structure of full-length protein biogenesis enzymes peptide deformylase (PDF) and methionine
aminopeptidase (MetAP) in complex with E. coli ribosome (EMD-9753)
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Dr. Janesh Kumar’s group at the National Centre For Cell Science (NCCS),
Pune, has published subnanometer structures of the ionotropic glutamate receptor
GluD1 [5].

4 Cryo-EM Studies Contributed by Our Laboratory

The aim of our lab-research is to structurally characterize biological macro-
molecules which are important drug targets. We primarily focus on bacterial
ribosome, the nanomachine for protein synthesis inside living cells. Albeit low
resolutions (8–10 Å), in accordance with the current benchmark, our studies have
revealed important aspects related to bacterial ribosome functions [6–8], which I
have presented in my lecture at APMC-2020. We have shown ATP-dependent
RNA helicase activity of a bacterial stress-related protein HflX, known as a GTPase
[7]. This study has greatly enhanced our understanding of the regulatory role of
non-canonical protein factors during protein synthesis under environmental stress
conditions (Fig. 2c). Another study from our group (Fig. 2d) demonstrated the
first structures of bacterial ribosome in complex with nascent chain processing
factors [6].

Moreover, a collaborative work on the activation of transcriptional co-activator
p300 mediated by the tumor suppressor protein p53, a key molecular player in
cancer progression, furnished evidences for pivotal conformational changes of the
macromolecules responsible for their functions [9].

5 High-Resolution Cryo-EM Structures Started Emerging

As stated by Dr. Vinothkumar, the scientist in charge of the national facility at
NCBS (InStem), and colleagues [10], ‘the resolution revolution has reached India’,
as several high resolution cryo-EM maps describing macromolecules involved in
crucial cellular functions have been published within last one year. Dr.
Vinothkumar has published very recently high resolution structures of diverse range
of biomolecules [11, 12]. Dr. Saikrishnan, in collaboration with Dr. Vinothkumar,
has published a 3.6 Å structure of the AAA+ domain of McrB GTPase in complex
with the endonuclease McrC [13]. These emerging findings (Fig. 3) unveil mech-
anisms of important cellular processes and enrich the field of structural biology in
India, as well as worldwide.
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6 Concluding Remarks

Establishment of National facilities in India for high resolution cryo-EM holds a
huge promise for conducting exciting new scientific projects. A handful of
researchers, trained in the cryo-EM field, established the very first cryo-EM labo-
ratories in India about a decade ago. Nonetheless, in recent days several young
researchers have brought their expertise to numerous other research laboratories
throughout India. Various Indian Institutes are now ready to set up their own
state-of-the-art cryo-EM facilities. Department of Science and Technology (DST),
India, has recognized cryo-EM as a cutting-edge structural biology technique and
announced funding opportunity recently for establishing the new facilities, which

Fig. 3 High resolution cryo-EM structures determined in India. In recent years several
near-atomic resolution structures have been determined in India. For example, a shows 3.6 Å
structure of F-actin in complex with commonly used cellular actin marker utrophin (EMD-30085),
b is a 2.9 Å structure of PaaZ, a crucial multidomain enzyme in bacterial phenylacetic acid
degradation pathway (EMDB-9873), and c represents a high-resolution structure (*3.4 Å) of
nascent chain processing protein biogenesis factors in complex with the E. coli 70S ribosome
generated in our lab (unpublished)
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will certainly drive progress in the field. All-in-all, Indian structural biology
community is now geared up for contributing in the field of high-resolution
cryo-EM of biological macromolecules in a grand manner. We look forward to that
picturesque image of cryo-EM research in India.
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