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Guest Editorial

DAE's Leadership in Advancing National Healthcare through lonizing Radiation

Dinesh K Aswal* and Anirudh Chandra

Health, Safety and Environment Group
Bhabha Atomic Research Center, Trombay, Mumbai 400085

* Email: dkaswal@yahoo.com

Dr. Dinesh K Aswal

Introduction: lonizing radiation and nuclear medicine (i.e., use of radioactive substances known as
radionuclides) are integral to modern healthcare, offering critical tools for diagnosing, treating, and
managing a wide range of medical conditions, significantly enhancing patient care and outcomes.
These technologies are indispensable in the fight against cancer, supporting everything from screening
and detection to diagnosis, treatment, and palliative care. Beyond oncology, they are equally crucial
for diagnosing and treating a wide range of conditions, including cardiovascular and neurological
diseases, through routine medical imaging and advanced treatments. In developed countries, which
represent about a quarter of the global population, approximately one in 50 people undergo diagnostic
nuclear medicine procedures annually [1]. Globally, over 10,000 hospitals use radioisotopes for
medical applications, with around 90% of these procedures dedicated to diagnosis. In contrast,
therapeutic use of radioisotopes is less frequent, occurring at about one-tenth the rate of diagnostic
procedures. This editorial explores the role of the Department of Atomic Energy (DAE) in advancing
healthcare through the use of ionizing radiation in the country.

Historical Evolution of Nuclear Medicine: Dr. Homi Jehangir Bhabha, the founding father of India's
nuclear program, played a pivotal role in the formation of the Atomic Energy Commission (AEC) in
1948. The growth of nuclear medicine in India is deeply intertwined with its atomic energy program.
In 1954, Dr. Bhabha founded the Atomic Energy Establishment, Trombay (AEET), which was
renamed Bhabha Atomic Research Centre (BARC) in 1967. BARC developed India's first research
reactor, APSARA, became operational in 1956, followed by the CIRUS reactor in 1960. These
reactors enabled the indigenous production of medical radionuclides like I, %P, and 5!Cr,
particularly enhancing clinical research with radioiodine (**!1). Through its extensive R&D efforts,
BARC started producing and supplying radioisotopes and radiopharmaceuticals to Indian hospitals in
the early 1960s. Since 1989, the Board of Radiation and Isotope Technology (BRIT) has become a
key supplier of nuclear medicine throughout India. Dr. Bhabha also established a radioisotope
laboratory near Grant Medical College in Byculla and secured space at Tata Memorial Hospital for the
Radiation Medicine Centre (RMC), a division of BARC, which was inaugurated on September 3,
1963. Dr. K.N. Jeejeebhoy was appointed as the head, with Dr. R.D. Ganatra, Dr. S.M. Sharma, and
Dr. H. DaCosta as the first physicians [2]. Nobel Laureate Dr. Ernest Lawrence donated the initial
instruments for the facility. Concurrently, in 1956, the Ministry of Defence established the Radiation
Cell at Safdarjung Hospital in Delhi for biomedical research using radioisotopes, led by Lt. Col. Dr.
S.K. Mazumdar [2]. This eventually led to the creation of the Institute of Nuclear Medicine and Allied
Sciences (INMAS), with the foundation stone laid in 1961 and the official dedication in 1964. The
RMC has evolved into a premier R&D center for nuclear medicine and was the first in the country to
install a medical cyclotron in 2002. Since then, many medical cyclotrons have been established across
India, producing vital radioisotopes for diagnostic and therapeutic nuclear medicine procedures.
Figure 1 provides an overview of how ionizing radiation and radioisotopes are generated, processed,
and used in healthcare applications.
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Figure 1. An illustration of how radioisotopes are produced, processed and used in healthcare. (a)
Shows where radioisotopes are produced — either in nuclear reactors, such as Dhruva at BARC or
accelerators — for their production for healthcare applications. (b) These radioisotopes need to be
processed into usable products such as radiopharmaceuticals, brachytherapy sources, teletherapy
sources etc. This happens at processing facilities such as BRIT. (c) Once processed, the various
products are supplied to healthcare facilities for their varied uses as depicted in figure.

lonizing Radiation for Diagnosis: Quality healthcare depends on accurate diagnosis and effective
treatment assessment, with radiation imaging playing a vital role in this process. Diagnosis can be
approached in two primary ways: externally, using ionizing radiation in diagnostic radiology, or
internally, through radioisotopes introduced into the body, known as diagnostic nuclear medicine [3].
Radiography, a common diagnostic radiology tool, uses X-rays to capture images of bones, vessels,
soft tissues, and organs. It is particularly useful for assessing the respiratory system for conditions
such as tuberculosis, pneumonia, and lung diseases, as well as cardiac issues like cardiomegaly and
pericardial effusions. Radiography is also critical for early fracture detection, especially in emergency
and ICU settings where patient mobility is limited. Mammography, another key diagnostic
technique, employs X-ray imaging of the breast for early breast cancer detection. It is also used to
evaluate breast pathologies and monitor patients undergoing breast cancer treatment. Similarly,
fluoroscopy provides real-time X-ray imaging of organs or structures, offering lower radiation doses
compared to CT scans. Although it provides less detailed images, fluoroscopy is valuable for both
diagnostic and therapeutic procedures. Computed Tomography (CT) scans use X-rays to create
cross-sectional images of the body. A CT scanner consists of an X-ray source and detectors that rotate



around the patient to produce detailed images. CT scans are crucial in trauma cases for identifying
intracranial bleeds, brain damage, fractures, and internal injuries not visible externally. They are also
invaluable in oncology for locating tumors and assessing their relationship to surrounding structures,
aiding in treatment planning. Diagnostic Nuclear Medicine on the other hand involves administering
radioisotope-labelled pharmaceuticals to patients for diagnostic or therapeutic purposes. Diagnostic
tracers typically use gamma-emitting radionuclides like technetium-99m (**™Tc) or positron-emitting
ones like fluorine-18 (*¥F). These radiopharmaceuticals localize to specific organs, emitting radiation
from within the body that can be detected using radiation detectors. This principle underlies many
nuclear imaging procedures such as positron emission tomography (PET) and single-photon emission
computerized tomography (SPECT). The metabolic tracer *®F fluorodeoxyglucose (FDG) has become
essential in PET imaging, particularly in oncology.

lonizing Radiation for Therapy: Radiation therapy utilizes high-energy ionizing radiation to damage
the DNA of cancer cells, preventing them from dividing and growing. It can be delivered externally
through machines that direct radiation from outside the body, known as teletherapy, or internally using
sealed radioactive sources placed inside or near the tumour, a method called brachytherapy. In
contrast, nuclear medicine employs unsealed radioactive drugs, or radiopharmaceuticals, which
contain radioisotopes that emit particles such as beta, alpha, or Auger electrons. These drugs are
highly targeted to cancer cells and are used for specific therapeutic purposes. Advancements in
brachytherapy have paralleled those in external radiation therapy. Early methods involved low-dose
rate (LDR) brachytherapy with radium-226 (**°Ra) and radon-222 (*??Ra) sources, which required
several days of treatment and posed challenges related to radiation exposure and disposal. This led to
the development of high-dose rate (HDR) brachytherapy using artificially produced radionuclides like
Cobalt-60 (5°Co) and Iridium-192 (*%2Ir). HDR brachytherapy significantly reduced treatment time
from days to hours and introduced miniature sources and remote after-loading techniques, enhancing
safety and efficiency. Today, radiation therapy has expanded beyond treating inoperable tumours. It
has become the preferred treatment for cancers of the nasopharynx, anal canal, and cervix, often
replacing surgery due to its effectiveness [3]. Targeted radionuclide therapies and theranostics are
another avenue of advances in nuclear medicine. These therapies use radiopharmaceuticals that
deliver therapeutic doses of radiation—alpha, beta, Auger, or conversion electrons—directly to
diseased tissues. By targeting specific biological sites with molecular vectors, these treatments
effectively induce cytotoxicity in tumor cells. Recent developments include the use of radionuclides
like 1311, 32p, 166Hp, 188Re, 77Lu, and *®Y combined with receptor-targeting or immune-derived vectors
to treat various cancers.

Advances have been fuelled by new isotopes produced at the Dhruva reactor at BARC and
made available through the BRIT. This has expanded therapeutic options beyond traditional isotopes
like 311 and 32P. Most notably, Lutetium-177 (*’’Lu) has emerged as a key player in radionuclide
therapy, providing a powerful alternative to radioiodine and significantly impacting cancer treatment
in India. BARC has standardized the production of '/Lu and developed several 7’Lu-based
treatments, making them a cost-effective option for patients [4]. Additionally, BARC has innovated by
sourcing Yttrium-90 (*°Y) from Strontium-90 (*°Sr) recovered from high-level liquid radioactive
waste, demonstrating a successful recovery of valuable resources. The development of a %Sr-*Y
generator and *°Y-based radiopharmaceuticals has advanced clinical cancer treatment options.

Radiation Safety in Healthcare: Safety is a key concern in both nuclear medicine and radiotherapy.
For patients, risks are mitigated by precisely calculating radiation doses and employing advanced
technologies to minimize exposure to healthy tissues. The principles of radiation protection—time,
distance, and shielding—are applied to ensure that radiation exposure remains as low as reasonably
achievable (ALARA). Caregivers are also safeguarded through various safety measures. They use
shielding devices, maintain a safe distance from radiation sources, and limit their exposure time. Strict
safety protocols and comprehensive training are implemented to protect both caregivers and patients
from unnecessary radiation. Regulatory bodies such as the Atomic Energy Regulatory Board (AERB)
and international organizations like the International Commission on Radiological Protection (ICRP)
establish standards and limits to ensure safety from radiation hazards in medical settings. In addition



to regulations, trained experts in medical physics and radiation safety are essential for ensuring safe
radiation exposure in healthcare. The DAE supports this critical need by offering diploma in
radiological physics and other radiation safety certification courses. Graduates of these programs
become medical physicists in nuclear medicine centres, radiation safety officers at various facilities,
and expert technicians in radiography instrumentation, among other health-care related employment
opportunities.

Current State of Nuclear Medicine and Future Requirements: BRIT, a unit of the DAE, provides
various products for nuclear medicine, including **Mo/**™Tc generators, radioiodine, *'’Lu, ***Sm, and
cold kits for scintigraphy studies. Despite these efforts, there is an increasing reliance on imported
supplies for ®Mo/*™Tc generators and certain therapeutic radiopharmaceuticals such as ’Lu PSMA
and 177Lu DOTATATE, which are used to treat prostate and neuroendocrine tumors [5]. Many major
centers continue to depend on these imported resources. Additionally, %8Ge/%®Ga generators, Thallium-
201 (*°'TI), and alpha emitters are not produced domestically and are fully imported for PET and
SPECT imaging and therapy. The demand for these isotopes is anticipated to rise significantly due to
their growing use in cancer treatment.

In 2018, BARC enhanced its radioisotope production capabilities by upgrading the APSARA(U)
reactor, which now produces key theranostic radioisotopes such as ®Cu. Despite this, high costs and
dependence on imported radioisotopes have hindered the advancement of alpha therapy in India. To
address this issue, the DAE has proposed a new nuclear reactor for isotope production through a
public-private partnership, aimed at advancing nuclear medicine and making radionuclide therapies
more affordable for cancer patients [5]. Additionally, to address global shortages of *Mo affecting
gamma imaging, India is developing a LINAC-based system to produce **Mo as an alternative. The
BRIT has also set up a Fission Moly Plant to produce high-specific-activity **Mo domestically,
thereby improving the country’s self-reliance in nuclear medicine.

Over time, the leadership of the DAE in nuclear medicine has led to significant advancements in
research on new radiopharmaceuticals and the establishment of a comprehensive network of
diagnostic and therapeutic centers. Currently, India has 520 operational nuclear medicine centers,
which include 24 medical cyclotrons, over 350 PET-CT scanners, 2 proton therapy machines, and
more than 150 high-dose radionuclide therapy facilities. However, to address the needs of India’s
large population, these facilities will need to undergo further rapid expansion and enhanced in-house
R&D. This effort includes advancements in equipment development and interdisciplinary research
into Al-enabled theranostics, which combines therapy and diagnostics. With focused R&D and
strategic planning, India is expected to achieve self-reliance in nuclear medicine by 2047, in line with
the vision of Viksit Bharat.
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Abstract: Automation refers to the application of technology that reduces the need for human
involvement [1]. It is being implemented in all aspects of modern life. Automation is also
feasible in occupational radiation safety and surveillance programmes. One kind of modern
automation is Internet of Things (10T), defined as technologies with which devices with sensors,
data processing units and software are linked together over internet or any other network [2].
Health Physics Units attached to various nuclear or radiological facilities all over the world are
associated with radiological surveillance and protection of workers and environment. This paper
briefs about application of various loT techniques for automation in environmental and
occupational radiological monitoring and surveillance programmes.

Keywords: Automation, 1oT, MQTT, LoRa, dose rate

1. Introduction: The application of radiation
sources and technologies are increasing with
the advent of numerous beneficial
applications for the society. Environmental
and occupational radiological surveillances
are the paramount requirement of any nuclear
or radiological facility. The objective of these
surveillance programs is to minimize hazards
to the occupational workers, public and
environment from handling radiation sources
while deriving fruitful benefits. The Health
Physics Units attached with various facilities
across the world is mandated to ensure the
safety and protection of workers and
environment. The objectives of surveillance
programme are to (I) protect the environment
and worker against harmful effects of
ionizing radiation (I1) keep all radiation
exposures as low as reasonably achievable
and (I11) ensure regulatory compliance and
keep all radiation exposures to well within
regulatory limits.

Radiation exposures are broadly classified
into two category (a) External exposure,
when radiation source is situated outside the
body and (b) Internal exposure, when
radiation source is situated within tissues and
human beings are exposed. Radiation dose
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rate survey for measurement of ambient dose
rate is the main method of external exposure
surveillance.

Automation is a term for technology
application where human input is minimized.
There are infinite advantages of any
automation process. The most important are
(i) Increased Safety (ii) Increased throughput
or productivity (iii) Improved quality (iv)
Increased predictability (v) Improved
robustness (vi) Reduced direct human cost
and expenses (vii) Reduced cycle time (viii)
Increased accuracy (ix) Relieving humans of
monotonous  repetitive work and  (X)
Increased human freedom to do other things.
These  advantages have important
contribution in reducing radiation exposure
and increasing safety in radiological
installations.

Internet of Things (IoT) is a concept defined
as technologies with which devices with
sensors, data processing units and software
are linked together over internet or any other
network. Based on terrain and/ or
requirements, different types of loT
techniques are utilized. Some of the most
widely used loT technologies are wide area
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General Pocket Radio Services (GPRS) and
local range networks. GPRS based IoT
system uses telecommunication modules
from third-party service providers. It is either
based on Global System for Mobile (GSM)
communication with Subscriber
Identification Module (SIM) or Code
Division Multiple Access (CDMA) with or
without SIM. This has advantages of being
very wide area coverage and limitation of
high dependence on third part operators. On
the other hand, long range private networks
are for dedicated communication within pre-
determined terrain or area. LoRa™ is among
the most utilized private 10T networks. This
has the advantage of user defined hardware
and software modules as well as, independent
of any third-party service provider.

There are other local area network loT
technologies like WiFi and Bluetooth that are
used in systems for implementing short range
connectivity. This paper briefs about
application of both GPRS based and LoRa™
based loT technologies for automation in
environmental and occupational radiological
surveillances programmes.

2. Development of GPRS based Indian
network of environmental radiation
tracking system

Outdoor external dose rate measurements are
carried out for various purposes such as (a)
Environmental baseline studies prior to
operation of any nuclear or radiological
installation (b) During operational stage to
ensure that the radiation levels are within
stipulated limits and the installations do not
release any radioactivity to the environment
(c) Radiation monitoring during Radiological
Emergency situations where presence of
radioactive substances or any air borne
radioactive material in environment is
anticipated (d) Mineral resources survey,
especially for Thorium and Uranium
resources and (e) Academic studies. There
are different types of radiation survey meters
available in this purpose. With the
advancements in GPS technology like low
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power and compact embedded systems,
Radiation survey meters for outdoor
applications are designed with inbuilt Global
Position System (GPS) receivers. Such
systems have the provision of displaying or
storing environmental dose rate data with
GPS tagging. The system developed by
Health Physics Unit, IREL (India) Limited,
Manavalakurichi is a network of GPS tagged
radiation survey meters interfaced with
central server through GPRS mode of
networking to display the real time dose rate
data on maps or GIS based software interface.

2.1. Material and methods for GPRS based
systems

The requirement was to develop a system of
portable radiation survey meters with
sensitive radiation detectors and integral GPS
modules. The dose rate data with GPS data
tagging is to be connected to the server
installed at Health Physics Unit, IREL(India)
Limited, Manavalakurichi with suitable 10T
connectivity. The system developed was
intended for pan India radiation monitoring
and data communication to extend the
application of the system to all nuclear and
radiological facilities in the country. As
GPRS network has extensive coverage and
the network system is spreading across entire
country, this mode of communication was
adopted for the development of the system.

The objective was further enhanced to
explore developing a few radiation survey
meter combined environmental gamma
spectrometer modules with GPS tagging and
GPRS connectivity. The modules shall
generate and GPS tagged dose rate data as
well as ambient gamma spectrum for
monitored location.

There are three different operating protocols
available for GPRS based loT applications.
They are HyperText Transfer Protocol
(HTPP), Constrained Application Protocol
(CoAP) and Message Queuing Telemetry
Transport (MQTT). Each method has
advantages and limitations. A brief summary
of the same is listed below [3-5].
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Table 1. Brief comparison of different data sharing protocols over GPRS

HTPP CoAP MQTT

Advantages Advantages Advantages

Widely supported and | CoAP is specifically | Efficient Publish-Subscribe
ubiquitous. designed for resource- | Model for real time updates.

Human-Readable data formats
Enhanced data security

Request-Response  Model for
web applications.
Operates in Full-duplex,

Bidirectional modes.

constrained devices and
low-power networks.
Binary format and
efficient messaging.
Supports multicast
communication,
allowing multiple
devices to receive the
same message.
Request/Response
model for synchronous
mode of data
transmission.

Low Overhead.

Low bandwidth.

User defined Quality of
Service.

Better data security.
Simplified middleware.
Publish/Subscribe model for
loT uses.

Disadvantages

High Overhead and inefficient for
small payloads or frequent
communication in 0T scenarios.
HTTP relies on long-lived
connections for real-time
updates, which may not be ideal
for constrained devices or
unreliable networks.

HTTP's request-response model
may introduce latency, especially
when multiple round-trips are
required to fetch data or interact
with web services. This latency
may not be acceptable for real-
time loT applications.

Disadvantages
Less Widespread
Adoption.
Limited Middleware.
Reliability Challenges

with unreliable
networks.

Security Considerations
requiring additional
layers.

Less Interoperability
with

other protocols.

Complex translation or
adaptation layers may
be required.

Disadvantages
Efficiency  varies
specific use cases.
Relatively new concept for
developers.

Not as widely
supported as HTPP.

with

used/

Typical applications
Web-based uses.
Security-Intensive Applications.

Typical applications
Resource constrained
systems including low
power loTs.

Typical applications
Real-Time loT Applications.
MQTT is a reliable choice for
large-scale 10T deployments,
with the ability to handle
numerous devices efficiently.
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Among these protocols, Message Queuing
Telemetry Transport (MQTT) was chosen as
preferred  protocol  for  our loT
communication. This has the advantages of
low band width and higher data density.

The detector used in the radiation survey
meters is CsI(TI) scintillator detector of size
10 mm x 10 mm x 10 mm, coupled with
temperature compensated photo diodes was
chosen for radiation detection and
measurement. These detectors have
sensitivity of approximately 80 counts per
second per micro sievert per hour (cps/pUSv h-
1. It has a good stability up 55°C ambient
temperature that is ideal for outdoor
applications. The overall power requirement
is also very less and can be sourced using
batteries or solar panels.

CNS&E Journal Volume 1 (4), July 2024

Additional 10T linkage through WiFi mode
was provided to connect each survey meter
with a tuned android handset (mobile phone).
This feature provided secondary readout and
data logging. Hence the radiation survey
meters could be used as portable backpack
system, The block diagram of INERTS
survey meter is shown in Figure 1.

As a part of prototype system development,
five sensitive environmental radiation survey
meters were fabricated and integrated with
server at HPU, Manavalakurichi. The
instrument has the resolution of 0.001 pSv h
1 and operating range up to 30 uSv ht.

Schematic diagram of Indian Network of
Environmental Radiation Tracking System
(INERTS) is shown in Figure 2.

Touch screen
GPS Receivers & display with data
Antenna ] ‘I input.
Radiation detector Microprocessor - GPRS Module
WiFi Module ﬂ SD Card memory

Power Supply 5V

20000 mAh Liion

Figure 1. Block diagram of INERTS Radiation Surveymeter

Sensitive  GPS module with 6-Channel
receiver, u-blox 7 engine GPS/QZSS 1C/A
and external antenna was used for
incorporating GPS  tagging to the
environmental radiation data.
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Image of INERTS detector module and
survey meter are shown in Figure 3(A) and
3(B).
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{\-& Android h\n\ Android
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Figure 2. Schematic of Indian Network of Environmental Radiation Tracking System
(INERTS).

CsI(T1) 10x10s 30mm
sv

Red
Blue Signal ot
Shield GND

The GPRS services by M/s Bharat Sanchar
Nigam Limited was used for instrument
connectivity with the server. The data
generated by the instrument consisted of
ambient Gamma Spectrum, dose rate
(Hp(10)) , date & time, GPS coordinates and
number of GPS satellites accessed.

Seven portable gamma spectrometers with
radiation dose rate read out was also designed
and fabricated using a more sensitive Nal(TI)
detector of size 25 mm x25 mm. This
instrument can acquire and display ambient
gamma spectrum, dose rate and GPS

Figure 3. (A) Csl(TI) detector module (B) INERTS Survey meter
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coordinates. Images of the same are shown in
Figure 5.

The central server computer is installed at
Health Physics Unit, IREL (India) Limited,
Manavalakurichi. All the data generated by
the portable field instruments are real time
uplinked this server that has a Linux
operating system (OS). The software
interface for data acquisition and interface
was developed using Python programming
language. Both the OS and software
development was done using open source
software to make it adaptable across all
platforms.



Date & Time Status Latitude
09-07-2022 19:59 1 34.15835
09-07-2022 19:59 1 3415336
09-07-2022 20:00 1 3415836
11-07-2022 14:48 1 34148625
11-07-2022 14:48 1 34148625
11-07-2022 14:50 ;| 3414637
11-07-2022 14:50 1 3414827
14-07-2022 13:44 1 33.22301
14-07-2022 13:47 1 33.22298
14-07-2022 13:47 1 33.22297
15-07-2022 18:24 1 34.13869
15-07-2022 18:24 1 3413868
17-07-2022 13:11 1 34581456
17-07-2022 13:12 1 3451454
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Longitude  cps Dose rate pSv h™
7758086 50 0.110
7758097 438 0.110
7758096 40 0.094
7757451 30 0.068
7757452 30 0.062
7757446 28 0.060
7757447 19 0.066
7831451 57 0.121
7831487 58 0.098
78314387 41 0.095
7754009 27 0.054
77.54009 31 0.056
76.79447 22 0.058
76.75448 29 0.061

Figure 4. Sample specimen of data generated by INERTS survey meter.

o

Figure 5. INERTS Gamma Spectrometer combined Radiation Surveymeter models

2.2. Data processing and application for
GIS/ radiation mapping: The data
generated by the Radiation Survey Meters
and Portable Gamma Spectrometers were
extensively used for radiation mapping of
Kanyakumari and Kollam regions which is a
part of Natural High Background Radiation
Areas (NHBRA) in the country. To test the
applicability of the system in different
environmental conditions, radiation mapping
of Ladakh region was also carried out.
Images of the same are shown in Figure 6.

The radiation dose rate data generated by the
INERTS survey meters are extensively used
for generating GIS profiles. Radiation dose
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rate profile of NHBRA of Kanyakumari was
done to test the system in different
radiological conditions with wide variation in
ambient dose rate as well as to quantify
concentration  of radioactive  mineral
Monazite which is the main contributor to the
elevated dose rate in these locations. A
specimen image of Arc GIS profile of
external dose rate (uSv h?) is given in Figure
7. This demonstrates adaptability of data
generated through loT based radiation
surveymeters for user interface applications.
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Figure 6. Radiation mapping of natural high background region of Kanyakumari
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Figure 7. GIS profile of external dose rate at high background radiation area of
Kanyakumari using 10T based surveymeters.
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Radiation mapping of roads of Union
Territory of Ladakh was done using INERTS
surveymeter as backpack system. Real time
monitoring and mapping of dose rate was
done at most of the places, subjected to
availability of GPRS signal.

3. Development of LoRa™ based
integrated radiation monitoring system:
External exposure monitoring which is an
important aspect of occupational radiation
protection in radiological facilities, is done by
different methods. These methods include (a)
Periodic radiation survey of workplaces (b)
Installation of fixed Area Gamma Monitors
and (c) Measurement of actual dose received
by individual worker through use of active or
passive dosimeters. Each methods has its
distinct advantages over others and a
combination of all methods are required for
effective dose management of any radiation
facility.

Periodic radiation survey and fixed location
radiation monitoring are the two main
methods for instantaneous assessment of
radiation dose rate at workplace. The first
method employs extensive use of human
resources and later depends on the number of
instruments installed at various work
locations for accurate monitoring. Till date
installing many fixed radiation monitors
(Area gamma monitors) was impractical due
to cost of instruments and difficulty in
practically accessing each instrument for data
collection or readout. Wired connectivity is
often not feasible in large radiation facilities.
The development of an 10T based Integrated
system of fixed radiation monitors and
accessing all through a single computer is
made towards achieving better radiological
monitoring and dose control at nuclear front
end fuel cycle facilities. The Internet of
Things (IoT) system based on LoRa™
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transmitter working in Indian license free
Industrial Scientific and Medical (ISM)
frequency band of 865-867, 868 MHz is the
most suitable module for interfacing with
semiconductor-based radiation instruments.
TEVISO 51 BG is a semiconductor-based
radiation detector capable of measuring dose
rate between 0.01 pSv h™t to 100 mSv ht,

Teledosimetry or remote dosimetry is a
concept of remotely measuring external dose
received by a radiation worker. This tool is
very effective for remote monitoring and
control of doses in areas where high radiation
exposure is likely. This manuscript describes
the work carried out to develop a system of
15 network linked fixed area monitors and 5
teledosimeters to meet the requirement at
Mineral Separation Plant, IREL (India)
Limited, Manavalakurichi and to study the
feasibility for adapting it for other larger
nuclear and radiological installations.

