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Foreword 

It is a matter of great satisfaction for me that Indian Institute of Technology Guwa-
hati successfully hosted North-East Research Conclave (NERC) 2022 during 20–22 
May 2022. The NERC 2022 was conducted on the theme “Sustainable Science and 
Technology”. Concurrently, Assam Biotech Conclave (ABC) was also organized on 
21–22 May 2022. Both the events attracted huge participation from policy-makers, 
researchers, industrialist, army and students. Even the participation of school children 
was overwhelming. 

NERC and ABC had many events including panel discussions, exhibitions, 
keynote lectures, competitions and paper presentations. Presentation of technical 
papers forms the core of any research conference. NERC attracted 879 research 
papers on various themes covering science, technology and humanities. Out of these, 
some select papers have been published by Springer Nature in the form of 15 volumes. 
These papers have been peer reviewed and thoroughly edited by IIT Guwahati faculty 
members. I am sure that these volumes will prove to be excellent resource material 
for research. Most of the papers presented in these volumes highlight the special 
needs and aspiration of eight states of North-East India. I congratulate and thank 
authors, reviewers, editors and publisher for bring out proceedings. 

Motivation for organizing NERC came from none other than Honourable Minister 
of Education, Government of India, Shri Dharmendra Pradhan Ji. It helped to bring 
policy-makers, researchers, industrialists, academicians, students and children in one 
forum. It is perhaps the rarest conclave covering almost all possible research themes. 
For better readability, the proceedings has been divided into 15 volumes, but each 
volume reflects diversity in terms of topics and researchers. Only common thread 
is sustainable development of North-East India. Invariably, Sustainable North-East 
India is a prerequisite for sustainable India and the whole world. In that sense, these 
15 volumes will serve guiding and stimulating light for all the stakeholders of the
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development. I am pleased to dedicate these volumes to nation as a part of Azadi ka 
Amrit Mahotsav. 

T. G. Sitharam 
Director 

Indian Institute of Technology Guwahati 
Guwahati, India 

Chairman 
All India Council for Technical Education 

New Delhi, India



Preface 

In 2020–21, the manufacturing sector contributed 14.43% to Gross Value Added 
in India. Thus, it plays an important role in the industrial growth and develop-
ment of the nation. Moreover, it creates several employment opportunities and helps 
India to become a self-reliant (atmanirbhar) nation. In line with the efforts of the 
Government of India to promote sustainable manufacturing, North-East Research 
Conclave (NERC) 2022 invited research papers on the cutting-edge manufacturing 
technologies and product development under the track “Low-cost Manufacturing”. 
Low-cost manufacturing works on the principle of optimizing the available resources 
without compromising the product quality. It comprises the research and development 
activities that influence the cost of manufacturing of a product or a system. Influ-
encing factors are materials, manufacturing processes, material handling processes, 
skilled manpower, quality control technologies, effective communication, and use of 
artificial intelligence techniques. 

In this track, 45 extended abstracts were received. Out of them, 39 abstracts were 
presented in oral-mode and the remaining in poster-mode. These presentations were 
based on the research carried out on various fields of manufacturing such as computer-
aided design and manufacturing (CAD/CAM), additive manufacturing, laser-based 
manufacturing, novel joining techniques, ultra-precision machining, advanced mate-
rial forming, nanotechnology, surface coatings and polishing techniques, sensors 
and instrumentation, and novel product and material development. Both numerical 
and experimental research findings were shared. Out of the presented papers, 18 
high-quality full-length papers have been included in this book volume. We hope 
that researchers, industry professionals, policy makers, and students will find this 
collection valuable. 

We are thankful to the organizers of NERC (2022), authors, reviewers, and partic-
ipants. Professor T. G. Sitharam, Director, Indian Institute of Technology Guwa-
hati, has been a source of inspiration. Cooperation provided by Prof. Vimal Katiyar, 
Convener, and Prof. Subhendu Sekhar Bag, Co-convener, is commendable. We would
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also like to place on record the excellent support provided by team of Springer Nature 
that resulted in the timely publication of this volume. 

Guwahati, India Prof. Shrikrishna Nandkishor Joshi 
Prof. Uday Shanker Dixit 

Dr. R. K. Mittal 
Prof. Swarup Bag



About IIT Guwahati 

Indian Institute of Technology (IIT) Guwahati established in 1994 has completed 
25 years of glorious existence in 2019. At present, the Institute has eleven 
departments, seven interdisciplinary academic centres and five academic schools 
covering all the major engineering, science, health care, management and humani-
ties disciplines, offering B.Tech., B.Des., M.A., M.Des., M.Tech., M.Sc. and Ph.D. 
programmes. The institute presently offers a residential campus to 435 faculty 
members and more than 7500 students at present. Besides its laurels in teaching 
and research, IIT Guwahati has been able to fulfil the aspirations of people of the 
North-East region to a great extent since its inception in 1994. The picturesque 
campus is on a sprawling 285 hectares plot on the north bank of the Brahmaputra, 
around 20 km from the heart of the Guwahati city. 

IIT Guwahati is the only academic institution in India that occupied a place among 
the top 100 world universities—under 50 years of age—ranked by the London-
based Times Higher Education (THE) in the year 2014 and continues to maintain its 
superior position even today in various International Rankings. IIT Guwahati gained 
rank 37 globally in the “Research Citations per Faculty” category and overall 384 
rank in the QS World University Rankings 2023 released recently. IIT Guwahati has 
retained the 7th position among the best engineering institutions of the country in the 
“India Rankings 2021” declared by the National Institutional Ranking Framework 
(NIRF) of the Union Ministry of Education. IIT Guwahati has been also ranked 2nd 
in the “Swachhata Ranking” conducted by the Government of India. Recently, IIT 
Guwahati has been ranked as the top-ranked University in 2019 for IT developers by 
HackerRank in the Asia-Pacific region. 

Among other frontier areas of research and innovation, IIT Guwahati is working 
towards augmenting critical science research initiatives in genomics, developmental 
biology, health care and bioinformatics, flexible electronics, advanced functional 
materials, sustainable polymers, rural technologies, renewable energy, artificial intel-
ligence, disaster resilience and risk reduction and water resources and management. 
In its silver jubilee year, IIT Guwahati is poised to scale newer heights through 
all-round growth and development.
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x About IIT Guwahati

Indian Institute of Technology Guwahati has dedicated itself to the cause of 
improving and empowering Northeast India through cutting-edge research, region 
relevant projects, innovations, individual and multilateral collaborations and special 
initiatives. Being the only IIT in the entire Northeastern region, IIT Guwahati has an 
immense amount of responsibility to develop the region and empower the people of 
the region. 

While the entire country is celebrating the “Azadi ka Amrit Mahotsav”—75 
glorious years of Independence, and the great pride with which our nation of more 
than a billion people has been steadily growing today, IIT Guwahati is strongly 
committed to support that pace of growth for the entire NE so that we can keep pace 
along with the rest of the country. The specific areas of focus where IIT Guwahati 
has been contributing immensely to the region are: 

(a) Infrastructure development across multiple sectors 
(b) Providing solutions for multiple natural disasters such as recurring floods, 

landslides, earthquakes, cyclones, hailstorms and other natural calamities 
(c) Improving the education sector and creating opportunities for employment 
(d) Internet, telecommunication and cultural integration 
(e) Technological intervention in interdisciplinary areas 
(f) Healthcare services and education 
(g) Renewable energy generation (solar, wind, biomass, hydro, geothermal) 
(h) Overall industrialization, refining fossil fuels and setting up biorefineries. 

Besides bringing in the state-of-the-art technical knowhow for most of the above 
sectors, the institute has been partnering with the local governments and enhancing 
the technological and educational interactions such that the next-generation youth 
are empowered with knowledge, skills and necessary entrepreneurial ability. These 
measures in Assam as well as all other northeast states will usher in a new era of 
growth, and the opportunities it will provide for interaction with the ASEAN countries 
as part of the Act East Policy of the Government of India will bring prosperity to this 
region. 

Prof. Parameswar K. Iyer 
Dean, Public Relations, Branding and Ranking 

Indian Institute of Technology Guwahati



From the Desk of Chairman of Technical 
Committee of NERC 2022 

North-East Research Conclave 2022 was successfully organized during 20–22 May 
2022 with the participation of thousands of delegates. A total of 879 oral and 
poster papers were presented in the conference on 16 different tracks. The theme 
of the conclave was Sustainable Science and Technology, which is very pertinent in 
the modern era of globalization. Science and technology has to address economic, 
environmental and social problems of the world. Technology and sustainability are 
not incompatible. In fact, technology can achieve the goal of sustainability, which 
also includes preserving our rich cultural heritage. Concurrently with North-East 
Research Conclave (NERC), Assam Biotech Conclave 2022 was also organized 
on 21–22 May 2022. These mega events were organized at Indian Institute of Tech-
nology Guwahati (IITG) in physical mode after two years of pandemic period. Along 
with IITG, Science, Technology and Climate Change Department and Department 
of Education, Government of Assam were also organizers of these events under the 
patronage of Shri Dharmendra Pradhan Ji, Honourable Minister of Education and 
Minister of Skill Development and Entrepreneurship in the Government of India, 
and Shri Himanta Biswa Sarma Ji, Honourable Chief Minister of Assam. 

