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PREFACE

This bound volume contains the papers presented at the Thirtieth
International Conference on Processing of Advanced
Materials and Fabrication of Products [PAMFP — XXX] held at
the Indian Institute of Technology Hyderabad [IIT Hyderabad
Campus], Hyderabad, Andhra Pradesh, INDIA, 11 - 13 December
2024. The International Association for Processing of Materials and
Fabrication of Products [IA PMFP] and IIT Hyderabad [Hyderabad,
Andhra Pradesh, INDIA] were prime sponsors of this scholarly
technical event, i.e., conference, spread over three days. It is the
thirtieth in a series of conferences on Processing of Advanced
Materials, bringing together engineers, technologists, and researchers
from industry, universities and national/government laboratories,
working on aspects and intricacies related, relevant and applicable to
the processing, fabrication, characterization and evaluation of

@) Materials spanning biomaterials, composites [to include metal-
matrix composites, ceramic-matrix composites, and polymer-
matrix composites], fuel cell materials, functionally-graded
materials, high-energy materials, intermetallic(s), magnetic
materials, foam materials, nanomaterials and nanocomposites,
phase-change materials, porous materials and super-conducting
materials, and

(b) Many marvels of manufacturing to include Additive
manufacturing, Green manufacturing, Sustainable
manufacturing, Artificial Intelligence (Al) and Machine
Learning (ML), and MEMS/NEMS, for potential use on a
spectrum of products spanning the domains of both
performance-critical and non-performance critical.

Researchers were encouraged to present and discuss their findings,
observations, inferences and potentially viable applications or
outcomes resulting from their study.

The earlier conferences on Processing and Fabrication of Advanced
Materials were held as follows:

(@D)] The first conference was held in Cincinnati (USA) in 1991
(2) The second was held in Chicago (USA) in 1992

3) The third was in Pittsburgh (USA) in 1993

4) The fourth in Cleveland (USA) in 1995

(5) The fifth in Cincinnati (USA) in 1996



(6) The sixth in Singapore (Singapore) in 1997

(7) The seventh in Rosemont, Illinois (USA) in 1998

(8) The eighth in Singapore (Singapore) in 1999

9) The ninth in St. Louis (USA) in 2000

(10)  The tenth in Indianapolis (USA) in 2001

(11) The eleventh in Columbus (USA) in 2002

(12)  The twelfth in Pittsburgh (USA) in 2003

(13)  The thirteenth in Singapore (Singapore) in 2004

(14)  The fourteenth in Pittsburgh (USA) in 2005

(15) The fifteenth in Cincinnati (USA) in 2006

(16)  The sixteenth in Singapore (Singapore) in 2007

(17)  The seventeenth in New Delhi (India) in 2008

(18) The eighteenth in Sendai (Japan) in 2009

(19) The nineteenth in Auckland (New Zealand) in 2010

(20)  The twentieth in Hong Kong City (Hong Kong) in 2011
(21)  The twenty first in Guwahati (India) in 2012

(22)  The twenty second was in Singapore (Singapore) in 2013
(23)  The twenty third was held in Roorkee (India) in 2014
(24)  The twenty fourth was held in Kansai (Japan) in 2015
(25) The twenty fifth was held in Auckland (New Zealand) in 2017
(26)  The twenty sixth was held in Jeonju (S. Korea) in 2017
(27)  The twenty seventh was held in Jonkoping (Sweden) in 2019.
(28)  The twenty eighth was held in Chennai (India) in 2020
(29)  The twenty ninth was held in Tirupati (India) in 2024.

This conference is a collection of papers provided by students,
practicing engineers, technologists, researcher scientists and
academicians from a few countries. The abstracts, to include plenary,
invited and contributed papers that were accepted for oral presentation
at the three-day scholarly technical event were divided into
sessions. A total of PQ papers accepted and received in time have
been chosen for inclusion in the bound volume. The technical papers
neatly compiled and assembled in the bound volume cover a broad
spectrum of topics that assuredly represent the very diverse nature of
the field of materials, products and applications.

We, the conference organizers from both the International Association
for Processing of Materials and Fabrication of Products [IA PMFP]
and the Indian Institute of Technology, Hyderabad [IIT H], extend our
warmest thanks and appreciation to all of the ‘concerned’ individuals
for their inspired interest, energetic enthusiasm and sustained
willingness to both participate and contribute.



As conference co-organizers, we also extend our heartfelt thanks and
gratitude to the following:

(a)

(b)

(©)

(d)

(€)

(f)

Professor Dr. B. S. Murthy [Director IIT Hyderabad] for his
“valued” understanding and enthusiastic willingness in
allowing IIT H to be the “dedicated” co-sponsor and
“dependable” host of this scholarly technical event being held
within the intellectual confines of the “glowing” pastures of IIT
Hyderabad.

Professor Mohan Sangeneni for his energetic and enthusiastic
willingness to step-in and provide the needful guidance,
suggestions, recommendations and even observations with
specific reference to extending an invitation to “key”
individuals at appropriate locations for the purpose of their
contribution both by way of participation and physical presence
at the technical event (conference). He was also generous in
providing the needful motivation, encouragement and words of
wisdom, based on personal experience(s), in putting forth the
appropriate workshops that were held immediately prior to this
scholarly technical event or conference.

A strong dose of gratitude, appreciation, admiration and
applause is generously extended to the Conveners: (i)
Professor Saswata Bhattacharya (IIT Hyderabad), (ii)
Professor Pinaki P. Bhattacharjee (IIT Hyderabad), (iii)
Professor Kishalay Mitra (IIT Hyderabad), (iv) Professor
Rajesh Korla (IIT Hyderabad), (v) Professor Gopinath
Muvvala (IIT Hyderabad), and (vi) Dr. Nagendra Pratap
Singh (MSRUAS, Bangalore) for their energetic and
enthusiastic willingness to step in and extend “valued” help and
support on a few key intricacies specific to conduct of this
international scholarly technical event or conference.

The two organizing secretaries, (i) Professor Ashok Kamaraj
(IT Hyderabad), and (ii) Dr. Govind Narayan Sahu (lIT
Tirupati and IA-PMFP), for diligently executing the tasks
periodically assigned to them for the purpose of ensuring
smooth conduct of all intricacies specific to this conference.

The Students, Research Scholars and Technical Staff
in the Department of Materials Science and Metallurgical
Engineering (MSME) at IIT Hyderabad.

The Professional Conference Managing unit Connextions
Orbis Pvt Ltd. [New Delhi, India], has been a source of
immense strength and inspiration by being very understanding,



@)

supportive and patient through the entire process initiating from
the moment of conception of this scholarly technical event to
be held within the confines of an academic institution devoted
to nurturing, fostering and promoting excellence in higher
education to enable in both enlightenment and enrichment to
completion culminating in compilation and presentation of
impressive bound volume(s) as a “valued” outcome of this
intellectual scholarly endeavor. We, the conference organizers,
extend abundance of thanks, “valued” appreciation and
boundless gratitude to Mr. Niranjan Kumar (Managing
Member) and Mr. Hemant Tripathi (Managing Member) of
Connextions Orbis Pvt. Ltd., for their sustained interest,
involvement, meticulous attention to the specifics essential for
orderly execution of all intricacies specific to systematic and
methodical execution of all the desired essentials pertaining to
this scholarly technical event while concurrently ensuring
timely completion and presentation of the bound volume.
Their diligent, dedicated and dynamic execution of all required
intricacies did certainly help in ensuring successful completion
of the specifics pertaining to the bound volume(s).

Extra special thanks of recurring order is also extended to the
publishers Taneja Sales Corporation (Delhi 110006, India)
(Managing Director: Mr. Amit Taneja) and all involved and
contributing staff for their diligent and dedicated efforts in
ensuring timely publication and release of this impressive
bound volume having archival value.

As editors of this bound volume we anticipate that it would be of
immense value and use to the following:

(a)

(b)
(©)

Graduate students in Materials Engineering, Metallurgical
Engineering, Manufacturing, Mechanical Engineering and
Industrial Engineering.

Practicing engineers and Researchers, and

Scientists and Scholars.

This bound volume also offers potentially viable avenues for new
perspectives and directions in the domain enveloping science and
engineering of (i) Existing materials, (ii) Advanced materials, (iii)
Emerging materials, and (iv) Sustainable materials and all related,
relevant and applicable manufacturing processes to include (i)
Additive manufacturing, (ii) “Green manufacturing”, (iii) Smart
manufacturing, and (iv) Manufacturing techniques for advanced
materials specific to information technology applications.
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IéBOUT EDITORS of the BOUND VOLUMEI

Dr. Ajay Kumar is the Assistant Professor in the Department of
Mechanical Engineering, Indian Institute of Technology (IIT)
Tirupati India. Prior to joining IIT Tirupati, he was (i) a postdoctoral
fellow at Washington State University (WSU) Pullman, USA, and (ii)
University of Wisconsin Milwaukee (UWM) USA.

He obtained his

@ B.E. (Mechanical) from Madhav Institute of Technology and
Science (MITS) [Gwalior (Madhya Pradesh) India],

(b) M.Tech. (Materials Engineering) from Maulana Azad National
Institute of Technology (MANIT) [Bhopal (Madhya Pradesh)
India], and

(© Ph.D. from the Indian Institute of Science (11Sc) [Bengaluru
India].

His major areas of research interests include Advanced Metal Casting,
Metal Forming, Tribology and Surface Engineering and Advanced
Materials Characterization.

° He is focusing at constructing a quantitative and predictive
understanding of the phenomena underlying the materials
development for industrial applications by employing a variety
of experimental and computational tools to establish process-
structure-property relationships in materials.

° He has published 4 patents, more than 30 papers in respected
international journals, and 9 book chapters.



Dr. Ajay Kumar received the Tribology Society of India Best
Paper Award (Academic Research) in National Tribology
Conference 2014.

He is fellow member of Centre for Education Growth and
Research (CEGR).

He has received ‘CHANDRAN MENON MEMORIAL
AWARD’—for Applied Research and Innovative Technology
for 2022-23.



Dr. T.S. Srivatsan, is Professor (Emeritus) in the Department of
Mechanical Engineering at The University of Akron (Akron, Ohio, USA).
He received his Bachelor of Engineering degree in Mechanical Engineering
(B.E., 1980) from Bangalore University (Bangalore, India) and graduate
degrees [Master of Science in Aerospace Engineering (M.S. 1981) and Doctor
of Philosophy in Mechanical Engineering (Ph.D. 1984) from Georgia
Institute of Technology (Atlanta, Georgia, USA). Dr. Srivatsan joined as the
faculty in The Department of Mechanical Engineering at The University of
Akron in August 1987. Since joining, he has instructed undergraduate and
graduate courses in the areas of: (i) Advanced Materials and Manufacturing
Processes, (ii) Mechanical Behavior of Materials, (iii) Fatigue of Engineering
Materials and Structures, (iv) Fracture Mechanics, (v) Introduction to Materials
Science and Engineering, (vi) Mechanical Measurements, (vii) Design of
Mechanical Systems, and (viii) Mechanical Engineering Laboratory. His
research areas currently span the following areas: (a) Fatigue and Fracture
behavior of advanced materials to include monolithic(s), intermetallic, Nano-
materials and metal-matrix composites; (b) Processing techniques for advanced
materials and nanostructure materials; (c) Inter-relationship between processing
and mechanical behavior; (d) Electron Microscopy; (e) Failure Analysis; and
(f) Mechanical Design. A synergism of his efforts has helped in measurable
ways to advance the science, engineering and technological applications of
materials in a wide variety of products spanning both performance-critical and
non-performance-critical.