3.1. Material and methods for local 10T
based radiation monitoring system: The
requirement was to develop a system with
independent local 10T connectivity-based
system where the requirement of GPRS mode
of communication was not necessary.
Instead, local networking options were
studied for effectiveness and reliability.
Various technologies like for Wireless
Fidelity (Wi-Fi), Bluetooth, Zigbee, and
LoRa were considered for our requirements.
A brief comparison of different loT
techniques were made. Considering the
relatively low volume of data, terrain profile
with no line-of-sight configurations and
presence of shielded walls between work
areas and data receiver antenna, LoRa
technique was the most suitable for loT
communication and a system using this mode
of communication was developed.
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Table 2. A brief comparison of different 10T techniques for local area network [6-8].

Ubiquitous and
Wide
availability.
Supports
multiple
devices.

Low to moderate
power
consumption.

Mesh network for
enhanced
reliability.

Strong security
features with AES-
128 encryption.

Features Wi-Fi Bluetooth Zigbee LoRa

Data Rate High Low to Mod Low to Mod Low to Mod

Frequency 24 GHz,5GHz | 24 GHz 865, 915 MHz, 2.4 | 865 MHz

(India) GHz

Range Short Short Short to Mod Long

Power Mod to High Low to Mod Low Low

Consumption

Network Varied Varied Mesh, Star, Tree Star, P2P,

Topology P2MP

Data Security | Strong Strong Strong Basic

Advantages High data rates | Versatile for | Low power, Exceptional
for data | personal area | suitable for battery | low power and
intensive uses. networking. driven devices. long-range

coverage.

Well suited for
sensor- heavy
applications.

Cost- effective

Disadvantages

Limited range
mainly for
indoor use.

Higher power
consumption.

High risk of
interference in
crowded
bands.

Shorter range
compared to Wi-Fi
and LoRa.

Moderate data

rates

High  risk  of
interference
in crowded 2.4
GHz band.

Limited range,
typically up to 100
m indoors.

Lower data rates
compared to  Wi-
Fi.

Relatively
complex
network setup.

Lower data
rates
compared to

Wi-Fi

Slower data
transmission.

Limited use
cases outside of
long-range loT.
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TEVISO 51 BG is a semiconductor-based
radiation detector with sensitivity 5 counts
per minute per microsievert per hour (5 cpm
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per uSv h'?) capable of measuring dose rate
between 0.01uSv h! to 100 mSv h. Images
of LoRA module and BG51 are shown below.

Table 3. Technical specifications of LoRa™ transceiver

Transmitter Details

Transceiver

1W E byte E220

Modulation LoRaTM

Frequency 865-867, 868 ISM

Legal requirement License free

Weight 3 g+ 10 g for 2.5 dBi antenna
Power: Standalone/ Transmitting mode 20 mW / 1W

Operating Voltage 3.7V Dc

Range Max 7 km, typical 3km
Data transmission 0.018- 62.5 kbps
Receiver 8 Channel LoRa WAN with 12dBi antenna

Dose & Dose rate Data refreshing

Once in 10 Second (Maximum)

Number of dosimeters/ area gamma monitors
linked

Maximum 08 @ 10 second data refreshment.
128 @ 3600 second data refreshment

Table 4 Technical specifications of radiation detector

Model Teviso BG 51

Type of detector & Sensitivity Si PIN Diode & 5 cpm/(uSv h'h)
Size & Weight 30mm, 15mm, 7 mm & 2.29
Power <0.01W

Operating Voltage 5-15V Dc

Measurement Range

rer; EBYTE
101413502330

Figure 9. (A) LoRa™ module, (B) TEVISO BG 51

This system consists of 08 No of outdoor
fixed location monitors, 07 No of Indoor

Dose rate 0.001-100 mSv/h
Dose 0.01-100 v
fixed location monitors for work area

monitoring and 05 No of portable
Teledosimeter for individual dose monitoring
purposes. Salient features of the system are
given below.

3.1.1. Fixed Area Outdoor Monitors:
These are standalone system designed for
fixing at outdoor locations without power
supply access. This system consists of a
radiation measurement unit with sensitive
semiconductor detector (Sensitivity: 5 cpm
per uSv h! dose rate) integrated with LoRa
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™ based IoT module. The LoRa™ module is
made up of 1W Ebyte E220 series (865-867
MHz) transceiver with 5dBi LoRa antenna.
The power supply for the same is provided
through an internal 4000mAh Li ion battery
and charged by 3W Mono crystalline solar
panel. The entire system including radiation
measurement unit, 10T module, battery and
solar cell is housed in an ABS enclosure with
IP65 protection standard. Radiation dose rate
data along with battery status, enclosure
internal temperature and humidity is
transmitted once in every 60 minutes through
LoRa™ modulation. The system consumes
very low power (< 20mW) during non-
transmission time and inbuilt power supply
can power the system for two days in the
absence of charging from solar panels.

3.1.2. Fixed Area Indoor Monitors: Indoor
monitors are identical with outdoor devices
except that solar panel is replaced with 17
OLED display for dose rate. This module also
is fitted with 4000 mAh Li ion battery,
charged through external C type USB port.
This instrument is designed for installation at
indoor locations where external power supply
(230 VAC) is available. However, for
locations with sufficient light illumination,
provision to easily convert to solar powered
system through externally mounted panel
adaptors is made. Both outdoor and Indoor
monitors are programmed to transmit
averaged dose rate data every 60 minutes and
has a sensitivity of 0.01uSv h* and upper
limit of 100 mSv ht. The dimension of both
the monitors are 22 cm x 21 cm x 6 cm. and
weight approximately 0.8 kg without clamp
attachment.

3.1.3. Teledosimeters: LoRa™ based loT
technology is adapted for real time dose
monitoring of radiation workers at Monazite
Mineral Separation Plant. Teledosimeters
also uses sensitive semiconductor detector
(sensitivity: 5 cpm per uSv h™! dose rate) and
1W EByte LoRa module with internally
mounted 3 dBi antenna. Internal 4000mAh Li
ion battery is charged through a C-type USB
port. Cumulative dose and dose rate are
transmitted once in every 15 second.
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Teledosimeter has dimension 9 cm x 6 cm X
3cm and weight approximately 0.1 kg.
Images of Outdoor and Indoor monitors are
shown in Figure 10 (A) and (B).

Images of dose rate display of Indoor monitor
and LoRa based Teledosimeters are shown in
Figure 11(A) and (B) respectively.

3.1.4. Installation of fixed monitors and
LoRa receiver gateway: Installation of all
the fixed area monitors were done as per
monitoring requirements. Seven indoor
monitors are installed within  Mineral
Separation Plant locations, considering
potential for presence/accumulation of
Monazite rich material. All the eight outdoor
monitors are installed at various important
environmental locations. One outdoor
monitor is specially installed over Intertidal
zone at Kadiapattanam — Valliyar river mouth
location where monazite rich sand is
deposited. This location is known for high

natural high radiation background ranging 20
— 60 pSv h,

Figure 10. (A) Outdoor monitor with solar panel,
(B) Indoor Monitor with OLED display
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Figure 11. (A) Indoor monitor OLED display, (B)
Teledosimeters



Location of installation of LoRa gateway for
dose & dose rate reception is chosen in such
a way to minimize structure or building
shielding in between field instruments and
receiver. Hence rooftop of tallest buildings
was chosen for installation of LoRa Gateway
system. It was operated continuously,
powered by a 85Ah Lead acid battery
connected with 65 W solar panel for
charging.

The Health Physics Unit, where server
computer is situated is approximately 80 m
away from LoRa gateway installation. As this
distance is on the higher side for Ethernet
cabling, additional pair of 5 Ghz N300
Outdoor Wireless Bridge (802.11a) CPEs
were installed between LoRa gateway and
HPU server. Output of the Wireless bridge is
fed to the server computer at Health Physics
Unit. Among the Licence free ISM band of
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865 -867 MHz, in-house frequency allocation
of eight channels were assigned for fixed area
monitors and mobile teledosimeters to avoid
data interference. Installation at Valliyar river
mouth and LoRa Receiver at tallest building
top are shown in Figure 13(A) and (B).

)| Trans

At plant premise (field AtLoRa Receiver Station At Server (HPU)

Figure 12. Schematic diagram of LoRa based
Integrated Radiation Monitoring System

Table 5. In-house frequency allocation for LoRa™ based radiation monitors

Channel No Frequency Hz Device
0 865062500 Fixed Area Gamma Monitors
1 865402500 Fixed Area Gamma Monitors
2 865985000 Fixed Area Gamma Monitors
3 865742500 Teledosimeters
4 866185000 Teledosimeters
5 866385000 Teledosimeters
6 866585000 Teledosimeters
7 866785000 Teledosimeters

Figure 13. (A) Monitor at Valliyar river mouth, (B) Solar powered LoRa receiver

3.1.5. Data reception, logging, and
analysis: The receiver unit consist of an 8
channel RAK Wireless LoRa™ Gateway
attached with 13 dBi antenna. Radiation data
from eight outdoor monitors, seven indoor
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monitors and five Teledosimeters are
received through LoRa gateway and stored in
the central server kept at Health Physics Unit.
Software for the data  reception and
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processing is done in PYTHON JANGO  3.1.6. Data server and utility software: A
Programming on LINUX Operating System. common server is installed at Health Physics

HEALTH PHYSICS UNIT
IREL(INDIA) LIMITED, MANAVALAKURICHI

AUTOMATED RADIATION MONITORING SYSTEM

Welcome!

To keep connected with us please login with your info

Figure 14. Welcome screen for combined INERTS and IRMS utilities

INTEGRATED RADIATION MONITORING SYSTEM (IRMS)

This system consist of a number of Occupational radiation At present eight outdoor monitors, seven indoor monitors
monitoring instruments linked with central server through and five teledosimeters are integrated with this system.
LoRa mode of Internet of Things (IoT) technology. These

instruments are fitted with sensitive semiconductor array

detectors to generate Hp(10) dose / dose rate data and

share with server in a fixed periodicity.

Figure 15. Login screen for IRMS

. el Area Gamma Monitors @ Home

AGM[Indoor]
Total No Indoor:7

AGM[Indoor] AGM[Indoor]

Online Sensors: 7 Offline Sensors: 0

@ Dashboard

N TeleDosimet

AGM[Outdoor]

AGM[Outdoor] AGM[Outdoor]

Total No of Outdoor:8 Online Sensors: 8 Offline Sensors: 0

Teledosimeter
Total No. Sensors: 5

Figure 16. Dashboard with Instrument status

Teledosimeter Teledosimeter

Online Sensors: 0 Offline Sensors: 5

Alea Galiiig Mons

Device Id: AGMCADEE23F01D8
Present Value: 5.34
24hrs Avg Value: 5.53

Humidity: 73.0
Last Update: 54 minutes ago

@ = @ HUP

Device Id: AGMC4DEE23F01B4 Device Id: AGMC4DEE23F0200 Device Id: AGMC4DEE23F0330
Present Value: 5.96 Present Value: 0.61 Present Value: 21.58
24hrs Avg Value: 5.89 24hrs Avg Value: 0.47 24hrs Avg Value: 20.98
Humidity: 65.0 Humidity: 78.0 Humidity: 66.0

Last Update: 21 minutes ago Last Update: 55 minutes ago Last Update: 46 minutes ago

More info © More info © More info © More info ©

Device Id: AGMC4DEE23F01C4 Device Id: AGMC4DEE23F01D0
Present Value: 1.07 Present Value: 9.74
24hrs Avg Value: 0.98 24hrs Avg Value: 9.48

Humidity: 69.0 Humidity: 69.0
Last Update: 15 minutes ago Last Update: 25 minutes ago

Device id: AGMC4DEE23F021C
Present Value: 8.44
24hrs Avg Value: 8.18
Humidity: 77.0

Last Update: 21 minutes ago

Moreinfo ©

More info © More info ©

Figure 17. Status of radiation instruments
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Unit to receive data from both MQTT based
Indian Network  of Radiation Tracking
System (INERTS) and LoRa based Integrated
Radiation Monitoring System (IRMS).
Figures 14 and 15 shows welcome screen.

Further navigation to both features is
password protected. On accessing Integrated
Radiation Monitoring system,
data from all the 20 radiation instruments are
obtained. are obtained.

The radiation dose rate data can be fetched
from the server and various functions like
trend analysis, averaging, peak identification
etc can be carried as required. Each
instrument transmits dose rate data in every
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months due to significant deposition and
removal of Monazite mineral by strong sea
currents. Images of dose rate profiles of
different locations are shown in Figures 18
and 19.

Indoor monitors display ambient dose rate
caused due to processing of Monazite
mineral. Any increase in dose rate can be
attributed to spilled or stagnant monazite rich
material at plant locations or within
equipment. A visual alarm is set to display
readings in red if current hourly reading
exceeds 1.5 times daily average value.

Similarly, data from teledosimeters consist of
average dose rate and cumulative dose. This

Figure 18. Observed variation of radiation dose rate (uSv h-1) at Valliyar river mouth

Figure 19. Observed variation of radiation dose rate (USv h*) at Monazite reprocessing plant

60 minute and the same is recorded at the
server. Outdoor monitors provide relatively
consistent dose rate data since environmental
variations are mostly negligible. However,
location like Valliyar river mouth manifest
dynamic dose rate profile during Monsoon
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date is transmitted to the server in every 15 —
20 second. This data is very useful for
understanding the dose rate profile of the
radiation worker during the monitoring
period. Dose rate profile of different work
group are shown in Figure 20 and 21.
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Figure 20. Observed radiation dose rate profile of HPU personnel on a monitoring day.

Figure 21. Observed radiation dose rate (uSv h?) profile of Monazite processing plant operator staff

Plant personnel spend more time within
vicinity of Monazite rich material. Hence
dose rate profile as well as cumulative dose
received by them would be higher than other
staff. Real time monitoring of their dose and
dose rate is an effective tool for radiation
exposure control.

4. Accuracy, error and failure analysis of
the 10T based radiation measuring
systems: All the radiation dose/ dose rate
measuring instruments are calibrated with
accuracy of <10%. Calibration of the
fabricated instruments are done at an external
facility with necessary accreditation. The
estimated standard deviation (3c) as well as
least count for portable surveymeters is 0.001
uSv - ht  which is acceptable for
environmental monitoring. The estimated
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standard deviation (3c) as well as least count
for fixed area monitors (both indoor and
outdoor) is 0.1 pSv h? which also is
acceptable for occupational monitoring whim
facility. Accuracy of GPS modules used for
INERTS Surveymeters is approximately 3 m
and subjected to connectivity with satellites.

All the portable instruments are tested for
shock, humidity, static electric and magnetic
field for interference. All the components are
shielded against radio frequency noises
including system generated ones. The
radiation  detectors are  temperature
compensated up to 55°C. All the fixed area
monitors and teledosimeters are specially
designed against system generated RF noises
as well as wide ambient temperature.



Allt portable surveymeters are inbuilt with
internal storage device for primary data
logging. Secondary and tertiary data logging
is done independently at linked Android
phone (WiFi) and at central server computer
(GPRS- MQTT).

5. Conclusions: Internet of Things (loT)
techniques are very wuseful tool for
automation. Effective utilization of these
tools in radiological monitoring, with special
emphasis to very wide area environmental
monitoring (nationwide) and site specific
occupational monitoring are briefed in this
report.

Development and implementation of
automation techniques is demonstrated for
real-time monitoring of occupational and
environmental radiation dose rate through
effective adaptation of latest Internet of
Things (1oT) concepts. GPRS based real-time
tracking system was developed for
environmental radiation dose rate mapping
using CsI(TIl) detector with geo —tagging
features. This was further enhanced with
Spectrometric  capabilities using Nal(TI)
detector. Application of 10T techniques is
demonstrated by monitoring at Natural High
Background radiation Areas in Kanyakumari,
TN of southernmost India. For a comparison
the Ladakh region of northernmost India was
also monitored and mapped..  Portable
Gamma Spectrometer Radiation Survey
meter system with sensitive spectroscopic
Nal(TI) detectors and geo —tagging capability
for real-time monitoring were also designed,
fabricated, tested and demonstrated.

In addition to above, LoRa based 10T system
was developed for real-time radiological
monitoring of plant and premise locations
with semiconductor radiation detector of dose
rate measuring range between 0.01uSv h to
100mSv h*. This included indoor and solar
powered outdoor monitors; the latter is useful
for remote location monitoring where power
source is not available like coastal or
unmanned areas. LoRa based IoT system was
further used for developing Tele-dosimeters
for real-time monitoring of external dose
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received by a radiation worker. This tool is
for effective monitoring and controlling
doses during high dose consuming jobs. The
indigenous software developed for interface
of these automation systems is also
illustrated. This multiple types detectors and
systems interface using loT automation
methodology is a unique developmental work
that has not been reported worldwide in
radiation monitoring applications.  This
developmental work can find numerous
applications in various radiological facilities
with challenging monitoring requirements.

Application of loT concepts to the
radiological monitoring has brought a
measurable level of automation and

improvement within. Important radiation
instruments are in real time interface with the
computer and measured parameters are
analysed continuously. Various data analysis
techniques like mapping, GIS Profiling,
trend, alerts, reporting etc are easily done
without any manual data input. Monitoring of
radiological parameters at remote or difficult
locations are made possible by exploring
wireless data transmission, either through
GPRS or LoRa devices. Measured
parameters are also monitored at different
hierarchy levels for better assessment.

The developments brought forward in this
manuscript would enhance radiological
metrology and bring in appreciable level of
automation in different radiations safety and
monitoring facilities and applications to meet
occupational and environmental radiological
measurements.
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Abstract: This manuscript investigates the DC performance of Ni/Au and Pt/Au Schottky Gate
contacts on 150 nm AlGaN/GaN HEMTs for Ku band applications. Comparison in terms of the
short channel effects (SCEs), in particularly the drain-induced barrier lowering (DIBL),
demonstrate the long-term stability of Ni/Au Schottky contacts for mm-wave applications. To
assess the reliability of the Schottky metal scheme, the fabricated devices were subjected to a high
gate reverse bias step stress of — 30 V with a step of — 5 V. A higher degree of ON-—state resistance
(Ron) degradation for the Pt/Au Schottky contact evinces remarkable performance of Ni/Au

Schottky contacts for mm-Wave applications.

Keywords: AIGaN/GaN HEMT, Barrier Height, Inhomogeneities, Threshold Voltage Shift, OFF

— State Stress, Reliability

1. Introduction: The unique intrinsic
properties of III — Nitrides, in particularly, the
GaN have captured the semiconductor market
for future mm — Wave applications [1]. The
ability to exhibit high carrier mobilities along
with high saturation velocities, make GaN
based devices suitable for mm - Wave
applications [2]. The apparent high
performance of GaN based devices as claimed
[3][4], essentially depend upon various factors.
These include the quality of the epi — layer
stack [5][6], along with the quality and the
metal scheme implemented for the Ohmic and
Schottky contacts [7][8]. The epi — layer
engineering is focused towards minimizing
grain boundaries and epitaxial defects for
boosting the RF performance [6][9]. On the
other hand, Ohmic metal engineering is
specifically focused towards the reduction of
contact resistance for compatibility towards
high — speed operation [7][10], as opposed to
the Schottky contact engineering which has a
specific target towards achieving a lower gate
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leakage current all the while ensuring good
adhesion towards the underlying epi — layer
stack [8][11]. Commonly used metals include
Ti[12], Pt[13], N1 [12], as possible candidates
among the traditional metal stacks to improve
the Schottky parameters such as the barrier
height (@), ideality factor (1)), thermal stability,
and gate leakage current in an effort to improve
the device reliability for mm — Wave
applications. A Pt - based contact, for instance,
as reported exhibits a higher Schottky barrier
height [14][15] compared to the standard
choice employing Ni - based contacts [16-18],
and in essence would benefit power devices for
mm — Wave operation specifically with short
gate lengths as a courtesy of reducing the gate
leakage current. As such, the demand for high
frequency applications propels aggressive
scaling of the GaN HEMTs in an attempt to
target high frequency applications. This,
however, is coupled with short channel effects
(SCEs) due to which, a shorter gate loses its
control over the 2D electron gas (2DEQG)



channel. In this regard, to ascertain long - term
reliability of GaN based devices, good quality
Schottky contacts are required, which is the
basis of this work.

This manuscript focuses on the reliability of
Gate contacts for mm — Wave GaN HEMT
devices sporting a gate length (Lg) of 150 nm.
In this regard, two Schottky metal schemes
based on Ni/Au and Pt/Au are considered, and
the Gate contacts of the fabricated devices are
subjected to a high field reverse bias step stress
in an attempt to deliberately push the devices
towards high gate leakage region. The
manuscript is structured as follows. Section 2
gives a brief description about the fabrication
aspects of the GaN HEMT devices considered
in this work, while the reliability-based studies
considering the two metal schemes are
compiled in Section 3. Finally, the findings of
this study are summarized in Section 4.

2. Experimental Methodology: The epi-layer
structure of the Metal — Organic Chemical
Vapor  Deposition (MOCVD)  based
AlGaN/GaN HEMTs fabricated in this work is
shown in Fig. 1(a). Starting from the SiC
substrate, a 100 nm AIN nucleation layer is
grown to reduce the lattice mismatch. Post the
AIN growth, a 2.2 pum thick GaN buffer is
grown which supports a 22 nm AlGaN barrier
with an Aluminium concentration of 25%. The
SEM micrograph depicting the Gate, Source,
and Drain pad is shown in Fig. 1(b).
Characterizing the epi — layer stack through
hall measurements, reveal a 2DEG
concentration of 1.1 x 10'* cm™ and a carrier
mobility of 1910 cm*V-'s!. The experimental
processing steps are detailed in author’s
previous works [7][8]. A standard Ohmic
metal scheme based on Ti, Al, Ni and Au is
employed which is treated in rapid thermal
annealing (RTA) in N> Ambient at 820 °C for
60 sec, for subsequent alloying. Passivation of
the device is done by SiNx using the plasma-
enhanced chemical vapour deposition
technique (PECVD) and gate slit opening. This
is followed up by the Gate metal deposition
with metal schemes Ni/Au (left - half) and
Pt/Au (right - half) of 3” wafer (as shown in
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Fig. 2) with gate length, L= 150 nm, using the
e-beam evaporation technique [19].

I_IGate

GaN (cap)

SiN,

Source
Drain

AIN (Spacer)

GaN (Buffer)

AIN (Nucleation)

SiC —4H

(2)

(b
Figure 1. (a) Schematic representation, and (b) SEM
Micrograph of the fabricated device having a Gate
Length of 150 nm.

The source-drain terminals are 4 um apart with
a central gate placement. The DC — IV
characterization of the fabricated devices was
carried out using Keysight’s Parametric
Analyzer B1500A, revealing a high current
density (Ips) of 1.05 A/mm and a
transconductance (gm) of 250 mS/mm. The
threshold voltage (Vtu) of the device as
extracted from the transfer characteristics is —
5.8 V, and the ON — Resistance as extracted
from the output characteristics is 3.3 Q.mm.
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Figure 2. Schematic representation of 3-inch wafer
with both (Pt/Au and Ni/Au) metal schemes.

To check the uniformity of the fabricated
devices, six devices were characterized on
each side of the wafer as shown in Fig. 2. The
resulting DC characteristics of these devices
are summarized in Table 1. It is observed that
the maximum drain current (Ips), peak
transconductance (gm), and the pinch — off
voltage (Vtu) measured across 6 locations on
each side of the wafer have a lower degree of
deviation from their mean values, indicating a
higher degree of uniformity throughout the
wafer.

Table 1. List of parameters of measured devices at
different positions with both the metal schemes

Parameters
Location Ibs gm V1a
(A/mm) (mS/mm) V)
A 1.050 250 -5.80
I 1.045 248 -5.82
H 1.040 245 -5.82
J 1.044 248 -5.85
K 1.048 246 -5.80
L 1.042 244 -5.83
B 1.035 245 -5.80
C 1.032 243 -5.85
D 1.031 240 -5.80
E 1.028 241 -5.95
F 1.035 242 -5.80
G 1.030 238 -5.82

3. Results & Discussions

This section compares the Ni/Au and Pt/Au
Schottky metal schemes in terms of two and
three terminal characteristics followed by the
reliability assessment as a means of validating
and testing the fabricated AlGaN/GaN HEMT
devices for mm-Wave applications.
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3.1. Two terminal diode measurements

Forward and reverse characteristics of the
Schottky diode of metal Ni/Au and Pt/Au are
shown in Fig. 3. The Schottky parameters (®g
and 1) of the two metal schemes were extracted
(compiled in Table 2) using the thermionic
emission (TE) [20] model at room temperature
(T =27 °C) by employing the standard diode
Equation (1) and Equation (2):

- QV—IRp \ 1
I=1s [exp (S )1] (1)
Is = AA*T? exp (—q Pp/ kT) 2)

Where, q  : carrier charge,
k : Boltzmann’s constant,
T : Temperature,
®gp : Schottky barrier height,
n :ideality factor,
A : diode area,
IRp : voltage drop across the diode,
Is : reverse saturation current, and
A* : Richardson constant for AIGaN
107
glo4
§ 107 '|
5 10"‘-|
U 7
£1071 —=—ni/Au
o] 10 —®—Pt/Au
1
10° i i i .
20 16 -12 8 4 0

Gate Voltage (V)
Figure 3. Two terminals forward and reverse
characteristics for Ni/Au and Pt/Au Schottky metal
schemes.

Table 2. Comparison of Schottky Parameters for
the two metal schemes.

Schottky Parameters
Metal ¢ B (eV) n
Ni/Au 0.562 1.28
Pt/Au 0.635 1.25

As shown in Table 2, Pt/Au metal has a higher
barrier height and lower ideality factor
compared to Ni/Au. This is due to the high
work function of Pt metal [21, 22]. From Fig.
3, Pt/Au metal scheme has a lower leakage
current compared to Ni/Au. This is due to
metal-semiconductor surface inhomogeneities



and the higher metal work function of Pt metal
[23-25].

3.2. Three terminal device measurements

Output Characteristics of Lg = 150 nm,
Wg =6 x 100 um AlGaN GaN HEMT are
shown Fig. 4 (a) and (b). The maximum drain
current is 1.050 A/mm and 1.035 A/mm and
transconductance is 250 mS/mm and, 245
mS/mm with Pt/Au and Ni/Au metal schemes,
respectively.
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Figure 4. Impact of Ni/Au and Pt/Au Schottky metal
schemes on (a) Output, and (b) Transfer
characteristics of AlGaN/GaN HEMTs.