It is a matter of great pleasure that Springer Nature is publishing the select 
papers from the conclave in 15 volumes. These are Advanced Functional Materials, 
Low Cost Manufacturing Technologies, Agro and Food Processing Technologies, 
Artificial Intelligence and Data Science based R&D interventions, Conservation of 
Biodiversity in the North Eastern States of India, Disaster Management, Healthcare 
Research and Related Technologies, Innovative Design for Societal Needs, Policies 
for Research and Innovation, Research and Innovation for Sustainable Develop-
ment Goals, Sustainable Environment, Sustainable Energy Generation and Storage, 
Sustainable Transportation and Urban Development, Teaching and Learning Tech-
nologies, Technologies for Rural Development. These volumes are useful archival 
and reference materials for policy-makers, researchers and students. 

As Chairman of Technical Committee, I am thankful to all Editors of all volumes, 
reviewers and student volunteers who have put tireless efforts to review, select and 
edit the papers of respective divisions, overcoming the time-constraint. Support 
provided by Convener, Prof. Vimal Katiyar, Dean R&D, IITG, and Co-conveners
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Prof. Subhendu Sekhar Bag, Associate Dean R&D, IITG, and Shri Kailash Karthik 
N., IAS, is commendable. It is difficult to express words of gratitude for the Director, 
IITG, Prof. T. G. Sitharam, who has been motivating and guiding all the teams of 
NERC 2022 and ABC 2022. 

Uday Shanker Dixit 
Professor, Department of Mechanical Engineering, and 

Head, Center for Indian Knowledge Systems 
Indian Institute of Technology Guwahati



North East Research Conclave-2022: Toward 
Sustainable Science and Technology 

It is extremely important and imperative to have knowledge-driven growth based 
on innovation in the case of academic higher education institutes of high repute. 
The North-Eastern region endowed with rich biodiversity comprises eight states. 
However, the climatic conditions, limited connectivity, lack of research infrastruc-
ture/institutes, territorial conflicts and the mountainous terrain of these regions are 
major impediments to the research ecosystem in the North-East. Quality higher 
education focusing on industry–academia collaboration and translational research is 
extremely beneficial for society. It has also been rightly pointed out by the Hon’ble 
Prime Minister Sh. Narendra Modi that, “India cannot develop till Eastern India 
develops”. 

With this idea and as India marks 75 years of Independence, Indian Institute of 
Technology Guwahati organized “The North-Eastern Research Conclave” from 20 
to 22 May 2022. This grand event was jointly conducted with Science, Technology
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and Climate Change Department and the Department of Education, Government of 
Assam, at IIT Guwahati Campus. 

The mission behind the conclave was to showcase the best R&D activities from 
educational and research institutions across North-East India and to create an environ-
ment, conducive to development of local indigenous technologies and innovations, 
creating the scope and laying the foundation for entrepreneurship. 

In order to attract people and spread awareness about the event, a roadshow was 
initiated from IIT Guwahati on 7 May 2022 in order to reach all the partnering 
academic institutes and make them an integral part of the mega event. The Director, 
IITG, waved the NERC 2022 flag and sent off the road show vehicle from the institute. 
More than 400 students, staff and faculty participated actively in the roadshow. 

A huge response was received by participants from throughout the country. The 
total no. of participating institutions in this conclave included 7 IITs, 10 NITs, 5 
IIITs and other CFTIs, 23 research laboratories, 17 central-funded universities, 47 
other universities/institutes along with about 100 schools. Eminent personalities from 
industries, start-ups, research councils and PSUs also joined in. 

The presence of dignitaries from important Ministries was observed such as 
Shri Dharmendra Pradhan, Hon’ble Union Minister of Education and Minister of 
Skill Development and Entrepreneurship, Government of India; Dr. Himanta Biswa
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Sarma, Hon’ble Chief Minister of Assam State; Dr. Ranoj Pegu, Hon’ble Minister of 
Education, Government of Assam; Dr. Rajkumar Ranjan Singh, Hon’ble Minister of 
State for Education, Government of India; Dr. Subhas Sarkar, Hon’ble Minister of 
State for Education, Government of India; Shri Keshab Mahanta, Hon’ble Minister 
of Science Technology and Climate Change, Government of Assam and many more. 

The inauguration ceremony of the conclave was followed by the signing of 
an MoU between IIT Guwahati and the Government of Assam to establish “The 
Assam Advanced Health Innovation Institute (AAHII)”. This MoU would prove to 
be a unique partnership between the Government of Assam and IIT Guwahati in 
order to set up a research institution to leverage advanced technologies to trans-
form medical science. This joint venture company will be able to invite participa-
tion from intending parties including corporates/businesses/research institutions and 
philanthropic organizations.
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The third edition of Assam Biotech Conclave 2022 was also held as part of NERC 
2022. It brought together the Biotech Entrepreneurs, industry leaders, researchers, 
academicians, government representatives, policy-makers, innovators and investors 
together on one platform to explore the possibilities of biotechnology in North-East 
India and to discuss the new opportunities in the transition. 

Officers from the Indian Army also actively participated in the conclave. A talk on 
“Atmanirbhar Bharat—Indian Army Initiatives towards Self Reliance” was delivered 
by Lt. Gen. D. S. Rana AVSM, YSM, SM General Officer Commanding, Gajraj Corps 
on 21 May 2022. The talk was aligned with the vision of the apex leadership of the 
Government of India and initiatives undertaken by the Indian Armed Forces with a 
focus on the integration of civil–military establishment in the field of self-reliance. 
He also elucidated that institutions such as IIT Guwahati which has many running 
research projects and elaborate student exchange and joint collaboration setup with 
a large number of countries have the wherewithal to take up defence-related R&D 
and also facilitate delivery with industry partners. He also invited IIT Guwahati to 
participate in EAST TECH Symposium planned at Kolkata in July 2022. This led to 
the signing of an MoU between Indian Army Eastern Command and IIT Guwahati 
on 7 July 2022 during East Tech 2022. This would further impetus to Indigenisation 
and Raksha Atmanirbharta. 

Royal Society of Chemistry, Global battery experiment was performed by more 
than 1300 students in three sessions starting from 20 May to 22 May at IIT Guwa-
hati. Along with the global battery experiment, creating skilful educators (teacher 
training programme) was also conducted in parallel sessions. Students had arrived 
from various schools across Assam and other North-Eastern states.
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The Guwahati Declaration was launched at the valedictory ceremony of the 
conclave by Shri Lok Ranjan, Secretary, Ministry of Development of North Eastern 
Region (DoNER), in the presence of Shri Kailash Karthik, Deputy Commissioner, 
Kamrup. The declaration is intended to create a set of guidelines, through which 
individual as well as a collective responsibility to promote and encourage innova-
tion at the grass-root level and strive to stimulate and execute indigenization and 
entrepreneurship can be taken up.
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Science, education, research and innovation are the four pillars on which the 
development, as well as the work culture of a nation, rests. This was well articulated 
by the promising number of exhibitors being seen participating from all across the 
NE states in the NERC 2022. All the NITs, CFTIs and CFIs were allocated two 
stalls each, where the delegates showcased the working models of their inventions. 
Distinctive pavilions were arranged for IIT, NIT, CFIs and CFTIs. Excellent response 
was obtained from the start-ups all across the NE states. Federation of Industry 
Commerce of North Eastern Region (FINER) had partnered with NERC 2022 as an 
industry partner, and they showcased 50 start-ups as a part of the exhibition under the 
FINER Pavilion. Other significant organizations that came forward to showcase their 
allied R&D start-ups were the Oil and Natural Gas (Oil and Natural Gas Pavilion), 
Indian Army (Defense Pavilion) and NE-Railway (NE-Railway Pavilion). 

Multifarious research work on topics of societal relevance was presented by 
researchers from different organizations/institutes. The presentations were conducted 
in oral and poster presentation modes. The thematic areas for these presentations 
were part of some of the Sustainable Development Goals (SDGs) such as SDG-3: 
Good Health and Wellbeing; SDG-7: Affordable and Clean Energy; SDG-9: Industry, 
Innovation and Infrastructure; SDG-11: Sustainable Cities and Communities and 
SDG-12: Responsible Consumption and Production. Some of the papers highlighted
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environmental sustainability, efficiency and management issues, which are impor-
tant to be presented in the case of North-East regions. Two awards were given under 
each technical category for these presentations. Overall, the technical sessions were 
a grand success due to the active cooperation from editors, chairpersons of all the 
sessions and student volunteers of IITG. 