Dr. T. S. Srivatsan has authored/edited/co-edited SEVENTY [70] books
and SIX [5] monographs in areas cross-pollinating mechanical design;
processing and fabrication of advanced materials; deformation, fatigue and
fracture of ordered intermetallic materials; machining of composites; failure
analysis; technology of rapid solidification processing of materials;
manufacturing techniques for engineering and engineered materials; and High
Entropy Alloys: Innovations, Advances and Applications. He serves as co-
editor of International Journal on Materials and Manufacturing Processes and
on the editorial advisory board of five other journals in the domain of
Materials Science and Engineering. His research has enabled him to deliver
over two-hundred and forty-plus (275+) technical presentations in national and



international meetings and symposia; technical/professional societies; and
research and educational institutions. He has also authored and/or co-authored
over eight-hundred plus (800+) archival publications in international journals
(415), chapters in books (15), proceedings of national and international
conferences (280), reviews of books (79), and technical reports (76). As on
October 2024 his citation index” H” is 58, “i10 index” is 211 and well over
12200 google scholar citations AND a Research Interest Score of 4564 [to
be ranked within the top 2 percent of researchers spread throughout the
world]. Besides, he has personally mentored, supervised and successfully
graduated over 75 students at the graduate degree level {Master of Science
(MS) + Doctor of Philosophy (PhD) + Post-Doctoral Research Scholars}, and
advised, inspired. mentored and supervised over 900+ students at the
undergraduate level.

In recognition of his efforts, contributions and its impact on furthering science,
technology and education Dr. T. S. Srivatsan has been elected as: (a)
FELLOW of ASM International, (b) FELLOW of American Society of
Mechanical Engineers (ASME International); (c) FELLOW of American
Association for the Advancement of Science (AAAS), (d) IAAM Scientist
Award (2023), International Association of Advanced Materials [IAAM
(Ulrika, Sweden)], () IAAM Scientist Award (2024), International
Association of Advanced Materials [IAAM (Ulrika, Sweden)], and (f)
FELLOW of International Association for Advanced Materials [IAAM
(Ulrika, Sweden)].

Dr T. S. Srivatsan has also been recognized as:

@ Outstanding Young Alumnus of Georgia Institute of Technology
(Atlanta, Georgia, USA),

(b) Outstanding Research Faculty, The University of Akron (Akron,
Ohio, USA).

(© Outstanding Research Faculty, the College of Engineering at The
University of Akron (Akron, Ohio, USA), and

(d) Alexander M. Scott Distinguished Service Award of

The Minerals, Metals and Materials Society [TMS] (Pittsburgh, PA, USA).

Also, Dr. T. S. Srivatsan has the distinct honor of being chosen, in recent
years, for inclusion in the following:
A Elected to WHO's WHO in AMERICAN EDUCATION: 7" edition
2005-2006
A Elected to WHO'’s WHO in the MIDWEST
1992-2004
A Elected to WHO’s WHO in TECHNOLOGY
1994-2004
a Elected to WHO's WHO in the WORLD: 23" edition
2005-2006
a Elected to WHO’s WHO in AMERICA: 59" edition
2005



A Elected to WHO’s WHO in SCIENCE and
ENGINEERING: 8" edition

2005

A WHO'’s WHO among AMERICA’s TEACHERS: 7" edition
2005 - 2006

A WHO'’s WHO among Executives and Professionals: Cambridge
2007

A Leader and Professional “Honors Edition”

Princeton Premier Registry

2007 - 2008

A WHO'’s WHO among Executives and Professionals: Cambridge
2009 - 2010

a Elected to WHO’s WHO in AMERICA: 63" edition (Marquis)
2010 - 2011

A WHO'’s WHO among Executives and Professionals: Cambridge
2011 - 2012

A WHO'’s WHO among Executives and Professionals: Cambridge
2015 - 2016

A Leader and Professional “Honors Edition”

Princeton Premier Registry

2007 - 2008

a Elected to WHO’s WHO in AMERICA: 66™ edition (Marquis)
2016 - 2018

A Albert Nelson MARQUIS LIFETIME ACHIEVEMENT AWARD
2018

A Elected to WHO'’s WHO in WORLD (Marquis)
2018 - 2019

A Elected to WHO'’s WHO in WORLD (Marquis)
2020 - 2021

A Elected to WHO's WHO in Education (Marquis)
2020

A Elected to WHO’s WHO in AMERICA: 70" edition (Marquis)
2021 - 2022

A Elected to WHO'’s WHO in Marquis Industry Leaders
(Marquis Publications)
2021
A Elected to WHO's WHO in Top Professionals [Top Educator]
(Marquis Publications)
2022

Over the years, Dr. T. S. Srivatsan has offered and/or extended his
knowledge and expertise in research services to the following: (i) U.S.
Government [U.S. Air Force and U.S. Navy], (ii) National Research
Laboratories, and (iii) Industries related to aerospace, automotive, power-
generation, leisure-related products, and applied medical sciences.
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Dr. Sanjay Kumar Jha
CMD, Mishra Dhatu Nigam (MIDHANI)
Hyderabad India

It is heartening to know that the 30" International
Conference on Processing of Advanced Materials and Fabrication
of Products, 2024 is being organized at IIT Hyderabad from 11"
to 13"™ December, 2024. The conference is organized to bring
together scientists, technologists, researchers, engineers, industry
leaders for exploring the new vistas with respect to recent
advances, emerging trends in spectrum of products spanning both
performance-critical and non-performance critical.

The underlying theme of this conference i.e., ‘Design and
Manufacturing of Sustainable Materials, Process and Products’
and ‘Sustainable Metallurgy and Energy-Efficient Materials for
Transition & Decarbonization in Metal Manufacturing Sectors’ is
the need of the hour and occupies a significant role in achieving
the Hon’ble Prime Minister’s vision of “Viksit Bharat-2047".

To achieve the “Viksit Bharat” vision, it is absolutely
important to integrate ‘innovation’ and ‘sustainability’ in the field
of design and manufacturing of advanced materials to minimize
the environmental impact. The significance of sustainability and
environmental stewardship is expected to grow in the realms of
manufacturing and design in future and are likely to influence the
main priorities for advancing manufacturing operations and
technologies.

Recognizing this importance, I am glad to know that IIT-
Hyderabad has been playing a very significant role in this
direction and taken up the initiative. May this conference foster



new collaborations and improve understanding of sustainability
in manufacturing and design, and to enhance applications of
AI/ML for process optimization.

Warm Regards,

Dr. Sanjay Kumar Jha

CMD,

Mishra Dhatu Nigam (MIDHANTI)
Hyderabad India



Prof. B.S. Murty
Director, IIT Hyderabad

Dear Participants,

We live in an era marked by rapid technological advancements. The
technology is evolving so unprecedented pace that redefines our lives
and brings innumerable possibilities. “Viksit Bharat”, a developed
India, requires a multifaceted approach that embraces the contributions
of various fields.

We should create solutions that address pressing societal challenges,
improving quality of life for all. Our focus should extend beyond mere
technological advancement and empower communities and promote
sustainability. We should envision a future where technology enriches
lives and fosters a more equitable world.

Metallurgists and Material Scientists play a significant role in Viksit
Bharat, by designing materials and technologies that keep India ahead
of others, making our Bharat not only a global player but a global
leader.

Thank you.
Jai Hind.
Prof. B.S. Murty

Director, IIT Hyderabad



Prof. T. Srivatsan
President of International Association for
Processing of Materials and Fabrication of Products
[IA PMFP]

Greetings, cheers and abundance of thanks | extend to each one of you
either opting to be physically present in person and make your
presence felt or tuning in on-line to make your “valued” presence felt
and participating by way of delivering your presentation. In the last
few days and weeks, | have been fortunate to receive messages from
individuals, both involved and committed to investigating, contributing
and furthering the prevailing knowledge base in the domains specific
to Materials (to include both Science and Engineering) and
Manufacturing Processes (to include Manufacturing Technologies),
congratulating me for 33 years [1991-2024] of dedicated, diligent and
devoted commitment to the execution and delivery on aspects specific
to both promoting and furthering the prevailing knowledge base
specific to the Processing of Materials as a viable outcome for the
fabrication of products for use in a spectrum of applications.

This technical event being held at Indian Institute of Technology (1IT)
(Hyderabad), India., is the 30" in a series of conferences on the
specific topic of “Processing of Advanced Materials”, with the
prime objective of bringing together engineers, technologists, and
researchers from nations scattered through the globe and intimately
associated with industries, universities and national/government
laboratories, and committed to working on aspects and intricacies
related, relevant and applicable to the processing, fabrication,
characterization and evaluation of

@ Materials spanning biomaterials, composites [to include metal-
matrix composites, ceramic-matrix composites, and polymer-
matrix composites], fuel cell materials, functionally-graded
materials, high-energy materials, intermetallic(s), magnetic



materials, foam materials, nanomaterials and nanocomposites,
phase-change materials, porous materials and super-conducting
materials, and

(b) Many marvels of manufacturing to include Additive
manufacturing, Green manufacturing, Sustainable
manufacturing, Artificial Intelligence (Al), Machine Learning
(ML), and MEMS/NEMS, for potential use on a spectrum of
products spanning the domains of both performance-critical
and non-performance critical.

In net essence the “Theme” of this Scholarly Technical Event is on the
following two key aspects:

1. The Design and Manufacturing of Sustainable Materials,
Process and Products

2. Sustainable Metallurgy and Energy-Efficient Materials for
Transition & Decarbonization in Metal Manufacturing Sectors

The key participants are encouraged to present and discuss their
findings, observations, inferences and even the potentially viable
outcomes culminating from their study

The earlier conferences on “Processing and Fabrication of
Advanced Materials” have been held in seven nations to include the
following: (i) Hong Kong (# 1), (ii) India (# 6), (iii) Japan (# 2), (iv)
New Zealand (# 2), (v) Singapore (# 4), (vi) S. Korea (# 1), (vii)
Sweden (# 1) and (viii) USA (# 12).

As organizers we have made every effort to ensure that each one of
you in attendance, has an excellent experience that spans the domain of
education with the prime objective of (i) enabling and ensuring
enlightenment for all of the participants and interested attendees, and
(if) importantly encouraging and promoting entrepreneurship, growth
and prosperity. Giving due consideration to the scale and caliber of the
qualified and intellectually inclined individuals that we have been able
to attract, encourage and even reward, this scholarly technical event
the “Thirtieth International Conference on the topic of
Processing of Advanced Materials and Fabrication of
Products” does look forward to meeting the desired objectives
specific to enabling excellence in the execution of research and
possibly entrepreneurship by way of development of products for
selection and use in a large number of applications. In essence, this
conference seeks to bring out excellence, while concurrently striving to
enable and promote (i) diversity and (ii) celebrate accomplishments
and achievements made possible either independently or through



collaboration. Our key objective is to both nurture and promote the overall
wellbeing of research done by each one of you while concurrently ensuring a
platform for the presentation of your research with an emphasis on
innovations and findings and the possibility of entrepreneurship that does
necessitate the need for both stewardship and direction (focus).