When the gate length is small in comparison to
the barrier layer, aspect ratio (Lc/tBarrier) < 15,
Short channel effects play a very important
role [26, 27]. Here, with L= 150 nm and a
barrier with 25 nm, the aspect ratio is 6. At
higher drain to source voltage, Vps (>10V), the
confinement of the charge carrier becomes
poor [27]. As shown in Fig. 5, with the increase
in Vps, a strong Vx shift is observed. To pinch
off the channel, the gate depletion region needs
to be extended which results in a shift in Vn.
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In shorter gate length devices, as Vbps
increases, a high electric field drifts the charge
carriers and the gate loses the control of flow
of charge carriers and this phenomenon is
known as drain-induced barrier lowering
(DIBL) [24-27].
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Figure 5. Spread of Vru extracted at 1 mA/mm as a
function of drain bias (Vps) for the two Schottky
metal schemes for large periphery GaN HEMT
devices.
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Figure 6. Transfer characteristics of 6x100 pm
AlGaN/GaN HEMT at different Vps (0.1, 1, 6, 10, 15
and 20 V) with Lc=150nm (Vs swept from -12 to 0
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V), for (a) Ni/Au, and (b) Pt/Au Schottky Gate
contacts.

Figures 6 (a) and (b) show that Pt/Au has a
higher Vtu compared to Ni/Au. This may be
due to Metal Semiconductor interface
inhomogeneities [21, 22]. This shows that, in
high voltage applications, the device with
Pt/Au-based Schottky contact, shows a
degradation in the device performance against
the Ni/Au-based contact.

3.3. RF characterization

The device current gain(|H21|) of both the
metal schemes is shown in Fig. 7. The device
with Ni/Au and Pt/Au metal schemes has
cutoff frequencies (Fr) of 38 GHz and 36 GHz,
respectively. The maximum unilateral gain
(MUG) indicates the maximum oscillating
frequency (Fmax) of the device, which is 60
GHz for the Ni/Au and 54 GHz for the Pt/Au
scheme. Accordingly, the Ni/Au based metal
scheme points towards achieving a better RF
performance owing to its lower gate resistance
compared to the Pt/Au metal scheme.

N — Ni/Au '
& Pt/Au
o 20
-]
E 15+ o
% 10- Fm:t\
= 5] V,=-42V ,
V,=10V Y
0 T ““ T
10° 10" 10"
Frequency (Hz)

Figure 7. RF characteristics of the devices with
Ni/Au and Pt/Au metal schemes.

3.4. Reverse bias step stress measurement
In the step stress measurement method,
stress is applied to the gate terminal over some
time, and gate current is observed. In this
experiment, the Vgs is stepped up by -5V, and
the gate current is observed for 120 seconds.
The results of high reverse bias gate voltage
step stress are shown in Fig. 8 (a) and (b). The
findings suggest that leakage remains
recoverable up to a gate voltage of -20V,
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attributed to the trapping of electrons beneath
the gate region. Above -20V, the gate current
becomes noisy and undergoes a significant
increase, signaling degradation in device
performance in both the metal scheme Ni/Au
and Pt/Au as shown in Fig. 8(a). Gate voltage

exceeding 25V (absolute value) shows
irreversible degradation.
10721 3 .
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Figure 8. Reverse bias step stress scheme depicting
(a) evolution of Gate current as a function of
transient time, and (b) impact on Ron calculated post
high field stress.

As high voltage is applied to the gate terminal,
the vertical electric field in the device increases
which induces paths for current and rise in the
gate current is observed [30-33]. Also, a high
electric field deteriorates the crystallography
of the barrier layer and induces an inverse
piezoelectric phenomenon. However, due to
M-S interface inhomogeneities, Pt/Au shows a
higher leakage current rise compared to Ni/Au.



Also, Zanoni et al. [32] reported through
electroluminescence (EL) analysis that hot
spot formation at the gate edge under high
reverse bias contributes to the rise in leakage
current. DC characterization is carried out
before and after each step of stress. To observe
the current collapse phenomenon, or more
appropriately an increase in the On-resistance
(Ron) of the device. Fig. 8(b) shows the
increase in the Ron after stress in both cases.
Table 3, summarizes the change in the
parameter after stress.

Table 3. Change in device parameters before and
ost high field electrical stress.

Parameters Metal Scheme
Ni/Au Pt/Au
Ins Before Stress 1000 1060
(mA/mm) After Stress 980 980
Change (%) 2 8
Rox Before Stress 3.65 3.62
After Stress 4.50 5.0
(Q'mm)
Change (%) 23.28 38.12

A significant change (in %) with Pt/Au-based
contact is observed compared to Ni/Au post-
high voltage reverse bias step stress.
Chakraborty et al. [34] have also reported that
Pt/Au-based Schottky gate contact tends to
degrade with temperature and electrical stress
compared to Ni/Au-based contacts.

4. Conclusions

Ni/Au and Pt/Au-based Schottky Gate
contacts were realized on epi-layer stack
consisting of AlGaN/GaN HEMTs for
targeting mm—Wave applications. While the
initial comparison based on Schottky
parameters points towards Pt/Au to be the
preferred choice for Gate contacts due to
comparatively higher barrier height and lower
gate leakage current, the Ni/Au-based contacts
as investigated exhibit better reliability when
subjected to a high field stress. A reverse bias
strep stress subjected to two metal schemes
reveals a degradation of 8% and ~38% in Ipss
and Ron, respectively in the case of Pt/Au
contacts against the 2% and ~24% degradation
recorded in Ni/Au contacts for the Ipss and
Ron, respectively. In addition to these, due to
the improvement in barrier inhomogeneities
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with the Ni/Au-based contact, the GaN HEMT
with Ni-based contacts demonstrate a smaller
spread in Vru with applied drain bias, pointing
towards a better suppression of the SCEs
compared to the Pt-based contacts. These
results point towards the remarkable
performance of Ni/Au-based Schottky metal
contacts for Ku—band applications.
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Abstract: The nanocomposite polymer electrolytes (NCPEs) are receiving special attention,
especially within the realm of Solid-State Ionics by virtue of potential applications in innovative
ionic devices (electrochemical devices) like Smart windows, sensors, high-powered batteries, fuel
cells, and supercapacitors. etc. Using nanocomposite constituents, a versatile and robust approach
has been developed to achieve novel nanocomposite polymer electrolytes (NCPEs) with tailored
structural, thermal, mechanical, electrical, and electrochemical characteristics. This study
describes the techniques used for the synthesis of inorganic fillers such as ceramic, ferrites
nanoparticle, and nanocomposite polymer electrolyte films and their characterizations with
emphasis on the sol-gel technique as it pertains to in this work. Different characterizing techniques
related to current investigations like XRD, Optical Microscopy, SEM, IR(FTIR), DSC, CV and
electrical characterization techniques like Wagner’s polarization, impedance spectroscopy,
dielectric spectroscopy and modulus spectroscopy have been briefly discussed to allow an amateur
to understand the importance of these techniques in materials research in general.

Keywords: Nanocomposite Polymer Electrolytes, Electrochemical Devices, Impedance
Spectroscopy, Modulus Spectroscopy.

1. Introduction: Materials science, organic  technique for generating polymer
chemistry, inorganic chemistry, polymer  nanocomposites. Instead, synthesis techniques
science, and electrochemistry are all included  for nanocomposites are very different from
in the highly specialised multidisciplinary  those for ordinary micro scale-filled
topic of polymer nanocomposite electrolyte composites. To form, each polymer system
science. This field has attracted the attentionof =~ could need a unique set of processing
both academics and industry professionals for conditions, and different synthesis methods
the last three decades due to the bright might generally provide non-equivalent
applications of these electrolytes. The outcomes. Keeping this fact in mind all the
synthesis and characterization of polymer  techniques used in the present investigation for
nanocomposite electrolyte involves various  development of nanocomposite polymer
physio-chemical experimental techniques [1-  electrolytes have been briefly overviewed to
3]. Synthesis techniques that affect the enable a fresher to understand the basics of
regulation of particle size distribution,  these techniques. To develop a material with
dispersion, and interfacial interactions are desirable properties, it 1is essential to
essential to realising the unique features of  characterize it. Characterization of materials
polymer nanocomposite electrolytes. Because encompasses the delineation of all attributes
each system differs in physiochemistry, it is  pertaining to the composition, structure, and
impossible to create a single, universal other relevant properties of a specific material
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composition that are necessary for replicating
a material with a desired characteristic. Within
the framework of nanocomposite polymer
electrolytes, it is essential to study interaction
among components, their morphology, thermal
behavior, electrochemical behavior, and ion
conducting properties. Thus, all the techniques
associated with these investigations have also
been reviewed to make the presentation
comprehensive. Because of its potential use in
cutting-edge electrochemical devices such as
efficient fuel cells, high-performance batteries,
supercapacitors, sensors, and smart windows,
nanocomposite polymer electrolyte materials
(NCPEs) have drawn interest recently.

When it comes to thin-film -electrolytes
(NCPE?s), there are several benefits over liquid
electrolytes. These include reduced corrosion
and superior thermal stability, lightweight with
excellent mechanical properties, flexibility,
ease of manufacturing and processing, and the
ability to establish effective electrode-
electrolyte contact. A polymer -electrolyte
based on polyethylene oxide (PEO) and
utilising plasticizer, inorganic filler, and alkali
salts has been thoroughly investigated.
Anion/cation mobility has been demonstrated
to occur in the amorphous phase, and its
dispersion is facilitated by a multifaceted
process involving PEO segmental mobility. To
prevent crystallisation, the pure polymer
structure must be altered, salt must be added,
or regular packing must be inhibited by one or
more plasticizers or fillers. Filler added to the
PEO/(PEO-+salt) matrix is expected to improve
PEO's polar properties and increase its
electrical conductivity. Filler could be in
different places in this system. It can
preferentially enter amorphous areas of the
polymer and substitute itself on the polymer
chain at crystalline or amorphous borders.
Furthermore, Magnetic resonance imaging
contrast agents, DNA separation, tissue
engineering, hyperthermia and magnetic drug
targeting have all demonstrated the value of
nanoparticles. Because of their special
electrical, magnetic, and optical properties,
materials with nanoscale microstructures—
also known as nanocrystalline materials or
nano-composites—are currently seemly more
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and more significant in terms of technology.
Composite polymer electrolytes, such as nano-
composite polymer electrolytes (NCPEs), have
undergone thorough investigation within the
field of electrochemical applications, owing to
their capability to improve ionic conductivity.
Incorporating another component into these
electrolytes, like inorganic/ceramic material, a
ferroelectric substance is a common practice in
composite polymer electrolytes (CPE). This
augmentation aims to enhance the mechanical,
electrical, and optical characteristics of the
electrolytes. This multifunctional response of
material may hold great promise for the
development of better materials for electrical
and mechanical devices, such as Seals, sensors,
loudspeakers, dampers, and magneto-resistive
damping. High magneto-electronic sensitivity
is seen in polymer ferrite nano-composite films
due to the strong magnetism of the filler
components. These polymer magnets are
widely employed in many different industries,
such as audio equipment, home tools, and

electronic and communications devices.
Ferrites' characteristics render them an
effective filler for the creating nano-

composites intended for electrochemical uses,
including PEM fuel cells and regulated
medication distribution systems. We have
explored how drug delivery systems can be
designed to adjust their delivery rate in
response to changes in the surrounding
environment, which is one of two approaches.
Specifically, our research has focused on
understanding the transport properties and
structure of nano-dispersed proton-conducting
polymer composite electrolytes (NCPEs)
under varying conditions. The soft chemical
process (sol-gel method) was used to create the
material at the nanoscale. SEM, optical
microscopy, DSC, and X-ray diffraction
(XRD) have all been used in morphological
and structural studies of CPE. Impedance
spectroscopy was utilized to assess the
electrical conductivity of the solution.

2. Materials and Methodology: Polymeric
nanocomposite  electrolytes based on
polyethylene oxide (PEO) (M.W. ~6x10°,
ACROS Organics) have garnered extensive



research attention. This is primarily attributed
to their singular helical structure, which
promotes rapid ion transport and facilitates
ionic conduction [4-6]. PEO has an inverse
solubility relationship in the vicinity of the
water's boiling point, despite being fully
soluble in both warm and cold water [7]. Thus,
at 98°C, the resin becomes insoluble in water
and precipitates. In solution, PEO gives a pH
ranging from 6.5 to 7.5 and is completely
soluble in certain organic solvents such as
chlorinated hydrocarbons. Limited solubility
exists in a wide variety of other organic
solvents e.g. acetone, anisole, butanol, butyl
acetate, ethanol, isopropanol etc. The degree
of crystallinity is likely to vary during material
processing such as shearing and tableting.
Electrochemically, they are classified as non -
ionic polymers. The decomposition products
of PEO are carbon monoxide and carbon
dioxide [8]. They have a bulk density of, 500
kg/m® and contain less than 3% of silicon
dioxide and 1% of volatiles. PEOs are tough,
crystalline polymers at room temperature, and
their glass transition temperature decreases
slightly with increasing molecular weight
from -45 to -53 'C. They are nontoxic,
nonirritant, and do not generate residue,
sediment, or vaporous elements [9].
Nonetheless, the conductivity of the
electrolyte based on PEO is restricted by high
crystalline  phase  concentration.  This
phenomenon primarily arises from the
fundamental necessity for conduction,
wherein the motion of ions is intricately linked
to the segmental motion of flexible amorphous
polymer phases [10-12]. Despite PEO's
widespread industrial use and significance, the
ionic conduction mechanism is still unclear.
These favorable properties, unresolved
condition mechanism and broad applicability
of this polymer ranging from drug delivery
systems [13] to super capacitors and solid-
state batteries prompted to consider PEO as
the host matrix for formation of
nanocomposite polymer electrolytes. With the
mindset of developing proton conducting
electrolytes among various alkali salts
ammonium  salt namely = Ammonium
thiocyanate (NH4SCN, Rankem India) of AR
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grade was selected for synthesis of polymer
electrolytes and nanocomposite polymer
electrolytes [14, 15]. Preference to NH4SCN
was given owing to its following distinctive
properties. It readily dissolves in water,
alcohol, methanol, and acetone. It is
possessing low dissociation energy and easily
dissociated on the application of small DC
potential. It also contains smaller cation size
and bigger anionic size. It is easily melted at
149.5°C temperature and PH ranging between
4.5 to 6.0. Among the varieties of solvent
water was taken as solvent to prepare polymer
electrolytes and nanocomposite polymer
electrolytes. The most prevalent substance on
Earth, water was chosen as a protic and polar
solvent for the creation of electrolytes because
of its advantageous formation film-forming
qualities. According to survey of literature
varieties of inorganic oxides have been tried to
develop composite polymer electrolytes like
NiOy, TiO2, SiO2, ALLOs, BaTiOs, SrTiOs3 etc.
[16-26]. Among these dispersoids, SiO> was
undertaken as dopant filler for the
development of NCPE owing their most
abundance on Earth surface and it’s
possessing acidic behavior of filler particles.
Besides the new varieties of dispersoid,
namely, ferrites, was chosen in present
studies. Among the various inorganic/organic
inert fillers, ferroelectric fillers (ferrites) can
be used as filler particles due their unique
properties. Within the class of inorganic
fillers, ferrite is thought to be another strong
candidate for the formation of NCPE due to its
fascinating structural and electrical properties.
Filler particles are drawn to ferrite's high
dielectric  constant below the Curie
temperature. Additionally, it exhibits super
paramagnetic behaviour, which opens new
uses for polymer electrolytes in the
biomedical, tissue engineering, and drug
delivery fields. After the materials selection,
the next stage of experimental investigation
involves synthesis of nanoparticles followed
by development of electrolytes.

2.1. Synthesis of Nano Dispersoids: Over the
year’s variety of techniques have involved for
the development of nano fillers and
electrolytes as outlined under Chemical



reaction technique, heat-assisted chemical
reaction  technique, sol-gel technique,
chemical precipitation, hydrothermal
technique, chemical vapor deposition, laser
ablation technique, arc dis-arc technique, ball
milling technique, solution combination
method, and ultrasonic technique. Among
these techniques sol gel technique is relatively
low-cost simple technique and has been
preferred for present investigations. In
general, ceramic oxides can be produced using
the sol-gel method, employing both ex-situ
and in-situ approaches. In the current study, an
ex-situ process has been selected for the
development of ferrite filler nanoparticles.
However, silica nano-dispersoids were
synthesized using an in-situ process. The nano
size ferrite powder was synthesized following
wet chemistry route (sol-gel process). A
variety of nitrates, such as AI(NOs3)2-6H>0,
Mg(NO3)2:6H20, Fe(NO3)3-9H.O, and
Zn(NO3)2-6H>0 (all in AR grade), have been
employed as starting reagents to generate
Aly+, Mg+, Fes+, Zn?*+, and Fe?+ ions in a
liquid solution. In this process, Al, Zn, Mg,
and Fe nitrates (Rankem India) were dissolved
in a mixture of water and ethanol, followed by
the gradual addition of tetraethoxysilane
(TEOS) and mixing at room temperature for a
duration of 50-60 hours, with the molar ratio
of EtOH = 3: 1: 10 TEOS: H20 [27,28]. The
solution's pH was maintained between two and
three. At 40°C, the sols were left to gel.
Following jellification, it was dried for fifty
hours at 150 degrees Celsius. The powdered
gels were then heated in a Canthal high
temperature furnace to 700°C for three hours
and 1000°C for two hours. To create fine
ferrite powder (such as Zn ferrite nano power,
Mg-Zn ferrite, and Al-Zn ferrite), the dried
material was crushed. Tetraethyl orthosilicate
(TEQS, Aldrich) was utilized as the starting
material, ethanol as the solvent, and ammonia
solution as a catalyst to create ceramic filler
(Si02). TEOS wunderwent a two-step
hydrolysis process to generate nano fillers of
SiO2. Through the implementation of a two-
step sol-gel method, nanosized ceramic filler
(Si02) was created. The sol-gel solution
formed was continuously agitated for a
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duration of ten hours while being mixed in a
stoichiometric manner in PEO solution (PEO
disintegrated in de-ionized (DI) water at
40°C). Afterwards, we add salt (NH4SCN) to
the PEO-S10; solution in the calculated ratio.
Finally, a polypropylene dish was filled with
this gelatinous polymer solution. Additionally,
NH4SCN was mixed stoichiometrically to a
solution of PEO and SiO; in DI water to
synthesise the polymer electrolyte sheets.
Ultimately, room temperature drying of the
solution cast film produced free-standing CPE
films.

2.2. Sol-Gel Technique: The so-called sol-gel
process involves the addition of polymers or
gellifying chemicals, the development of an
accompanying network of polymeric or
polymetallic species in situ during the drying
phase, or both. The acronym "sol-gel"
originates from the term "solution-gelling,"
denoting the fundamental concept of the
process where a liquid phase containing
dissolved precursors transforms into a solid
state via series of chemical reactions,
including polymerization [29-33]. The term
"sol-gel," which is another name for "wet-
chemical," describes a broad range of reaction
techniques used in the manufacture of
numerous distinct products using a diverse
range of chemical precursors [34]. Kakihana
states that there are basically three types of sol
gel routes: (a) colloidal sol-gel route; (b)
inorganic sol-gel routes and (¢) organic sol-gel
routes [35] and briefly outlined below.

2.2.1. Colloidal Sol-Gel Method: This
method requires the dispersion of colloidal
particles. By managing the steric or
electrostatic transactions among the colloidal
particles, the sol can be transformed into a gel
[36-37]. The colloidal sol-gel method is
known as a "physical" gel pathway due to the
prevalence of real forces such as Van Der
Waals forces, electrostatic forces, and
Brownian motion in the inter particle
interactions within these sols.

2.2.2. Inorganic Sol-Gel Method: There are
essentially two methods for creating inorganic
polymeric oxide gels: either using metal
alkoxides dissolved in organic solutions or



using metal salts mixed in organic or aqueous
solutions stabilised with chelating ligands. The
strong electropositive nature of the metal
cations dominates the chemistry in both
situations.

2.2.3. Organic Sol-Gel Method: An organic
polymeric network is formed in the third sol-
gel pathway. There are two ways to go about
doing this. The first is an "in-situ"
polymerization method in which organic
monomers are polymerized to create the gel
network. When performed in with metal ions,
it is expected that all metal ions will be
uniformly distributed throughout the organic
polymeric network. The term "polymerized
complex method" refers to a procedure that
combines "in-situ" polymerization with the
creation of metal-chelate complexes. The
alternative method, known as "polymer
precursor method," involves forming a thick
solution containing metal ions, polymers, and
a suitable solvent. The procedure includes
creating the initial solution, forming a gel,
converting  organic  materials  through
pyrolysis, and producing an amorphous oxide
with low-temperature heat treatment; followed
by compaction and transformation into the
desired oxide phase with high-temperature
heat treatment. An adaptable strategy for
producing nanocomposite materials that
conduct protons involves incorporating
inorganic substances into a polymer membrane
through in situ synthesis using the sol-gel
technique [38]. It allows for low-temperature
synthesis at nano- to sub-micrometer sizes, and
the membranes produced by this process are
often homogenous. The procedure should
ideally start at room temperature when a
molecular precursor solution is infused in the
polymer matrix. The aqueous solution within
the membrane proceeds to interact with the
inorganic molecules, leading to the hydrolysis
of the penetrating inorganic precursor.
Subsequently, the membranes undergo
treatment with suitable reagents to complete
the condensation reactions. Presently, common
precursors employed in the formation of
hybrid organic—inorganic composites include
TMOS and TEOS. These precursors typically
exhibit limited compatibility with
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biopolymers, posing a challenge when
utilizing them. These precursors are poorly
soluble in water, which makes the supplement
of organic solvents necessary and the source of
the constraints. Additionally, alcohol is
produced during the sol-gel process, and these
precursors must operate in conditions with
extremely high or low pH.

The formation of silica nanocomposite
materials can be shown by the following
scheme:

Precursor + HoO Hydrolysis — Silanols
Condensation — Sol Cross-linking — Gel
The plan consists of three main phases [39-40]
(i) The hydrolysis of the alkoxide occurs
following its combination with water.

(i1) Condensation of the siliconol hydrolysis
products results in oligomers organised in the
shape of sol particles.

(ii1) The sol particles cross-linking, which
causes a change into a gel state.

The following reaction provides a general
illustration of hydrolysis:

Si(OR)4 + nH,0
- (HO™)nSi(—OR)4_,nHOR ...........(1)
Where R = hydrocarbon radical and n < 4.
An alkoxyl group is substituted with a
hydroxyl group to produce a silanol group (Si-
OH). A silanol group acts as the exclusive
mediator of condensation, with two primary
pathways identified by the general reactions
that follow:
(RO —)4_,Si(—OH)n
+ (HO —)nSi(—=O0R)4—n
= (0H)p-1(RO =)4-nSi =0
— Si(=0R)4-n(0H)y—4
+ H,0 ... e ee ... (2)
and
Si(—OR)4 + (HO —),Si(—OR)4_,
- (RO —)3Si—0
— Si(—OR)4_,(OH),_4 + HO
—R.........(3)
The result in each case is a dimer consisting of
a few silicon atoms connected by a siloxane
link. Condensation reactions involving the
dimer can result in the creation of a trimer,



tetramer, and further. However, the process
ends there, leaving only oligomers, or
oligosiloxanes, as the product. They are
ordered as colloid particles with nanoscale
dimensions (sol) in the bulk fluid. The
resilience of the sol to the coagulation at
almost neutral pH is influenced by the negative
charge on the particle surface.

The linking of particles constitutes the third
phase, where the sol-gel transition occurs. This
is facilitated by the condensation reactions (2)
and (3), which cross-link them; a catalyst is
typically needed to accelerate this process.
Processing is frequently started by adding acid
or alkali to the solution because the
coagulation's negative charge, which is pH-
dependent, causes the sol stability.

2.3 Synthesis of Polymer Electrolyte/
Nanocomposite  Polymer  Electrolytes
(NCPEs): Many methods have been
developed throughout the years after the initial
study on polymer electrolytes. The prominent
over are, Solution cast technique, Sol-gel
technique in liquid electrolyte medium,
Polymerization in the presence of liquid
electrolyte medium, Soaking of liquid
(LML)/liquid  electrolyte  in  polymer
Electrolyte/Polymer matrix and  Phase
inversion method.

2.3.1. Solution Cast Technique: Many
methods have been developed throughout the
years after the initial study on polymer
electrolytes. Solution cast method is the most
common, easy to use and cheapest technique
used for preparation of polymer electrolyte
films. Comparative study for the synthesis of
nanocomposite polymers i.e.

Sol-Gel Processing of Polymers book provides
a comprehensive introduction to the sol-gel
technique applied specifically to polymers. It
covers fundamental principles, processing
methods, and  applications, including
nanocomposite  synthesis [41].  Sol-Gel
Science: The Physics and Chemistry of Sol-
Gel Processing book  discusses the
fundamental science behind sol-gel processes.
It covers both inorganic and organic-inorganic

201

CNS&E Journal Volume 1 (4), July 2024

hybrid materials, providing a solid foundation
for understanding the sol-gel technique [42].
Sol-Gel Nanocomposites review article
discusses the synthesis and properties of
nanocomposites prepared using the sol-gel
technique. It highlights the advantages of sol-
gel processing in achieving nanoscale control
over material properties [43]. In this method,
stoichiometric proportions of the polymer and
additive salt/acid are mixed separately in
suitable selected solvent. The two solutions
are subsequently mixed and stirred together for
certain duration of time at elevated
temperature to form homogeneous viscous
solution. Third component filler particle are
dispersed heterogeneously to achieve the
composite polymer electrolyte and
continuously stirred for 8-10 h. This solution is
then cast on a Teflon/Polycarbonate mould to
remove solvent by slow evaporation in air at
room temperature. This solution cast film was
first dried in a BOD incubator at a constant
temperature of 30 °C to produce the solvent
free-standing films of NCPEs. It was then
dried in a vacuum. It is already widely known
that the type of solvent used, how quickly the
solvent is removed, and the presence of
leftover solvent all have a substantial influence
on the morphology of the resulting polymer
electrolytes. In addition, present impurities
(mostly water), atmospheric condition and
thermal treatment history further complicated
the situation. Thus, it is essential to overcome
these problems so that all the complexes same
type exhibits similar phase diagram and other
related properties. Therefore, consistency is
extremely important while using this technique
for preparation of polymer complexes.
However, in practice there are no universally
acceptable common criteria. Although several
other techniques have been adopted by various
researchers, they have not gained popularity
due to their inherent drawbacks. In conclusion,
it 1s possible to produce polymer electrolyte
films of the required thickness with consistent
reproducibility by carefully choosing the
solvents and managing the entire synthesis
process. Considering this, the solution casting
technique has been wused in the present
investigation (Figure-1).
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Figure-1 Synthesis of nanocomposite
polymer electrolyte films

3. Characterization Techniques: As
mentioned in previous section, it is necessary
to characterize the material for structure,
morphology, thermal behavior & mechanical,
electrochemical, and electrical behavior to
draw precise structure property correlation
ship. This is pertinent to draw conclusion
regarding applicability of materials in devices.
Within the framework of ionic materials
following techniques are usually employed to
characteristics the material.

e Structure and Morphology:

Optical microscopy, Infrared (IR)
spectroscopy, Electron microscopy: SEM,
TEM, and X-ray diffraction.

e Thermal Characterizations
Thermo-gravimetric  analysis, Differential
thermal analysis and Differential scanning
calorimetry, DMA/TMA, and Thermo-
electrometry.