The Government of India has taken various steps to encourage women in the 
field of science and technology. In this line, the IIT Guwahati Woman Researcher 
Award was approved to recognize the contribution of women Faculty members of IIT 
Guwahati fraternity. This prestigious award was conferred to Dr. Latha Rangan who 
is Senior Professor in the Department of Biosciences and Bioengineering, Indian 
Institute of Technology Guwahati, India. Prof. Rangan has played a key role in plant 
biotechnology and sustainable development and especially in the areas of energy 
security, food security and medicinal crops. 

The conclave paved the way for creating mass awareness of Research and Inno-
vation for developing a sustainable society. There was knowledge exchange and 
dissemination that led to the establishment of Centres of Excellence in Translational 
Collaborative Research and Innovation. This mega event led to the bridging of the gap 
between industry–academia and creating handholding pathways for setting up long-
term collaboration for R&D innovations towards the goal of establishing sustainable 
NE India. The conclave brought together over 8000 participants including Hon’ble 
Ministers, Official Bureaucrats, Eminent Professors, Scientists, Renowned Industri-
alist, School Children/Teachers and Others delegates. This revolutionized the R&D 
road map of all the NE states through various dissemination of policies which will 
benefit the sustainable development of all NE states in near future. 

It is an honour and a moment of extreme pride for getting the NERC proceedings 
published in the prestigious Springer volumes. We would like to thank and acknowl-
edge the globally active publisher Springer for helping us being able to publish the
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articles on 15 broad areas. We would also like to thank all the authors for their contri-
bution to the grand success of NERC 2022 and wish them great success in all of their 
future endeavours. 

Prof. Vimal Katiyar 
Dean, R&D 

Department of Chemical Engineering 
Centre for the Sustainable polymer 

Indian Institute of Technology Guwahati 
Guwahati, India 

vkatiyar@iitg.ac.in 

Prof. Subhendu Sekhar Bag 
Associate Dean, R&D 

Department of Chemistry 
Centre for the Environment 

Indian Institute of Technology Guwahati 
Guwahati, India 

ssbag75@iitg.ac.in

mailto:vkatiyar@iitg.ac.in
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Analysis of Numerical Method for Modal 
Analysis of Thin-Walled Structures 
for Achieving Low-Cost Manufacturing 

S. Gururaja , Kundan K. Singh , and R. K. Mittal 

1 Introduction 

Thin-walled structures like microelectrodes, microfins, micro-needles, pins, micro-
nozzles, etc., are extensively used in various sectors like automobile, avionics, energy, 
bio-medical and electronics. These high aspect ratio complex 3D thin structures 
can be fabricated by micromilling process [1, 2]. But, in micromilling, stiffness 
of the cutting tool will be approximately equal to the stiffness of the thin-walled 
workpiece to be manufactured. This low stiffness of cutting tool combined with low 
stiffness of workpiece makes the micromilling process unstable and leads to chatter. 
Additionally, due to low rigidity of the thin-walled workpiece, the radial cutting forces 
change instantaneously, which causes the workpiece to deform elastically in addition 
to the deformation of cutting tool. Thus, the stiffness of the thin-walled workpiece 
varies after each instance of material removal. Machining of thin-walled structures 
induces notable changes in the mass and stiffness of the structure while machining. 
Each cutting operation increases the flexibility of the workpiece while reducing the 
net mass in terms of material removal in form of chips. The changes in the static 
and dynamic properties of thin-walled workpiece due to the cutting operation have 
been conventionally estimated at particular point where cutting tool and workpiece 
interacts, along the cutting direction either by using the experimental modal analysis 
(EMA) or by using finite element (FE) methods. EMA can be used to predict the 
vibration behaviour of structures at specific points along the tool path [3] and also 
to predict the surface error and chatter stability in milling of thin rectangular plate
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structure [4]. However, the variation of the modal parameters with time (as machining 
progress) has not been taken into account in both the cases [3, 4]. Estimation of 
frequency response functions (FRFs) of in-process thin-walled structures is tedious 
and not feasible for industrial applications such as closely spaced integral blades of 
rotor (IBR). The change in compliance, while turning thin-walled cylindrical [5– 
8] and slender parts [9, 10], was studied by modelling the workpiece at different 
thickness. Lorong et al. [7] assumed that the mode frequencies do not change during 
cutting operation. Hence, a large deviation was identified between the experimental 
and the estimated chatter frequencies. Fischer et al. [5] showed experimentally that 
the flexible structures undergo change in stability lobes due to varying dynamics 
of the thin-walled workpiece, and also, Lorong et al. [7] proposed spindle speed 
scheduling for turning the flexible thin-walled disc to reduce chatter. To study the 
influence of material removal on the dynamic stiffness of the thin-walled structures, 
the changes in the deflections of the thin-walled structures were predicted during 
peripheral milling. The predicted deflection was a function of the cutting force during 
peripheral milling [11–16]. A change in workpiece geometry was introduced by 
changing the model geometry or re-meshing the FE model [11–15] or by changing 
the stiffness matrices [16]. Koike et al. [17] used cantilever beam geometry to find the 
direction of high stiffness by modelling the initial and final workpiece geometry. This 
helped in reducing the static deflections by changing the direction of cutting forces 
along the direction of high stiffness. Out of indefinite modes that are excited while 
machining thin wall, only dominant modes [18–20] in the region of cutting were taken 
into consideration for predicting stability. In few studies [21, 22] the change in natural 
frequency was estimated by interpolating the dynamic properties of the intermediate 
workpiece states along the tool path [23–25]. Few researchers assumed that the 
vibration characteristics will not change as the material removal in finishing operation 
is less. The individual stability lobe diagram was generated at specific points along 
the tool path and were superimposed to get a unified stability lobe [25]. This practice 
of superimposing is not appreciable as it is practically impossible to generate stability 
lobes at all discrete points along the tool path. Kersting and Biermann [26] compared 
three different numerical methods to incorporate the varying thin-walled dynamics 
to predict deflections in the milling of thin-walled aerospace parts. 

From all the literatures, it is very evident that the varying stiffness of the thin-
walled workpiece should be considered while predicting stable process parameters. 
Experimental modal analysis can be used to find the modal parameters of the thin-
walled structure. But, the technique cannot be performed for all possible machining 
conditions as it increases the estimation time and cost of the modal testing. Numer-
ical methods can be a viable replacement for the experimental modal analysis, as 
experimental modal analysis cannot be performed for all machining conditions. 
The three major issues of the micromilling are chatter, deflection and surface form 
errors. All these errors are linked to modal parameters of the workpiece and the 
cutting tool. Specially in case of thin-walled structures, stiffness of the workpiece 
changes instantly, which alters the dynamics of the micromilling process. The chosen 
stable process parameters at the beginning of cutting operation may become unstable 
process parameter as cutting progress. Hence, the present work proposes numerical
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simulation to generate stability lobe diagram by incorporating the effect of varying 
stiffness of the thin-walled structures. It is expected that the process parameters taken 
from the proposed stability lobes will increase the tool life and improve the surface 
quality of the micromilled part. 

2 Methodology 

The cutting coefficients required for the present work are obtained by linear fitment of 
root mean square (RMS) values of obtained cutting forces. These cutting coefficients 
are used for predicting stability in high-speed micromilling of flexible thin-walled 
Ti6Al4V by incorporating it in the two-degree of freedom (DoF) chatter model. The 
modal parameters are obtained from the simulated frequency analysis in commercial 
finite element software package after the mesh convergence test for the first mode. The 
obtained modal parameters for different machining conditions are used to generate 
the stability lobes, incorporating the effect of varying stiffness of flexible thin-walled 
structure. The developed stability lobes have been validated by conducting exper-
imental modal analysis on thin-walled Ti6Al4V at different machining conditions. 
The stability lobes for different machining conditions has been generated by solving 
the Eigen value problem. The adopted methodology is represented as a block diagram 
which is given in Fig. 1. 