Srivatsan T S

President (IA PMFP)
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Abstract

Conductive inks made of metallic nanoparticles have drawn a lot of
interest because of their effectiveness and affordability. Because of the
numerous conceivable material combinations and qualities, NP-based
inks facilitate the creation of novel applications. Due to its high
thermal conductivity and printability, silver and copper NP based ink is
one of the conductive inks that is frequently utilized in a variety of
applications. The process for producing nanoparticles from solid
material by irradiating it while it is immersed in a liquid medium is
called pulsed laser ablation in liquid (PLAL), often referred to as laser
ablation synthesis in solution (LASIS). Using LASIS, copper NPs were
produced, and the impact of the process parameters was studied using
DI water as liquid medium by analysing ultraviolet-visible (UV-Vis)
spectra, mean size, distribution, and viscosity. The findings revealed
that the pulse repetition frequency of 50 kHz, scanning speed 1.5 m/s,
and ablation time of 30 minutes has resulted in desired characteristics
of Cu NPs. The feasibility of produced Cu NPs for inkjet printing is
established through viscosity measurements of produced colloids by
adding IPA and glycerol at different volume fraction.

Keywords: Copper nanoparticles, LASIS, synthesis, particle size,
viscosity

Introduction

The process for producing nanoparticles from a solid substance by
irradiating it while it is immersed in a liquid medium—typically DI
water—is called pulsed laser ablation in liquid (PLAL), often referred
to as laser ablation synthesis in solution (LASIS) [1]. A variety of NPs
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have been produced using LASIS, including silicon, carbon [2,3],
silver [4,5], gold [6], titanium [7], and magnesium [8,9]. Conductive
inks have been the focus of a lot of research lately because of their
importance in flexible electronic devices and printing technologies
[10]. The need for highly conductive printable tracks has increased
across a wide range of industries, including solar cells, thin-film
transistors, smart textiles, flexible displays, wearable technologies, and
smart packaging. Medication delivery, printed electronics, and
implantable medical devices are just a few of the numerous uses for
these NPs. Since metal NPs like copper (Cu) [11], gold (Au) [12] and
silver (Ag) [13] have a resistivity that is similar to that of the bulk
material, they are most frequently utilized in conductive inks. These
liquid-suspended conductive particles can function as ink because they
are a liquid at room temperature. When applied and dried, the inks can
create conductive patterns, making it easier to handle and print than
molten metal.

NPs are commonly produced by physical and chemical processes. The
two main physical processes that are employed are evaporation
condensation and laser ablation. LASIS as a physical technology has
garnered a lot of attention in the literature because of its
environmentally benign nature and capacity to control the mean size
and distribution of nanoparticles. The main advantage is that NP
development at specific sizes can be stopped without the use of
hazardous ligands. The process is therefore environmentally benign
and chemically safe, waste is reduced, and no by-products are created,
which makes it appealing for the large-scale production of functional
nanomaterials. When compared to the chemical technique, LASIS
drastically lowers the amount of post-processing required for the
production of nano colloids. Nanoparticle size, yield, ablation
efficiency, morphology, and chemical composition are all influenced
by the liquid medium. These variables all have an impact on the
nanoparticles’ mechanical and electrical characteristics, which show
how useful they are in the various technology sector. Due to its ease of
usage, DI water is a commonly utilized liquid medium. Without the
use of further chemicals, the as-fabricated colloid can be used as
conductive ink to create flexible sensors [14].

Because of the numerous conceivable material combinations and
qualities, NP-based inks facilitate the creation of novel applications.
Due to its high thermal conductivity and printability, Ag NP based ink
is one of the conductive inks that is frequently utilized in a variety of
applications. This material conducts well in both its metallic and oxide
phases, therefore there is no technological risk in using it. For the
production of high-quality printed electronic devices, less ink will be
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required due to the ink's high conductivity. Silver nanoparticles
(AgNps) are among the most researched and utilised nanomaterials
globally because of their utility in applications in the
various fields [15,16]. However, the waste by products of the well-
known chemical synthesis method has a negative impact on the
environment. Furthermore, post-production washing procedures to
eliminate ligands can be required based on the application's surface
purity requirements [17]. Post-production polymers that are bonded to
the nanoparticle surface are also possible, and it has been observed that
they negatively impact the conductivity of nanocolloid printed circuits
[18]. Ligand-free Np production and the potential for single-step
functionalization are made possible by LASIS to get over these
problems. The development of LASIS can greatly reduce the amount
of post-processing required in comparison to chemical synthesis.
Moura et al. [19] created Ag nanoparticles using nanosecond laser
ablation in liquid, and they experimentally examined the impact of the
liquid medium and laser fluence on the size, shape, and structure of the
resulting nanoparticles. The characteristics of Ag nanoparticles and
their rate of formation were shown to be significantly influenced by the
liquid media and changing laser fluence. By laser ablation of silver
target in distilled water, Dorranian et al. [20] created 6-12 nm silver
nanoparticles. The average size of NPs has been found to decrease
with increasing laser fluence. Nikolov et al. [21] produced metallic
nanoparticles (NPs) by pulsed laser ablation of Ag and Au objects
immersed in double-distilled water. For twenty minutes, the targets are
subjected to different wavelengths of laser pulses. Valverde-Alva et al.
[22] used the pulsed photoacoustic (PA) method to laser-ablate Ag-
NPs in ethanol. A peak for plasmon absorption at around 400 nm was
visible in the colloids' absorption spectra. The PA analysis revealed a
considerable reduction in the creation rate of Ag-NPs in the first
several hundred laser pulses. Zamiri et al. [23] investigated the impact
of laser repetition rate on laser ablation production of silver
nanoparticles in the presence of starch as a stabilizer. Stability
measurements showed no discernible changes in flocculation,
agglomeration, or mean particle size. Zeta potential analyses, however,
revealed that the ideal double layer charge is attained at 30 Hz. As a
result, small size and improved stability appears to be present in the
synthesis of Ag-NP using the laser ablation synthesis in solution
(LASIS) method. Silver nanoparticles were generated by Freeland et
al. [24] using a novel laminar flow "semi-batch” production technique.
The colloids may be used to thin-film print anti-microbial surfaces and
were manufactured in less than 15 minutes. It was discovered that
using a mild ionic liquid for Np manufacturing provided size
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quenching and a route to better size control throughout the production
process. Recently, Sreenilayam et al. [25] used a flow-based LASIS
system to create additive-free silver (Ag) NP inks with average particle
size of 32 nm with 30 min ablation time and 20 kHz, frequency. The
XPS study showed that the as-produced LASIS Ag NP colloids were
stable over a 12-month period (§ = -47 mV).

Conductive inks made of metallic nanoparticles have drawn a lot of
interest because of their effectiveness and affordability. Copper
nanoparticles were created by Satriyani and Khumaeni [26] using a
pulse laser ablation technique with a pulse Nd:YAG laser. A pure
copper metal was exposed to a pulse Nd: YAG laser (1064 nm, 50 mJ)
with different frequencies. The result shows that Cu NPs with a
sphere-like shape and an average diameter of 12 nm were effectively
produced. NPs were effectively produced by using a copper plate [27].
Comparative tests were conducted to examine the effects of different
solvents such as DI water, butanol, ethylene glycol, hexane, and
acetonitrile on the properties of Cu NPs. The efficiency of the
generated copper nanoparticles in reducing aromatic nitro compounds,
such as 4-nitrophenol and nitrobenzene, was also assessed. Gondal et
al. [28] employed PLAL to produce copper oxide nanostructures.
Additionally, they investigated the effects of oxidizing media
(hydrogen peroxide and deionized water) on the final materials' optical
characteristics, shape, and composition. Optical examinations revealed
a notable red shift (3.34-2.5 €eV) in the band gap energy when
compared to PLAL synthesis without hydrogen peroxide in the liquid
media. The characteristics of particle production and modification in
ethyl alcohol, as well as the influence of trace amounts of oxidizing
and acid-base species on the properties of the NPs in water colloids,
were investigated during NP formation using PLAL. It has been
determined that a competitive adsorption mechanism, not the carbon
shell formation, is responsible for the resistance to deep oxidation of
Cu NPs seen in an ethyl alcohol dispersion [29]. PLAL was used to
produce carbon nanoparticles (CNPs) in three different liquid media.
The as-fabricated NPs were applied to paper substrates as conductive
inks. While the nano colloids generated in ethanol had extra peaks and
higher absorbance from 210 to 300 nm, DI water exhibited three
unique UV-Vis absorbance peaks at 200, 216, and 225 nm. It was
found that the characteristics of the NPs were greatly affected by the
liquid medium employed for PLAL [30].

The review of literature revealed the research conducted on producing
copper nanoparticles for a variety of uses using (PLAL). However,
very limited research is reported that look at the relationship between
the NP characteristics and viscosity achieved with different solvents
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for inkjet printing applications. In addition, it aims to combine the
characteristics of copper nanoparticles generated through PLAL with
the influence of laser processing variables on the properties. Using
LASIS, copper NPs were produced, and the impact of the laser
frequency, scanning speed, and ablation time was studied using DI
water as liquid medium. Ultraviolet-visible (UV-Vis) spectra, average
size, concentration, and viscosity were evaluated. To our knowledge,
this is the novel study that, analyzed the size distributions and
morphologies of Cu NPs produced through LASIS in de-ionized (DI)
water to achieve desired viscosity for it’s possible application for
inkjet printing.

Experimental Details

Materials and Experimental Set-up

Copper targets with a purity of 99.99% was the material employed for
the experiments. The DI water was used in the colloid production of
NPs. Disc with a diameter of 8 mm and 4 mm thickness was produced
by mechanically polishing and machining the copper plate with silicon
carbide up to 1200 grit. The prepared samples were then rinsed with DI
water after being cleaned for 30 minutes in an ultrasonic bath.

Copper NPs were produced using the Laser Ablation Synthesis in
Solution technique, illustrated in Figure 1. Consistent laminar flow is
maintained at the ablation region. A picosecond-pulsed Nd:YAG laser
(1064 nm), a maximum output power of 1.2 W, and a pulse width of
700 ps was utilized. The target was placed inside a 3D-printed and
customized flow cell. The removal of any masking effects was made
possible by the flow of solvent, which allowed effective NP
production. The operating fluence was kept at 1.83 J/cm?, and the spot
size of the laser beam was regulated at 120 pm.. At a speed of 2.5
mm/s, the beam scanned across the target surface in an Archimedean
spiral path. The effect of pulse repetition frequency of the laser set at
10, 50, and 100 kHz, laser scan speed (1 m/s, 1.5 m/s, and 2 m/s), and
ablation time 10, 20, and 30 min.

1064nm alvo

. 3 l
efore ablation

Figure 1 Schematic of experimental setup used to produce Cu NPs
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Material Characterization

Multiple analytical techniques were used to determine the morphology
and size of the colloid. The NP mean diameter, concentration, and size
distribution was measured by means of dynamic light scattering
(DLS). Each sample was subjected to twenty runs/measurements on
the DLS apparatus, which were then averaged to get raw data on the
mean diameter of the nanoparticles and their size distribution. A TEM
equipped with a field emission gun and an objective lens was utilised.
A copper mesh TEM grid was used for the analysis, and 40 pL of the
sample was applied. It was then left to evaporate at room temperature.
The optical properties were assessed using a UV-Vis spectrometer. A
viscometer (Brookfield Cone/Plate Rheometer) was utilised to measure
colloidal viscosity for five minutes at 25 °C and 60 RPM.