Ion transport (Macroscopic)—Electrical
Characterization Techniques
Transference and mobility measurement
Wagner’s polarization, Hittorf electrolysis,
Coulometric  analysis, combined ac/dc
technique,  Electro-gravimetric  analysis,
Transient ionic current measurement, and TCP
and Electro-chemical potential measurement.
Electrical Conductivity

Complex impedance spectroscopy, two
terminal dc technique with blocking electrode,
four probe dc technique non-blocking
electrode, two terminal ac technique or four
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terminal ac method, two terminal dc technique
with non-blocking electrode and contact free
induced torque method

e Diffusion Techniques
Mass spectroscopy, Characteristic light
absorption measurements, Spectro-
photometric method, Electron spin resonance
signal intensity measurements, radioactive
tracer diffusion technique, Pulse field gradient
NMR,

e Thermo-electric  power,

microprobe technique,
e Dielectric spectroscopy
e Other conductivity related measurement

Electron

(i)Viscosity measurement, (i1) pH
measurement, (111) Volume tracti-
measurements-psychometric  method  (iv)

Swelling and swelling kinetics
e Jon transport (microscopic)

NMR line width and relaxation time, Quasi-
elastic neutron scattering, Diffused x-ray and
neutron scattering, Microwave and radio
frequency relaxation spectroscopy, Raman
scattering, Brillion scattering, Though, all
these techniques have been described in
standard texts, review papers and reporting of
various workers, the techniques employed in
the present investigation for characterization of
nanocomposites polymer electrolytes would
now be briefly described for coherence of
presentation. A comparative study for
characterization technique is cited below:
Advanced Characterization Techniques for
Nanocomposites review article provides an
overview of advanced characterization
techniques such as TEM, SEM, AFM, XRD,
and spectroscopic methods applied to
nanocomposites. It  discusses  recent
advancements and their applications in
understanding nanocomposite structures and
properties [44]. Characterization Techniques
for Polymer Nanocomposites: A Review
discusses a wide range of characterization
techniques used for polymer nanocomposites.
It includes microscopy, spectroscopy, thermal
analysis, mechanical testing, and surface
analysis techniques, providing insights into
their applications and advancements [45].



3.1. Structural Characterization: Structural
characterization is crucial for understanding
the formation of nanocomposite polymer
electrolytes. In structural characterization, one
can study physical/chemical structure and
variety of concept describing the arrangement
of building blocks of materials. Therefore,
structural investigation constitutes on essential
component of nanocomposite material
research. As indicated earlier different
scattering, spectroscopic, scanning and
transmitting tools for structural
characterization of materials have been
developed over the decades. The
morphological studies are yet other factor for
the routine investigations of nanocomposite
polymer electrolytes to obtain important
information regarding association of structural
units within nanosized structures. The
techniques used for these investigations in
present work would now be overviewed.

3.1.1. X-Ray Diffraction (XRD): A very
efficient and widely available method for
figuring out the atomic arrangement in
materials is X-ray diffraction (XRD). Because
of this, it is a flexible and often used instrument
in solid-state physics to study the complex
structures of matter. For the structural
characterisation of materials in all forms, from
powder, bulk, and films to single crystals, X-
ray diffraction has proven to be an effective
approach [46]. Besides this technique can be
used in stress measurement study of phase
equilibrium, determination of particle sizes
and its orientations in crystal or ensembles of
orientation in polycrystalline aggregate [47].
In case of polymers, polymer electrolytes and
polymer nanocomposite electrolytes it has
been used as routine investigation technique
for elucidation of structure [48, 49]. Polymer
nanocomposite electrolytes contain complex
nano/micro heterogeneity scattering center
with variable amount of crystalline and
amorphous phases. Since the inorganic phases
in nanocomposite electrolytes produced by the
thermal breakdown of molecules typically
have a crystalline form, wide angle X-ray
powder diffraction is a straightforward method
for identifying them. Such polymer-embedded
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nano-crystals have a broad diffraction pattern
due to the small size of their crystalline
domains (less than 50 nm). Furthermore, peaks
in a nanocomposite sample often have modest
intensities since the amount of inorganic phase
in the sample is typically low. The majority of
nanocomposite diffractograms have a low
signal/noise ratio and only those signals that
correspond to the most  abundant
crystallographic planes can be recognised.
Only by utilising X-ray sources with sufficient
anti-cathode materials and a modest angular
movement of the detector can good quality
diffraction data be obtained. Since
nanoparticles are often single crystals, the
distribution of peak intensities may also
provide information about the shape of the
particles, and the broadening of diffraction
peaks permits an approximative assessment of
crystallite size using Scherer's formula.
Scherer's formula can be applied to determine
the crystallite size from a diffraction pattern.
0.914
= v e e e (4)
[ cos@
Where L= the thickness of crystalline

involved in diffraction of x-ray
A= wavelength of X-ray
B= full width at half maxima of
intensity and known as angular
broadening and expressed in
radians
0= angle at maximum intensity for
concerned peak

The main components of a typical XRD system
are the X-ray source and detector. They are
positioned around a circle known as the
focusing circle, with the specimen positioned
in its centre. An evacuated x-ray tube's metal
target anode is the target of a high-voltage
electron beam directed towards the source of
x-rays. The x-ray protons of a given energy can
be calculated by the detector for each angle 20,
which is a proportionate reflection of the peak
intensity. The relationship between the
diffraction angle, atomic separation (d), and
wavelength of the impinging X-ray beam is
described by the Bragg equation (figure-2a).



2dsin@ =nAi ..........(5)

n

Here, '"n" represents an integer
denoting the order of the diffraction peak.
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Figure 2(a). Bragg’s diffraction of X-ray
satisfying the interplanar distance (b) in
crystalline materials [S0]

U,

Figure 2(b). Diagram of water-cooled X-
ray tube [51]

When using powder XRD, the sample is often
made up of tiny grains of the single-crystalline
substance that is being examined. This method
is also frequently used to investigate
polycrystalline solids (both bulk and thin film
materials) as well as particles in liquid
suspensions. This XRD technique was used in
the current study to investigate the following
parameters: Determining the configuration of

crystalline substances involves assessing
properties such as crystallographic axes,
dimensions, and morphology of the

fundamental unit, as well as the spatial
arrangement of atoms within said unit;
discerning the disparities between crystalline
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entities and disordered materials; and
quantifying deformation and minute grain
dimensions.

Using these parameters inferences would be
drawn for complexation behavior of
components present in  nanocomposite
electrolytes. The shift in peak intensity is due
to change in interplanar spacing at diffraction
angle (20) which gives information of
complexation behavior and the variation in d
values for diffraction pattern provide some
information regarding the change in crystalline
structure of samples. To distinguish the impact
of broadening caused by crystallite size from
that caused by strain on the Full Width at Half
Maximum (FWHM) of the XRD profile,
researchers use the Williamson-Hall plot
method [52]. This method involves calculating
the crystallite size using a relationship derived
from the Sin6 vs. f Cos plot

CA
p cos@ = T+ 2esinf ... .....(6)
where f =FWHM (full width at half maxima of
intensity)

L= the grain size, C= the correction factor, € =
the strain A= the wavelength of X-ray.

3.1.2. Optical Microscopy (OM): A
microscope (figure-3) is a device utilized for
observing tiny objects. Microscopy is the
discipline dedicated to the examination of
diminutive entities using such a tool. As the
original and most widely used form, the optical
microscope is well-known in this domain. This
optical device has one or more lenses that,
when an object is put in their focal plane,
produce a magnified image of that thing. Using
the optical theory of lenses, optical
microscopes enlarge images that are produced
when a wave passes through or is reflected off
a material. A typical magnification of a light
microscope, assuming visible range light,
ranges up to 1500x, with a theoretical
resolution limit of around 0.2 micrometres or
200 nanometres [53-54].

A specific type of micro-projection called
photomicrography uses a detector to record



images of microscopic specimens that have
been magnified by a microscope.

Figure 3. A Typical Optical Microscope [55]

The silver halide emulsion on glass or film
served as the main photomicrography media
for much of the 20th century. Since nearly the
dawn of photography, these materials have
faithfully reproduced countless images taken
with an optical microscope, which has been of
great assistance to the scientific community.
Photomicrography is a phrase that can be used
interchangeably ~ with  microphotography,
which is the usual term for the technique of
creating miniature images of huge items,
including microfilms of books and documents.
More specifically, the characteristics of the
imaging device are important in defining the
resolution that is obtained and the dynamics of
the specimen visualisation [56].

3.1.3. Scanning Electron Microscope
(SEM): An image of a specimen that has been
electronically enlarged for close examination
is produced by an electron microscope. The
specimen is illuminated and a magnified image
of it is produced by the electron beam used by
the electron microscope (EM). In comparison
to an optical microscope driven by light, the
microscope has a higher resolving power
(magnification) because it employs electrons
with wavelengths that are around 100,000
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times shorter than visible light (photons). Light
microscopes are limited to magnifications of
1000x, but this one can reach up to 3,000,000x.
A scanning electron microscope (SEM)
produces various signals at the surface of solid
objects by focusing a high-energy electron
beam. The ray diagram of a typical scanning
electron microscope is shown in the figure.
SEM signals, generated by electron-sample
interactions, provide information about the
sample's materials, including their orientation,
crystalline structure, chemical composition,
and external morphology (texture). Most
applications entail the collection of data across
a specified portion of the sample's surface to
generate a 2D image illustrating the spatial
variations in these characteristics. Traditional
SEM techniques are capable of investigating
regions  with  widths ranging from
approximately 1 cm to 5 microns in a scanning
mode (with magnification levels from 20X to
around 30,000X and spatial resolution of 50 to
100 nm). Also, the SEM can analyse points on
the sample for purposes such as determining
chemical compositions, crystalline structure,
and crystalline orientation in a semi-
quantitative or qualitative fashion. The
Electron Probe Micro Analyzer (EPMA) and
the SEM share many functional similarities, as
well as a significant amount of capability
overlap. The range of signals generated by
electron-sample interactions includes Heat,
secondary electrons (which create SEM
images), backscattered electrons (BSE),
diffracted backscattered electrons (EBSD),
and photons (including distinctive X-rays used
for elemental analysis). Secondary electrons
and backscattered electrons are two of these
radiation types that are frequently utilised to
image samples. Backscattered electrons are
particularly helpful for presenting morphology
and topography on materials, while they also
emphasise ~ compositional  contrasts  in
multiphase samples or fast phase
discrimination [57-58].

The SEM (depicted in Figure-4) facilitates
precise measurement of exceedingly minute
features and objects, with the capability to
discern sizes as small as 50 nm.

for
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Figure 4. Ray diagram of scanning
electron microscope (SEM) [59]

3.1.4. Infrared Spectroscopy: Finding the
source of a pollution issue often requires first
identifying an unknown material’s chemical
composition. The identification method might
be especially difficult if the contaminant is
organic in nature because there are thousands
of different chemical components. Many
contaminants are mixtures of two or more
substances, making it more challenging to
identify unknowns. Therefore, spectroscopic
techniques like IR, NMR, and UV Raman
Spectroscopy etc. have become many popular
and most convenient probes for determination
of local structure. Fourier Transform Infrared
spectroscopy (FTIR) is a significant method
among these spectroscopic approaches that is
highly beneficial for the characterisation of
organic materials. The presence of chemical
structures can be inferred from the FTIR
spectra [60]. It is a simple method of
determining whether a molecule contains a

Scanner
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particular functional group. Additionally, the
distinct set of absorption bands can be used to
identify specific contaminants or validate the
identity of a pure molecule. An additional
method to IR spectroscopy is Raman
spectroscopy [61]. The principle behind
Fourier =~ Transform Infrared (FTIR)
Spectroscopy is that nearly all molecules
absorb  infrared radiation.  Monatomic
molecules (such as He, Ne, Ar, etc.) and
homopolar diatomic molecules (like Hz, No,
0., etc.) are the sole types that do not absorb
infrared light. Only those wavelengths of
infrared light that alter a molecule’s dipolar
moment do molecules absorb it. The dipolar
moment of a molecule is created by the
variations in charges in the electronic fields of
its atoms. Infrared photons can interact with
molecules that have a dipolar moment, exciting
them to higher vibrational states. Due to the
equal electronic fields of all its atoms,
homopolar diatomic molecules lack a dipolar
moment. Since monatomic molecules only
contain one atom, they do not have a dipolar
moment. Therefore, infrared light is not
absorbed by homopolar, diatomic, or
monatomic molecules. Nevertheless, nearly
every other molecule absorbs infrared light.
Infrared spectroscopy primarily involves
measuring the intensity of the infrared light
spectrum that remains after passing through a
sample, achieved by dispersing it using a
Michelson interferometer. In FTIR
spectroscopy, multiplexing allows for the
simultaneous monitoring of all optical
frequencies emitted by the source over a
period. The electromagnetic spectrum’s
infrared region is typically segmented into
three distinct areas: near-infrared, mid-
infrared, and far-infrared, categorized based on
their closeness to the visible light spectrum.
The microwave region is adjace’t to the low-
energy far-infrared (400-10 cm—1; 1000-30
pm), which 1is suitable for rotational
spectroscopy. Mid-infrared, roughly spanning
4000400 cm—1 (30-2.5 upm), is where
fundamental vibrations and their rotational-
vibrational structures are studied. Near-
infrared, with energies around 14000—4000
cm—1 (2.5-0.8 um), can excite overtone or



harmonic vibrations. It is crucial to remember
that these subregions’ labels and categorization
are purely traditional. They are not based on

Vibration of a diatomic molecule

Stretching vibration

V
\

symmetric

v

asymmetric

Stretching Vibrations

w
bending (or deformation)

g oPe

i\ i\

(in-plane) (out-of-plane)

Bending Vibrations

Figure 5(a). Vibration modes of molecules
[62]

chemical or electromagnetic properties, nor are
they well characterised. Molecules may
perform stretching and bending of following
type and as illustrated in figure -5(a).

The characteristics of stretching vibrations,

including symmetric and asymmetric
stretching vibrations, as well as bending
vibrations such as Scissoring, Rocking,

Wagging, and Twisting, can be observed in the
absorption versus frequency profiles of
infrared light passing through a sample. This
serves as a unique fingerprint of the molecular
structure, facilitating the identification of
different compounds. To identify chemical
bonds and groups in a complex molecule,
molecular vibrations are detected and
measured to retrieve information about
structure and interaction. The compositional
modification due to mass transport, heat,
irradiation effect can also be detected by
monitoring IR spectra [63-64]. Fraction of free
ion and ion pair in polymer electrolyte can also
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be evaluated using IR spectra [65]. An infrared
spectrum is typically analyzed in two distinct
regions, namely:

(a) Finger print region 1300-650 cm™': The
reason this region has its name is because no
single compound absorbs in this fashion.
Since both stretching and bending modes can
result in absorption in the 1300-909 cm-1 area
of the IR spectra, the intermediate section of
the spectrum is typically complicated. Due to
their nearly identical energies, single bonds
are typically responsible for the formation of
absorption bands in the finger print region.
The absorption bands are thus composites of
strong interaction which occurs between
neighboring bonds and depends upon overall
skeleton structure of molecule.

(b) Functional group region 4000-1300 cm!
: Certain regions of the infrared spectrum
correspond to  characteristic  stretching
frequencies of significant functional groups.
Infrared spectra of substances are also affected
by the physical state, electronic environments,
interaction that takes place between
molecules, and lattice vibrations [66-68].
Therefore factors, like hydrogen bonding,
coupling of oscillation and Fermi resonance
electronic environment in immensely affect
the position of absorption line. Table 2.1
broadly shows correlation bands to identify
structure of the substance. Figure-5(b) shows
basic diagram of a double beam infrared
spectrometer normally used in IR studie

An infrared laser beam can be used to measure
a sample’s infrared spectrum. By examining
the transmitted light, the quantity of energy
consumed at each wavelength is calculated.
This can be done with a device that measures
all wavelengths simultaneously using the
Fourier transform or with a monochromatic
beam whose wavelength Variations over
Time. A transmittance or absorbance spectrum
that shows the infrared wavelengths absorbed
by the material is the result. Understanding the
sample’s molecular structure is possible
through analysis of these absorption
properties.
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Figure 5(b). Schematic diagram of an infrared spectrophotometer [69]

3.2. Thermal Characterization: Thermo-
analytical techniques offer a well-established

methodology for researching the
thermodynamics of numerous processes
involved in a wide range of sectors

encompassing both industry and research, as
well as for thermal -characterisation of
materials. With these methods, the sample
being studied is put through a predetermined
cycle of heat, cool, and isothermal phases in a
furnace’s-controlled environment. Accurate
measurements are taken of the changes that
take place in various parameters of interest in
a relation to temperature and pressure. The
physico-chemical processes that occur with
temperature are characterised by the profiles
of these parameters. Many thermal analysis
tools are used in various fields of materials
science, chemistry, and metallurgical and
chemical engineering [70-71]. Some of the
widely used thermal techniques are listed
below. DTA —Measures temperature
excursion of sample [variable — dT/dt], DSC —
Measures heal flow into or out of sample
[variable — dH/dt], TGA —Measures sample
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weight change with temperature [variable —m;
dm/dt], TMA — Measures change in physical
dimensions of sample as a function of
temperature [Variable — L; dL/dt], The
measurement of the parameters of a material
in this manner give valuable information
regarding-Purity determination, Oxidative
stability, Melting/crystallization behavior,
Glass transitions, Solid-solid and liquid
transitions, Phase transition and Morphology,
Polymorphism,  Crystalline = Amorphous,
Degree of Crystallinity, Cross-linking
reactions, Specific heat, Thermo kinetics,
Decomposition in Liquid Crystal Glass-
ceramics polymers, Among different thermal
techniques DSC would be described as it has
been used practically in the present work.

3.2.1. Differential
Calorimetry (DSC):

It is challenging to get quantitative information
about the sample or heat of transition with
conventional DTA, but it can provide strong
qualitative information about temperature and
a transition sign. The significance of usually

Scanning



unidentified variables, such as the sample's
specific heat and thermal conductivities before
and after the transition, contributes to this
challenge. The region beneath the endotherm
or exotherm is further influenced by the rate of
heating, thermocouple location, and other
instrumental characteristics. By transforming
the DTA apparatus's sample container into a
differential scanning calorimeter, quantitative
data can be achieved. An experimental method
for determining the energy required creating an
almost zero temperature difference between a
test substance S (and its reaction products) and
an inert reference material R is called
differential scanning calorimetry, or DSC.

This is done by exposing the two samples to
the same (heating, cooling, or constant)
temperature programme. The term DSC
originated from this technology, which detects

energy directly and allows precise
measurements of heat capacity [72—73] (figure
6).

The temperatures of the specimen (TS) and
reference (TR) in power-compensation DSC
are controlled independently using distinct yet
identical ovens. The sample and reference
temperatures are kept at zero by varying the
power delivered to the two furnaces. This
approach determines the changes in enthalpy
or heat capacity between the test sample S and
the standard R. Conversely, in Heat-flux DSC,
a high thermal conductivity metallic block
ensures efficient heat transfer between S and R
within the same furnace as the test sample S
and standard material R, typically an empty
sample pan and lid. Variations in temperature
compared to R are induced by alterations in the
enthalpy or heat capacity of the specimen S.
Because of the excellent thermal contact
between S and R, this leads to a certain heat-
flow between S and R, albeit one that is smaller
than those in DTA.

Calibration experiments are used to record the
temperature differential (DT) between S and R
and then connect it to the enthalpy change in
the specimen. The only significant distinction
between the heat-flux DSC system and the
DTA system is the improved heat-flow
channel connecting the reference and specimen
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Figure 6. Block diagram Heat Flow DSC
[74]

crucibles. DSC is primarily used to examine
phase transitions, including exothermic
decompositions, melting, and glass transitions.
These transitions entail changes in energy or
heat capacity, which are highly sensitively
detectable by DSC. The fundamental idea
behind this technique is that, to keep the
reference and sample at the same temperature
during a physical change like a phase
transition, heat will need to enter the sample.
Whether the process is exothermic or
endothermic determines how much heat must
flow to the sample. For instance, when a solid
sample melts into a liquid, more heat must
enter the sample for its temperature to rise at



the same rate as the reference. When the
sample absorbs heat during an endothermic
phase change from a solid to a liquid, this event
takes place. Similarly, during exothermic
reactions like crystallisation, less heat is
needed to raise the sample's temperature.
Differential  scanning calorimeters can
quantify the heat received or emitted during
these transitions by measuring the difference in
heat flow between the sample and a reference.
Glass transitions and other nuances in phase
changes can be observed with DSC. Because
of its usefulness in assessing sample purity and
researching polymer curing, it is frequently
utilised in industry as a quality control device.
Glass transitions may occur when the
temperature of an amorphous solid is elevated.
These shifts manifest as a step in the DSC
signal's recorded baseline. There isn't a formal
phase transition; instead, the sample's heat
capacity changes as a result. An amorphous

solid will become less viscous as the
temperature rises. The molecules might
eventually become mobile enough to

spontaneously organise into a crystalline
structure. We call this crystallisation (Tc). The
DSC curve signal peaks because of this
exothermic  process, which turns the
amorphous solid into a crystalline solid. The
sample finally achieves its melting temperature
(Tm) as the temperature rises. An endothermic
peak can be seen on the DSC because of
melting. To create phase diagrams for a variety
of chemical systems, DSC 1is a crucial
technique due to its capacity to assure
transition temperatures and enthalpies.DSC is
more limited in its upper operating temperature
range (~ 800°C) than DTA, due to increasing
thermal emissivity as temperature rises. This
effect reduces calorimetric sensitivity and
makes high temperature calibration difficult.
Sample can be cooled to near liquid nitrogen
temperature, which makes this an ideal
technique for detecting this low temperature
glass and sub-glass transitions in polymers. In
DSC, sample encapsulation is extremely
important. Sample can be hermetically sealed
in pairs with 2-3 atmosphere bursting pressure
either with maximum value or with minimum
volume. When a volatile sample is used, these
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pans may burst at different times and bursting
time may be dependent on sample size.
Volatile sample in crimped (¢ and d) or open
(e) pan will also show variable effects. In
addition, parameters that can be studied in
DTA, DSC can also be used to study many
more parameters related to enthalpy changes
and kinetics of phenomenon of material under
study. Furthermore, physical phenomenon like
determination of phase diagram of polymer
substance, monomer purity, glass transition,
fractional crystallinity, identification of
crystalline phase present, liquid crystalline
transition in both main or side chain of
polymer, metal-stable equilibrium, free versus
bound water in polymer, ferroelectric
transition, effect of orientation salting out or
salting in and many more parameters can be
studied through DSC measurements.

3.3. Electrochemical Studies:

3.3.1. Cyclic Voltammetry Studies:
Verifying the material's electrochemical and
window stability is crucial for the
electrochemical device applications of
nanocomposite polymer electrolytes. offers a
wide range of potent voltametric and
coulometric techniques for basic research on
electrochemical reactions. These techniques
are based on sensitive computer-controlled
potentiostates and a variety of innovative
stationary electrodes and microelectrodes.
One of these new techniques that is most
useful is cyclic voltammetry (CV), which is
widely used in organic, inorganic, and
materials research. It is frequently the first
experiment conducted in an electrochemical
study [75]. Electrochemical measurements of
a general purpose are the objective of the
Model 600D series CV instrument. The
schematic displayed in Figure 7 below
illustrates the structure of the device.
Components of the system include rapid data
acquisition circuitry, a high-speed digital
function generator, Potentio stat, and Galvano
stat (available in specific models). The device
provides a current range of £250 mA and a
potential control range of +£10 V. Currents as
low as tens of pico-amperes can be detected by
it. It is possible to measure a 10 pm disc
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Figure 7(a). Block diagram of CH analyzer Instrument [76]
electrode's steady-state current precisely The gadget will instantly reset the voltage and

without the use of external adapters. Currents
as low as 1 pA can be measured with the fully
automated CHI200B Pico-amp Booster and
Faraday Cage, which are compatible with the
CHI600D series. The instruments demonstrate
high speed capabilities with a function
generator that may update at a rate of 10 MHz
and a maximum sampling rate of 1| MHz at a
resolution of 16 bits. This apparatus offers a
wide dynamic range over multiple
experimental time frames. In cyclic
voltammetry, for illustration, the scan rate can
be as high as 1000 V/s with a 0.1 mV potential
increment or as high as 5000 V/s witha 1 mV
potential increment. With its 4-electrode
configuration, the Potentiostat/Galvanostat
can be wused for liquid-liquid interface
measurements and reduces the influence of
contact resistance in connections and relays
when doing high current tests. The data
acquisition systems provide the simultaneous
recording of electrochemical data and external
input signals, such as spectroscopic signals.
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current to zero, removing the requirement for
routine recalibration. Additionally, it has an
authentic integrator chronocoulometric to
analyse samples of polymer electrolyte under
polarisation. =~ When  operating as a
bipotentiostat, the second channel can be
configured to maintain a constant independent
voltage, replicate the voltage of the first
channel, or sustain a consistent voltage
differential. ~ This  additional  channel
accommodates various voltametric and
amperometry techniques, as well as advanced

electrochemical workstations and
comprehensive electrochemical analyzers.
This apparatus offers a range of

electrochemical methods, a built-in digital CV
simulator, and a program for simulating and
fitting impedance. These capabilities offer
robust resources for conducting both in-depth
studies on electrochemical mechanisms and
meticulous analysis of trace elements. The
objective of utilizing this method is to
thoroughly evaluate the effectiveness and



limitations of this waveform in elucidating
electrode reaction mechanisms. The schematic
diagram and computer-managed CH
workstation are depicted in figure-7a.

Information about the stability and reaction
kinetics of these electro-generated species can
be obtained from the oxidation and reduction
of chemical species at the electrode surface.
One method of measuring is the cyclic
voltammogram. Three peak currents are
measured: the anodic peak current (ipa), the
cathodic peak potential (Epc), and the cathodic
peak current (ipc). These peak potentials
provide information on the analyte's identity as
well as the oxidation/reduction process's
kinetics in electrolyte systems. Peak current
providing data on the stability and analysis
concentration of the electro-generated species.
A pair of stable chemical compounds that
interchange quickly and kinetically when the
applied voltage changes at the electrode
electrolyte surface is known as an
electrochemical reversible redox couple [77].
The formal reduction potential (E°) for a
reversible couple is determined by averaging
the anodic and cathodic peak potentials,
expressed by the following relation:

(o]

 Epg + Epe

> . (7)
The degree of separation between the anodic
and cathodic peak potentials can be expressed
as the number of ions, n, transported during the
kinetics of an electrochemically reversible
reaction. This relation can be found here.