Numerical Simulation of Thin-
walled Ti6Al4V at Different 

Machining Conditions 

Determination of Modal Constants for 
Different Machining Conditions 

Experimental Validation by 
Performing Experimental Modal 
Analysis on Flexible Thin-walled 

Ti6Al4V 

Prediction of Modal Parameters 
for Flexible Thin-walled Ti6Al4V 

Effect of Radial 
Depth-of-cut on 

Modal Parameters 

Generation of Stability 
Lobe Diagram 

Effect of Radial 
Depth-of-cut on 
Stability Lobes 

Fig. 1 Implemented methodology for different machining conditions
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3 Chatter Modelling 

The flexible thin-walled workpiece has been modelled as a 2-DoF spring–mass– 
dashpot system as given by Fig. 2a. The micro-end mill (Fig. 2b) excites the work-
piece by generating the cutting forces that results in deflection of workpiece. A 
thin-walled workpiece under the influence of the cutting forces can be modelled as 
a flexible body, and the equations of motion are given as: 

ẍ + 2ζx ωnx  ẋ + ω2 
nx  x = 

ω2 
nx  

kx 

NΣ

j=1 

Fx, j , ÿ + 2ζyωny ẏ 

+ ω2 
ny y = 

ω2 
ny 

ky 

NΣ

j=1 

Fy, j (1) 

where kx, ky, ωnx, ωny, ζ x, ζ y and Fx,j, Fy,j represent the stiffness, natural frequency, 
damping factor and cutting forces in two normal directions (x and y) on tooth j, 
respectively. The total number of cutting flutes in the micro-end mill is represented 
by N, and j represents the instantaneous cutting tooth. Fr and Ft are the total radial 
and tangential cutting forces on the given tool for all N flutes and are given as: 

Fr = 
NΣ
j=1 

Fr, j Ft = 
NΣ
j=1 

Ft, j (2) 

where Fr,j and Ft,j are the radial and tangential cutting forces, respectively, at the jth 
tooth, and their corresponding mathematical equations are given by Eqs. (4) and (5). 
The characteristic equation of the micromilling process in frequency domain can be 
solved, and the characteristics equation is obtained as [27]:

(a)                    (b) 

k
x 

C
x 

C
y 

k
y 

x 

y 

Fig. 2 Schematic representation; a thin-walled workpiece as 2-DOF model and b model of micro-
end mill showing cutting forces at the tool-tip 
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det

||||[I ] − 
1 

2 
Ktca

(
1 − e− j ωcT

)
[Ao][ϕ(i ωc)]

|||| = 0 (3)  

where I represents the identity matrix and a represents the stable depth of cut, ωc 

is the frequency of chatter, T is the time delay for sequential cuts, Ao is directional 
cutting coefficient matrix, and F(iωc) is the frequency response function (FRF) of 
thin-walled workpiece. 

4 Determination of Cutting Coefficients 

Cutting coefficients are obtained by plotting root mean square (RMS) values of radial 
and tangential cutting forces as a function of uncut chip thickness by performing slot-
ting experiments at different machining conditions. Slotting experiments were done 
on Ti6Al4V to obtain the cutting coefficients. Micro-end mill used was two-fluted 
uncoated tungsten carbide of 500 μm diameter and 38 mm overall length. For all 
instances, 20 mm micro-end mill overhang was maintained and all the cutting oper-
ations were performed in dry condition only. Spindle speeds for experimental condi-
tions were changed at intervals of 10,000 rpm from 10,000 to 80,000 rpm at different 
feed rates. A linear fitment was made between the radial and tangential cutting forces 
per unit depth of cut and average chip thickness. The radial and tangential cutting 
forces are given by: 

Fr, j = Krcah (4) 

Ft, j = Ktcah (5) 

h is the mean chip thickness, which depends on the engagement angle and cutting 
conditions. In slot milling, mean chip thickness h for given feed per tooth (f t) is  
taken to be: 

h = 
2 

π 
ft (6) 

The linear fitment is obtained by minimizing the least square error, and it is given 
by: 

e = 
nΣ

q=1 

mΣ

p=1

(
Fexp − Ftheo

)2 
(7) 

where n represents the number of iterations for each feed, and m represents the 
quantity of samples taken for the evaluation. Fexp and F theo are the RMS values of 
experimental and theoretical cutting forces, respectively. The variation of linearly
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Fig. 3 RMS value of cutting forces against different uncut chip thickness for 80,000 rpm; a radial 
forces versus uncut chip thickness, b tangential forces versus uncut chip thickness 

Table 1 Cutting coefficients for flexible thin-walled structure 

Thin-walled material Tangential cutting coefficient, Ktc, 
N · mm−2 

Radial cutting coefficient, Ktc, N ·  
mm−2 

Ti6Al4V 2800 2500 

fitted radial and tangential cutting forces with average chip thickness is shown in 
Fig. 3a, b, respectively. The values of the cutting coefficients are given in Table 1. 

5 Estimation of Modal Parameters for Thin-Walled 
Workpiece 

5.1 Experimental Set-Up 

Experiments were performed at BITS-Pilani, Hyderabad Campus. The 3-axis micro-
machining centre with x and y linear stages is driven by AC servomotor with linear 
encoder. Linear stages (x and y) have a resolution of 0.15 μm and accuracy of± 2 μm. 
The maximum spindle speed is 80,000 rpm, and the high-speed spindle is cooled by 
oil-air mixture, and it has a maximum torque of 11.9 N-cm. The Z-stage is also driven 
by a AC servomotor with linear encoder, and it houses the high-speed spindle. All 
three stages are controlled by a tri-axial controller with RS232/USB interface. The 
high-speed machining centre is mounted on a specially designed granite structure to 
damp any vibrations in the system while machining. The schematic of the set-up and 
image of the high-speed machining centre are shown in Fig. 4a, b, respectively.



Analysis of Numerical Method for Modal Analysis of Thin-Walled … 7

Fig. 4 Set-up for performing experimental modal analysis; a schematic of set-up, b modal analysis 
set-up 

5.2 Numerical Modelling 

Estimation of modal parameters is done by performing frequency analysis of flexible 
thin-walled workpiece using finite element method. The thin-walled workpiece has 
been modelled as an Euler–Bernoulli beam. An Eigen value analysis has been carried 
out for the global matrices (mass matrix and stiffness matrix) obtained from the finite 
element modelling of the Euler–Bernoulli beam of thin-walled workpiece. Estimated 
Eigen value and Eigen vector have been used to decouple the coupled equation for 
all degrees of freedom in order to obtain the modal parameters of the thin-walled 
workpiece. ABAQUS® has been used to verify the different modes frequency by 
modelling the thin-walled structure as a three-dimensional solid structure. Mesh 
independence study has been done by comparing the Mode-1 natural frequency 
in ABAQUS® by varying the mesh size. The optimum mesh size was found to 
be 0.001 beyond which very minimal change in natural frequency was observed. 
Figure 5 shows the 3D CAD model of flexible thin-walled Ti6Al4V under different 
machining conditions. For all the machining cases, a constant axial depth of cut of 
50 μm and varying radial depth of cut in steps of 50 μm was varied from 40 to 
140 μm as shown in Table 2. The algorithm for the numerical simulation is given in 
Fig. 6. The flexible thin-walled structure was treated as a cantilever beam, where the 
bottom portion was fixed rigidly and the modal parameters like natural frequency 
and stiffness was estimated at the free end. The pre-processing parameters used in 
numerical simulation are given in Table 3.

The global matrices (mass matrix and stiffness matrix) are obtained from the finite 
element modelling of the thin-walled workpiece as Euler–Bernoulli beam. The Eigen 
analysis has been carried out on the global mass and stiffness matrix to get the natural 
frequency and the modes vector. These modes vectors have been used to obtain the 
modal constant. These modal constants are then used to find the frequency response 
function of the thin-walled workpiece at free end. Using the frequency response
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Fig. 5 Thin-walled flexible Ti6Al4V workpiece with different machining conditions 

Table 2 Machining condition for numerical simulation and experimentation 

Machining condition Radial depth of cut in 
μm 

Axial depth of cut in μm Workpiece condition 

1 0 50 Static 

2 40 

3 90 

4 140

function (FRFs), the modal stiffness is extracted through peak-picking method. The 
pseudocode for the estimation of modal stiffness and modal frequency is given in 
Fig. 7. Since the damping in the flexible thin-walled structure cannot be modelled 
like stiffness and mass, a proportional damping model is used for the estimation 
of modal parameters as the modes shape of system with proportional damping is 
equivalent to the mode shape of undamped system. As the analysis is the case of free 
vibration, the governing equation for motion of the system with n degree of freedom 
is: 

[M]{ẍ} + [C]{ẋ} + [K ]{x} = {0} (8)

where [M] and [K] are global mass and stiffness matrices and [C] is the damping 
matrix of positive definite value to uncouple the Eq. (8). The global matrices (mass
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3D- Model of Flexible Ti6Al4V Workpiece 

Frequency Analysis using ABAQUS 
® 

Extraction of Natural Frequency 

Eigen value analysis to decouple the equation of motion 

A
B

A
Q

U
S ®

 

Change Machining 
Condition 

Determination of Modal Constant 

M
A

TLA
B

 