Results and Discussion
Visual inspection and Ultraviolet-Visible Spectroscopy

A beaker filled with deionized (DI) water and the Cu NPs are shown in
Figure 1 following ten minutes of laser ablation. After ten minutes of
laser ablation, the liquid medium's colour changed from colourless to
brown in Figure 2. The colour shift that has been observed has been
previously reported in the literature, and it is ascribed to the presence
of Cu NPs in the liquid media. The presence of Cu NPs contributes for
the colour shift before and after PLAL; a minor increase in the brown
color's intensity is correlated with higher NP yield in all liquids. Visual
inspection thus showed that the NP vyield increased as the pulse
repetition frequency, scanning speed, and ablation time were increased.
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Figure 2 Images of the copper NP sample produced at different
processing parameters

Following experiments, each sample were subjected to UV-Vis
analysis to confirm the existence of Cu NPs; the related extinction
spectra are shown in Figure 3. The pattern of deionized (DI) water was
deducted from the whole spectrum in order to separate the contribution
of Cu NPs. To do this, a reference sample of DI water was added to the

Page | 6



30" International Conference on PAMFP ISBN 978-81-957455-5-5

device while the colloid spectrum was being recorded. In overall,
every spectrum that was collected showed a steady trend with peak
around 295 nm. As previously mentioned, the rise in pulse repetition
frequency, laser scan speed, and ablation duration attributed to
the higher concentration of NPs in the liquid. This is explained by the
higher energy that the increased frequency and scan speed provides,
which allows for more target material to be vaporized or ablation and,
as a result, more NPs to be produced [31]. It's interesting to note that,
in comparison to other levels, the absorbance of the resultant NPs
generated at a 50 KHz frequency, 1.5 m/s scanning speed, and 30 min
ablation time was noticeably greater. Furthermore, the absorbance of
the resultant Cu NPs showed a linear drop across all parameters at
increasing wavelengths after 300 nm, eventually reaching a saturation
point.

Waselergth (o

Figure 3 UV-Vis absorption spectrum with varying (a) pulse repetition
frequency (b) scanning speed (c) ablation time

Average size and concentration of NPs

The average size and number of NPs generated by PLAL were
evaluated using Dynamic Light Scattering (DLS) analysis at different
pulse frequency, scanning speeds, and ablation time. NPs generally
had typical diameters between 120 and 240 nm, as seen in Figure 4.
Additionally, Figure 4 demonstrated that samples produced at 50 KHZ,
1.5 m/s, and 30 minutes ablation time had a smaller size range than
other samples produced at different levels. Figure 5 shows how the
mean sizes of NPs are affected by changes in laser parameters.
Notably, the mean size consistently decreased as the frequency
and scanning speed increased from 10 to 50 kHZ and 1 to 1.5 m/s.
Figure 4 shows how the mean sizes of NPs vary in response to
variations in the pulse repetition frequency while keeping the laser
scan speed and the ablation time at different settings. The general
pattern indicates a decrease in nanoparticle size as frequency increases
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from 10 to 50 kHZ. The increased heating of the target material
brought on by the combined effect of several laser pulses at greater
repetition rates is the cause of this pattern. The size and shape of the
produced NPs are probably going to be influenced by these enhanced
thermal effects, which could result in the creation of smaller particles
[32]. The transition from intermittent to regular ablation is responsible
for this occurrence. Which is characterized by the plume shielding
effect's recurrent modulation that affects particle ejection and
morphological features [33]. However, at greater scanning speed (2
m/s), the plume shielding effect is eliminated and the ablation process
reaches a steady state. Shorter ablation times led to the production of
larger NPs. The influence of ablation time is explained by the direct
effect of laser power on the thermodynamic properties of cavitation
bubbles and the resulting plasma. Moreover, the local concentration of
ablated particles rises with time due to liquid confinement. This
increases the length of the cavitation bubbles by facilitating the plasma
plume's rise to higher temperatures and pressures.

Figure 4 Variation in NPs” mean diameter with varying (a) pulse
repetition frequency (b) scanning speed (c) ablation time

Analyses of nanoparticle concentration were performed and Figure 5
(a—c) shows the results. To assess the effect of changing one parameter
on particle concentration, two variables were kept constant in each
graph. These results showed that when frequency increased from 10 to
100 kHz, the concentration of NPs rose from 2.2 x 10°to 2.82 x
10° particles/mL. Similarly, the concentration of nanoparticles
increased from 2.1 x 10° to 2.84 x 108 particles/mL when the ablation
time was increased from 10 to 30 minutes. This finding is consistent
with the visual examination results, which showed that higher
frequency and ablation time increased the production of nanoparticles.
On the other hand, the concentration of nanoparticles decreased as the
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scanning speed increased from 1 to 2 m/s. Furthermore, at lower
scanning speeds, a wider size distribution was noted, which might be
the result of particle fragmentation [34]. It's also important to note that
the NPs may agglomerate or undergo further oxidation and delay
growth after being released into the liquid medium [35]. In this
instance, agglomeration is anticipated since the stability of the NPs is
low due to the lack of a stabiliser. Under pulsed laser ablation, the
concentration of NPs in a liquid is affected by the scanning speed.
Higher scanning speeds usually result in lower nanoparticle
concentrations, whereas lower scanning speeds often result in higher
concentrations.

<10° 1.5 mf 1= 3 i 100

(a) (b)

Figure 5 Variation in NPs’ concentration with varying (a) pulse
repetition frequency (b) scanning speed (c) ablation time

Scanning Transmission Electron Microscopy

With varying acceleration voltages and magnifications. A TEM image
of dried Cu NPs obtained at a frequency of 50 kHz, a scanning speed
of 1.5 m/s, and under 30 minutes ablation is shown in Figure 6. As DI
water serves as the surrounding medium, all of the NPs have a similar
shape, a combination of spherical and non-spherical forms with some
aggregation that leads to cluster formation. Spherical particles are
likely to form when growth is driven by atoms nucleating in the
condensed phase in a liquid medium with a constant dipole moment.
As seen in the image, these images verify the existence of spherical
and nanoscale NPs with a few clusters and agglomerations. Thermal
evaporation is the main process that underlies pulsed laser ablation.
Larger particles undergo melting and vaporization into atoms or
molecules as a result of the laser's high temperature generation on their
surfaces. These atoms subsequently reorganize into smaller
nanoparticles with the same or different shapes depending on the laser
settings and surrounding material.
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100 nm 50 nm

Figure 6 TEM images of copper nano colloids at acceleration voltage
10 kV and 20 kV

Viscosity Measurements

Since PLAL can accurately control nanocolloid properties, such as
nanoparticle size, concentration, stability, and colloid viscosity, its
applicability in inkjet printing is quite promising. The
produced additive-free Cu NPs have potential uses in the fabrication of
ink for inkjet printing. The particle size, density, concentration, and
viscosity of the ink are crucial to the printing process. To prevent
issues like excessive flow or printer head obstruction, it is crucial to
maintain the proper ink viscosity, which normally ranges from 1 to 20
mPa.s. The viscosity of the Cu NPs was modified by adding various
solvents in order to meet the viscosity specifications suitable for inkjet
printers. As illustrated in Figure 7 illustrates the change in viscosity of
NP colloids with the addition in isopropyl alcohol (IPA) and glycerol
with different volumetric ratios. The viscosity within the range of 1.05
to 2.2 mPa.s was achieved with varying IPA volume fraction. Whereas
0.8 volume fraction of glycerol resulted in highest viscosity value of
9.88 mPa.s making it suitable for inkjet printing application. The
chemical reaction between NPs and the solvent is one of the variables
that might alter the liquid's viscosity. Different viscosity measurements
were obtained by changing the quantities of glycerol, a highly viscous
and non-toxic solvent, with water.

Figure 7 Variation in dynamic viscosity at different volume fraction of
(@) IPA (b) glycerol
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Conclusions

This study explored the use of liquid pulsed laser ablation to generate
copper nanoparticles for potential inkjet printing application. The
effects of variables like scanning speed, ablation time, and pulse
repetition frequency on the optical properties, size, concentration, and
viscosity of the generated NPs were investigated.

1. The results showed that for all tested samples, higher NP yield
was associated with increased frequency, scanning speed, and
ablation time. Additionally, as frequency increased from 10 to
50 kHz, the optical absorbance raised, which was explained by
the liquid's greater NP concentration. A distinct peak was
obtained around 295 nm.

2. The DLS measurements revealed that the mean size of NPs
decreased as the frequency and scanning speed increased from
10 to 50 KHZ and 1 to 1.5 m/s. Larger NPs were produced as a
result of shorter ablation time. The direct impact of laser power
on the thermodynamic characteristics of cavitation bubbles and
the ensuing plasma explains the effect of ablation time. The
production of spherical Cu NPs with consistent size was
evidenced from TEM analysis.

3. Viscosity measurement of produced samples was carried out to
establish the use of produced colloids for inkjet printing
application. The viscosity within the range of 1.05 to 2.2 mPa.s
was achieved with varying IPA volume fraction. Whereas 0.8
volume fraction of glycerol resulted in highest viscosity value
of 9.88 mPa.s making it suitable for inkjet printing application.
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Abstract

The purpose of this study is to optimize different input process
variables in abrasive waterjet (AWJ) cut surfaces in order to maximize
material removal rate, minimize surface roughness and reduce Kerf
Taper. This method is good for cutting materials that are sensitive to
temperature changes. Three input process parameters were varied in
three levels. Kerf taper, Material removal rate, and surface roughness
are all assessed as outcome variables. Aluminium grade 6061 is
employed because of the material's extensive technical and structural
applications. Response Surface Methodology and Grey Relational
Analysis are the effective optimization strategies used in this study.
Pressure (K) (110 Bar), Feed Rate (M) (100 mm/min), and Abrasive
Flow Rate (V) (350 g/min) are the optimized input parameters
obtained from the optimization processes. The material removal rate
rises during the rise of abrasive particles flow rate and nozzle speed.
The material removal rate is directly influenced by the rate of flow of
abrasive particles and the traverse speed. Increased pressure and
decreased feed rate have an inverse effect on surface roughness. Both
optimization strategies may be used to compute the results.

Keywords: Abrasive Waterjet Machining, Kerf Taper, Grey
Relational Analysis, Surface Roughness, MRR, Response surface
Methodology.
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Introduction

Abrasive waterjet (AWJ) cutting is a versatile machining process
widely used for its ability to cut various materials without generating
excessive heat. This study aims to optimize the input process variables
in AWJ cutting surfaces to maximize material removal rate (MRR),
minimize surface finish, and reduce Kerf Taper. The method holds
great potential for cutting materials sensitive to temperature changes.
Three key input process parameters, namely water jet pressure, feed
rate, and abrasive flow rate, were varied at three levels to investigate
their impact on the output factors.

Abrasive Waterjet (AWJ) is now a widely used, non-traditional method. In
this procedure, water and abrasive are combined under intense pressure. A
very small nozzle with high pressure discharges water. The two main
categories of waterjets are water jets with abrasive (AWJM) and without
abrasive (WJM). For industrial applications, the first offers special abilities
[8]. The machining process makes use of the high-pressure water coming
from the nozzle. The removal of material in waterjet cutting can be compared
to a supersonic process [11].

Mechanical characteristics were determined by S. Athul [1]. By using
a pin-on-reciprocating tribometer, a numerical wear model is created to
validate and analyze the wear characteristics of Al 6061 alloy as it
slides against the hard-counter face of En31 steel at a high
temperature. Regarding the machining of magnesium-silicon-based
aluminium alloys using an abrasive water jet.