0.0592V
— Epe = ————

AE

p =E

pa (8)

A cyclic voltagram with a peak separation of
0.0592 V is ideal for this reaction.
By using the Randles-Sevcik equation, the
cyclic voltagram's peak current magnitude can

reveal information about the analyte's
concentration.

b

= (2.69

x 105)n3/24DpY2¢cy1/2 . .. ....(9)
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where,

ip = peak current, n=electron stoichiometry,
eq/mol A =electrode area (cm?), D=diffusion
coefficient, cm?/s, C = concentration, mol/cm?,
v = scan rate, V/s, in above equation, a peak
current increase with square root of the scan
rate and is directly proportional to
concentration. The values of i, and ipc should
be close for a simple reversible couple. i.e.

i
PPt . (10)

ipc
If species are generated electrochemically and
further chemical reactions take place, the peak
current ratio can differ considerably from the
predicted value. When waves are semi-
reversible in CV the peak current ratio is less
than or greater than 1, Figure 7b.

One can estimate ion insertion and extraction
can be from the peak area. The area (\(A 1))
enclosed by each cycle shows the quantity of
ion inclusion in the polymeric chain.With the
help of observation of the area under the CV
peak, the cycle efficiency (Q;) of electrolytic

materials can be evaluated from below
equation [78].
Q; = — (1)

Where Q; is the cycle efficiency, A is the area
of the first cycle curve A; the area of i’ cycle
curve.

Figure 7(b). Computer controlled CH
Workstation



3.4. Electrical Characterization:
3.4.1. Ion Transport Studies:
Ion dynamics of any electrolyte should be well
understood before inducting them to any
electro-chemical device application.
Electrolytes of any form
(solid/liquid/semisolid-gel) possess overall
electro-neutrality but the ions are free to
perform, Brownian motion resulting in net
zero current. When electrolyte is subjected to
electric field, these random mobile ions start
drifting in certain direction viz. direction of
electric field leading to conduction of ion. Ton
transport dynamics can be understood
macroscopically or microscopically.
Microscopic ion dynamics corresponds to
understanding the mechanism of ion transport
at molecular/atomic level in the impact of
applied electric field. Macroscopic behavior
on the other hand concerns all change in
concentration(s) of ion species (s) (or all type
of ions) within a specific volume or ion
transport through a particular cross-sectional
area and it provides property of bulk.
Commonly used macroscopic ion transport
properties are conductivity, mobility of ionic
species, ionic transference number and
activation energy. To assess these properties
the techniques used in present studies are
discussed below.
3.4.2. Transference Number:
The ratio of current produced by ionic species
migration, [i, to the total current resulting from
all conducting species, or t;, is known.
I;

P e (12)
If we assume oj to be the conductivity due to
all type of ions and o the total conductivity
encompassing ionic as well as electronic parts
(ot = oi + o¢) then ionic transference number
can also be expressed as

Oions iions
g, =220 = ons . (13)
Ototal lotal

In case of superionic solids, it is essential to
know separately the cationic contribution
(teation) and anionic contribution (tanion) to total
transference number tion as well. Amongst the
different techniques of ionic transference
number (tion) measurement applicable to
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polymer nanocomposite electrolyte, dc
polarization technique has been employed in
present investigation. The dc polarization
technique is also known as Wagner
polarisation after the name of J.B. Wagner and
C. Wagner [79]. This approach, as shown in
figure-8(a), applies a dc voltage below the
material's breakdown potential across the
sample, which is sandwiched between two
blocking electrodes. The time variation of the
current through the sample is subsequently
recorded. Upon activating the power supply,
the total current flowing through the sample
experiences a rapid initial reduction due to
polarisation at the electrode electrolyte
interface. Eventually, the current achieves a
residual constant value, as shown in Figure
8(b). Both the ionic and electronic
contributions to conductivity are responsible
for the initial current.

(o1 = oi + 6c) whereas constant current is only
due to electronic contribution (ce). The tioncan
obviously be determined by equation (2.11).
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Figure -8 Schematic experimental
arrangement for ionic transference
number measurement using wager’s DC
Polarization Method (a)Blocking
Electrodes (b)Typical Current vs Time
Plot [80]



Though Wagner polarization method is simple
to assess tion it is difficult to assess the type of
charge carrier responsible for conduction i.e.
anion or cation or both. Further, when
electrode electrolyte interface resistance
becomes comparable or more than bulk
electrolyte, the residual electronic current may
lead to incorrect determination of tion. Non-
availability of perfect/non-blocking electrodes
for proton conducting materials and inability
to determine transference number of gaseous
species further reduces the potential of this
method. Nevertheless, a rough estimate of
ionic nature of material can be made through
this technique. The relationship between the
initial current (iinital) and final current (ifinar)
obtained from the I-t plots is used to compute
the total ionic transference number (tion).

tion = linitial — Ifinal g
linitial

3.5. Bulk Ionic Conductivity:

The most useful parameter associated with
composite polymer gel electrolytes is its DC
ionic conductivity and its variation as function
of temperature and composition. This
electrical parameter influences the power
density of electrochemical devices and
establishes the mass transport rate across the
electrolyte.  Therefore, conductivity of
electrolyte is of prime concern itself and equal
to inverse of resistivity. Section 2.3 lists some
techniques of conductivity measurement of
ionic conductors. Two  terminal dc
techniques are most simple but at the interface,
partial blocking of ionic current leads to build
up of space charge which poses problem in
estimation of bulk conductivity [81,82].
Hence this charge builds up makes
conductivity time dependent quantity which
means ¢ corresponds to the value at which
interval it is measured. Use of reversible
electrode technique resolves the problem up to
some extent by yielding consistent results but
it creates error in assessing conductivity value
of electrolyte precisely due to slow oxidation
reduction process at the interfaces. In
addition, it is often difficult to obtain good
reversible  electrodes  possessing  wide
temperature window. Further, four probe cell
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is difficult to construct. Two terminal ac signal
method with only one stimulus signal
frequency 1s yet another easy way of
determining conductivities of samples and
generally it provides sufficiently accurate
conductivity values. A four-probe ac
configuration with independent current and
voltage leads can be utilised when there is a

significant charge transfer impedance.
However, this approach is insufficient to
accurately and completely characterise

nanocomposite polymer electrolytes. The
ultimate impedance of a cell is influenced by
multiple factors. Because of their widely
differing relaxation times, the contributions
from the Charge transfer across the interface,
the resulting double layer capacitance, the
electrode-electrolyte interface impedance, and
the movement of ions through the bulk of the
electrolyte are all summed in a single
frequency and respond quite differently in
different frequency ranges. Heterogeneous
distribution of phases in polymer electrolyte
result in varying concentration gradient and
grain boundaries which further complicates
the situation. A common behavior of solid
electrolyte conductivity (in logc) with
frequency (log f) is shown in figure-9.
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Figure -9 Variation in Conductivity with
Frequency of Applied Field [83]
At very low frequencies, the electrode effects
are pre-dominant. At intermediate frequency,
the value corresponding to the plateau is
usually taken as true dc conductivity.
Therefore, measurement of frequency
dependent conductivity or impedance is
necessary to realize individual contribution.



Impedance spectroscopic technique—an ac
technique with a wide range of frequency of
measurement—was developed because of the
systematic study of the ac response of an
electrolyte or an electrochemical cell made
feasible by technological and electrochemical
advancements throughout time [84—85].

3.6. Impedance Spectroscopy:
Impedance spectroscopy gives range of
information on electrical and other physio-
chemical properties of the material and
interface  with  their inter-relationship.
Baureale [86] was the first to apply this
technique for study of zirconia based solid
electrolytes. In this technique, impedance is
measured over a suitable frequency range. The
collected data can be utilised to study the
dynamics of bound and mobile charges in the
bulk and interfacial area. Measurements of
complex entities such as Complex impedance
(Z*), complex permittivity (&*), complex
modulus (M*), and complex admittance (Y*)
are all included in the scope of impedance
spectroscopy. A basic formalisation of these
factors and their relationships is provided in
Table 2.2. Amongst these, the most common
complex quantity- impedance Z* can be
written as
Z'(w) =Z'"(w) —jZ" (@) v vev o.e.. (15)

where Z’ and Z are the real and
imaginary part of impedance for simple
equivalent parallel RC combination

Z* =R(s) — jwCS ...........(16)

Instead of plotting impedance Z* versus
frequency, real and imaginary parts of
impedance are commonly plotted as
parametric function of frequency. This plot
describes  circular areas, which are
characteristic of cell under investigation. Each
of the physical process taking places in an
electrochemical cell would give separate
semi-circle provided their relaxation times are
widely  different. = Theoretically, five
semicircular arcs have been proposed but
experimentally only three semi-circles are
commonly observed [87] (figure-10).
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Figure -10 A typical complex plane lot and
idealized circuit for a polymer electrolyte
cell (non-blocking electrode for cations). Re
electrode resistance; Ce electrode
capacitance Ry electrolyte resistance; Cp
bulk geometric capacitance; Zadiffusion-
controlled impedance

The complex impedance plots of few basic
circuit elements and their elementary
combinations are represented in figure-11 (a)

and (b).
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Figure -11(a) Experimental assembly used
in impedance measurement for assessment
of bulk ionic conductivity and dielectric
parameters [88]
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Figure 11(b). Complex impedance plots for some elementary circuit elements (a) R (b) C
and (c-f) their combinations (circuits are shown in inset)

To the first approximation, each of the
semicircles in the impedance diagram may be
considered as the response of a lumped RC
combination. From the correlation between
the semicircle parameter and R and C
components, the plotting of such diagrams
provides straightforward determination of
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electrolyte resistance whatever may be the
degree of electrolyte polarization. One of the
biggest advantages of this method is that it
does not require the wuse of reversible
electrodes or complicated cell geometry. The
equivalent circuit and impedance plot of an
elementary cell with blocking as well as non-



blocking electrode is shown in figure-12. The
intercept of first semicircle (high frequency) to
real axis represents bulk resistance, Ry, (figure-
12 (a) and thus conductivity can be obviously
evaluated by the relation

7T R.A

where, R, is the bulk resistance of sample, /=

thickness of the sample under study and A

=the cross-section area of sample under study.
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Figure 12. Complex impedance plots for
typical electrochemical cells along with
their equivalent circuits (a) with non-
blocking electrodes and (b) with blocking
electrodes
Sometimes it is challenging to resolve highly
complex contributions of lines and semicircles
in an impedance graphic. In such condition the
admittance diagram is preferred because
identification of deviation from straight line is
easier than that from circular arc. In the
present work, polymer composite polymer
electrolytes have been sandwiched between
two blocking platinum electrodes and kept in
spring loaded holder as shown in figure-12 (b).
The impedance measurements (Z,0) have been

CNS&E Journal Volume 1 (4), July 2024

performed on a Hioki make LCR meter

(coupled to a computer) between a frequency
range 40 Hz — 100 KHz.

Some Additional Features

Second Semicircle — Polymer electrolytes
contain crystalline as well as amorphous
regions along with uneven salt distribution
throughout the matrix. Conductivity in such a
system is a combination of inter grain and intra
grain conduction. Because of the high defect
density in the interface region, the grain
boundaries may both provide high
conductivity and impede ion movement. In
such a case, a second semicircle is observed
after the semicircle of ion conduction and
polarization [89, 90]. The grain boundaries
may be expressed as combinations of two
parallel RC elements representing inter and
intra granular regions (figure-13(b)).

“rmax pCob
“max RoCo

Rp Rp+Rgo =z
<D

4

Figure — 13 (a) Approximate representation
of in homogenous polymer electrolyte with
individual grains in contact at grain
boundary (b) equivalent circuit for (c)
complex impedance plot for circuit

If conductivity increases at the grain
boundary, it will give an apparent bulk
resistance that is lower than real bulk effect.
Identification of Semicircle - The entire
semicircles are rarely obtained within
observation range. It may be then difficult to
identify  the semicircle arising from
phenomenon. However, some tricks outlined
below are used in proper identification
1. As arule, the observation range shift from
left to right of impedance diagram as the
temperature increases. Bulk properties are




usually observed at low temperature and
electrode characteristics appear at high
temperatures.

Since bulk resistance depends upon the
length of sample and hence real intercept
corresponds to bulk resistance in the
impedance plot. Therefore, to separate
bulk property, semicircle from electrode
semicircle, measurements should be
repeated for different length of sample.
Replacement of electrode material can also
be used to obtain electrode semicircle
changes. Similarly, relaxation frequencies
are dimension independent and thus
measurement of relaxation frequency of

ii.

1il.

concerned semicircle (i.e. top of
semicircle) may also provide
differentiation.

iv.Since bulk properties are found to be

perfectly linear and relevant part of Z' Z~
plot are independent of amplitude of
applied signal whereas electrode response
with amplitude variation is not linear
especially for voltages greater than 100
mV. Therefore, variation in amplitude of
applied signal may also be helpful in
justification of processes.

. Determination of capacitance and related
dielectric constant may also provide
identification criterion.

Overlapping of Semicircles — As discussed

earlier, the plots of real and imaginary

component will show one semicircle for each
process taking place in the cell under study. If
the relaxation time for each process differs by

100 times, separate semicircle would be

observed. But in most cases considerable

overlapping of semicircle may occur. To
resolve this problem frequency distribution

can be checked by Cole-Cole approach [91].

In this technique distances (u and v) are

measured from origin and real axis intercept as

shown in figure-14.

Logarithm of u/v is graphed as a function of

frequency to decide the number of processes.

Over the years, computers have been

employed for analysis of overlapping

semicircles.

Warburg Resistance Nevertheless,

difficulties occur when attempting to obtain
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the analogous circuit for the purpose of
simulating the electrode phenomena in the
cell.

1w,
=

Log

Log t

Figure-14 Cole- Cole method analyzing the
overlapping semicircle [92]

The component that explains the impedance
resulting from several electrode processes—
namely, charge transfer, diffusion steps, and
double layer capacitance (Cdl)—must be
included. A transfer resistance Rt can be used
to characterise the charge transfer resistance
since the current is in phase with the applied
voltage. It often corresponds with the
electrode reaction rate. The concentration
independent diffusion term is a function of
frequency because at high frequencies the
bulky ions move too slowly to react in phase
with  applied potential [93-94]. A
straightforward formula for the interfacial
impedance of the working electrode:
Z

= [i(DCdl

1 -1

Where W, the Warburg impedance is given by
W =Sw’2—jsw'2 (19)

The Warburg coefficient S is a
function of concentration and diffusion of
oxidized and reduced species.

Constant Phase (angle) Element (CPE)-In
many cases, especially in polymer composite
gel electrolytes, depression of high frequency
semicircle and bending of low frequency spike
towards real axis are observed. The depression
angle is usually small for bulk semicircle but
can be very large for electrode semicircle. This
feature cannot be manipulated with series and
parallel combination of R & C component. A
new type of circuit element is proposed and
termed as constant phase angle element (CPE)



to account for displacement of centre of
semicircle below real axis and spike tilting.
The value of this impedance Zcpr is given by
ZcpE
=k(jw)™ where0<p<1 .......(20)

When p =0, Z = independent of frequency

K =just aresistance Randp=1, Z = ]%

w;]_ - ; the constant k™' now corresponding to

the capacitance C. The CPE functions as an
intermediary between a resistor and a
capacitor when p is between 0 and 1 (as is
typically encountered). Thus, CPE connected
in parallel with bulk resistance will result in
depressed semicircle (figure-15).

Several interpretations have been proposed to
explain this phenomenon. A general
explanation can be offered in terms of inter
and intra grain heterogeneity [88]. In case of
polymer electrolytes, this may be due to
distribution of crystalline non-conducting
phase within conducting amorphous phase.
Thus, heterogeneity in properties and their
statistical ~ distribution of corresponding
relaxation may be the reason. Johnscher [96]
have considered this semicircle depression as
a specific property of ionic conductor and
dielectric material. According to him, it is an
essential attribute of the elementary jump of
ion and due to local energy storage effect
associated  with  slow relaxation of
polarization, which is induced by mobile ions
within its surroundings. Further, tilting of low
frequency spike is related to the roughness of
electrode-electrolyte interfaces. Series
combination of CPE and bulk resistance
represents this tilted low frequency spike. The
bulk resistance is obtained from the
intersection of flattened semicircle and tilted
spike.

3.7. Dielectric Spectroscopy:

Dielectric ~ spectroscopy  establishes a
connection between the features of the bulk
properties of the material under study and the
attributes of each individual constituent. The
trend of frequency dependent dielectric
studies, started during the days of Cole and
Cole [97], have been spread over a wide
variety of solid-state material characterization,
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Figure-15 Constant phase element

response of a typical polymer electrolyte
cell illustrating depression of semicircle
and tilting of spike. [95]

including, ion conducting materials. Several
dipolar relaxations may be of interest in
polymer-based electrolytes such as dipolar,
segmental, and larger unit relaxation in the
polymer itself and relaxation due to
complexation with salt/acid (i.e. dipoles
formed on complexation cation-anion pairs),
relaxation due to clusters etc. The kind and
type of ionic and molecular motions and their
interactions, which are influenced by the
chemical composition, molecular structure,
and morphology of the sample under
examination, are abundantly revealed by
studying relaxation processes 1in such
materials [98-99]. The relaxation frequency
and the strength of relaxation are characteristic
of the relaxing dipole. Therefore, the
measurement of relaxation time can be used to
differentiate conductivity relaxation processes
from dipolar relaxation within the bulk
materials. Despite being significant and
helpful from a scientific perspective, dielectric
investigations on ionically conducting solid
nanocomposite polymer electrolyte have not
been thoroughly investigated because of data
analysis  limitations and  complexity.
Fontenella et al. [100-101] have described the
low frequency dielectric properties of a pure



polymer (PEO, PPO) and their complexes
with  different salts. The dielectric
characteristics of ionically conducting solid
polymeric films have also been reported
recently [102-103] by Elisasson et al. [104].
While many research groups have done a good
deal of work on the synthesis and
characterisation of NCPEs [105, 106],
relatively few studies have been published on
the dielectric attributes of NCPEs to far.
Impedance spectroscopy was used to analyse
the electrical properties of NCPE films when
a 200 mV small alternating current was
applied across a symmetrical cell of the type
Pt // NCPE // Pt (where Pt is for platinum
blocking electrodes). A computer-controlled
impedance analyzer (HIOKI LCR Hi-Tester,
model: 3520, Japan) was used to get complex
impedance parameters, or impedance,
permittivity, and tangent loss parameters, as a
function of frequency (40Hz to 100 KHz) at
different temperatures (RT to 100°C).
Relation 15 was utilised to compute the real
and imaginary parts of impedance and

permittivity.
ex=¢& —j&" i (21)
, 7"
g _—a)Co(Z’2+Z”2) v e e e e (22)
g = z e (23)

wCo(27177)

Where
o= the angular frequency, Co= the geometrical
capacitance in vacuum of the same dimension

as the

0.0885A

Sample [Co = PF], A= the area of

electrode and d = the thickness of the sample.
The a. c. conductivity was evaluated from
dielectric data in accordance with the relation
Oge = WEHELTAN G . e en v v . (24)
Where ¢,

c . . e
o is the relative permittivity o=
o

2rtf, = the frequency of the applied field,
Following relation can be used to evaluate the
tangent loss:

144 n

Ta195£— = — . (25)
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For different nanocomposite  polymer
electrolytes, the change of cac with frequency
displays dispersion at higher frequencies and a
frequency independent tiny plateau in the low
frequency zone. The universal power law
governs this behaviour .

Oy (@) = 0, + Aw? .o (26)

Where,

Go - d.c. conductivity (frequency independent
plateau in the low frequency region)

A= the pre-exponential factor and,

n = the fractional exponent between 0 and 1.

The electrode polarisation effect is the
cause of the conductivity spectrum's
divergence from the plateau region (Gqc) value
in the low frequency zone. Through fitting of
the observed to relation 26, the values of 6o, A,
and n were determined. Power law exponents
(n) for ionic conductors typically vary from 1
to 0.5, denoting diffusion-limited hopping
(tortuous paths) and optimal long-range
pathways, respectively [107]. The universal
dynamic response [108], which has been
extensively noted in disorganised materials
including Doped crystalline solids, ionically
conducting glasses [109], and conducting
polymers [110], as well as in general, follows
the general behaviour of AC. It is generally
accepted that this behaviour is demonstrated in
the mechanism of charge transport nature of
charge carriers.

In ac conductivity, it is observed that the
frequency dependence of conductivity can be
split into three zones:

(i) a plateau area of low frequencys; (ii)
an area of intermediate frequency dispersion.
(ii1) high frequency area that is not reliant on
frequency Because of electrode polarisation
effects at the interfaces between the electrode
and the electrolyte, conductivity is nearly
frequency independent in the low frequency
range [111]. High frequency dispersion is
indicated by the conductivity in the
intermediate frequency band, which varies
greatly with frequency. The conductivity
increases with frequency in this zone, which is
closer to relaxation times, due to the high
mobility of charge carriers; in contrast, the



conductivity once more becomes frequency
independent in the third high frequency region.
The fact that the charge carriers are not
sufficiently free to follow the fluctuating
electric field in this location demonstrates that
conductivity is  practically  frequency
independent despite the high frequency.The
Cole—Cole expression, or real part (¢') against
imaginary part (¢”) of complex permittivity,
can be used to characterise the dielectric
behaviour of polymeric materials [112]. The
centre of the semicircular arc formed by the
data points lies beneath the abscissa, fitting the
data points nicely. The equation provides an

empirical description of the complex
permittivity (g*).
S* — (C,"—(pg" — Soo
PR 27)
T3 G@of =

Where, Ae=go-€o,
€0 1s the static permittivity, e« the permittivity
at very high frequencies,zthe angular
frequency, z the mean relaxation time and 3
the parameter using in the range 0<B<I to
describe the distribution of relaxation time.
When B=1, the equation gives semicircle in the
plot of €” vs.¢ and is reduced to the non-co-
operative single relaxation following the linear
Arrhenius relation of the dielectric absorption
maximum, fmax 1S expressed as

2T frnaxT = 1 e e (28)
- (29)
znfmax

where the symmetry of the absorption and
dispersion curves is centred at "*=1. Therefore,
fmax can be ascertained using the relaxation
time t that was measured experimentally
[108].

3.8. Modulus Spectroscopy:

Many times, the complex modulus M*
formalism is employed for dielectric relaxation
research. From the impedance data presented
by the relation, the real part M’ and the
imaginary part MG of the complex modulus
(M*) can be evaluated.

1
M* =M +jM" = -

= jwe,Z" ..

N (]1))
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where, M’
S (31)
= (8,2 o)
MII
<<.:.,II

= . (32

(e + & (32)

One Dbenefit of presenting frequency-

dependent dielectric or conductivity data using
modulus formalism is that it removes any false
effects caused by contacts or surfaces [113,
114]. This type of analysis of the electric data
suggests that the electrode polarisation
phenomenon adds very little to M* and can be
ignored because the real part of the modulus
M’ approaches zero at low frequencies. The
values of the relaxation time and frequency
correlate with the peak in the M@ fluctuation.
When  discussing the synthesis and
characterization techniques of nanocomposite
polymer electrolyte membranes, several key
factors become crucial: scalability, economic
feasibility, and repeatability of results. Let us
break down each of these aspects in the context
of these membranes:

Scalability:

This refers to the ability of the synthesis
method to be scaled up from laboratory-scale
production to industrial-scale production
without significant loss of efficiency or
quality.  For  nanocomposite  polymer
electrolyte membranes, scalability is essential
because these membranes are often intended
for practical applications in devices like
batteries, fuel cells, and sensors. Techniques
that can be easily scaled up, such as solution
casting, solvent evaporation, or
electrospinning, are typically favored in
industrial applications. It is important to ensure
that as the production scales, the properties of
the membranes remain consistent and
desirable.

e Economic Feasibility:

The cost-effectiveness of the synthesis and
characterization techniques 1is critical for
widespread adoption and commercialization.



Factors influencing economic feasibility
include the cost of raw materials, energy
consumption during synthesis, labor costs, and
equipment costs. Techniques that use readily
available, inexpensive materials and involve
straightforward processes tend to be more
economically  feasible. However, cost-
effectiveness should be balanced with the
performance and longevity of the membranes
to ensure competitiveness in the market.

Repeatability of Results:

Consistency in the properties and performance
of nanocomposite  polymer electrolyte
membranes is essential for their reliability and
reproducibility.  Techniques that yield
consistent results across different batches and
under varying conditions are preferred. This
requires robust characterization techniques
that can accurately measure and validate the
properties of the membranes, such as
mechanical strength, ionic conductivity,
thermal stability, and chemical resistance.
Quality control measures and standardized
protocols play a crucial role in ensuring
repeatability.

4.  Potential Areas for Future Research:
Enhanced Performance through

Nanoparticle Design:

Investigating novel nanoparticle designs (e.g.,
core-shell structures, functionalized surfaces)
can improve compatibility with polymer
matrices, leading to enhanced mechanical,
thermal, and electrochemical properties of
membranes.

Advanced
Techniques:

Characterization

Developing and refining characterization
techniques (e.g., in situ imaging, multi-scale
modeling) to provide deeper insights into the
structure-property relationships of
nanocomposite membranes. This can aid in
understanding transport mechanisms and
optimizing membrane performance.

e Green and Sustainable Synthesis

Methods:
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Exploring environmentally friendly synthesis
routes (e.g., green solvents, sustainable
nanomaterials) that reduce energy
consumption, waste generation, and reliance
on hazardous chemicals.

e Integration with

Technologies:

Emerging

Exploring the integration of nanocomposite
polymer electrolyte membranes with emerging
technologies such as artificial intelligence (AI)
for predictive modeling, Internet of Things
(IoT) for real-time monitoring, or additive
manufacturing (3D printing) for customized
membrane fabrication.

e Application-specific Optimization:
Tailoring synthesis and characterization
techniques to meet the specific requirements of
diverse applications (e.g., energy storage,
water purification, biomedical devices) to
enhance  performance  under  varying
conditions.

Long-term Stability and Durability:

Investigating strategies to improve the long-
term stability and durability of nanocomposite
membranes, including  resistance  to
degradation  from chemical exposure,
mechanical stress, and aging.