NO 

Convergence Test for Mode-1 
Frequency (by varying mesh size) 

YES 

Global mass and stiffness matrix by Euler-Bernoulli beam 
modelling of thin-walled workpiece 

Determine modal frequency and modal stiffness 

Creation of stability lobe diagram 

Fig. 6 Algorithm for numerical simulation 

Table 3 Pre-processing data of model from ABAQUS 

Constant axial depth of cut—50 μm 

Mesh with C3D8 brick element 

Mesh size-0.001 Radial depth of 
cut 0 μm 

Radial depth of 
cut 40 μm 

Radial depth of 
cut 90 μm 

Radial depth of 
cut 140 μm 

No. of elements 9027 9416 9282 9198 

Elastic modulus 110 GPa 

Mass density 4470.5 kg/m3

matrix and stiffness matrix) are multiplied by mode shape matrix [ ψ     ], which results 
in diagonalization of these matrices. Also, as there exists multiple mode shapes for a 
given system which are all valid, mass-normalized mode shapes are very helpful, as 
these are unique to the given system. Mode shape normalized using the modal mass
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Find geometric and material properties of thin-walled structure, (Ixx, Iyy, E, A, ρ) 

Find global Degree of Freedom, with given number of 
elements and rewrite Mass and Stiffness matrices 

Compute Eigen value, x = Eigen (K, M) 

Compute Natural Frequency and Stiffness, ω = ((sqrt(x))/2*pi) 

Next 
Machining 
Condition 

Determine the modal constant by estimating Eigen vector 

Generate Frequency Response Function from the simulated parameters 

Estimate Modal Stiffness from the FRF, k = -1/(2*z*ζ) 

Fig. 7 Pseudocode for estimation of modal parameters from numerical simulation

is called as mass-normalized mode shape. The mode shape matrix for the system is 
{ ψ     } which is normalized by: 

{ϕ}r = 1 √
mr 

{ ψ     }r , r = 1, 2, . . . ..,  n (9) 

where r is the total count of modes and mr is the decoupled modal mass matrix, given 
by: 

{ ψ     }T r [M]{ ψ     }r = mr (10) 

Here, in Eq. (6), {ϕ}r is the mass-normalized mode shape of the system for the 
rth mode. In matrix form for the rth mode, the orthogonality of the system can be 
expressed as: 

{ϕ}T [M]{ϕ} = [I ] (11) 

{ϕ}T [K ]{ϕ} = [
ω2 
r

]
(12) 

This normalization is done to express FRFs of the system in terms of natural 
frequency and mode shapes. The matrices [ωr 

2] and [ϕ] are derived using global 
matrices (mass matrix and stiffness matrix), and the response of the system contains 
the required FRFs.
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Using the orthogonality equations [Eqs. (11) and (12)], the receptance FRF matrix 
given by Eq. (13) can be re-written as shown in Eq. (14): 

[α(ω)] = (
[K ] − ω2 [M]

)−1 
(13) 

[ϕ]T
[
[K ] − ω2 [M]

]
[ϕ] = [ϕ]T [α(ω)]−1 [ϕ] (14) 

[α(ω)] = [ϕ]
[
ω2 
r − ω2]−1 

[ϕ]T (15) 

Equation for a single receptance frequency response function αjk(ω) can be 
expressed by rewriting Eq. (12) as:  

α jk(ω) = ϕ j1ϕk1 

ω2 
1 − ω2 

+ ϕ j2ϕk2 

ω2 
2 − ω2 

+ . . .  + ϕ jnϕkn 

ω2 
n − ω2 

(16) 

Alternatively, 

α jk(ω) = {
ṙ A  jk

}{ 1 

ω2 
r − ω2

}
(17) 

Similarly, for damped system, Eq. (17) can be re-written as 

α jk(ω) = 1(
ωr − ω2

) + 2 ∗ ζ ∗ ωr ∗ ω 
(18) 

where {rAjk} is the product of jth and kth elements in the rth mode shape, and it 
is called modal constant. Every column of modal matrix will have its own modal 
constant. A constant damping of 0.3% had been used for all modes. The generated 
complex FRFs are splitted into its corresponding real and imaginary parts and are 
plotted against the frequency to get the modal frequency and modal stiffness of the 
thin-walled structure. The procedure is followed again for all possible machining 
conditions to predict modal parameters. 

5.3 Experimental Modal Analysis for Dynamics 
of Thin-Walled Ti6Al4V 

Dynamics of thin-walled Ti6Al4V has been estimated using modal analysis method. 
As the workpiece is stationary, impact and response have been collected at the same 
point of impact at different locations along the tip of thin-walled structure (Fig. 4b). 
Mean of the captured signal has been removed from both impact and response to
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Fig. 8 Impact excitation and its response for thin-walled Ti6Al4V workpiece; a impact in N, b 
displacement in m 

avoid the DC in the signal. The estimation of the modal parameters from FRFs of thin-
walled Ti6Al4V workpiece has been carried out using peak-picking method. A thin-
walled ‘T’-shaped Ti6Al4V (Fig. 5) has been used in the current work. The excitation 
to the thin-walled workpiece is given by impact hammer (Dytran 5800SL) at three 
different locations along its length (Fig. 4b). The maximum frequency bandwidth of 
Dytran 5800SL impact hammer is 40 kHz. An average of ten measurements has been 
taken for estimation of FRF for static thin wall. The displacement of the excited thin 
wall has been measured using Laser Displacement Sensor (OptoNCDT, ILD2300 
from Micro-Epsilon) in the same direction as that of impact with spot diameter of 
23 μm. The displacement has been measured at three different locations to estimate 
the FRF at the tip of the thin-walled Ti6Al4V. The responses for all the impacts 
(Fig. 8a) are given in Fig. 8b. Sufficient time has been given after the impact, such 
that the displacement decays to zero completely before the next impact is given, this 
is evident in Fig. 8b. 

The FRF (ϕ(ω)) has been obtained by impacting the thin wall near the tip portion, 
and response is collected at the same point. The FRF (ϕ(ω)) at the tool-tip is obtained 
by:

ϕ(ω) = 
X(ω) 
F(ω) 

(19) 

where F(ω) is the impact force at the point of impact (Fig. 4b) and X(ω) is the  
recorded response at the same point (Fig. 4b). To get the modal parameters from 
obtained FRFs, peak-picking method was used. Peak-picking method of extracting 
modal parameters from estimated tool-tip FRF is described in Fig. 9. The damping 
ratio is obtained by using the relation: 

ζi = 
ωb − ωa 

2 ∗ ωn,i 
(20)
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Fig. 9 Modal parameter extraction from FRFs by peak-picking method 

where ωb and ωa are the frequencies identified in the real plot (Fig. 9a) for the corre-
sponding ωn,i in the imaginary plot (Fig. 9b). The dominant peak in the imaginary 
plot of FRF is the natural frequency, where phase changes from 0° to 180°. Once 
the damping ratio is obtained, the dynamic stiffness can be calculated by using the 
equation below: 

k = −1 

2 ∗ ζi ∗ Z 
(21) 

where Z is the magnitude of ωn,i as measured in the imaginary plot of FRF (Fig. 9b). 
The estimated modal parameters (natural frequency, damping ratio and stiffness) 

using peak-picking method (Table 4) have been used to reconstruct the FRFs. The 
comparison of real and imaginary parts of reconstructed FRF with experimentally 
measured FRF is shown in Figs. 10a, b. The reconstructed FRF for machining 
condition-1 shows a good agreement with the experimentally measured FRFs except 
at mode-1 (Fig. 10a). The observed deviation of the measured FRF from the recon-
structed FRF at mode-1 is because of the difference between simulation and experi-
mentation. During simulation of the thin wall, to reduce the computational time and 
cost, the base part which was held inside a vise (see Fig. 11) rigidly during experi-
mentation has not been modelled. This change in modelling method has reduced the 
number of degree of freedom to be solved for, but in experimental condition as this 
is held inside a vise firmly, it contributed to the changes in mode-1. This estimated 
mode-1 from experimental modal analysis represents the shank mode and not the 
thin-walled tip mode. Hence, the second mode in simulation is considered as first 
mode (tip mode) for the thin-walled workpiece.
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Table 4 Thin-walled 
Ti6Al4V dynamics 
(experimental) 

Mode Natural frequency, 
ω, Hz  

Damping 
constant, ζ 

Stiffness, k, 
MN/m 

1 4453.13 0.0482459 0.18394 

2 6445.31 0.0363636 0.19379 

3 7421.88 0.0078949 0.53002 

4 7890.62 0.0148518 1.46609 

Fig. 10 Experimental and reconstructed real and imaginary parts of FRF for thin-walled Ti6Al4V; 
a real part, b imaginary part 