Sreenivasulu Reddy [2] focused on process parameter optimization for
multicriteria decision-making. The DEAR technique and Taguchi-
based design of trials are used to identify the best input parameters
[11] with desired response in AWIJM. The taguchi technique was
unable to concurrently optimize both replies in the maximum-
minimum scenario.

Shu Wang [3] investigated the cutting profile in aluminium alloy using
an AWJ. By examining the cut contour, process parameter
performance is assessed. It was discovered that the material size and
movement of the nozzle had a significant impact on the cutting front's
contour. The jet lag increases as the nozzle moves more quickly.

Adnan Akkurt [4] used a variety of materials, including pure Al-6061,
to study the impact of traverse speed on surface quality in AWJM.
Cutting specimens of each material at various feed rates results in
specimens of 5 mm and 20 mm thickness for the experiment. It is
determined by measuring the surface roughness of each experiment

Page | 17



30" International Conference on PAMFP ISBN 978-81-957455-5-5

that pure aluminium does not have the same surface quality as the Al-
6061 aluminium alloy in AWJ cutting applications.

The impact of parameters in the water jet machining process was
investigated by Jennifer Milaor Llanto [5]. In researching ways to
improve AWJM application, the author's thorough review found that
aluminium work parts received 53% of the attention. A total of 27% of
recent investigations have demonstrated that feed rate significantly
affects AWJ cutting performance, with statistics of 22% abrasive flow
and 20% water pressure. Due to its superior performance and
affordable pricing, garnet with a mesh size of #80 got 90% utilization
in the AWJM application.

Using an experimental study, Karthik K [6] developed a regression
equation that includes jet pressure, nozzle speed, and abrasive particle
flow rate for the rate of material removal and kerf top width. The
research material is 304 stainless steel that is 15 mm thick. The
experimental parameter was subjected to three degrees of change, and
to maximize the outcomes, response surface techniques and grey
relational analysis were utilized.

Material Selection

Aluminium alloy 6061 plates of 15 mm thickness are chosen as the
target material in this experiment. The following is a list of the
material's qualities and its chemical makeup (Tables 1 and 2).
Numerous applications call for the use of aluminium alloy 6061 in
various sectors like automobiles (truck sections and body panels),
structural (bridge structures), marine (ship constructions), aeroengine
applications (rotors), and boiler making are just a few of the heavy-
duty applications.
Table 1. Al 6061 - Chemical Composition

Element % By Weight

Manganese  0.0t0 0.15
Iron 0.0t0 0.70
Magnesium  0.80to 1.20
Silicon 0.40 to 0.80
Copper 0.151t0 0.40
Zinc 0.0t0 0.25
Titanium 0.0t0 0.15
Chromium  0.04 to 0.35
Others 0.0t0 0.15
Aluminium Balance
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Table 2. Al 6061 - Mechanical properties

Mechanical Properties  Metric
Ultimate Tensile Strength 312 MPa
Tensile Yield Strength 275 MPa

Shear Strength 206 MPa

Fatigue Strength 97 MPa
Modulus of Elasticity 69 GPa

Shear Modulus 26.5 GPa

The nozzle and orifice of the device are 1.03 mm and 0.3 mm in size,
respectively [5]. Garnet of 80 mesh size is used in all cutting trials.
Greater stand-off lengths are less prone to cause abrasive obstructions,
which will slow down cutting, than smaller stand-off distances. 2 mm
is the stand-off distance.

Strength-to-Weight Ratio: AL 6061 delivers good strength and
stiffness while being relatively lightweight thanks to its high strength-
to-weight ratio. This makes it useful in areas like aircraft, automotive,
and sporting goods where weight reduction is important. Despite being
lightweight, AL 6061 has impressive strength qualities, as seen by its
tensile yield strength of 275 MPa and ultimate tensile
strength of 312 MPa.

Experimental Design

The water pressure was chosen based on the equipment limits (the
highest level that the pump could produce was 380 bar) [8]. The nozzle
traverse speed was chosen based on a predefined minimum water
pressure [12]. Lower traverse speeds were then chosen with enough
spacing. This method ensures that all of the parameter combinations in
Table 3 achieve at least 90% through cuts.

Table 3. AWJIM Input parameters with levels.

AWJM Input Parameters 1% Level 2" Level 3" Level
Jet Pressure (Bar) - K 90 100 110
Feed Rate (mm/min) - M 80 90 100
Abrasive Flow Rate (g/min) - V 250 300 350
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The flow rates of abrasives were chosen based on common uses and
equipment layout. Because it is difficult to adjust the pressure for each
trial, the initial set of tests were carried out while framing the run
order, with the pressure (Level 1) remaining constant. Changing the
abrasive particle flow rate and nozzle feed rate. In the next series of
tests, pressure (Level 2) was chosen, and the other factors were
adjusted while the pressure remained constant [12].

The L27 OA configuration offers the advantage of adaptability,
allowing you to tailor the orifice size to meet the specific needs of the
cutting application. This versatility enhances material compatibility,
cutting efficiency, and speed while providing a cost-effective solution
for abrasive water jet cutting machining.

Measurement of Material Removal Rate (MRR)

Material Removal Rate (MRR) is determined as the product of kerf
area and nozzle speed (traverse speed). The MRR was calculated using
the following equation, Eq. 1. Fig. 1. depicts the kerf area.

MRR = Kerf Area X Traverse Speed (1)

Area: 15.27 mm”2

Figure. 1. Measurement of Kerf Area.

Figure. 2. (a) Kerf Top Width, (b) Kerf Bottom width
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Measurement of kerf parameters
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The kerf parameters are measured using the video measuring machine;
the output 2D drawing file from the video measuring machine is
imported into CAD software (Fig. 1) for measuring the kerf top and
bottom of the cut surface (Fig. 2). The measured values are tabulated

in Table 4.

Measurement of Roughness of Cut Surface
Using the surface roughness tester in Fig. 3, each cut's surface
roughness is determined by placing the probe on the surface to be
measured and given free movement. On both sides of the cut, the
roughness is computed and the average is used. Each cut's averages are
determined, and the numbers are reported in Table 4 [7].

Table 4. Response Table

b
Figure 3. (a) Roughness Tester, (b) Probe on workpiece surface

Abrasive
Run Water Feed Rate Flovz/ Rate MRR KTW  KBW Surface
Order Pressure (M). ( ) (mm3/min)  (mm)  (mm) Roughness
(K) (Bar)  (mm/min)  (9/min) (Hm)

1 90 80 250 1300.80 1.2429  0.8198 16.5717
2 90 90 250 1422.00 1.2401  0.7939 18.5483
3 90 100 250 1541.00 1.2314  0.6583 18.6467
4 90 80 300 1284.80 1.2333 0.8471 17.3800
5 90 90 300 1366.20 1.2149  0.7900 14.9417
6 90 100 300 1465.00 1.2207 0.7367 14.5483
7 90 80 350 1212.00 1.2255 0.8014 13.7067
8 90 90 350 1325.70 12209 0.7642 13.1883
9 90 100 350 1397.00 1.2198 0.7578 12.9733
10 100 80 250 1252.00 12293 09114 14.1483
11 100 90 250 1397.70 1.2292  0.8155 13.2733
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12 100 100 250 1489.00 1.2145 0.8262 13.2317
13 100 80 300 1265.60 1.2295 0.8737 13.0900
14 100 90 300 1355.40 1.2325 0.8323 12.9033
15 100 100 300 1481.00 1.2252  0.7879 11.6417
16 100 80 350 1249.60 1.2352  0.9032 10.7200
17 100 90 350 1352.70 1.2300 0.8395 11.0100
18 100 100 350 1475.00 1.2174  0.7915 10.8900
19 110 80 250 1218.40 1.2088  0.9056 11.4700
20 110 90 250 1351.80 1.2043  0.8309 12.6467
21 110 100 250 1448.00 1.2012  0.8489 12.5050
22 110 80 300 1238.40 1.2130  0.9242 9.5300
23 110 90 300 1321.20 1.2084 0.8894 9.4150
24 110 100 300 1496.00 1.2056  0.8616 8.7967
25 110 80 350 1203.20 1.2139  0.9677 10.4033
26 110 90 350 1345.50 1.2102  0.9102 11.3517
27 110 100 350 1527.00 1.2075 0.8615 9.8433

Grey Relational Analysis

Grey Relational Analysis (GRA) is an optimization technique to find
the optimum solution by using the normalized data. It is generally
applied to multi-parameter optimization problems by providing
importance to individual responses. The goal is to raise the MRR and
KBW while lowering the KTW and surface roughness [9].

Normalization of Data

Hence the original data are converted into a comparable array of values
ranging from 0 to 1. MRR and KBW are to be maximized, i.e., a
"larger, the better” sequence of normalization is adopted to scale the
MRR and KBW responses between 0 and 1 with the following
formula, Eq. 2.

i(p)—min (x;(p)
xi(p)—-min (x;(p)) (2)

xi (p) = max (x;(p))— min(x;(p))

KTW and surface roughness are to be minimized; hence, the "smaller
the better” sequence of normalization is adopted to scale the KTW
between 0 and 1 with the following formula, Eq. 3.

max(x;(p))— xi(p)
max(x;(p))— min(x;(p)) 3)

xi(p) =
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Grey Relational Coefficient Calculation

The following formula can be used to compute the Grey
relational coefficient, Eq. 4.

GRCi(p) =

Amin+€Amax
20;i(K) + EAmax 4)

Grey Relational Grade Calculation

The below formula can be used for Grey Relational Grade
(GRG) calculation, Eq. 5.

GRGi = %ZE=1 GRCl(p) (5)
Grey Relational Analysis Result

The findings of the Grey Relational Grade (GRG) calculation
are presented in Table 5. The greatest GRG in experimental cut 27 is
connected to the ideal process parameters, and this is the last stage in
the procedure.

Table 4. Result of GRA

Input Parameters Values
Water pressure (K) 110 Bar
Feed rate(M) 100 mm/min
Abrasive flow rate(V) 350 g/min
Response
Material Removal Rate (MRR) 1527.00 mm3/min
Kerf Top Width (KBW) 1.2075 mm
Kerf Bottom Width (KBW) 0.8615 mm
Surface Roughness 9.8433 um
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Figure. 4. Response Graph of Input and Output Process Parameters

Response Surface Methodology

In this method, the objective is to find the optimum response and the
variables corresponding to this response. The Response Surface
Methodology (RSM) aids in determining the response surface's
chorography, including local minimum, maximum, and ridge lines, as
well as the area where the optimal value was discovered [13]. The
experimental data are to be evaluated in a statistical model [9]. Graphs
that indicate as pressure increases, the MRR will rise and the KTW
value will assume a parabolic form; as a result, the program locates a
"sweet spot” that shows the perfect figure to fulfill both goals.
According to the graph that depicts the relationship between traverse
speed and the responses, the material removal rate increases as traverse
speed increases but the kerf top width decreases, therefore the highest
permissible value of traverse feed is recommended [10]. According to
the previous graph, abrasive flow rate has a minimal impact on MRR
but a significant impact on KTW. As a result, the software chooses a
number where KTW is the least.