5. Conclusions: Experimental investigations
using dielectric  spectroscopy, electrical
conductivity, XRD, OM, SEM, and IR reveal
that nanofiller alters the morphological and
physical attributes of the nano-composite
electrolyte. The production of a nano-
composite system with crystallite sizes ranging
from 40 to 60 nm is confirmed by XRD and
SEM measurements. When ferrite is dispersed,
the electrical conductivity is increased by
around 4 orders of magnitude, and it also
regulates the gap between crystalline and
amorphous conductivity. The amount of salt in
the polymer electrolyte affects how well filler
fits in. A broad electrochemical window for
device applications is demonstrated by the C-
V studies. The presence of the material
electrode interface polarisation process is



shown by the fluctuation of the relative
dielectric constant with frequency (on the
lower frequency side) in nano composite
electrolytes (NCPEs). It also suggests a strong
coupling between segmental mobility of
polymers and ions. The dielectric constant's
frequency variation is more pronouncedly
influenced by the addition of salt than by
ferrite. The electrical modulus's scaling
behaviour suggests that carrier concentration is
also a factor in the relaxing process. As the
concentration of salt rises, so does the ac
conductivity.
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Abstract: Electricity transmission and power conversion devices are always associated with huge
power losses and transformer is the primary element in electricity transmission system and power
conversion devices. Moreover, it is the major constituent of the power losses because of retaining
substantial core losses which are further disintegrated into hysteresis and eddy current losses.
Consequently, there is an immediate need for innovating new materials for transformer core to
minimize the losses. Besides low hysteresis losses, high power to weight ratio is also a key factor
for fabricating efficient and light weight transformer core. In this direction, soft magnetic
nanocomposites provide attainable solution by exhibiting low hysteresis losses. In present work it is
first time reporting a light weight and highly efficient polypyrrole-magnetite nanocomposite based
toroidal transformer core. Polypyrrole-magnetite based nanocomposites are synthesized by facile
and cost-effective solution phase route and fabricated as toroidal cores to study the power losses at
high frequencies for transformer applications. Vibrating sample magnetometer (VSM) study shows
the decrement in hysteresis losses from 8576 erg/cm? for bare FesO4 NPs to 6467 erg/cm? for NC-
90(90:10; Fe304:PPy).Core losses measurement of composites at open circuit (no-load test) reveals
reduction in loss values from 43.20 mW/cm3for bare Fes04 NPs to 30.72 mW/cm? for NC-90 and
from 30.35 mW/cm?to 18.24 mW/cmat 5 V and 3.5 V excitation voltages, respectively. Moreover,
similar trends are also observed in broad range of frequencies ranging from 50 Hz to 50 kHz.
Minimum core loss30.72 mW/cm?3at 50 kHz has been reported by NC-90 nanocomposite. Low Core
losses are the primary need of hour for miniaturization of future economical transformer devices.

Keywords: Nanomagnetic particles, Hysteresis, Nanocomposite, Polypyrrole, Transformer core.

1. Introduction: Power saving has become a  specify its efficiency, weight and cost [6].
primary challenge for today’s world due to fast Being the key parameter, core material plays
deprivation of natural resources and emerging  the central role in power conversion in the
of deleterious environmental problems [1,2]. transformer devices at global level. Electrical
Transformers have major role for retaining the  steel (Fe-Si alloy) and soft ferrites such as Mn-
power owing to its vast applications in power  Zn, Ni-Zn and Mg-Zn ferrites are the traditional
and electronics industries such as power  base materials of transformer cores due to their
distribution and transmission systems, power  high saturation magnetic induction and low
converters in switching mode power supplies  power losses for low and high frequency
and as wide band and pulse transformers [3-5]. applications, respectively [7,8]. Electrical steel
Core geometry, core material and the windings  has low corrosion resistance with high
are the critical elements of the transformers that ~ processing cost [9-11] and micro-magnetic soft
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ferrites have large volume of magnetic
components and high hysteresis losses [12-15].
However, lack of significant and desirable
power losses in case of these materials, limit
their commercial viability and technological
feasibility [1]. Consequently, there is
continuous strong urge across the world for
novel materials to achieve the adequate power
losses. The strategic goal is to carry out the
research for the development of light weight
and easily processed soft  magnetic
nanocomposite materials for the fabrication of
transformer core for advance technologies at
minimal cost. Owing to their negligible
coercivity, superparamagnetic nanoparticles of
single domain are extremely advantageous for
producing low hysteresis losses [16,17]. Soft
ferrite nanoparticles dispersed in conducting
polymer matrix offer high saturation magnetic
induction, low power losses with tunable
properties, ease of manufacturing and high
corrosion resistance [18,19]. As per literature,
bulk soft ferrites exhibit 288 mw/cm?® power
losses at high frequency of 50 kHz [20].
Recently, Zhou et al reported 450 mWw/cm?®
power losses at 50 kHz frequency for
composite core in which Fe-6.5wt% Si powder
insulated with Mn-Zn ferrite nanoparticles [15].
Mori et al designed Ni-Zn-Fe ferrite coated
with Fe-3.5 Si-4.5 Cr powder composite core
showed 224 mW/cm?® power losses at 50 kHz
[21]. In present work toroidal cores have been
fabricated using nanocomposite material,
synthesized through a universally recognized
simple solution method taking magnetite
nanoparticles (FesOs NPs) and polypyrrole as
starting precursors. Transformer cores have
been constructed into toroidal geometry to
allow the maximum magnetic flux enclosure
and to provide supports on its edges which
subsequently minimizes core stress [6,22].
Being less toxic with good magnetic properties,
facile synthesis and chemical stability of FesOs
NPs in conjunction with polypyrrole provided a
unique platform of nanocomposites for the
designing of highly efficient, light weight, cost
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effective  core  material  with  tunable
functionalities and environmental benign
synthesis  protocols [23-28].  Synthesized
nanocomposites exhibited good saturation
magnetization with negligible coercivity. As a
consequence, hysteresis losses were decreased
due to reduction in surface anisotropy with the
incorporation of polypyrrole as well as
alternating current (AC) power losses were
comparatively lower than pure FesOs NPs at
high frequencies [29]. Low power losses as
well as high saturation magnetic induction
properties were obtained in nanocomposite
cores with light weight, ease of processing and
low cost also. To the best of our knowledge, no
work has been published on the synthesis of
nanocomposite (FesO4 NPs and polypyrrole)
involving DMSO as a solvent by solution
synthesis method. In fact, it is first report on the
fabrication of transformer toroidal cores of
magnetite—polypyrrole nanocomposite.

2. Experimental Details

2.1. Materials

Ferrous chloride tetrahydrate (FeCls.4H20),
ferric chloride hexahydrate (FeClz.6H.O) and
ammonia solution (25 %) of Merck were used
in the experiments. Pyrrole and methanol were
of analytical grade. Distilled water (DI water)
was used for the experiments.

2.2. Preparation of FesOs NPs by co-
precipitation method

FesOs NPs were prepared by co-precipitation
method. Firstly, FeClz.4H>O and FeClz.6H.0O
with molar ratio (2:1) were dissolved in DI
water. Ammonia solution (30 mL) was added
drop wise under stirring into the reaction
solution at maintained temperature of 70 °C
and pH value of solution was adjusted at 12.
Reaction solution was stirred for next 10
minutes. Prepared FesOs NPs from reaction
solution were washed with DI water and dried
in vacuum oven at 60 °C for 8 hours.



2.3. Polymerization of Pyrrole by chemical
oxidative polymerization method

Chemical oxidative polymerization method was
adopted for polymerization of pyrrole. Pyrrole
was distilled under reduced pressure and stored
in dark at 5 °C. FeCls.6H.O oxidant (0.016
molar) was dissolved in DI water and oxidant
solution was degassed before use. Distilled
pyrrole (0.50 mL) was added into oxidant
solution under vigorous stirring in argon
atmosphere and was continued for next 8 hours.
Prepared PPy was washed with methanol and
dried in vacuum oven at 50 °C for 24 hours.

2.4. Formation of nanocomposites

Solution method was used for the formation of
nanocomposites. As-prepared FesOs NPs and
PPy were dispersed in di-methyl sulfoxide
(DMSO) solvent separately with the aid of
probe sonicator for 45 minutes and 15 minutes,
respectively. FesO4 NPs and PPy solutions were
intermixed with the aid of probe sonicator for
20 minutes. Prepared nanocomposites solutions
were mixed with water and then reaction
mixture was separated from the DMSO and
water solvent through magnetic decantation.
Obtained reaction mixture was washed with DI
water and dried in vacuum oven at 50 °C for 24
hours. As a result, five samples of
nanocomposites were prepared with loading of
FesOs NPs in different concentration (8.6 g,
3.86 ¢, 2.24 g, 1.45 g and 0.967 g in DMSO
solvent, respectively) in polypyrrole (0.967 g in
DMSO solvent) matrix and samples were
denoted NC-90 (90 % loading of FesO4 NPs in
polypyrrole matrix), NC-80 (80% loading of
Fe304 NPs in polypyrrole matrix), NC-70 (70%
loading of FesOs NPs in polypyrrole matrix),
NC-60 (60% loading of FesOs NPs in
polypyrrole matrix) and NC-50 (50% loading
of FesOs NPs in polypyrrole matrix),
respectively. Schematic representation of FezO4
NPs, PPy and nanocomposites synthesis are
shown in Figure 1.

2.5. Characterization Techniques
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X-ray diffraction analysis of the samples was
examined on Rigaku make X-ray diffractometer
with CuK, (A=1.54 A) radiation source. CuK,
radiation was produced at room temperature
with power setting of 40 kV and 30 mA.
Infrared spectra of the prepared samples using
the KBr pellet were recorded on Fourier
Transform Infrared spectrometer (IR infinity-I
Shimadzu). Particle size and morphology of the
Fe3Os4 NPs and nanocomposite samples were
determined from high resolution transmission
electron microscopy (HRTEM, Technai G20-
stwin) at an accelerating voltage of 200 kV.
Point and line resolution of HRTEM were 1.44
and 2.32 A, respectively. A small drop of
diluted Fe3O4 NPs and nanocomposite samples
(NC-50 and NC-90) in ethanol were dripped on
TEM grids for performing the TEM analysis.
Magnetic measurements of nanocomposite
samples were performed at room temperature
using vibrating sample magnetometer (VSM,
Lakeshore 7404) at an applied maximum
external magnetic field of 5 kOe. The electrical
conductivity of polypyrrole and nanocomposite
samples was measured using four-point probe
method.  Conductivity —measurement was
performed on circular pellets of samples having
diameter of 10 mm and thickness of 1 mm,
prepared by hydraulic press. An open circuit
test (no-load test) was executed using power
meter on nanocomposite based toroidal cores.
Nanocomposite samples were compacted into
toroidal shaped specimens using hydraulic
press having following dimensions (outer
diameter = 14 mm, inner diameter = 7 mm and
height = 4 mm) with the aid of polyvinyl
alcohol (PVA).

3. Results and Discussion:

Crystallographic structures of prepared samples
are presented in Figure 2. Crystalline peaks of
FesO4 NPs at 20 = 30.1°, 35.6°, 43.1°, 53.6°,
57.1° and 62.9° indexed to the (220), (311),
(400), (422), (511) and (440) lattice planes,
respectively which confirm the pure crystalline
phase formation of FesOs NPs (JCPDS-



790417). Using Scherrer’s equation, the
average particle size of FesO4 NPs is calculated
9.27 nm. Polypyrrole XRD pattern shows broad
scattering peak at 25.8° diffraction angle
determined its amorphous phase which is the
characteristics of doped polypyrrole [30]. The
peaks at 26 = 30.1°, 35.6°, 43.1°, 53.6°, 57.1°,
62.9° and 25.8° reveal the presence of Fe3O4
NPs and polypyrrole in the nanocomposite
samples [31]. Figure 3 depicts the FTIR spectra
of polypyrrole, FesO4 NPs and nanocomposite
samples. The absorption band at 576 cm™ is
attributed to Fe-O bond stretching in the FesO4
nanoparticles [32]. The characteristics peaks
obtained at 3410 cm? and 1533 cm? are
assigned to the N-H stretching and C-C
stretching vibrations in the polypyrrole sample
[33,34]. The absorption centered in the range
(1250-1100) cm™ is ascribed to the pyrrole ring
vibration [26]. Peaks observed at 1294 cm™ and
1031 cm* denote the C-H in plane and out of
plane deformation mode. C=C stretching
vibration in polypyrrole is occurred at 894 cm™
[35]. The main absorption bands of polypyrrole
and FesOs NPs are appeared in the
nanocomposite samples which confirm the
existence of polypyrrole and FezOs NPs.
However, noticeable peak shifting is observed
in the nanocomposite compared to bare
magnetite nanoparticles and polypyrrole peaks.

It may be attributed to non-covalent
interactions such as columbic and
Vanderwaal’s  interactions  between the

magnetite and polypyrrole [29,36,37]. Surface
dangling bonds of magnetite interact with ring
electron density of the polypyrrole. Moreover,
such interactions induce a synergy effect in the
final nanocomposite and resulted into the
reduced resistivity and power losses. Such
surface interactions promote the uniform
dispersion of magnetic nanoparticles in
polymer matrix observed in HRTEM images.
HRTEM images of Fe3Os NPs are shown in
Figure 4 (a) and 4 (a’). FesOs NPs are of
spherical shape with average diameter of 9 nm
similar to XRD crystallite size [31]. Figure 4
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(b) and 4(b") show the HRTEM micrographs of
the NC-50 sample and Figure 4(c) and 4(c)
represent the HRTEM images of the NC-90
sample. A uniform dispersion of FesOs NPs is
observed in  polypyrrole matrix  [38].
Magnetization and flux density curves at room
temperature are plotted as a function of
magnetic field to study the magnetic properties
of the prepared samples shown in Figure5(a)
and 5 (b). Images of the flux density curves at
low magnetic field are also incorporated in
Figure 5 (b). Magnetic properties of the FezO4
NPs and nanocomposite samples are listed in
Table 1. Magnetic properties such as saturation
magnetization (Ms), coercivity (Hc), hysteresis
area and magnetocrystalline  anisotropy
constant (K) of the nanocomposite samples
were reduced because of the inclusion of non-
magnetic  polypyrrole  polymer  content.
Magnetic  properties of the  magnetic
nanoparticles are greatly affected by the surface
chemistry [39]. Reduced magnetization in
superparamagnetic nanoparticles is described
based on the presence of disordered spins at the
surface and by the spin canting [40].
Additionally, saturation magnetization is
reduced in the nanocomposite samples with the
incorporation of polypyrrole molecules due to
predominant diamagnetic nature of
polypyrrole*!.Furthermore, magnetic properties
of magnetic NPs also depend on many
anisotropy aspects. Dispersion of FesO4 NPs in
polypyrrole matrix may influence surface
anisotropy and interface anisotropy due to
interfacial electrostatic and Vander-waals
interactions [29]. The decrement in coercivity
of the nanocomposite may be due to reduced
surface anisotropy of FesO4 NPs by interfacial
bonding of PPy ring electrons with its surface
spins (dangling bonds). Using stoner-wohlfarth
theory, the Hc of nanoparticles is calculated by
the equation (1):
2K
Hc =

Homg
Herein, K is magneto crystalline anisotropy, Lo
is the permeability in free space and its value is



4107 H/m and Ms is the saturation
magnetization. The value of K is determined by
the product of Hc and M, It can be inferred that
K value is monotonically decreasing function
with loading of polypyrrole resulting into
reduction of Hc and Ms. Thus, coercivity value
varies with change in surface anisotropy.
Consequently, hysteresis losses reduced. Figure
6 represents the conductivity values of the
nanocomposite samples and polypyrrole.
Conductivity  decreases  with  increasing
concentration of FesOs NPs in the
nanocomposite samples. Conduction
mechanism in the conducting polymer arises
due to transport mechanism of anions,
bipolarons and hopping of electrons in its
conjugated system. Charge carrier scattering
and blockage of conduction path, both are
enhanced with the inclusion of the FesO4 NPs in
the polypyrrole matrix as well as free surface
charge is decreased due to physical interaction
between polypyrrole and FesO4 magnetic NPs.
Consequently, conductivity is reduced [42-45].
Figures 7 and 8 demonstrate the power losses
density curves of the samples as a function of
frequency from 50 Hz to 50 kHz at two
sinusoidal exciting voltages 5 V and 3.5 V,
respectively. Power losses are segregated into
three components: hysteresis losses (Pn), eddy
current losses (Pe) and residual losses (Pr).
Residual losses predominate only at very high
frequencies and at low magnetic flux density
levels [46]. It is approximated to zero in the
power applications of the soft magnetic
materials [47,48]. Hysteresis losses are
appeared due to high coercivity of the magnetic
materials and surface anisotropy determines the
coercivity factor as above discussed [22,39,49].
With the incorporation of polymer content in
the FesOs magnetic NPs, coercivity was
reduced and hysteresis losses were decreased. It
can be validated by the calculated values of the
coercivity and hysteresis area as displayed in
Table 1. On the other side, eddy current losses
are increased due to decrement in resistivity
with the addition of polymer content [22].
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Resistivity of the nanocomposite samples is
decreased with the inclusion of higher
concentration of polypyrrole and it is shown in
Figure 6. Eddy current losses are comparable to
the hysteresis losses at normal line frequency
(50 Hz/60 Hz) [22]. Pe is directly proportional
to the square of frequency while Py is directly
proportional to the frequency. Accordingly,
eddy current losses are abruptly enhanced than
hysteresis losses with the increased excitation
frequency [50]. Consequently, power losses are
almost constant till 1 kHz frequency and
increased beyond 1 kHz frequency as shown in
Figures 7 and 8. Power loss density values at 50
Hz frequency were decreased from 37.80
mW/cm?® for FesOs magnetic NPs to 24.58
mW/cm?® for NC-90 sample at 5 V and also
reduced from21.41 mwW/cm3to 14.71 mW/cm?®
at 3.5 V. Power loss density values at 50 kHz
decreased from 43.20 mW/cm? (FesO4 magnetic
NPs) to 30.72 mW/cm?® (NC-90 sample) at 5 V
and it is reduced from 30.35 mW/cm?® to 18.34
mW/cm?® at 3.5 V excitation voltages. Power
loss density values were further increased from
24.58 mW/cm?® and 14.71 mW/cm? (NC-90) to
34.45 mW/cm® and 18.99 mwW/cm® (NC-50
sample) at 5 V and 3.5V excitation voltages,
respectively at 50 Hz frequency. Power losses
density values were also further increased from
30.72 mW/cm® and 18.34 mW/cm® (NC-90
sample) to 40.40 mW/cm?® and 29.93 mW/cm?3
(NC-50 sample) at 5 V and 3.5V excitation
voltages, respectively at 50 kHz frequency, but
still less than the FesO4 magnetic NPs. It might
be increased due to enhancement of eddy
current losses with the decrement in resistivity.
Resistivity is reduced with the loading of
polypyrrole in nanocomposite due to induced
synergy effect via non covalent interaction
between ring electron density of the
polypyrrole and surface dangling bonds of
magnetite. Additionally, conduction takes place
with the inclusion of conducting polypyrrole
phase in nanocomposite. Consequently, eddy
current gets conduction path easily and eddy
current losses are enhanced rapidly.



4. Conclusions

This work reports an eloquent approach for
reducing core losses at high frequencies by
nanocomposite of FesO4 NPs and PPy. At high
frequency of 50 kHz, power loss density values
decreased from 43.20 mW/cm? (FesO4 magnetic
NPs) to 30.72 mW/cm® (NC-90 sample) at 5
Vand it reduced from 30.35 mW/cm?® to 18.34
mW/cm?3at 3.5 V excitation voltages. Reduction
in core losses in nanocomposite is the result of
decrease in coercivity of nanocomposite. Core
losses monotonically increased with
polypyrrole concentration. Therefore, the core
losses were increased in NC-50 sample
comparatively to NC-90 sample. Enhancement
in eddy current losses may be the reason for
increased core losses because the conductivity
is increased with the addition of polypyrrole
phase in nanocomposite. Trivial hysteresis
losses obtained in nanocomposite due to
reduced surface anisotropy by interfacial
surface interaction of PPy and FesOs NPs.
Nanocomposite sample (NC-90) with less
inclusion of PPy matrix exhibited minimum
core loss at high frequency, which is most
suited for switching mode power supplies.
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Abstract: The strategic use of polymer composites in aerospace engineering has influenced
aircraft and spacecraft design and manufacturing. This abstract summarizes the fundamental
principles, key components, and significance of polymer composites in aerospace applications.
Polymer composites are formed of a matrix material (generally a polymer resin) reinforced with
high-strength fibres like carbon, glass, or aramid. This combination gives the composite superior
mechanical properties, such as high strength-to-weight ratio, stiffness, and resistance to fatigue
and corrosion. Such properties make polymer composites ideal for aerospace structures where
lightweight construction and exceptional performance are critical. Polymer composites are widely
used in aerospace to reduce weight, improve fuel efficiency, and strengthen structural integrity in
structural components such as wings, empennages, and fuselages. They are also essential to
propulsion systems, interior structures, and thermal protection systems, which emphasizes their
adaptability and versatility to a wide range of aerospace applications. The use of polymer
composites in aerospace has driven improvements in manufacturing processes, including
automated resin transfer molding and fibre placement, making it possible to produce intricate
composite structures with extreme efficiency and precision. Furthermore, engineers can maximize
component performance while adhering to strict aerospace regulations and safety standards thanks
to the design flexibility provided by polymer composites. Further study attempts to boost the
capabilities and characteristics of polymer composites, such as better resistance to damage,
durability to impacts, and durability in extreme conditions. The invention of the next-generation
aerospace vehicles that can meet the changing needs of space exploration and transportation looks
promising as a result of this ongoing innovation.

Keywords: Aerospace, Composites, Polymer, Strength, Efficiency, Manufacturing, Innovation

1. Overview of Aerospace Materials: weight ratios by creatively fusing a polymer
Usually, traditional materials with  matrix with reinforcing fibres, such carbon or
fundamental strength and endurance, such  glass. This leads to much lighter aircraft and
steel, titanium and aluminium, have dominated spacecraft, which increases fuel economy and
the area of aircraft engineering for a long time. lowers total operating costs. Additionally,
But because of their high weight, they present composite  polymers have outstanding
serious problems that raise fuel consumption  resistance to fatigue and corrosion, prolonging
and operating expenses for planes and the life of aeronautical components and
spacecraft. Moreover, these materials have a  reducing maintenance needs. Because
tendency to corrosion and get fatigued over  composite polymers are lightweight, they
time, requiring costly and time-consuming  improve fuel economy and reduce carbon

routine maintenance and repairs. Presently, emissions, which promotes environmental
composite polymers provide a strong sustainability. This is in line with the aircraft
substitute for the drawbacks of conventional  industry's growing emphasis on
aircraft materials. Composite polymers surpass environmentally  friendly policies and
their traditional equivalents in strength-to- procedures. Furthermore, composite polymers'
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strength, resistance to fatigue, and corrosion
translate into longer service lives for aerospace
components, which minimizes the need for
regular replacements and repairs. This reduces
operating expenses and improves overall
safety by ensuring the structural integrity of
spacecraft and airplanes over long-term
operations [1, 2].

The use of composite polymers in aircraft
engineering is a paradigm shift that provides
answers to the persistent problems with
traditional materials. This transition is visible
in many aerospace applications, such as
propulsion systems and internal structures, as
well as structural elements like wings,
fuselages, and empennages. Because
composite polymers are so versatile, engineers
can design and produce aerospace components
more precisely and efficiently, achieving strict
performance requirements and complying with
safety rules as shown in figure 1. Ultimately,
composite polymers represent a significant
breakthrough in aircraft materials, providing a
comprehensive response to the persistent

problems associated with conventional
materials such as titanium, steel, and
aluminium. In contemporary aerospace

engineering, their remarkable strength and
durability, along with their lightweight nature,
make them essential. As the aviation sector
advances, composite polymers could have a
big impact on how aircraft technology
advances.

2. Literature Survey: Polymer composites are
increasingly utilized in the automobile and
aerospace industries for weight reduction,
improved performance, and environmental
sustainability [1, 2, 3]. Fiber-reinforced
plastics (FRP) play a crucial role in the
automobile industry, offering weight reduction
potential, high specific strength, and
stiffness (Alberto, 2013). Polymer composites
provide advantages over steel in terms of
weight reduction, styling flexibility, tooling
cost reduction, rust resistance, noise reduction,
and higher damping properties [4, 5].

The aerospace industry has seen a rise in the
use of polymer composites for various
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components like tail fins, elevators, fuselage
fairings, spoilers, and ailerons, leading to
weight reduction and cost savings [8].
Research in advanced polymer composites is
expanding, with a focus on recyclability,
mechanical properties, reduced weight, and
extended shelf life for future automotive
applications [10].

Aerospace materials must meet specific
requirements such as being lightweight, high
strength, having good fracture resistance, and
high damage tolerance [3, 12]. The aerospace
industry's focus on lightweight materials is
driven by the need to reduce operational costs,
particularly fuel consumption, which accounts
for a significant portion of aviation expenses.

Materials and structures are fundamental to
the development of modern aerospace
systems, impacting various stages of an
aircraft's life cycle from design to disposal [3,
5 7]. This highlights the continuous evolution
and importance of materials in the aerospace
industry. Fiber-reinforced polymer composite
materials are increasingly favored for
aerospace applications, particularly as primary
structural materials [11].

Challenges in composite materials include
impact damage, damage tolerance,
environmental degradation, and long-term
durability [9, 10]. The aerospace industry faces
issues in setting inspection intervals and
defining repair levels for aircraft in service due
to impact damage concerns [2, 5, 8].

The wuse of composites in aerospace
structures demands high reliability and safety,
leading to extensive testing at all stages of
design, development, certification, and in-
service inspection [1, 2].

Future  developments in  aerospace
composites focus on cost reduction techniques,
such as new process technologies like resin
transfer moulding (RTM) and resin infusion
moulding (RIM), stitched hybrids, and smart
materials for improved performance and
affordability [1, 4, 13].

3. Composite Polymers: Polymer matrix
composites (PMCs), often called composite



polymers, are a class of innovative materials
that are gaining popularity across several
industries due to their exceptional mechanical
properties and versatility. Reinforcing fibres,
usually comprised of glass or carbon, and a
polymer matrix make up the two major
components of composite polymers. The
reinforcing fibres function as load-bearing
components to increase strength and stiftness,
while the polymer matrix acts as a binding
agent to give the composite cohesion and
structural integrity.