Fig. 11 Numerical simulation of flexible thin-walled Ti6Al4V at different machining conditions
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6 Results and Discussion 

6.1 Prediction of Modal Parameters for Different Machining 
Conditions 

The simulation results indicate that the modal stiffness of the thin-walled structure 
decreases with increase in radial depth of cut (Table 5). The percentage reduction in 
stiffness from initial machining condition (condition-1) to final machining condition 
(condition-4) is 27% as shown in Fig. 13. From Eq.  (22), it is observed that the 
stiffness of the beam is directly proportional to moment of inertia (MoI) of the beam 
for a given cross section. With increment in radial depth of cut, the moment of inertia 
of the thin-walled structure decreases (Table 5), thereby stiffness of the thin-walled 
structure reduces (Fig. 13). 

k = 
3E I  

l3 
(22) 

where k is stiffness of the structure, E is Young’s modulus, I is the MoI, and l 
is length of the thin-walled workpiece. The Mode-1 (bending mode) contour plots 
of frequency analysis performed in ABAQUS® for different machining condition 
are shown in Fig. 11. As material removal increases with the increase in radial 
depth of cut, the natural frequency decreases as the deflection of the thin-walled 
structure increases. The decreasing trend in natural frequency (Fig. 12) is observed 
except at the machining condition-1, because there is no engagement of cutting tool 
and work as radial depth of cut is zero. The frequency at machining condition-1 
is the natural frequency of the thin-walled material without removal of any mate-
rial. From machining condition-2 to machining condition-3, i.e. as radial depth of 
cut increases from 40 to 90 μm, the natural frequency drops by 5.08% and from 
machining condition-3 to machining condition-4; i.e. as radial depth of cut increases 
from 90 to 140 μm, the natural frequency drops by 5.26%. An overall decrement of

Table 5 Prediction of modal parameters through numerical simulation for different machining 
conditions 

Parameters Machining 
condition-1 

Machining 
condition-2 

Machining 
condition-3 

Machining 
condition-4 

Moment of inertia, × 
10–12 m4 

5.625 5.1868 4.6720 4.1924 

Cross-sectional area, 
× 10–6 m2 

30 20.998 20.99955 20.993 

Modal stiffness, k, 
MN/m 

0.17936 0.16539 0.14897 0.13368 

Modal frequency, ω, 
Hz 

6132.5 7038.8 6680.8 6329.0 
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Fig. 12 Variation of natural frequency with different machining conditions 

Table 6 Prediction of modal 
parameters through numerical 
simulation and validation by 
experimental modal analysis 
for 0 μm-radial depth of cut 

Parameters Simulation Validation 

ABAQUS MATLAB Experimental 
modal analysis 

Natural frequency, 
ω, Hz  

6006 6132.5 6445.31 

Stiffness, k, MN/m 0.676 0.17936 0.19379

10.08% in natural frequency is observed when radial depth of cut increases from 40 
to 140 μm as seen in Fig. 12. Table 6 gives the values of modal parameters predicted 
by simulation and validated by experimental modal analysis (EMA). The predicted 
and simulated values of modal parameters are in good agreement with each other. 
The percentage error in prediction of natural frequency is 5.1%, while the percentage 
error in prediction of stiffness is 8.04 % for the first mode. Thus, the proposed numer-
ical analysis for modal parameter prediction can be used as an alternate low-cost, 
time-saving technique for manufacturing thin-walled structures (Fig. 14). 

6.2 Effect of Radial Depth of Cut on Stability 

By solving the characteristic equation given in Eq. (3) for different spindle speeds, 
stable depth of cut is obtained as a function of spindle speed. The obtained stable 
depth of cut is plotted against spindle speed to obtain the stability lobe diagram 
for the given cutting conditions. Figure 15 shows the generated stability lobes for 
different machining conditions. The flexibility-dependent dynamics decreases the 
stable depth of cut owing to reduction in dynamic stiffness (Fig. 14). This reduction 
in stable depth of cut is due to the changing stiffness of the thin-walled workpiece 
with the increase in radial depth of cut. For machining condition-1, (Fig. 15a) at
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Fig. 13 Variation of stiffness with different machining conditions 

Fig. 14 Influence of radial depth of cut on stability for different machining conditions

60,000 rpm, the critical value of depth of cut is 40 μm, and for machining condition-
4, (Fig. 15d) at 60,000 rpm, the critical value of depth of cut is 15 μm. By increasing 
radial depth of cut from 0 to 140 μm, the stable depth of cut reduces by 62.50% at 
60,000 rpm. Similarly, at 80,000 rpm, the reduction in stable depth of cut is 66.67% 
from 24 to 8 μm at machining condition-1 (Fig. 15a) and machining condition-4 
(Fig. 15d), respectively.
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(a) Machining condition-1 (b) Machining condition 2 

(c) Machining condition 3 (d) Machining condition 4 

Fig. 15 Stability lobe diagram for flexible thin-walled Ti6Al4V at different machining conditions; 
a machining condition-1, at 0 μm radial depth of cut, b machining condition-2, at 40 μm radial  
depth of cut, c machining condition-3, at 90 μm radial depth of cut, d machining condition-4 at 
140 μm radial depth of cut 

7 Conclusion 

The present work proposes numerical simulation as an alternative for cost and time 
intensive experimental modal analysis for manufacturing of thin-walled structures. 
Stability has been predicted by considering the cutting coefficients and varying stiff-
ness of the thin-walled structure. The predicted modal parameters have been vali-
dated by performing experimental modal analysis on flexible thin-walled Ti6Al4V 
for static condition. The following are the conclusions from the present work: 

• The natural frequency predicted from the simulated modal analysis of thin-walled 
Ti6Al4V workpiece has the deviation of 5.1% compared to natural frequency 
determined by experimental modal analysis for the first mode. 

• The stiffness predicted from the simulated modal analysis of thin-walled Ti6Al4V 
workpiece has the deviation of 8.04% compared to stiffness determined by 
experimental modal analysis for the first mode. 

• There in an increase in the natural frequency from no cut in thin-walled workpiece 
to just start of the material removal for radial depth of cut 40 μm. However, there 
is a continuous decrease of natural frequency with an increase in radial depth of 
cut. 

• The natural frequency decreases by 11.2% by increasing the radial depth of cut 
from 40 to 140 μm.
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• With increase in radial depth of cut from 0 to 140 μm, stiffness of the thin-walled 
workpiece has reduced by 27% compared to stiffness with zero removal of the 
material from the thin-walled workpiece. 

• For 27% reduction in stiffness, the stable depth of cut drops by 62.50% at 
60,000 rpm. This shows the necessity to incorporate the flexibility of the workpiece 
into the model while predicting the stable process parameters. 

• Calculating modal parameters of thin wall machining at all machining conditions 
is impractical. Hence, finite element (FE) simulation proves to be a cost effective 
method. 

• The stability lobe has also been developed analytically showing the effect of 
workpiece flexibility on stable depth of cut. 

• There can be significant increase in the cutting tool life and the material removal 
rate for the chosen set of stable process parameter, as the developed lobe diagram 
incorporates the effect of varying stiffness. 
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Corrosion Behavior and Its Effect 
on Mechanical Properties of ER70S-6 
Cladding on AA 6061-T6 Alloy Using 
a Cold Metal Transfer Process 

Bappa Das , Biranchi Narayan Panda , and Uday Shanker Dixit 

1 Introduction 

Aluminum (Al) and its alloys have low density and good ductility, making it one 
of the widely used materials in the aircraft and automobiles industries. However, 
due to their low hardness and wear resistance, it is not suitable for certain sensitive 
applications. Many scientists are trying to improve the surface properties of Al by 
cladding/coating and surface alloying with different metallic and ceramic powders. 
Generally, Al has good corrosion resistance; however, in the acidic medium, the 
protective layer breaks and corrosion starts. Corrosion has a profound effect on the 
strength and stability of structures and has received much attention in engineering. 
Corrosion is a serious problem in components of gas and diesel engines, aircraft 
components and heat exchangers. The salt and acid solutions are harsh working 
environment that corrode metals. Chemicals like H2SO4 attack metals like copper 
(Cu), stainless steel and their alloys. Fouad et al. [1] reported the corrosion behavior 
of Cu and stainless steel in an acidic medium of H2SO4. The rate of corrosion was 
high for copper as compared to stainless steel. Moorthy et al. [2] reported corrosion 
of mild steel, aluminum, copper, and other metals because of base coolants used in 
automobiles during a 14-day corrosion test. One of the easiest and most direct ways 
to assess corrosion of any kind is weight loss measurement in a corrosion immersion 
test.
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This study investigated corrosion behavior of ER70S-6 cladding on Al base plate 
using cold metal transfer (CMT) technology. CMT is a relatively new and cost-
effective welding and cladding method with limited heat input and is suitable for a 
variety of materials. Developed by Fronius of Austria in 2004, CMT is an improved 
gas metal arc welding (GMAW) technique based on a short circuit transfer mech-
anism that deposits materials with enhanced weld bead aesthetic and low thermal 
input [3]. The controlled feeding of the electrode in CMT technique reduces the 
heat used for weld beads, resulting in less distortion and increased productivity [4]. 
In a CMT process, wire is used as a feedstock material, and robotic arm is used 
for depositing the metal, which can move on a complex route [5]. Cladding by the 
CMT process consists of depositing material on the substrate to enhance the targeted 
microstructural and mechanical properties. Heat input during deposition as well as 
heat transfer after deposition are the main factor influencing the properties of the 
cladded or coated material [6]. 