Contour Plot for the Responses
Responses and the factors K and M are related

The connection between the components K and M (waterjet pressure
and abrasive flow rate) and outputs is depicted in the following Fig. 5
[13]. Maximum MRR is seen to occur at higher values of K. When the
pressure is between 100 and 110 bars and the flow rate is between 250
and 350 g/min, the sand flow rate has less of an impact on the larger
material than the water pressure. A satisfactory surface roughness
necessitates water pressure between 100 and 110 bars [10].
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Figure 5. (a),(b),(c),(d) Correlation between the outputs and the Factors K
and M.

Responses and the factors M and V are related

The association between the results and factors V and M (feed rate and
Abrasive flow rate respectively) is displayed in Fig. 6. Below [10].
Greater values of M and V have been shown to provide higher values
of MRR and satisfactory surface roughness when abrasive flow rate
ranges between 250 - 350 g/min and feed ranges between 96 -100
mm/min.
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Figure 6. (a),(b),(c),(d) Correlation between the Outputs and the Factors

Responses and the factors V and K are related

The link between the results and parameters K and V (water
pressure and feed rate, respectively) is shown in Fig. 7 below.
Excellent surface quality and a greater MRR have been seen when
both K and M expand. When the pressure fluctuates between 100 and
110 bars and the feed rate fluctuates between 95 and 100 mm/min [10].
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Figure 7. (a),(b),(c),(d) Correlation between the Outputs and the Factors V
and K.
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Results

The best values for the input parameters discovered using the two
optimization techniques are tabulated in Table 6, and the response
graphs for each output are shown in Fig. 4.

Table 6. Result from optimization technique

Parameters Grey Relational values Response Surface Values
Input
Pressure (K) 110 Bar 110 Bar
Feed Rate (M) 100 mm/min 100 mm/min
Abrasive Flow Rate (V) 350 g/min 331.8281 g/min
Output
Optimum MRR 1527 mm*/min 1492.07 mm?/min
Optimum KTW 1.2075 mm 1.2052 mm
Optimum KBW 0.8615 mm 0.8645 mm
Optimum Ra 9.8433 um 9.9826 um

The findings from the two approaches are comparable, and the
error is less than 10%. Therefore, it is possible to find the optimal
process parameters for machining utilizing AWJM employing both
GRA and RSM.

The Regression Equation for various responses are given below,

3392-16.6 K- 6.71 M- 13.6 V- 0.0956 K*K-

MRR _0.00086 M*M ()
(Mm¥min) 400374 V*V  +0.0644 K*M  +0.1713 K*V
+0.0046 M*V
0.883+ 0.01321 K- 0.001387 M- 0.00075 V-
Kerf Top 0.000090 K*K )
Width (mm) = +0.000000 M*M —0.000004 V*V

+0.000011 K*M
+0.000007 K*V+ 0.000001 M*V

Surface = 169.1-2.411K-
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Roughness  0.270 M+ 0.487 VV+ 0.00814 K*K+ 0.000236 M*M -
(Hm) 0.00248 V*V  +0.001479 K*M + 0.00lOE‘H§*V -
0.000553 M*V

1.45+ 0.0153 K- 0.00109 M- 0.0295 V-
Kerfbottom  0.000108 K*K

width (mm) —0.000002 M*M+ 0.000085 V*V+ 0.000017 K*M
+ 0.000075 K*V+ 0.000007 M*V
Where,

MRR — Material Removal Rate, K — Pressure, M — Abrasive flow rate,
V — Traverse speed

Validation of the Results

Table 7. Validation of Result

Input Parameters Values
Water pressure (K) 110 Bar
Feed rate(M) 100 mm/min
Abrasive flow rate(V) 350 g/min
Response

Trial 1 1548 mm3/min
Material Removal Rate (MRR) Trial 2 1475 mm3/min
Trial 3 1541 mm3/min
Trial 1 1.2050 mm
Kerf Top Width (KBW) Trial2  1.2125mm
Trial 3 1.2154 mm
Trial1  0.8512 mm
Kerf Bottom Width (KBW)  Trial2  0.8418 mm
Trial 3 0.8617 mm
Trial 1 9.7327 pm
Surface Roughness Trial 2 9.6452 pm
Trial 3 9.5892 um
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Conclusions

This study looked at how output responses like material removal rate
(MRR), kerf profile, and surface roughness were affected by water
pressure, abrasive particle flow rate, and nozzle feed rate.

The main conclusions to be drawn are the following:

As the water pressure rises, the rate of material removal rises,
while surface roughness and kerf taper both fall.

Surface roughness and kerf tapper fall while MRR rises when
abrasive particle flow rate and nozzle movement speed
increase.

Finding the ideal input process parameter value can be
accomplished using either the Grey relational analysis or the
Response Surface methodology.

The impacts of three input process variables—water jet
pressure, feed rate, and abrasive flow rate—on the outcomes of
material removal rate (MRR), kerf profile, and surface polish
were examined in this study. Based on the required output
responses, the optimization methods helped identify the
optimal input parameter values for water pressure (110 Bar),
feed rate (100 mm/s), and abrasive flow rate (350 g/min).

The study found that the water pressure significantly affects the
rate of material removal. The rate of material removal increased
along with the water pressure. This is explained by the water
jet's larger kinetic energy at higher pressures, which leads to
more effective cutting and faster material removal rates.
Additionally, the enhanced surface smoothness and decreased
kerf taper were made possible by the higher water pressure.
Cleaner cuts with less surface roughness and better dimensional
accuracy were produced as a result of the enhanced cutting
power and energy.

It is significant to note that the Response Surface Methodology
(RSM) or the Grey Relational Analysis may both be used to
determine the best input process parameter values. Both
approaches offer useful tools for enhancing the process
variables and obtaining the desired end results. A multi-criteria
decision-making method that may take into account the
relationship between several input and output characteristics is
the Grey relational analysis. It enables the determination of the
ideal parameter values depending on how closely the actual
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performance matches the ideal. RSM, on the other hand, uses
mathematical models to forecast how input parameters and
output responses will interact. The ideal parameter values can
be found by doing experiments at various parameter levels and
fitting response surfaces.
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Abstract

Abrasive water jet machining (AWJM) is an advanced machining
technique. It swiftly removes material from extremely hard and brittle
substances without inducing distortion or altering the microstructure,
using a blend of high-pressure water and abrasive particles. As a result,
it has quickly established itself as one of the most prominent
manufacturing technologies. The effects of various AWJIM input
parameters on POM removal rate (MRR), kerf angle, and surface
roughness (SR) have been investigated in this study. On POM
material, design of experiments (DOE)-approved experiments are
carried out by adjusting input parameters like traverse speed (TS),
abrasive flow rate (AFR), and water pressure (WP). The data collected
is optimized by Grey Relational Analysis, Response Surface
Methodology, and aggression optimization. All these are carried out
using MINITAB software.

Introduction

Polyoxymethylene (POM), a high-performance engineering
thermoplastic, exhibits exceptional mechanical properties, chemical
resistance, and dimensional stability. Its robust mechanical
characteristics [1], including high strength, stiffness, and fatigue
resistance, combined with its low coefficient of friction [2], make it
ideal for applications demanding durability and precision. POM's
resistance to a wide range of solvents, acids, and alkalis, along with its
hydrophobic nature, ensures its suitability in diverse chemical
environments. Moreover, its high melting point, good thermal
conductivity, and low thermal expansion [3] contribute to its versatility
in various industries. The polymer's dimensional stability, electrical
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insulating properties, and excellent machinability further enhance its
appeal for applications ranging from automotive components to
medical devices. Mainly in the automotive industry Its chemical
resistance, particularly resistance to petrol and diesel fuel, protects the
endurance and integrity of these parts [4].

Abrasive water jet machining (AWJM), a versatile and precise cutting
technology, employs a high-pressure water jet combined with abrasive
particles to effectively process a wide range of materials, including
metals, non-metals, and composites. The process's key advantages
include exceptional precision, minimal heat-affected zones, and the
ability to cut complex shapes without the need for specialized tooling.
Critical parameters influencing AWJM performance encompass
pressure, abrasive flow rate, abrasive type, stand-off distance, and
cutting angle. AWJM's versatility and efficiency have established it as
a valuable tool for industries such as metalworking, aerospace, and
automotive, where demanding cutting applications require precise and
complex results. [5]

Abrasive water jet machining (AWJM), precise cutting technology,
offers numerous advantages for processing polyoxymethylene (POM),
a high-performance engineering thermoplastic renowned for its
exceptional mechanical properties and chemical resistance. AWJIM's
ability to produce precise cuts with minimal heat-affected zones is
particularly beneficial for preserving POM's material integrity,
ensuring optimal performance in demanding applications. The
technology's versatility allows for the efficient cutting of complex
shapes and geometries in POM, enabling manufacturers to create
intricate components with precision and efficiency. [6]

Abrasive Water Jet Machining (AWJM) requires careful consideration
of various input parameters to achieve optimal results. These
parameters include hydraulic factors like water pressure, flow rate, and
orifice diameter; abrasive characteristics such as type, particle size, and
flow rate; cutting conditions like stand-off distance, traverse speed,
angle, and passes; as well as mixing and acceleration parameters
related to the chamber and tube design [7]. Our investigation focused
on the influence of pressure, transverse speed, and abrasive flow rate.

To optimize parameters like pressure, transverse speed, and abrasive
flow rate in Abrasive Water Jet Machining (AWJM), a comprehensive
approach combining ANOVA, Grey Relational Analysis (GRA), and
Response Surface Methodology (RSM) is effective. ANOVA identifies
significant factors, GRA quantifies relationships under uncertainty [8],
and RSM models and predicts optimal settings [9].
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Materials

Table 1 Chemical Properties of POM

Property units
Melting Range 165-175°C
Specific Heat 1.8t02.2J/g-°C

Density 1.41 to 1.43 g/cm3,

Young’s Modulus 2,500 to 3,500 Mpa
Electrical Resistivity  10"14 to 10016 Q-cm

Poisson’s Ratio 0.2t004

Polyoxymethylene with a thickness of 35 mm was designated as the
target material for this investigation. The following is a breakdown of
its chemical properties (Table 1). Its Rockwell hardness is 122, which
is 6% higher than nylon, and its moisture absorption is 0.9%, which is
14% lower than nylon. Popular choice for numerous applications in
different sectors like automobiles (engine mounts and structural
elements), industrial machinery (heavy-duty gears), construction and
manufacturing (machinery bases), and consumer products (electronic
device cases).

The nozzle and orifice of the device are 1.03mm and 0.3mm in size,
respectively . Garnet of 80 mesh size is used in all cutting trials.
Greater stand-off lengths are less prone to cause abrasive obstructions,
which will slow down cutting, than smaller stand-off distances. 3 mm
is the stand-off distance. The polymer's dimensional stability, electrical
insulating properties, and excellent machinability further enhance its
appeal for applications ranging from automotive components to
medical devices. Mainly in the automotive industry Its chemical
resistance, particularly resistance to petrol and diesel fuel, protects the
endurance and integrity of these parts.

Experimental Design

The water pressure was chosen based on the equipment limits (the
highest level that the pump could produce was 380 Bar) [10]. The
nozzle traverse speed was chosen based on a predefined minimum
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water pressure [11]. Lower traverse speeds were then chosen with
enough spacing. This method ensures that all of the parameter
combinations Table 2. chosen to achieve at least 90% through cuts.

The flow rates of abrasives were chosen based on common uses and
equipment layout. Because it is difficult to adjust the pressure for each
trial, the initial set of tests were carried out while framing the run
order, with the pressure (Level 1) remaining constant. Changing the
abrasive particles flow rate and nozzle feed rate. In the next series
tests, pressure (Level 2) was chosen, and the other factors were
adjusted while the pressure remained constant [11].