A variety of polymers can be utilized to
form the polymer matrix of composite
polymers, including thermoplastic polymers
like  polyethylene, polypropylene, and
polyamide, and thermosetting resins like
epoxy, polyester, and phenolic. The required
mechanical qualities, processing constraints,
and environmental concerns are just a few of
the variables that influence the choice of
polymer matrix. A stiff and long-lasting matrix
is produced by the irreversible chemical
crosslinking reactions that thermosetting
resins experience during curing, whereas
thermoplastic polymers allow for repeated

melting and reshaping, providing more
manufacturing process flexibility. The
mechanical performance of composite
polymers is largely dependent on the

reinforcing fibres. Carbon fibres are incredibly
strong, rigid, and light-weight, which makes
them  perfect for  high-performance
applications where weight reduction is crucial.
Carbon fibres are made from carbon precursor
materials like pitch or polyacrylonitrile (PAN).
In contrast to carbon fibres, glass fibres are less
expensive and have superior strength and
stiffness. They are mostly made of silica and
various oxides. Other types of reinforcing
fibres are natural fibres like flax and bamboo
and aramid fibres like Kevlar, each having
special qualities appropriate for particular uses
(3,4, 15].

3.1. Why polymer composites are widely *

used in aerospace:

Because polymer composites are
lightweight and can reduce an aircraft's
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overall weight by up to 40%, they are
preferred in the aerospace industry.

These materials are effective for
aeronautical applications because they
have particular strength qualities,
which make them robust for their
weight.

Due to their superior resilience to
fatigue and fractures, polymer
composites  are  essential  for
withstanding the harsh conditions seen
in aerospace applications.

The materials address the demanding
specifications of aircraft components
by offering dimensional stability, low
thermal expansion characteristics, and
speed of manufacturing.

High performance materials are
frequently needed for aerospace
applications, and because of their many
benefits, polymer composites are the
material of choice for many aircraft
components [2, 8,16].

3.2. Scope of polymer composites in
aerospace:

e In aerospace applications, polymer
composites are essential, especially for
parts like crew gear, solar array
substrates, and cockpit interiors.
Polymer composites have allowed
modern military fighter aircraft to
reduce weight by thirty percent,
demonstrating their value in the
construction of strong, lightweight
aerospace structures.

These composites comprise up to 80%
of contemporary satellite launch
vehicles and are widely employed in
satellite components such equipment
panels, antennae, and honeycomb
structures.

Polymer composites are perfect for a variety of
aircraft applications, such as high-precision
detectors and space structural equipment,
because of their strength, resilience, and
design flexibility.



Polymer composites are becoming the material
of choice in aircraft, replacing traditional
materials because of their  superior
performance and ability to be tailored to
specific requirements. [6, 16].

Polymer composites are categorized
according to a number of factors, such as the
kind of polymer matrix, the kind of reinforcing
fibres, and the method of manufacture.
Polymer matrix composites (PMCs), ceramic
matrix composites (CMCs), and metal matrix
composites (MMCs) are the three primary
categories into which polymer composites are
divided under one common classification
approach. Depending on the kind of polymer
matrix and reinforcing fibres, polymer
composites can be divided into multiple
subtypes:

4. Types of Fibre-reinforced polymer (FRP):
Certainly! Let's delve into each type of fibre-
reinforced polymer (FRP) in detail:

4.1. Carbon Fibre Reinforced Polymers
(CFRPs): Composition: Carbon fibres are
contained in a polymer matrix, usually epoxy
resin, to form CFRPs. Carbon fibres are
renowned for having remarkable rigidity and
strength.

Properties: CFRPs exhibit outstanding
strength-to-weight  ratios, stiffness, and
corrosion resistance. Because of their

remarkable strength and low weight, they are
perfect for industries including sporting goods,
automotive, and aerospace where reducing
weight is essential.

Applications: The high strength-to-weight
ratio of CFRPs in aerospace helps with fuel
efficiency and performance in structural
components such as wings, fuselages, and
empennages. In the automotive industry,
CFRPs are employed in body panels and
chassis components to reduce weight and
improve fuel economy. Additionally, CFRPs
are used in sporting goods such as bicycles,
tennis rackets, and golf clubs due to their
lightweight and high-performance
characteristics [3, 4].

332

CNS&E Journal Volume 1 (4), July 2024

4.2. Glass Fibre Reinforced Polymers
(GFRPs): Composition: GFRPs utilize glass
fibres as the reinforcing phase, combined with
a polymer matrix such as polyester or vinyl
ester resin.

Properties: GFRPs offer good strength and
stiffness properties at a lower cost compared to
CFRPs. While not as lightweight or as strong
as carbon fibres, glass fibres provide decent
mechanical performance and corrosion
resistance.

Applications: GFRPs find applications in
various industries where moderate mechanical
performance and cost-effectiveness are
desired. In aerospace, GFRPs may be used in
non-structural components like fairings and
interior panels. They are also utilized in marine
applications for boat hulls and components
exposed to water environments. Moreover,
GFRPs are common in automotive
components, construction materials, and
consumer goods due to their versatility and
affordability [15].

4.3. Aramid Fibre Reinforced Polymers
(AFRPs): Composition: AFRPs employ
aramid fibres, such as Kevlar, as the
reinforcing phase in a polymer matrix,
typically epoxy or phenolic resin.

Properties: AFRPs exhibit high strength,
excellent impact resistance, and good fatigue
properties. Aramid fibres are renowned for
their toughness and resistance to ballistic
impact, making AFRPs suitable for
applications requiring protection against
projectiles and impacts.

Applications: In aerospace, AFRPs are
used in ballistic protection systems, helicopter
rotor blades, and components subjected to
high-velocity impacts. They are also utilized in
marine applications for boat hulls and
protective structures. Additionally, AFRPs find
applications in sporting goods, such as helmets
and body Armor, where impact resistance is
crucial [3, 4].

4.4. Natural Fibre Reinforced Polymers
(NFRPs): Composition: NFRPs incorporate
natural fibres, such as bamboo, flax, or hemp,



as the reinforcing phase in a polymer matrix,
often bio-based resins like soy-based epoxy or
polylactic acid (PLA).

Properties: NFRPs offer environmental
benefits, including biodegradability and
renewable sourcing. While natural fibres may
not match the mechanical properties of
synthetic fibres like carbon or glass, they still
provide adequate strength and stiffness for
certain applications.

Applications: NFRPs are utilized in
industries seeking sustainable alternatives to
traditional =~ materials. In  automotive
applications, NFRPs are used in interior
components, door panels, and trunk liners. In
construction, NFRPs find use in building
materials like insulation, panels, and roofing.
Additionally, NFRPs are employed in
packaging materials and consumer goods,
where eco-friendly materials are favoured [3,
4].

Numerous industries, including construction,
automotive, marine, aerospace, and sporting
goods, use composite polymers. Because of
their light-weight and high strength, composite
polymers are widely utilized in aerospace for
structural components such as aircraft wings,
fuselages, empennages, and interior structures.
Body panels, chassis parts, and interior trim
are among the automotive applications of
composite polymers designed to lighten
vehicles and increase fuel economy. Due to
their durability and corrosion resistance,

composite polymers are wused in the
construction  sector  for infrastructure
applications  like decks, bridges, and

reinforcement materials [1-4, 15]. Composite
polymers are an innovative and adaptable class
of materials that are driving breakthroughs
across several sectors. Composite polymers
are expected to have a big impact on the
direction of materials science and engineering
because of continuous research and
development activities aimed at improving
their characteristics and processing methods.

5. Advantages of Composite Polymers in
Aerospace: Due to their many advantages over
conventional materials like metal, composite
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polymers have completely changed the
aerospace sector. These cutting-edge materials
have revolutionized the design and production
of airplanes and spacecraft. They are made of
a polymer matrix reinforced with fibres like
carbon or glass. The principal benefits of
composite  polymers in  aeronautical
applications are given below [1-3].

5.1. Light-weight: Composite polymers are
significantly lighter than metals, resulting in
reduced overall aircraft weight. This reduction
in weight translates to improved fuel efficiency
and increased range for aircraft, allowing for
longer flights and reduced operating costs.
Lighter aircraft also require less energy to
propel, contributing to  environmental
sustainability by reducing carbon emissions.

5.2. High strength-to-weight ratio:
Composite polymers exhibit exceptional
strength-to-weight ratios, providing structural
integrity comparable to metals but with lower
weight. This allows engineers to design
aerospace components that can withstand high
loads and stresses while minimizing weight,
enhancing overall performance and safety [1-
3]

5.3. Corrosion resistance: Unlike metals,
composite polymers are immune to corrosion,
eliminating the risk of rust and degradation
over time. This corrosion resistance extends
the lifespan of aerospace components,
reducing maintenance needs and associated
costs.

5.4. Fatigue resistance: Composite polymers
demonstrate excellent fatigue resistance,
capable of withstanding repeated stress cycles
without compromising structural integrity.
This durability is particularly advantageous in
aerospace applications, where components are
subjected to fluctuating loads during flight.

5.5. Design flexibility: Composite polymers
offer unparalleled design flexibility, allowing
for the creation of complex shapes and
aerodynamic designs  that  optimize
performance. Engineers can tailor the
properties of composite materials to meet
specific aerodynamic requirements, resulting



in more efficient and streamlined aircraft
designs [2, 3].

5.6. Improved thermal and electrical
insulation: Composite polymers provide
enhanced thermal and electrical insulation
properties compared to metals. This insulation
capability improves safety and efficiency in
extreme conditions, such as high temperatures
encountered during atmospheric re-entry or
electrical insulation requirements in electronic
components.

5.7. Reduced part count: The use of
composite polymers often results in a
reduction in part count compared to traditional
metal  structures.  Simplified assembly
processes and fewer components streamline
manufacturing and maintenance operations,
leading to lower operational costs and faster
turnaround times.

5.8. Enhanced durability: Composite
polymers offer superior durability, capable of
withstanding harsh environmental conditions,
including temperature extremes, humidity, and
exposure to chemicals. This durability ensures
the longevity of aerospace components,
reducing the need for frequent replacements
and repairs and improving overall mission
reliability [1-3]. In conclusion, the advantages
of composite polymers in aerospace
applications are numerous and far-reaching,
encompassing improvements in weight,
strength, durability, design flexibility, and
operational efficiency. These advanced
materials have revolutionized aircraft and
spacecraft design, enabling the development of
safer, more efficient, and environmentally
sustainable aerospace vehicles.

in Aircraft Structures:
Modern aerospace engineering provides
extensive uses for composite polymers
because of their unique combination of
strength, durability, and light weight in aircraft
components [1-4]. The primary uses of
composite polymers in airplane structures are
described in detail below:

6. Applications

6.1. Fuselage: Composite polymers are widely
used in fuselage construction, where their
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lightweight  nature  offers  significant
advantages. By replacing traditional metal
structures with composite materials, overall
aircraft weight is reduced, leading to enhanced
fuel efficiency and increased range.
Additionally, composite polymers provide
superior strength, contributing to the structural
integrity of the fuselage and ensuring
passenger safety during flight [2-4].

6.2. Wings: Composite materials play a crucial
role in wing design, offering benefits such as
improved aerodynamics and reduced drag. The
use of composites in wings leads to enhanced
fuel efficiency by minimizing air resistance
and increasing lift-to-drag ratios. Furthermore,
composite wings are lighter than their metal

counterparts, resulting in overall weight
savings for the aircraft and improved
performance.

6.3. Empennage: The tail section of aircraft,
including the horizontal and vertical
stabilizers, benefits from the use of composite
materials. Composite polymers exhibit a high
strength-to-weight ratio, ensuring stability and
control during flight while minimizing
additional weight. The lightweight nature of
composite empennage components contributes
to overall aircraft efficiency and
manoeuvrability.

6.4. Landing Gear: Components of the
landing gear system, such as struts and
fairings, often incorporate = composite
polymers. By utilizing composites in landing
gear construction, the weight of the landing
gear system is reduced, contributing to overall
weight savings for the aircraft. The use of
composite materials in landing gear
components improves performance during
take-off and landing, enhancing aircraft safety
and efficiency [2, 4].

In conclusion, composite polymers are
essential to aircraft structures because they
provide a host of benefits like increased
performance, greater strength, and lightweight

design. Composite materials have
revolutionized aerospace engineering,
enabling the production of safer, more

efficient, and environmentally sustainable
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aircraft, from fuselages to wings and landing

gear [1-4].
Upper . ' Tail cone solid
deck floor Vertical tail laminated
beams CFRP plane CFRP CFRP
pultrusion
Unpressurised
fuselage Solid
O t
flapsu(;:rRP laminated CFRP
Wing ribs
Wing glass
thermoplastlc
J-nose

Engine

Horizontal tail

W g i cowlings CFRP plane CFRP
Centre wing T ..
box CFRP i * _'r Rear pressure
Landing gear doors Flap track bulkhead CFRP
Solid laminated panels CFRP

CFRP

Figure 1. Advanced Polymer Composite for Aerospace Engineering Applications (N. Ramli, et al 2022) [17]

7. Manufacturing Processes Manufacturing
Processes for Composite Polymers in
Aerospace:

7.1. Hand layup: Process: Hand layup
involves manually laying fibre reinforcements,
such as carbon or glass fibres, into a mold. The
fibres are then impregnated with resin,
typically epoxy, polyester, or vinyl ester, to
create the composite part.

Advantages: Hand layup offers flexibility for
small-scale production and allows for the
creation of complex shapes and structures. It

works effectively for customizing and
prototyping.
Challenges: However, hand layup can be

labour-intensive and time-consuming. The
manual process is also prone to variations in
quality due to human error, leading to potential
inconsistencies in the final product [5].

7.2. Automated Tape Laying (ATL): Process:
ATL utilizes a computer-controlled machine to
lay down pre-impregnated fibre tape onto a
mold in precise patterns. The tape is typically
pre-impregnated with resin, ensuring uniform
distribution and controlled impregnation.

Advantages: ATL offers high precision and
consistency, making it suitable for large and
flat components like aircraft skins or panels.
The automated process minimizes human error
and increases production efficiency.

Challenges: However, ATL may not be suitable
for components with complex geometries or
curved surfaces, as the tape laying process is
primarily linear and may struggle with
intricate shapes [6].

7.3. Resin Transfer Molding (RTM):
Process: RTM involves injecting liquid resin
into a closed mold containing dry fibre
reinforcements. The resin infiltrates the fibres,
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saturating them completely, before curing to
form the final composite part.

Advantages: RTM offers high production rates
and excellent surface finish. It is suitable for
high-volume  production of aerospace
components such as fairings or interior panels.
The closed mold system minimizes waste and
allows for precise control over resin flow.

Challenges:  However, RTM  requires
specialized equipment and tooling, making it
more suitable for mass production rather than
small-scale or custom projects. The initial
setup costs can be significant, and the process
may be less adaptable to design changes
compared to other methods [6].

7.4. Automated Fibre Placement (AFP):
Process: Similar to ATL, AFP utilizes robotic
arms to lay down continuous fibre
reinforcements onto a mold. However, AFP
offers increased flexibility in laying patterns,
allowing for complex geometries and tailored
fibre orientations.

Advantages: AFP is ideal for components with
curved or contoured shapes, as the robotic
arms can adjust fibre placement according to
the design requirements. This flexibility
allows for optimized fibre orientations and
enhanced structural performance.

Challenges: AFP systems are complex and
require skilled operators to program and
operate  effectively.  Additionally, the
equipment and tooling costs for AFP may be
higher compared to other manufacturing
processes [6].

In summary, every aircraft composite polymer
manufacturing process has its own advantages
and difficulties. Various criteria, including
production volume, part complexity, design
requirements, and budgetary restraints, must
be taken into consideration while choosing the

most suitable approach. Aerospace
manufacturers can create  high-quality
composite components that satisfy the

industry's strict performance requirements by
efficiently utilizing these manufacturing
techniques [7- 9].
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8. Challenges and Limitations: Challenges
and Limitations of Composite Polymers in
Aerospace:

8.1. Cost: Initial Investment: One of the
primary challenges with composite polymers
in aerospace is the higher initial investment
required  for manufacturing facilities,
equipment, and specialized tooling. Compared
to traditional materials like metals, composite
fabrication processes may involve costly
machinery and infrastructure.

Material Expenses: Additionally, the raw
materials used in composite polymers, such as
carbon fibres and epoxy resin, can be more
expensive than metals like aluminium or steel.
This can significantly impact overall
production costs, especially for large-scale
manufacturing projects [2,3, 9, 15].

8.2. Complex manufacturing: Specialized
Skills and Equipment: Composite fabrication
requires specialized skills and equipment,
including CNC machines, autoclaves, and
robotic systems for automated layup
processes. Aerospace manufacturers must
invest in training programs to ensure their
workforce possesses the necessary expertise to
handle composite materials effectively [2].

Higher  Production Complexities: The
manufacturing processes for composite
polymers, such as resin infusion or automated
fibre placement, are more complex than
traditional metal fabrication methods. This
complexity can lead to longer production lead
times, increased setup costs, and a higher
likelihood of errors during manufacturing [3,
10, 14].

8.3. Inspection and maintenance: Detecting
Defects: Detecting defects and ensuring
structural integrity in composite materials can
be challenging due to their heterogeneous
nature and anisotropic properties. Traditional
inspection methods, such as visual inspection
or ultrasonic testing, may not always be
effective in identifying internal flaws or
delamination [2].

Advanced Inspection Techniques: Aerospace
manufacturers must invest in advanced



inspection techniques, such as computed
tomography (CT) scanning or thermography,
to accurately assess the quality of composite
components. These techniques require
specialized equipment and expertise, adding to
the overall complexity and cost of quality
control processes [2, 3, 14].

Maintenance Challenges: While composite
materials offer excellent durability and
resistance to corrosion, they are not immune to
damage  from  impact, fatigue, or
environmental factors. Repairing composite
structures may require specialized techniques
and materials, adding to maintenance costs and
downtime for aircraft or spacecraft [3, 11, 14].

8.4. Environmental concerns: Disposal and
Recycling: The disposal of composite
materials at the end of their service life raises
sustainability concerns, as traditional recycling
methods may not be suitable for composite
waste. Composite polymers are typically non-
biodegradable and can pose challenges for
landfill disposal.

Eco-friendly Solutions: Aerospace
manufacturers are increasingly exploring eco-
friendly recycling solutions for composite
waste management, such as pyrolysis or
mechanical recycling processes. However,
developing cost-effective and efficient
recycling technologies for composite materials
remains a significant challenge [2, 3, 12].

In conclusion, while composite polymers offer
numerous  advantages  for  aerospace
applications, including lightweight
construction and superior performance, they
also present challenges and limitations that
must be addressed. Aerospace manufacturers
must navigate these challenges through
investment in research and development,
advanced manufacturing techniques, and
sustainable practices to maximize the benefits
of composite materials while mitigating their
drawbacks [9-12].

9. Research and Development: To encourage
innovation and get over current obstacles,
research and development (R&D) in
composite  polymers for  aeronautical
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applications is essential. One area of interest is
the development of fibres, including glass and
carbon, to improve their stiffness, strength, and
light weight. In order to produce stronger and
lighter composite materials, researchers are
working to create fibres with improved
performance properties. In order to meet the
demanding requirements of aircraft settings,
R&D efforts also focus on developing resins
with enhanced toughness, durability, and
temperature resistance [3, 9, 13, 14]. Another
significant aspect of composite polymer R&D
i1s sustainability, with scientists looking at
recycling techniques and environmentally
benign substitutes to allay worries about the
environmental impact of composite disposal.
This involves minimizing waste and the
environmental impact of composite materials
by researching bio-based polymers and
creating effective recycling techniques [2, 3,
13].

Composite technology advances are
mostly driven by collaborative innovation,
where collaborations between academics and
industry facilitate information exchange and
accelerate growth. Through these
collaborations, researchers are able to pool
resources and experience from several
disciplines to address complex challenges
related to composite materials and production
processes. Ultimately, this leads to the
development of aerospace technologies that
are safer, more effective, and sustainable [3, 6,
13].

10. Future Trends: The development of
innovative materials with superior qualities,
such as higher strength and reduced weight, as
well as the integration of smart technologies
for improved functionality, is the direction of
future trends in composite polymers for
aerospace applications. Future developments
are expected to push the limits of existing
composite technology, opening the door to
lighter and stronger aircraft constructions [3,
9].

Composite polymers have the potential to
transform a number of aerospace industries by
expanding  their  applications  beyond



conventional airplanes to include satellites and
drones. With these increased uses, composite
materials will be able to significantly influence
how aircraft engineering develops in the
future, spurring creativity and changing the
face of air travel. Composite polymers will
surely continue to lead the way as the sector
develops, generating innovations and
stretching the limits of what is feasible in
aircraft technology [3, 13].

11. Conclusion: In conclusion, composite
polymers represent a  revolutionary
advancement in aerospace materials, offering
transformative benefits such as weight
reduction, increased durability, and enhanced
design flexibility. These advancements are
reshaping the landscape of air travel by
improving efficiency, performance, and safety
standards across various aerospace sectors. To
fully utilize composite polymers in aerospace,
however, is still a trip away. In order to
guarantee  composite  materials'  broad
acceptance and continuous progress in the
aerospace sector, research and development
endeavours must be carried out with an
ongoing innovative mindset. Furthermore,
advancing innovation and expanding the
frontiers of composite technology requires
cooperative  efforts between  business,
academia, and research centres. In concert,
stakeholders may overcome obstacles, quicken
progress, and open up opportunities for the
development of aerospace engineering by
pooling their expertise and financial resources.
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Abstract: Barium-Boro-Bismuthate glasses modified with Nb,Os and V20s having composition
XNb20s5-(10-x)V205-25Ba0-30B,03-35Bi,03 (where x = 0, 1, 3, 5, 8, 9 and 10 mol%) were
prepared via melt-quench technique and investigated for structural, optical, electrical and thermal
properties. The produced glasses were subjected to thermal exposure for five hours at 450 °C in
order to examine structural modifications inside the glass matrix. Densities of as-prepared glass
samples were measured and values were found to lie in order of 5.5 g/cc. XRD profile containing
broad humps for as-prepared glass samples reflected their amorphous nature, and ordered peak
pattern for annealed glass samples reflected development of BissBOsg crystalline phase (with
crystallite size < 50 nm) inside annealed glass matrix. FTIR spectroscopy helps in identification
of different structural units (such as BOs, BO3, BiOs & BiO3) inside base glass matrix. Dielectric
analysis reflects usability of glass samples for high frequency signal transmission, high-
temperature semi-conducting and energy storage devices. Lower value for ac conductivity (~107°
S/m) reflects usability of glass samples towards high-voltage bearing materials (due to high
resistance for electrical breakdown). Optical band-gaps (Eg) for as-prepared and annealed glass
samples lie between 1.13 and 2.39 eV, suggesting their usability towards various optical and opto-
electronic devices (such as absorber material in solar cells, optical fibre, lenses, filters, etc.). A
non-significant change in refractive index values for as-prepared glass samples after annealing
reflected enlisted these into transparent glass ceramic category. A single sharp exothermic peak in
each differential thermal analysis (DTA) curve reflects nucleating ability of as-prepared glass
samples.

Keywords: Nano-crystallites, optical band-gap, refractive indices, ac conductivity, differential
thermal analysis, transparent glass ceramics, mixed transition metal effect

1. Introduction: The demand for low-cost, application or behaviour, such as insulation,
sustainable, chemically robust, and dependable ~ conduction, optical transparency, low melting
materials for optoelectronic devices is rising point, waveguide, water resistance, etc. [1-5].
quickly. Consequently, enormous research Boro-bismuthate glass network  mainly
efforts have been made by scientists all over contains three and four coordinated borate
the world to create novel materials that fulfil units (i.e. BOs and BOa) along with three and
these specifications. Researchers have focused six coordinated bismuthate units (i.e. BiOz and
especially on oxide glasses (including borate, BiOs). Modification of glass matrix with alkali
vanadate, bismuthate, and tellurite) imparting oxides or alkali earth oxides (like BaO, Li20,
transition metals due to their usability in  etc.) in boro-bismuthate glass network endows
optoelectronic devices. These glasses can be  their physical, optical, thermal and electrical
prepared in order to target a particular  properties by defining the glass matrix [6-8].
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The presence of transition metal ions (TMISs) in
glass matrix causes enhancements in thermal
and spectroscopic properties due to polaronic
conductions, local order or disorder in glass
matrix and hoping of charge carriers [9].
TMI’s such as Nb, Fe, V, Co, etc. were
coordinated with non-bridging oxygen (i.e.
compensating the extra charge and found to
form some extrinsic dipoles to form a trap type
entity where the charge carriers (electrons and
holes) will be trapped and dipole polarization
will occur inside the glass matrix [9-11]. The
existence of TMIs in multiple oxidation states
makes these materials (glass or glass-ceramics)
useful for applications like UV irradiation
shielding windows and glass lasers. These ions
can mainly act as network modifiers or formers
helping to tailor electrical, optical, and thermal
properties of glasses [12-14].

Glasses containing Nb2Os can be treated as
usable materials for piezoelectric, semi-
conducting and radiation shielding materials
with high stimulated emission parameters [13].
The addition of V20s and Nb2Os causes
enhancements in optical and thermal behaviour
of boro-bismuthate glass matrix [15-19]. With
all these enhancements, these oxides (or ions)
also intensify the crystallization abilities of
glass matrix  [1,20]. Alongside the
investigation of the borate network, the
spectroscopic futures of Nb2Os placed into the
network were also being examined. It was
found that borate glasses containing Nb2Os
exhibit substantial UV absorption, better
transparency in the visible-IR range, enhanced
nonlinear optical properties and possess high
refractive indices [21]. Moreover, Nb2Os exists
in Nb*" and Nb®* oxidation states, which helps
to increase electrical conductivity (through
polaronic conduction contribution) of glass
samples. Boro-bismuthate glasses having
niobium metal oxide possess large chemical
resistance, high refractive index, high vickers
hardness, fair transparency in Vis-IR region
[13,16]. A number of researchers tried to
investigate structural contribution of Nb2Os in
various silicate, germanate and borate glass
matrices, as per IR and Raman spectroscopic
outcomes [17,22,23]. Majority of these
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investigations suggest existence of Nb°* ions
(i.e. Nb2Os acts as glass formers), which have
a significant effect on thermal and opto-
electrical properties of glass systems. The
addition of Nb2Os increases the crystal field
strength, helps for phase separation and helps
increase the nucleation ability of glass system
[1,13,14,16,25-30,31-34,]. An enhancement
in physical, electrical, optical properties, with
addition of TMI’s has been observed in
literature [5,27,34-36]. The dynamics of multi
TMIs in  barium-boro-bismuthate  glass
systems may therefore be interesting to
investigate. Keeping in mind these facts, the
study aims to investigate how the inclusion of
Nb.Os at the cost of V.Os affects the optical,
electrical and thermal abilities of barium boro-
bismuthate glass system.