In the present study, an Fe-based electrode was cladded on Al substrate using CMT 
process. Filler rod ER70S-6 was chosen due to its low-cost and high-deposition 
accuracy. The primary objective of the present study is to analyze the corrosion 
behavior of the Fe-based cladding on the Al substrate. It is an extension of the 
previous work of the authors [7], focusing on the surface roughness, microhardness, 
and wear before and after corrosion. 

2 Experimental Procedure 

The experiments were conducted on Al plate with dimension of 180 mm× 100 mm× 
6 mm. On AA 6061-T6 alloy substrate, cladding of ER70S-6 was accomplished. The 
weld metal composition is provided in [7] and ESAB, India [8]. The cladded layer 
was deposited with a Fronius CMT TPS400i machine. The shielding gas used was 
argon at 20 l/min constant flow rate. The parameters for CMT process were 100 A 
current, 400 mm/min welding speed, 10 m/mm wire feed speed, 300 s interlayer 
dwell time, 10 V voltage, 8 mm/s welding torch speed, and 5 mm standoff distance. 
The final height of the cladding achieved was 3 mm in single pass. Figure 1 shows the 
CMT setup and extracted characterization sample after milling. The cladded layer 
was milled to a depth of approximately 1 mm to remove the uneven surface prior to 
sample extraction for characterization.

For microstructural, corrosion, and mechanical characterization, the sample was 
sectioned through electric discharge machining after milling. The sample was 
polished on various grits (sizes: 80, 400, 800, 1000, 1500, and 2000) of silicon 
carbide emery papers followed by cloth and diamond polishing. For corrosion test, 
a sample of CMT cladded alloy was tested in a solution of 2.0% H2SO4 for 200 h 
according to ASTM standard: G31. The CMT cladded sample was mounted in a 
corrosion-resistant cold mount with top surface area of 100 mm2 exposed to acidic 
solution at room temperature. To calculate the weight loss, the corroded sample was 
weighed with an accuracy of 0.1 mg. A non-contact optical surface profilometer was
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Fig. 1 Cladded layer developed using CMT technique: a setup and b extracted characterization 
sample after milling

used to measure the corrosion pits height and surface roughness. An upright optical 
microscope and a field emission scanning electron microscope (FESEM) were used 
to investigate the sample’s morphology. A microhardness tester was used to test the 
Vickers microhardness with 20 s as dwelling period while applying a 200 gf load. 
The pin-on-disk wear test was conducted on a tribometer for 30 min with 20 N 
load at 350 rpm. Cladded material in the form of 10 mm diameter pin traversed on 
70 mm track diameter on hardened steel disk according to ASTM standard: G99. 
The detailed specifications of machines are provided in [7]. 

3 Results and Discussion 

This section discusses a few findings. First, the microstructure is described. Next, 
the surface roughness due to corrosion is discussed. Finally, the microhardness and 
wear results before and after the corrosion test are described. 

3.1 Corrosion Mechanism and Microstructural Study 

Understanding the mechanism of corrosion is essential to comprehending the physics 
of corrosion. The mechanisms of steel corrosion in aqueous solution is reported by 
a few authors [9–11]. The corrosion mechanisms of steel in presence of oxygen are 
as follows:
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Anodic reaction: 

Fe → Fe2+ + 2e− (1) 

Cathodic reaction: 

O2 + 4e− + 2H2O → 4OH− (2) 

Fe2+ + 4OH− → Fe(OH)2 (3) 

4Fe(OH)2 + O2 → 2Fe2O3 + 4H2O (4)  

Panossian et al. [12] reported the corrosion of steel in H2SO4 medium in absence 
of oxygen. Steel is immediately attacked by the creation of hydrogen gas and ferrous 
ions when it comes into contact with a dilute H2SO4 medium, as follows: 

Anodic reaction: As per Eq. (1) 
Cathodic reaction: 

2H+ + 2e− → H2 (5) 

Therefore, the global corrosion reaction can be written as follows: 

Fe + 2H+ → Fe2+ + H2 (6) 

The composition of the steel, particularly the amount of carbon, has a significant 
impact on the rate of corrosion of carbon steels in diluted acids. As a result, the 
oxidation reaction (Fe → Fe2+ + 2e−) occurs in the ferrite phase, whereas the 
cathodic reduction reaction producing H2 occurs at cementite phase. When the steel 
comes in contact with the H2SO4 medium, the latter reduced to form H2 and Fe 
oxidized to form ferrous sulfate (FeSO4), as follows: 

Fe + H2SO4 → 2FeSO4 + H2 (7) 

The FeSO4 adheres to the steel surface and acts as a barrier. This FeSO4 layer 
protects the steel surface from further corrosion attacks in the acid medium during 
a long-term process. As a result, the maintenance of the FeSO4 layer determines the 
durability of steel products. 

The corrosion immersion test should run for a longer duration of time. As per 
ASTM standard G31, test durations typically range from 48 to 168 h. Where the 
corrosion rate is less than 0.5 mm/year, the test should be conducted for at least 
200 h. On alloys that generate passive films, short-time testing can also produce 
false findings. To allow for the breakdown of the passive film and a subsequent more 
rapid attack in borderline conditions, a long duration test may be necessary. As a 
result, tests that are done for extended periods of time are much more realistic than
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tests that are run for short duration. However, the corrosion should not advance to 
the point where the original specimen is perforated. Considering these factors, in the 
present work, the test was conducted for 200 h. 

Figure 2 shows cross-sectional micrographs and EDS analyses of the cladded 
layer after the CMT process. The morphology depicts a well-defined and crack-free 
cladded layer deposited on Al base plate. The presence of different elements in the 
cladded layer and substrate region was confirmed by EDS analysis (Fig. 2c, d). The 
optical and FESEM images are shown in Fig. 3 to establish the interaction of H2SO4 

with the metal surface in the cladding layer. The micrograph morphology shows 
the features of cladded surface before and after 200 h of corrosion in 2.0% H2SO4. 
The FESEM images reveal that the cladded surface after corrosion is covered with 
corrosion products and appears to be full of pits and cavities. The corrosion cracks 
are also visible in a few places in the corroded surface. The weight loss after the 
corrosion test was 0.089 gm. As the exposed area was 100 mm2, this amounts to a 
weight loss of 8.9 × 10−4 g/mm2. 

Fig. 2 Micrograph after cladding: a optical (X20), b FESEM (X2000); EDS elemental distribution 
of c cladded and d base plate region
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Fig. 3 Morphology of cladded layer: (1) optical micrograph (X20): a before corrosion and b after 
corrosion, (2) FESEM micrograph: c before corrosion (X2000) and d after corrosion (X2500) 

3.2 Surface Roughness 

The non-contact optical surface profilometer was used for measuring the surface 
roughness after the corrosion test. Figure 4 shows the 3D morphology after corrosion 
immersion test. The corrosion product iron oxide (Fe2O3) is observed in Fig. 4b. The 
average surface roughness value (Ra) before the corrosion test was 0.429 µm, which 
became 3.10 µm after corrosion test. Mean height before the corrosion was 0.391 µm 
and 5.46 µm after 200 h corrosion test.

3.3 Hardness Study 

Figure 5 shows the average microhardness value of cladded layer before and after the 
corrosion test. Corrosion removes the hard layer of metal and reduces the hardness. 
The average microhardness value before corrosion was 237 HV, but after the corro-
sion test, the hardness reduced to 213 HV. The reduction in the microhardness value 
indicates that some depth of the corrosion-resistant alloy zone has been removed. 
This reduction attributes to the dissolution of metal ions and hard iron oxide layer
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Fig. 4 3D images and corresponding roughness plot of cladded layer: a before corrosion test and 
b after corrosion test

in the corrosive medium [13]. The microhardness also decreased due to increased 
pitting corrosion, thus reducing the load-bearing area at certain places. 