Table 2. AWIM Input parameters with levels.

AWJIM Input Parameters 1st Level 2nd Level 3rd Level

Jet Pressure (Bar) - K 80 100 120
Feed Rate (mm/min) - M 40 55 70
Abrasive Flow Rate (g/min) - V 200 250 300

The L27 OA configuration offers the advantage of adaptability,
allowing you to tailor the orifice size to meet the specific needs of the
cutting application. This versatility enhances material compatibility,
cutting efficiency, and speed while providing a cost-effective solution
for abrasive water jet cutting machining.

Measurement Of MRR:

MRR (material removal rate) is calculated based on the kerf profile
area and the feed rate and traverse speed of the nozzle. The following
equation was used to calculate the MRR. Kerf Area is illustrated in
Figure 1.

MRR=Kerf Area xTraverse Speed

Figure 1. Measurement of Kerf Area. |
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Measurement of Kerf Parameters:

The Kerf parameters like Kerf Top Width (KTW), Kerf Bottom Width
(KBW), and Kerf Area were measured using Video Measuring
Machine (VMM). The output 2D drawing file from the video
measuring machine is imported into CAD software Fig. 1 for
measuring the kerf top and bottom of the cut surface Fig. 2. The

measured values are tabulated in Table 3.
b)

2792 1.2946 - e 0.9589
a P, ist32 e w3107 - - 2892 =" Dist2g Distd
Dist32 Dista1 Dist29

S 0001 | 12838 | | 12944
Dist87 5 Dist86 Distgs ™|

A7 e o7 o, o

NIst36 Dist3 Dist3s

Figure 2. (a)Kerf Top width, (b)Kerf Bottom width

7 — T —
3
'

Measurement of Roughness of Cut Surface

Using the surface roughness tester in Fig. 3, each cut's surface
roughness is determined by placing the probe on the surface to be

measured and given free movement. On both sides of the

cut, the

roughness is computed and the average is used. Each cut's averages are

determined and the numbers are reported in Table 3 [12].

Figure 3. (a)Surface roughness tester, (b) Measurement of surface

roughness on POM
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Table 3. Response Table

RUN WATER PRESSURE FEED RATE ABRASIVE FLOW RATE
ORDER (BAR) (mm/min) (g/min)
1 80 40 200
2 80 40 250
3 80 40 300
4 80 55 200
5 80 55 250
6 80 55 300
7 80 70 200
8 80 70 250
9 80 70 300
10 100 40 200
11 100 40 250
12 100 40 300
13 100 55 200
14 100 55 250
15 100 55 300
16 100 70 200
17 100 70 250
18 100 70 300
19 120 40 200
20 120 40 250
21 120 40 300
22 120 55 200
23 120 55 250
24 120 55 300
25 120 70 200
26 120 70 250
27 120 70 300

GREY RELATIONAL ANALYSIS

Grey Relational Analysis (GRA) is a method used to find the best
solution among multiple options by analysing normalized data. It's
particularly useful for problems with many factors to consider,
assigning different levels of importance to each factor. The aim is to
increase MRR and KBW while decreasing KTW and surface
roughness.
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Normalization of Data

Hence the original data are converted into a comparable array of values
ranging from 0 to 1. MRR and KBW are to be maximized, i.e., a
"larger the better” sequence of normalization is adopted to scale the
MRR and KBW responses between 0 and 1 with the following formula
Eq.1:

x;(p)—min(x;(p))
max(x;(p))-min(x;(p))

xi(p) = (1)

KTW and surface roughness are to be minimized; hence, the "smaller
the better” sequence of normalization is adopted to scale the KTW
between 0 and 1 with the following formula Eq.2:

max(x;(p))- x;(p))
max(xi(p))—min(xi(P))

x; (p) = 2

Grey Relational Coefficient Calculation

The following formula can be used to compute the Grey relational
Coefficient Eq.3:

Amint€Amax
GRC;(p) = Pog )+ Do (3)

Grey Relational Grade Calculation

The below formula can be used for Grey Relational Grade (GRG)
calculation Eq.4:

1
GRG; = ~¥%_1 GRC; (p) (4)

Grey Relational Analysis Result

The findings of the Grey Relational Grade (GRG) calculation are
presented in Table 4. The greatest GRG in experimental cut 27 is
connected to the ideal process parameters, and this is the last stage in
the procedure.
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Table 4. Result of GRA.

INPUT PARAMETERS
Pressure 120 (bar)
Feed rate 70 (mm/min)
Abrasive flow rate 300(g/min)
RESPONSES
Optimum KBW 1.0307(mm)
Optimum KTW 1.2186(mm)
Optimum MRR 2945.87(mm"3/min)
Optimum surface roughness 6.876(um)

opma Ve Fedm A
D:0.6209 ' o

Low 80.0 40.0 200.0

Composite
Desirability / ]

D: 0.6209

KBW
Madmum | _ e
y = 1.0217 ]
d = 052619
KTW
Minimum
y = 1.2276
I | P R
d = 0.51693 /’3
Ra \

Minimum =TT
y=73198
d = 0.54631
MRR —
Maximum
y = 2950.9350
d = 1.0000

Figure 4. Response Graph of Input and Output Process Parameters

Response Surface Methodology

The primary objective of this study is to identify the optimal response
and the corresponding variables influencing it. Response Surface
Methodology (RSM) is employed to elucidate the response surface
topography, including local minima, maxima, and ridge lines, as well
as the region of optimal value. Experimental data are subjected to
statistical modeling to establish relationships between variables and
responses.

Graphical analyses reveal that as pressure increases, material removal
rate (MRR) rises while kerf top width (KTW) exhibits a parabolic
trend. This suggests an optimal operating point where both MRR and
KTW are optimized. Similarly, increasing traverse speed enhances
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MRR but diminishes KTW, necessitating a careful balance to achieve
the desired outcome. The influence of abrasive flow rate on MRR is
minimal, whereas KTW is significantly impacted. Consequently, the
software selects an abrasive flow rate that minimizes KTW while
maintaining acceptable MRR levels.

Contour plot for the responses
Responses and the factors M and V are related

The association between the results and factors V and M (feed rate
and abrasive flow rate, respectively) is displayed in Fig. 5 below [13].
Greater values of M and V have been shown to provide higher values
of MRR and satisfactory surface roughness when abrasive flow rate
ranges between 200 g/min and 300 g/min and feed rate ranges between
63 mm/min and 70 mm/min.

a) b)
Contour Plot of KTW vs Abrasive flow rate, Feed rate Contour Plot of KBW vs Abrasive flow rate, Feed rate
300
KTW KBW
1.200 u < 0.85
250 < L M 085 - 090
1.200 - 1.225 M 09 - 095
. M 1225 - 1.250 M 095 - 1.00
L B 1250 - 1275 B w0 e
] .05 - 1.
b M 1275 - 1300 W 10 - 115
£ > 1.300 = > 115
2
Hold Values Hold Values
Water pressure 100 Watsf: préssues; 100
1
55 60 65 70
Feed rate
c)
Contour Plot of MRR vs Abrasive flow rate, Feed rate
300 Contour Plot of Ra vs Abrasive flow rate
Ra
MRR L < 68
260 < 1800 W68 - 70
W70 - 72
. 1800 - 2000 W72 74
2 a0 M 2000 - 2200 74 - 716
£ W 2200 - 2400 W76 - 78
®
E W 2400 - 2600 MW 78 - 80
a0 | > 8.0
E

| > 2600

Hold Values
Hold Values Water pressure 100

Water pressure 100 “a

40 a5 50 55 60 65 70

Feed rate

Figure 5 (a), (b), (c), (d) Correlation between the Outputs and the
Factors M and V.
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Responses and the factors V and K are related

The link between the results and parameters K and V (water pressure
and feed rate, respectively), is shown in Fig. 6 below. Excellent surface

? b)
Contour Plot of MRR vs Feed rate, Water pressure
Contour Plot of KBW vs Feed rate, Wate- ===~
KBW
1300 < 08
l 1800 - 2000 0.8 - 09
2000 - 2200 Ho9- 10
2200 - 2400 Hiwo- u
uss W 2400 - 2600 B - 12
l 2600 - 2800 = , 12
2800 :
Hold Values Hold Values
Abrasive flow rate 250 Abrasive flow rate 250
r o 1i0
Water peessure
C) Contour Plot of Ra vs Feed rate, Water pressure
Contour Plot of KTW vs Feed rate, Water p-~ d
KTW - fa s
< 120 72- 74
I1zo- 122 W74 76
122 - 124 B s 78
124 - 126 M5 - 80
M 126 - 128 = . 80
l 128 - 130
> 130 Hold Values
Abrasive flow rate 250
Hold Values
Abrasive flow rate 250 o p

quallty and a greater MRR have been seen When both K and M
expand. When the pressure fluctuates between 97 bar and 110.5 bar
and the feed rate fluctuates between 55 mm/min - 70 mm/min.

Figure 6. (a),(b),(c),(d) Correlation between the Outputs and the
Factors V and K

ANALYSIS OF VARIANCE (ANOVA)

In this comprehensive study, ANOVA (Analysis of Variance) was
employed as a robust statistical tool to meticulously quantify the
contributions of water pressure, feed rate, and abrasive flow rate to the
performance of Abrasive Water Jet Machining (AWJM). By
conducting a series of controlled experiments with varying levels of
these parameters and meticulously measuring key indicators such as
kerf bottom width, kerf top width, material removal rate, and surface
roughness, ANOVA provided valuable insights into the intricate
relationships between these parameters and the overall process
efficiency [8]. The study demonstrated that all three parameters
significantly influenced the AWJM process, with water pressure and
abrasive flow rate having the most pronounced effects on kerf width
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and material removal rate, while feed rate had a more significant
impact on surface roughness.

Percentage of contribution
Percentage contribution of MRR

The percentage contribution of input parameters such as water
pressure, feed rate, and abrasive flow rate to the output parameter
MRR (material removal rate). Feed rate is the highest percentage
contributing factor (88.19%) on material removal rate, whereas
abrasive flow rate is the lowest contributing factor Fig 7.

Percentage contribution of KTW

The percentage contribution of input parameters for kerf top width.
Here, the feed rate contributes the most, whereas the least influencing
factor is water pressure (7.09%). The error that occurs in this
distribution is 16.93% Fig 8.

Percentage contribution of KBW

The feed rate contributes about 50%, and the second highest
percentage contributing factor is the water pressure (37.5%). The kerf
bottom width is almost negligibly affected by the abrasive flow rate
Figure 9.

Percentage contribution of Surface roughness

For surface roughness, the feed rate is the highest percentage
contributing factor, and also the abrasive flow rate has a significant
effect on the surface roughness, about 28.979% Fig 10.