2 Sample Synthesis and Experimental
Techniques

2.1 Glass synthesis

Nb20s-V20s  substituted  barium  boro-
bismuthate glass samples with chemical
composition XNb20s5-(10-x)V20s-25Ba0-
30B203-35Bi203 (where x can take values from
0.0, 1.0, 3.0, 5.0, 8.0, 9.0 and 10.0) were
prepared using melt-quench methodology and
shortened as NVBBBx (where x=0, 1, 3, 5, 8,
9 and 10). For synthesis, the AR/GR grade
starting raw chemicals (i.e. Bi2O3 (HIMEDIA,
99.5%), B>O3 (HIMEDIA (ACS grade, 99.8%
pure)), BaO (HIMEDIA (ACS grade, 99%)),
V205 and Nb;Os (HIMEDIA (AR grade,
99.5%))) were weighed (as per composition)
and mixed (homogenously) through agate
pestle mortar. The prepared homogenous
mixture was transferred to high alumina
crucible and placed in electrical muffle furnace
(operating at 1150°C) for an hour with regular
shaking in every 15 minutes (in order to keep
the melt homogenous). The obtained melt
(mixture) was quenched or sandwiched
between two preheated SS plates (in order to
reduce thermal stress), resulting in glass
samples with thickness ranging from 0.5 - 1
mm. Samples were polished and cut into
rectangular shapes for dielectric studies. A
portion of prepared glass samples was finely
powdered for analyzing their optical, structural



and thermal behaviour. As-prepared glass
samples were exposed thermally (annealed) at
450 °C for five hours in order to investigate
any structural change or crystallite growth
inside glass matrix.

2.2 Experimental Techniques

2.2.1 Density measurements

Density measurements (performed at room
temperature via Archimedes principle) help to
analyze the physical behaviour of sample.
Xylene (density of 0.863 g/cc) was used as
buoyant liquid (because of its inert nature with
glasses). A digital single pen weighing balance
(Model- CAS CAUY 220) with a minimum
count of 0.1 mg, was used for weight
recording. Density measurements and molar
volume estimations for each prepared sample
were performed as per relation (see equations
(i &ii)) [18,37].

_ _Wa
P=1_
Wo—Wy

(i)

Here p, px are densities of glass sample and
xylene, Wa, Wy are weights of glass sample in
air and in xylene respectively. The molar
volume (Vm) of prepared samples can be
analyzed using molecular mass (M) and
density (p) via relation given below.

U = = (ii)

P

2.2.2 X-ray diffraction (XRD) profile
Rigaku Ultima-1V, (X-ray diffractometer)
working with Cu-Kq radiations (along with Kg
filter) at voltage and current of 40kV and
40mA respectively was used as XRD
instrument for recording XRD profiles. Each
profile was recorded within the 20 range from
20° to 80° with scanning rate of 2°/min.
Structural arrangement
(amorphous/crystalline) of samples (as-
prepared and annealed) were analyzed through
obtained XRD profiles.

223 FTIR
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FTIR spectroscopy helps to identify presence
of functional groups, different structural units
and provide their quantitative description.
FTIR spectra of as-prepared glass samples
were recorded through Perkin Elmer Frontier

FTIR Spectrometer using KBr pellet
technique. In KBr pellet technique, both
sample powder and KBr were mixed

homogenously in ~1:100. This mixture was put
in 13mm radius die-set (dia. ~ 13mm) and then
hydraulically pressed in order to get an almost
transparent pellet. Spectral modifications such
as baseline and noise corrections were
performed using Spectrum 10 analysis
software (available with instrument).

2.2.4 Dielectric analysis

A thin layer of colloidal silver paint was pasted
at both ends (which helps to improve
connectivity and act as electrodes) of
rectangular shaped polished sample. The
dielectric analysis was performed using
impedance analyzer (model: HIOKI IM 3570)
operating within frequency range from 1 kHz
to 10° Hz and temperature range from ambient
temperature to 450 °C with heating rate of 1
°C/min. Series capacitance (Cs), parallel
capacitance (Cp), impedance (Z) and series
resistance (Rs) were fetched from analyzer
through external triggering at each temperature
with a gap of 5 °C throughout the mentioned
frequency range. The formulas used for
calculation of dielectric parameters are listed
below:

e = Cpt/(e,4) (iii)
tand = ‘Z—, (iv)
04 = 21Ife €'tand (V)

Where &’is real and £”is imaginary component
of dielectric constant (&), & is absolute
dielectric permittivity, A, t, f, tand and o are
area of cross-section, thickness of sample,
frequency applied, loss tangent and ac
conductivity respectively.

2.2.5 UV-Visible absorption



Optical behaviour of as-prepared glass samples
was analyzed through UV-Vis NIR
spectroscopy. UV-Vis absorption spectra (or
optical absorption spectra) were performed at
room temperature (for both as-prepared and
annealed glasses) using Perkin EImer LAMDA
750 UV-Vis NIR spectrophotometer, with
wavelength range of operation from 300 nm to
900 nm at room temperature.

2.2.6 Differential Thermal Analysis (DTA)
The thermal behavioural analysis for as-
prepared glass samples were analyzed using
DTA thermograms. These thermograms were
recorded using DTA simultaneous measuring
instrument (model: DTG 60 H) in temperature
ranging from 300°C to 600°C at a heating rate
of 10°C/min.

3. Result and Discussion

3.1 Density measurements

Density measurement is a crucial intensive
property of glasses as it helps to identify any
structural change inside the glass matrix
because of compositional alterations. Density
of glass systems is generally controlled by
various factors like ionic radii, size, mass of
modifier and concentration of non-bridging
oxygen inside glass matrix [15,38-40]. Table 1
contains measured density values and
calculated molar volume values for as-
prepared glass samples. Density values for
present glass samples were found to lies
around 5.5 g/cc to 6 g/cc. In general, addition
of Nb2Os with replacement of V205 is expected
to provide an increase in density (due to
increasing molar mass of composition) and
thereby enhance the compactness of glass
network. As expected, we have observed an
increasing trend in density with enhanced
Nb2Os substitution.

Oxygen packing density (OPD) helps to
analyze structural compactness of glass matrix
(i.e. how tightly oxygen atoms are assigned).
OPD for all as-prepared glass samples was
calculated as per literature [40,41] and
obtained values are reported in Table 1. During
all compositions total number of oxygen atoms
per formula unit remains invariant, which leads
to almost similar values of OPD for as-
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prepared glass samples. Along with this, OPD
can also be related to N4 (concentration of four
coordinated boron atoms) directly (i.e. the
increase in N4 leads decreases in Vn and
increase in OPD) [42]. On behalf of increasing
density, OPD values and decreasing molar
volume, one can suggest that replacement of
NDb20s in place of V.05 causes strengthening
of bonds present inside the glass matrix.

3.2 X-ray Diffraction (XRD)

XRD profile helps to analyze the structural
arrangement of constituents in glass/glass
ceramic network. Figures 1(a & b) shows X-
ray Diffraction profiles of NVBBB (as-
prepared and annealed) glass system. In Figure
1(a), appearance of a broad hump in diffraction
pattern of each glass shows amorphous nature
of all as-prepared glass samples (although,
some nano-crystalline nucleating agents may
be present with short range ordered structure)
[33].

As-prepared glass samples were exposed
thermally (annealed at 450 <C for 5 hours), in
order to identify any sort of crystalline phase
growth inside the glass matrix on account of
thermal induction (due to nucleation and
growth processes) [43—-45]. The availability of
crystalline seeds with short range ordered
structure led to the formation of crystalline
phase in glass matrix which is evident through
sharp peaks in obtained diffraction patterns
(Figure 1(b)). These XRD profiles were
analyzed by matching with JCPDS data and it
was found that this diffraction data matches
with crystallite phase of BissBOeo (JCPDS card
number 42-0294). The size of crystallites
developed inside the annealed glass matrix
corresponding to the most intense peak (201)
was calculated using Debye-Scherrer equation
[18,46]. The XRD profile of annealed glass
samples matches the diffraction profile of
crystallite phase with chemical formula
BissBOss (having JCPDS card number 42-
0294). Other structural parameters such as
lattice parameters (a,b,c), inter-planer spacing
(d), calculated volume (Vca), given volume
(Vgiven) and lattice strain were also estimated
and obtained values are reported in Table 2. A
close analysis of data available in Table 2



concludes that nano-crystallites developed
inside the glass matrix on annealing at 450 °C
for 5 hours fulfil the conditions and criteria for
use of these compositions as transparent glass
ceramics (TGC).

3.3 Fourier Transform Infrared (FTIR)
Spectroscopy

FTIR spectroscopy helps in identification of
different structural units that constitute the
glass matrix and functional groups in chemical
composition of as-prepared glass samples. In
order to identify existence of different
structural units inside glass matrix, fingerprint
region of FTIR spectra was analyzed. The
fingerprint region of boro-bismuthate glasses
consists of three wide absorption bands (i.e.
bands from 1500 to 1100 cm™, from 1100 to
800 cm™ and 800 to 600 cm™) corresponding
to various bending and stretching vibrations in
different structural units. The IR band from
1500 to 1100 cm™ is due to B-O stretching
vibrations in BOz structural units. With
moving towards higher energy, band in 1100
to 800 cm™ and from 800 to 600 cm™ range
arise due to stretching vibrations in BOg4
structural units and B-O-B bending vibrations
in borate network respectively [27,47-51].
Addition of heavy metal oxides (like BaO and
Bi20s3) reduces the phonon energy of glass
matrix. Figure 2 (a) shows FTIR spectra of as-
prepared glass samples recorded using KBr
pellet technique at room temperature.

The band lying between 650 to 400 cm™ arises
due to various M-O (metal-oxygen) vibrations
(such as Ba-O, Bi-O, V-O, etc.) in glass
structure [47,49]. Deconvolution on FTIR
spectra was used to get a better idea of different
bonds or structural units present inside the
sample matrix. It helps to identify different
peak positions and their corresponding relative
peak areas along with NBO concentration
constituting  the  complete  spectrum.
Deconvolution of recorded FTIR spectrum was
performed using ‘Gaussian distribution
function’ through ‘Origin 9.0’ software.
Figure 2(b) shows a deconvoluted FTIR
spectra of typical NVBBB(x=5) glass sample
(here green line shows constituting peaks and
red is fitted one). The observed peak centre and
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their corresponding bands of origin are given
in Table 3. On basis of deconvolution one can
suggest that glass structure consists of non-
bridging oxygen’s alongside different
structural units listed in Table 3.

Parameter N4 helps to identify content of non-
bridging oxygen inside the sample matrix via

relation discussed below.
N, =

Area under peaks corresponding to BO, structural units

Sum of area under peaks corresponding to BO4 & BO3 structural units

(vi)

Higher content of the BOs structural unit
lowers the concentration of non-bridging
oxygen and molar volume [27,52]. All the
structural modification within glass matrix
results variation in non-bridging oxygen’s (i.e.
NBO’s) concentration, which can be analyzed
by using change in relative area under BO4
structural units (i.e. N4). The inset of Figure
2(a) shows compositional variation of N4 for
prepared glass system. N4 shows increasing
trend (with increase in Nb2Os content) for as-
prepared glass samples, resulting in
compactness of glass matrix as described by
compositional trends in density as well.

3.4 Dielectric Analysis

a) Dielectric constant

Dielectric analysis was performed on the basis
of dielectric parameters like real component
and imaginary component of dielectric
constant, a.c. conductivity, loss tangent, etc.
Isothermal curves (at temperature = 350 °C) of
¢’ (real component) and ¢" (imaginary
component) vs frequency for as-prepared glass
samples are exposed in Figures 3(a & b),
respectively. There are several factors (such as
hoping, ionic rotation around negative sites,
etc.) that affect the dielectric permittivity of
any material. As per figures, the values of ¢’
and " decrease with rise in frequency values
(for lower frequency values) and attain
saturation at higher frequency region. In lower
frequency region, both &’ and €"” have higher
values, which might be due to domination of
polarization and space charge accumulation of
charge carriers around glass electrode
interface, which restrict the further flow of
charge carriers.



With rise in frequency, i.e. a faster periodic
reversal in direction of applied electric field,
space charge accumulation decreases, resulting
in a decrease in values of both ¢ and &”
[5,19,30,34]. Sample  with  maximum
vanadium content (i.e. NVBBB(x=0)) have
highest value of dielectric constant, which
decreases on imparting Nb2Os in place of V20s
(which might be due to mixed transition metal
effect (MTE)) [53]. Dielectric properties of
glass systems are also affected by the
concentration of NBO’s present inside their
glass matrix. Higher is the concentration of
NBQO’s, more easily will the sample be
polarized and greater will be its dielectric
behaviour [15,16,54]. Samples having lower
value of dielectric constant can be used as
appropriate materials for high frequency signal
transmission devices. For analyzing effect of
heat on dielectric constant, we use typical
curves (at different temperatures) of ¢’ and &”
vs frequency for NVBBB(x=5) glass sample,
as shown in Figures 4 (a & b), respectively. In
dispersive region (i.e. region of lower
frequency), temperature has a significant effect
(due to thermal agitation), which increases
space charge polarization, while for higher
frequency region, both curves become
temperature-independent.

b) Loss tangent (tand)

Loss tangent (or dissipation factor) reflects
phase difference between applied electric
fields and developed electric fields. One can
analyze tand as ratio of imaginary (g") to real
(€") component of dielectric constant [19,30].
Figure 5(a) shows tand vs frequency curves for
all as-prepared glass samples at 350 °C. Loss
tangent helps to understand energy losses
occurring due to various factors such as
conduction, relaxation, resonance, etc. In
lower frequency region, tand has higher value
(due to dominance of relaxation phenomena)
and its value decreases with increment in
frequency [55,56]. Figure 5(b) reflects
temperature dependence of tand vs frequency
curve for typical NVBBB(x=5) glass sample. It
can clearly be seen that tans follows a similar
kind of variation as followed by dielectric loss
(€"). With increase in temperature the
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thermally accelerated charge carriers cause
increase in tand values in lower frequency
region [30]. The similar kind of behavioural
variation is followed by all glass samples.

3.5 ac conductivity (oac)

The ac conductivity helps to understand how
well a material can conduct the alternating
current. It depends on various factors, such as
frequency of applied field, temperature of
material, and impurities inside the material.
Figures 6(a & b) are used to understand
frequency, compositional and temperature
effects on ac conductivity. Figure 6(a) reflects
ac conductivity (oac) vs frequency curve for all
as-prepared glass samples at 350 °C. For lower
frequency region, oac is almost constant due to
charge carriers accumulation at glass-electrode
interface, which restricts the flow of charge
carriers through interface. With increase in
frequency (i.e. periodic reversal of electric
field), the space charge accumulation reduces,
leads to flow of charge carriers and increase in
ac conductivity (oac). Glass sample with
highest content of vanadium possess highest
conductivity in comparison with all prepared
glasses. Similar kind of pattern were observed
among various researchers (i.e. modification of
glass matrix with V.Os results increase in ac
conductivity due to hopping of charges
between V** /V°* sites) [34]. As shown in the
figure, addition of Nb2Os results decrease in
oac Which may be due to heavier mass of
niobium ions (in comparison with vanadium
ions) and mixed transition metal effect.
Glasses possessing lower ac conductivity can
be used for high-voltage operating devices.
Figure 6(b) shows oac Vs frequency curves for
typical NVBBB(x=5) glass sample at different
temperatures. All as-prepared glass samples
show similar temperature and frequency
variations. The increase in temperature cause
increase in thermal agitation, which reduces
the activation energy of charge carriers and
increases ac conductivity.

3.6 UV-Vis Spectroscopy



The optical behaviour of as-prepared and
annealed glass samples was analyzed through
their UV-Vis absorption spectrum. These
absorption spectra help in identification of
various optical parameters such as cut-off
wavelength (Acutoff), optical band-gap (Eg),
Urbach energy (4E) and refractive index (n). A
typical optical absorption spectra of
NVBBB(x=5) glass samples (as-prepared and
annealed) are shown in Figure 7(a), which
helps in determining cut-off wavelength (i.e.
kcut-off)-

Aeutoff Qiving idea about the compactness of
glass structure as a decrease in Acut-oft Value
reflects strengthening of bonds in glass matrix
[18,20,57]. Observed values of Acut-orr for all
as-prepared and annealed glass samples are
reported in Table 4. One can observe from this
table that addition of Nb2Os in place of V205
results in a decrease in Acutoff, reflecting
strengthening of bonds and compactness in
glass network.

Earlier, was noticed that, the indirect optical
band-gap plays significant role in optical
behaviour of amorphous solids (like glass)
[58]. The value of indirect optical band-gap
(Eg) (at r=2 and 3) was recorded at energy
intercept of extended part of linearly fitted
portion (dash line) of (athv)? & (ahv)® vs hv
(energy) curve. The graphical representation of
these curves for typical NVBBB(x=5) sample
are shown in Figure 7 (b) and Figure 8(a)
respectively. It was observed that all
compositions exhibit similar kind of optical
behaviour. The obtained values of Eg (at r=2
and 3) for all as-prepared and annealed glass
samples are listed in Table 4. As can be seen
from this Table 4, substitution of Nb2Os with
V205 enhances the optical band-gap value,
which might be due to the strengthening of
bonds constituting glass matrix [16,37]. The
compositional variation of indirect optical
band-gap is found to support the predictions
made through compositional trends in density
and FTIR absorption spectra [18,49,59]. The
increase in values of Eg reflects decreasing
concentration of localized states within
forbidden energy band-gap [20].
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Urbach energy (4E) helps in identification of
extent of defects and localized states inside the
glass matrix [57,60]. Increase in network
defects leads to an increase in localized states,
which provides a relatively shorter energy path
to ground state electrons for jumping in
conduction band [57,60,61]. Urbach energy for
all the prepared glass samples is calculated as
per Urbach rule [57,60,61] and calculated
values are reported in Table 4. The value of
Urbach energy for an glass sample was
calculated from inverse of slope of linearly
fitted portion in In(a) vs hv curve. A typical
graphical representation of In(a) vs hv curve
for NVBBB(x=5) sample is shown in Figure
8(b). A decrease in A4E value after annealing
reflects the reduced content of defects present
in glass matrix or localized states within
forbidden energy band-gap.

a) Refractive Index

Refractive index helps to identify the
transparency of annealed glass samples (i.e.
annealed glass (glass ceramics) will be called
as transparent glass ceramics if they have
similar value of refractive index with glass).
Refractive indices for any glass sample may
effect by various factors such as coordination
number of oxide ions, concentration of NBOs,
optical basicity, etc. [39,62]. Refractive indices
for all the prepared samples (as-prepared and
annealed once) were calculated through optical
band-gap value (Eg) (for r=2) via relation ‘vii’
and reported in Table 4.

n?-1

nZ+2

Eg
20

— (vii)
Addition of Nb2Os to the glass matrix
decreases refractive indices for as-prepared
glass samples, reflecting a decrease in
polarization and NBO’s for prepared glass
system. The similar values of refractive index
for annealed glass samples reflect their
transparent nature. On the basis of recorded
values of crystallite size and refractive index,
we can say that sample NVBBB(x=3) can be
treated as useful material for transparent glass
ceramics (TGC).



3.7 Differential Thermal Analysis (DTA)
DTA curves help to analyze thermal properties
and characteristic temperatures (such as glass
transition (Tg), peak (Tc) and onset (Tx)
crystallization temperatures) for as-prepared
glass samples [20]. Figure 9 contains,
graphical representation of DTA curve for
typical NVBBB(x=5) as-prepared glass
sample. It was observed that all as-prepared
glass samples follow similar kind of DTA
curves along with their different characteristic
temperatures as reported in Table 5. The
existence of an endothermic shift in DTA
curves for all glass samples reflects the glassy
nature of each glass samples. From this table,
we can generalize that the addition of Nb2Os to
the glass matrix, increases glass transition (Tg),
peak crystallization (T¢) temperature and
thermal stability. This increase in glass
transition temperature reflects enhanced bond
strength and compactness of glass network
which was also favored by UV-Vis
spectroscopy. The existence of exothermic
peak reflects nucleation ability of glasses. The
decrease in T¢ on addition of TMI’s suggests
their increasing availability as nucleating
agents.

4. Conclusion

Barium-boro-bismuthate glasses modified
with Nb2Os and V20s having composition
XNb20s-(10-x)V205-25Ba0-30B,03-35Bi203

(where x =0, 1, 3, 5, 8, 9 & 10 mol%) were
prepared via melt-quench technique and
abbreviated as NVBBBx (where x =0, 1, 3, 5,
7,9 and 10). XRD profiles of as-prepared and
annealed glass samples, confirms their
amorphous and crystalline nature (along with
development of nano-crystallites in annealed
glass matrix) respectively. FTIR spectroscopy
indicates existence of BOs, BOs, BiO3z and
BiOs, structural units along with non-bridging
oxygen’s. The optical, electrical and thermal
analysis of as-prepared glass samples were
analyzed via Uv-Vis, Impedance spectroscopy
and Differential Thermal analysis respectively.
The lower values of dielectric constant reflect
their usability as appropriate materials for high
frequency signal transmission devices. The
lower value of ac conductivity (cac ~ 10° S/m),
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suggests their availability for high temperature
semiconducting devices. Acut-off OF as-prepared
glass samples decreases on replacement of
V205 with Nb2Os, reflecting strengthening of
bonds present inside the glass samples. The
optical band-gap of as-prepared glass samples
(ranging from 1.13 to 1.92 eV) increases on
substitution of Nb2Os in place of V20s. These
values reflect, their applicability in various
fields such as infrared photo-detectors,
thermo-, opto-electronics. The small increase
in optical band-gap after annealing reflects a
strengthening of bonds within the glass matrix
and non-significant change in glass structure
after annealing (i.e. crystallites developed are
in very small portion). Refractive index values
of as-prepared and annealed glass samples
reflect that annealed glasses can be treated as
transparent glass ceramics, whereas samples
NVBBB(x=3) are good transparent ceramic
materials among all prepared samples. The
sharp exothermic curve in DTA thermogram
reflects the nucleating and crystallization
abilities of as-prepared glass samples. The
decrease in T¢ values reflects that transition
metal ions present inside the glass matrix act as
nucleating agents.
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Figure 2. (a) FTIR spectra for all NVBBB glass systems (inset shows N4 variation for all glasses),

(b) A deconvoluted FTIR spectrum of typical NVBBB(x=5) as-prepared glass sample.
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Figure 7. (a) A typical absorption spectra for Figure 7. (b) A typical (ahv)*? vs energy curves for
NVBBB(x=5) as-prepared and annealed glass NVBBB(x=5) as-prepared and annealed glass

sample samples at room temperature
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Figure 8. (a) A typical (ahv)Y® vs Energy (hv) curve for Figure 8. (b) A typical In(a) vs Energy (hv) curve for
NVBBB(x=5) as-prepared and annealed glass sample NVBBB(x=5) as-prepared glass sample
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Tables

Table 1: Density (p), Molar Volume (Vm), Oxygen Packing Density (OPD) for NVBBB as-prepared glass systems

Sample p (g/cc) Vm (cmd) OPD (cm®)
NVBBB(x=0) |5.50 45.30 59.59
NVBBB(x=1) 5.52 45.29 59.61
NVBBB(x=3) 5.54 45.43 59.43
NVBBB(x=5) |5.64 44.92 60.10
NVBBB(x=8) 5.63 45.44 59.47
NVBBB(x=9) 5.71 44,96 60.10
NVBBB(x=10) |5.69 45.26 59.64

Table 2: Structural parameters like Crystallite size (D), inter planer spacing (d), lattice parameters (a,b,c),
Volume calculated (Vea.), Volume given (Vgiven) and strain inside developed crystalline phase of NVBBB

annealed glass matrix.

Sample Name | D (nm) d (nm) a=b |c Veal Vgiven Strain
(A°) | (A°) | (A (A°)°
NVBBB(x=0) | 6.83 1.109 3.14 | 1.58 | 15578 336.51 | 0.953
NVBBB(x=1) | 6.82 1.108 3.14 | 156 | 15.381 336.51 | 0.954
NVBBB(x=3) | 6.64 1.112 3.16 | 1.57 | 15.677 336.51 | 0.953
NVBBB(x=5) | 6.28 1.107 3.13 | 1.57 | 15.381 336.51 | 0.954
NVBBB(x=8) | 5.58 1.103 3.12 | 1.56 | 15.186 336.51 | 0.955
NVBBB(x=9) | 5.59 1.097 3.11 | 155 |14.991 336.51 | 0.955
NVBBB(x=10) | 5.59 1.097 3.12 | 1.55 | 15.088 336.51 | 0.955
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Table 3: Peak centre and their corresponding band of origin for NVBBB glass system

Peak Centre Assignment/ band of origin [Refs.]

(Wavenumber (cm™))

~470 Vibrations due to metal cations [27,47-51]

~540 Vibrations in Bi-O bonds in BiOe structural units [45-48]

~690 Bending vibrations in B-O-B bonds of Borate network [51,63]

~880 Bi-O stretching vibrations in BiOs structural units [64—66]

~970 Stretching vibrations in B-O bonds of BO4 structural units from tri-,
tetra- & penta- borate groups [63]

~1165 Stretching vibrations in B-O bond in BOs structural units [47,51,63]

~1350 Asymmetric stretching vibrations in B-O bonds from BOg structural

units [63,66]
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Table 4: Optical parameters such as Cut-off wavelength (Acutoff), indirect optical band-gap (Eg) (for r=2 & 3),

Urbach energy (4E) and refractive index (n) for NVBBB (as-prepared and annealed) glass samples.

As-prepared Glass Samples
Sample code Acut-off Eg (eV) Eg (eV) AE (eV) n
(nm) (r=2) (r=3)
NVBBB(x=0) | 636.3 1.13 0.46 0.69 3.26
NVBBB(x=1) | 630.2 1.21 0.60 0.84 3.19
NVBBB(x=3) | 622.0 1.34 0.70 0.72 3.09
NVBBB(x=5) | 595.2 1.43 0.89 0.67 3.04
NVBBB(x=8) |542.5 1.53 0.91 0.75 2.97
NVBBB(x=9) | 513.7 1.67 1.03 0.74 2.89
NVBBB(x=10) | 490.5 1.92 1.37 0.68 2.77
Annealed Glass Samples

NVBBB(x=0) | 606.3 1.35 0.61 0.37 3.09
NVBBB(x=1) | 615.3 1.39 0.69 0.38 3.06
NVBBB(x=3) |585.5 1.40 0.81 0.46 3.05
NVBBB(x=5) |575.2 1.60 0.95 0.46 2.93
NVBBB(x=8) | 534.5 1.72 1.17 0.52 2.83
NVBBB(x=9) |519.5 1.78 1.45 0.53 2.84
NVBBB(x=10) | 517.5 1.85 141 0.56 2.80

Table 5: List of characteristic temperatures like Tg, Tx,and Tc and thermal stability (Ts) for NVBBB glass

samples.
Sample Code | Tq(#2 <) Tx(£2<C) Tc (£29) Ts(£29C)
NVBBB(x=1) 420 480 502 82
NVBBB(x=5) 426 486 510 84
NVBBB(x=8) 428 497 513 85
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