2.07 1.08g 64

= WATER PRESSURE (8.64%)
FEED (88.19%)

ABRASIVE FLOW RATE (2.07%) 88.19

ERROR (1.08%)
Figure 7. Percentage contribution of MRR

7.09
16.93

13.17

Figure 8. Percentage contribution of KTW
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= WATER PRESSURE (37.57%)
FEED (50.25%)

ABRASIVE FLOW RATE (6.9%)

ERROR (5.28%)

Figure 9. Percentage contribution of KBW

198 1.177

= WATER PRESSURE (1.77) ,

= FEED (67.853) 28.979
ABRASIVE FLOW RATE (28.979)

67.853
ERROR (1.98)

Figure 10. Percentage contribution of surface roughness

Optimization of Parameters using Regression
Method

This study employs regression techniques to model and analyze the
relationship between output variables such as kerf width, surface
roughness, and material removal rate (MRR) and input factors like
water pressure, traverse speed, and feed rate in abrasive water jet
machining (AWJM). We collect experimental data to develop
regression models that represent these relationships. For instance, we
use a linear regression model to predict the impact of pressure and
speed variations on surface roughness. The developed regression
model also facilitates multi-response prediction, allowing for the
simultaneous optimization of multiple outputs. We plot a response
graph on this basis to visually represent the effects of input parameters
on the multiple responses and identify optimal operating conditions.

In the context of multiple response prediction, the standard error of fit
(SE) represents the standard deviation or uncertainty associated with
the predicted values. Smaller values indicate more precise predictions,
and here 0.0146 is the more precise prediction. Typically, we construct
confidence intervals for the estimated response variable values or
model predictions using the 95% confidence level. We expect
individual future observations of the response variable to fall within a
range of values provided by the 95% prediction interval. It accounted
for both the uncertainty in the estimated values and the variability of
future observations. [9]
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Figure 11. Response graph from regression method

This graph, Fig. 11, depicts the optimized values of kerf bottom width,
kerf top width, surface roughness, and material removal rate obtained
from the regression method.

RESULT AND DISCUSSION

Table 4. Result from optimization technique

RESPONSE

GREY REGRESSION
PARAMETERS RELATIONAL ﬁ/IUERTFI—?OCDEOLOGY OPTIMIZATION
ANALYSIS
INPUT PARAMETERS
Pressure 120 Bar 120 Bar 120 Bar
Feed Rate 70 mm/min 70 mm/min 67.87 mm/min
Abrasive Flow 300 g/min 300 g/min 300 g/min

rate

OUTPUT PARAMETERS

Optimum MRR  2945.87 mm3/min
Optimum KTW  1.2186 mm
Optimum KBW  1.0307 mm

Optimum Ra

6.8760 um

2950.93 mm3/min
1.2276 mm

1.0217 mm
7.3198 pm

2848.19 mm3/min
1.2508 mm
1.0262 mm
7.4971 pm
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The values obtained by the three methods are in the same range, and
the percentage change in value is less than 10%. Hence all three
methods are recommended for obtaining the optimized process
parameters for machining using AWJM.

Conclusion

Optimization of process parameters of AWJM on polyoxymethylene is
carried out successfully. And the following conclusions are made:

eThe optimized parameters for cutting polyoxymethylene of
approximately 37mm thickness (x5mm) are a water pressure of 120
bar and an abrasive flow rate of 300 g/min.

eThe feed rate ranges between 67.87 mm and 70 mm, while the
material removal rate (MRR) is optimized to 2848.19 mm3/min to
2950.93 mm?3/min.

eKerf dimensions are optimized with a Kerf Top Width (KTW) of

1.2186 mm to 1.2508 mm and a Kerf Bottom Width (KBW) of
1.0217 mm to 1.0307 mm, along with a surface roughness (Ra) of
6.8760pum to 7.4971pum.
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Abstract

In this work, the results of a recent research study aimed at examining
the impact of water jet peening on resistance to environment-induced
degradation or corrosion resistance and surface characteristics of a
Magnesium-Zinc [Mg-Zn] alloy will be highlighted. The research
study essentially examined the influence of water-jet peening input
variables, namely, traverse speed (Nrs), number of passes, and standoff
distance (SOD) on the chosen Mg-Zn alloy. To understand the effects
and impact of the variables specific to water-jet peening, the surface
topography, and X-ray diffraction analysis were systematically
conducted and the results analyzed. An investigation was conducted to
analyse the magnitude of improvement in both the hardening effect
and roughening effect that occurs as a outcome of the water-jet
peening process. The peened surfaces exhibited a 35.38% increase in
microhardness and a 22.56 % decrease in surface roughness. The test
results did demonstrate promising improvements in the resistance of
the chosen Mg-Zn alloy to environment-induced degradation or
corrosion. Specific details will be highlighted and discussed.

Keywords : Mg-Zn alloy, Water-jet peening, environment-induced
degradation, characteristics of surface.

Introduction

Magnesium (Mg) and its alloys are now the preferred material for
orthopedic fracture fixing implants due to their various advantages.
These properties include osseointegration, osteoconductivity,
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antimicrobial,  biocompatibility, resorbability, osteoinductivity,
angiogenesis, antioxidants, and the ability to prevent drug-induced
osteonecrosis. One of the lightest structural metals available is
magnesium, with a specific gravity of 1.74. Consequently, steel-based
components are giving way to composites and alloys based on
magnesium™. However monolithic magnesium is easily worn down
and corroded, which could lead to the implant failing before its time.
Surface changes, coatings, heat treatments, peening, and alloying can
improve magnesium's corrosion and wear qualities. Due to the fact that
osteoblastic cells cling to and multiply on the surface of an implant, the
topography of that surface is extremely important. Zn is regarded as a
viable choice for alloying with magnesium since it is biodegradable,
non-toxic, naturally occurring as a trace element in humans, and
required to regulate human metabolism. In order to enhance the
resistance of a variety of materials against corrosion, surface
modification techniques have been developed!®. However, each has its
own restrictions. Processing Mg alloy offers significant challenges
such as flame ignition, fracture propagation, and high heat generation,
which can affect properties and lead to material failure in the bio-
environment.®!. Additionally, several researches have demonstrated the
relevance of scratched surface roughness for bio-implants during the
course of their development. Peening is a mechanical working process
that enhances the mechanical properties of a material by causing
residual compressive stress caused by plastic deformation near its
surface!. Surface morphology can be improved by using water jet
peening, a cutting-edge technique for superficial treatments.
Deformation is caused by the surface treatment, which ultimately
results in altered grain boundaries and increased strength®. By
efficiently modifying the surface and adding compressive residual
stress to the subsurface, the waterjet peening (WJP) method can
improve fatigue life without affecting the chemical characteristics of
the alloys. The high-pressure water from the nozzle is separated into
three zones: continuous (ideal for machining), droplet (good for
peening), and dispersed (suitable for cleaning). Water jet peening
process parameters are SOD- standoff distance, Nts - nozzle traverse
speed, Wy -Water jet pressure, and several passes that are suitable
candidates for the water jet peening operations. Muruganandam et al
%1 have conducted the effect of water jet process variables of peening
on AZ31B Mg alloy. Wp, SOD, Nrs, and number of passes are chosen
for the study. It was found that the microhardness of the AZ31B Mg
alloy peened surface has significantly improved and decreased the
surface roughness of the water jet peened AZ31B Mg alloy. M.
Lieblich et al ! have analysed the high W,p-peened biomedical
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Ti6Al4V ELI alloy. The flat plate is peened with response factor
roughness using abrasiveless high-pressure water jets. Water jet
peened surface improved thre microhardness and reduced the Ra.
Azhari et al. [8] discovered showed increasing the number of water jet
passes by more than twice reduced the surface roughness of peened
surface.

In this present work, Mg-Zn alloy was peened by a water jet with
process parameters of standoff distance (SOD), traverse speed (Nrs),
water jet pressure (Wp), and no of passes chosen for this study. The
water jet peened surfaces were examined by microhardness, the
roughness of peened surface with the interaction of SOD, and Nrs,
with fixed parameters of Wjp. The surface characteristics are examined
by SEM, and phase identification is checked by X-ray diffraction
analysis, the water jet peened mg-Zn alloy is used by the biomedical
“industry to strengthen the material behavior.

Materials and Methods

Water jet Peening studies were conducted using a high-pressure WJ
machine configuration (Aquajet G010, made by Aqua Jet Machine
Tool, India). The basis material was a magnesium-zinc alloy. The
peening operation takes place on a plate measuring 10x7x3 mm.
Figure 1 represents the schematic view of water jet peening with Mg-
Zn alloy. During water jet peening, input parameters are the number of
passes, traverse speed (Nts), standoff distance (SOD), and fixed water
jet pressure (Wyp) selected based on the previous study as indicated in
Table 1. The jet nozzle follows a straight-pass track, and the nozzle
impingement angle is 90°. The average roughness (Ra) of the water jet-
peened Mg-Zn alloy surface was assessed using an SJ-210 Mitutoyo
surface tester, and the microhardness of the surface was examined
using an Innovates 400™ series Vicker hardness tester. The five
indentations were made on the cutting surface with the use of a
diamond indenter, and the average indentation value was recorded.
XRD analysis of unpeened and peened Mg-Zn alloy was taken by
using a Malvern Panalytical diffractometer with a (26, and 90°) 0.026
scan step size, A=1.5405A. SEM morphology of peened surfaces is
taken by the Thermo Scientific ApreoS high-resolution FESEM.

Effect of input variables on the roughness of water jet
peened surfaces

Figure 2 represents the effect of water jet input variables on the (Ra-
surface roughness) of the peened Mg-Zn alloy. In this analysis, SOD
varies from 60 mm to 120 mm, and nozzle traverse speed is 1200 to
2100 mm/min. Increasing the SOD creates more divergence in the
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water jet, with a high traverse rate and small steps over distance. From
the figure, the SOD is 60 mm, the nozzle jet traverse speed is 1200
mm/min, with a Wy of 140 MPa, and the number of passes is 2. The
peened surface roughness was achieved at 6.918 um. On the other
hand, SOD is increased by 60 to 90 mm and Nrs is 1700 mm/min.
With the same level of constant parameters, the roughness of peened
surfaces is reduced by 28.12%, SOD is 120 mm, N+s is 2100 mm/min,
WJP is 140 MPa, and the number of passes is 2. The Ra is reduced by
36.34%. From those observations, increasing the SOD with high
traverse speed reduced the surface roughness of water jet-peened
surfaces. As SOD grows, the water jet's impact energy is dispersed
across a broader region, allowing for a more uniform peening effect /.
A bigger SOD lets the water jet cover a greater area with more
constant energy, resulting in lower surface roughness (Ra), and also
the high traverse rates of the nozzle moving the designed peened
surface move rapidly due to this interaction time between the material
and waterjet being very short "%, This phenomenon reduces the
energy, and smooth surfaces are formed in the peened region.

7.5 1
7.0 1 . - 9 = Ny (1200 mm/min)
6.5 4 A - @ = Npg (1700 mm/min)
6.0 ° N . . = o = N, (2100 mm/min)

E 55

TR ) S. “q

= A_ R TeeallL

& 45 - ‘... eve
4.0 1 - TTmees ®
3.5 A
30 No.of.passes =2 TTe-A
01 w,, =140 MPa
2.5 4

2.0

t’:l) 9'0 I;(]

SOD (mm)
Figure 2. Effect of Surface roughness (Ra) of SOD Vs nozzle traverse
speed (Nrs)

Effect of input variables on the microhardness of water jet peened
surfaces

Figure 3 illustrates how the microhardness of the peened magnesium
zinc composition is affected by the water jet input factors. In this
analysis, the Nts was 1200 to 2100 mm/min, the SOD varied from 60
mm to 120 mm, the Wy was fixed at 140 MPa, and the number of
passes was 2. Fig. 3, it was represented that SOD is 60 mm to 120 mm,
Ntg varies from 1200 to 2100 mm/min, and the microhardness of the
water jet-peened Mg-Zn alloy increased by about 15.7% compared to
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