Fig. 5 Effect of corrosion on microhardness of the cladded layer
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Fig. 6 Wear analysis of the cladded layer after corrosion test: a wear depth with sliding distance 
and b FESEM (X500) morphology 

3.4 Wear Study 

Figure 6 shows the wear data after the corrosion test. The average wear depth was 
51.61 µm, which was 37 µm before corrosion test for the same test condition [7]. This 
39.5% increase in wear depth after corrosion was due to the removal of hard particles 
from the upper most section of the cladding layer. The fluctuation of the wear depth 
data also increased due to the presence of corrosion pits in the cladding layer. The 
morphology of worn out surface of cladding layer in Fig. 6b also shows indications 
of abrasive wear. The spallation of the hard-cladding layer is comparatively spread 
over a larger region. 

4 Conclusion 

The cladding of Fe-based filler rod was carried out on Al substrate with CMT tech-
nology. After cladding, the corrosion, hardness, and wear were studied. Following 
are the salient conclusions: 

• The major surface damage in the cladding layer is due to localized pitting corro-
sion. The growth of the pit is faster in the lateral direction compared to depth 
direction. The shapes of the pits were irregular. After 200 h of corrosion test, the 
weight loss was 8.9 × 10–4 g/mm2. 

• The average microhardness after the corrosion test reduced by 10% due to removal 
of hard materials and introduction of porosity, thus reducing the load-bearing area 
at certain places. 

• The wear depth increased by 39.5% in the cladded region after 200 h corrosion 
test due to the presence of corrosion pits and removal of hard layer of metal.
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1 Introduction 

Laser-based rock drilling has emerged as an effective potential alternative to conven-
tional drilling methods in the past two decades. It is a process of hole creation 
and enlargement in a material through light amplification by stimulated emission of 
radiation, abbreviated as LASER. It holds many advantages, such as green energy 
transmission, carbon emission reduction, non-contact material processing, and finan-
cial affordability over conventional methods [1, 2]. Laser rock drilling is a non-
contact material interaction process. Hence, there is no requirement for any filler 
or machining tool material. Laser heat and power generation are exceptionally high 
compared to traditional drilling methods. This characteristic is helpful in the easier 
processing of materials such as rocks, composites, and ceramics, which are other-
wise hard to process. The non-contact feature eliminates the requirement of rigs, drill 
bits, and casing in rock excavations. This can greatly aid in downsizing the material 
wastage and optimizing the process economy. However, due to certain challenges 
such as wellbore instability, nonlinear behavior of rocks, complex purging process, 
wellbore cleaning requirements, and difficulty in controlling downhole pressure and 
temperature, the field scale implementation of lasers in rock drilling is under rigorous 
research currently [2, 3]. When the rocks interact with lasers, they respond very 
volatilely. Rocks are exploited mainly for their mineral enrichments to meet global 
energy demands. Different rock formations are rich in different types of vital minerals 
depending upon their geographical and topological conditions. These minerals gener-
ally have lower melting and evaporation points than host rock material. Due to high 
power and heat generation in case of laser interaction, the minerals may evapo-
rate before the beginning of rock material removal. This is challenging in terms
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of economy and process efficiency. In addition to this, with increasing depth, the 
downhole conditions start becoming adverse. Sustaining a good drilling rig structure 
is a prevailing challenge with both the traditional as well as the non-conventional 
potential drilling technologies. 

The laser rock interaction process is influenced by many material properties and 
process parameters such as specific energy, rate of penetration, depth of penetration, 
laser power, scanning speed, scan shape, porosity, permeability, melting point, and so 
on [2, 4]. Several experimental works have been published to understand the response 
behavior of rocks to laser interaction. The central focus has been mainly on optimizing 
processing parameters, developing an effective numerical model, nonlinear finite 
element analysis, thermal zones analysis, and fracture mechanisms. The principal 
objective of most of these works has been to minimize specific energy consumption 
and maximize the rate and depth of penetration [5–7]. 

Rocks respond to lasers in a very unstable manner, accustomed to their inhomo-
geneity. Under the downhole condition, this inhomogeneity becomes vital, consid-
ering microcracks development aids in easy rock breaking. Li et al. [8] studied the 
influence of laser irradiation time and temperature gradient on granite’s crack forma-
tion and failure mechanism. Based on the studies, a rock-breaking simulation model 
was developed employing discrete element method. Rock breaking was found to 
be a dynamic failure process and follows a crack-cracking mechanism of breakage. 
Deng et al. [9] pointed out the influence of different laser scan shapes on the strength 
and durability of granite. The rectangular scan shape was more capable of reducing 
granite’s tensile and uniaxial compressive strength than the circular scan shape. Yan 
et al. [10] described the laser power and irradiation time as the most important vari-
ables influencing the laser-matter interaction. The depth of laser perforation could 
be increased by increasing the number of passes through the side blow or continuous 
zooming process. 

Laser-based material interactions are challenging to control due to the different 
characteristics of lasers, such as high power and high coherency. Lasers have high 
intensity, due to which they raise the material temperature beyond vaporization when 
they interact with matter. Beyond melting and vaporization temperature, the mate-
rial either melts or evaporates. In the melted or evaporated phase, the hydrodynamic 
stresses become a vital point of study to determine the material response. The hydro-
dynamic stresses alleviate laser power transmission and absorption by the work-
piece surface. This explains the uncontrolled and nonlinear laser-matter interactions. 
Optical characteristic coefficients of irradiated matter, such as absorptivity, reflec-
tivity, and scattering, play an essential role in governing the interaction process. 
Absorption plays a significant role in trapping the laser beam inside the pores of the 
material and increasing the heating effects, further leading to melting or vaporiza-
tion [11, 12]. Schneider et al. [11] studied the influence of laser intensity variation 
on the absorptivity of aluminum, nickel, and steel. Irrespective of the nature of the 
material, the absorption was found to be as high as 80%. Lin et al. [12] emphasized 
the importance of micro-holes for absorption during laser drilling and developed an 
optical system for real-time precision measurement of their depths.
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Achieving a high penetration depth in non-metallic hard rock structures is chal-
lenging because of many limitations. Graves et al. [4] enlisted one of the major 
challenges in having a higher rock penetration on laser interaction: finding an effi-
cient high-power laser type. To date, the investigations have failed to establish an 
efficient laser with optimal laser power, reliability, durability, economic viability, and 
is environment-friendly. There is a requirement for enhancing well control in under-
balanced and precarious downhole conditions. In the case of lasers, the power trans-
mission is difficult over deeper depths, especially with the non-contact processing 
feature. Non-contact laser material processing becomes irrelevant at deeper depths 
due to unwanted material purges. O’ Brien et al. [13] suggested that with the aid 
of proper casing, rigs, and traditional bit, if researchers can find a methodology to 
generate laser power in the downhole conditions at extreme pressure and temper-
ature, then significant breakthroughs can be possibly achieved. Graves et al. [14] 
highlighted the role of mineral content, saturation medium, and material proper-
ties such as porosity for rocks in hindering the influence of laser from breaking 
the material. The dry and saturated conditions are vital in determining laser power 
absorption. Further, abundant mineral content presence is beneficial from the exca-
vation aspect. However, it may sometimes lead to a complex purging phenomenon if 
it reduces the rock’s porosity and hinders laser power absorption. Gahan et al. [15] 
found that vital zones of melting and spallation are formed during laser drilling of 
rocks. Specific energy is an important factor in determining the feasibility of the rock-
drilling process. With the laser, the least specific energy was found prior to the melting 
point. However, it is not possible currently to heat the rock samples in a controlled 
manner till the desired critical temperature point before melting and stopping further 
laser power transmission and absorptions. Along with these factors, other hindrances 
from material and optical properties [16] also come into the picture. Hence, these 
challenges require significant attention from the scientific community to achieve a 
breakthrough for achieving a highly productive, economic, and environment-friendly 
drilling technology for a successful sustainable energy transition. 

In this work, the influence of laser application on the boulder and marble material 
has been analyzed in terms of spallation, power usage, laser scan shape, and laser-
processed zone shape. The possibility of finding penetration depth on laser-processed 
samples using an optical microscope has also been explored. The commonly available 
rock materials such as boulder material, construction purpose marble, and decoration 
purpose marble were selected for laser interaction. The irregularly shaped samples 
interacted with laser with the primary objective of developing a preliminary under-
standing of laser interaction with brittle rock materials. Parameters such as scanning 
speed and exposure time were varied in simultaneous experiments to understand 
the variation in material response. Further, the decoration marble has been used to 
analyze the potential use of an optical microscope for measuring the penetration 
depth in laboratory-scale samples. For a sample of decoration purpose marble, three 
different laser scan shapes were developed to analyze the influence on the volume 
and rate of material removal and depth of penetration.
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2 Materials and Methods 

Samples of irregularly shaped boulder material, construction marble, and decoration 
marble were selected for laser interaction. The dimensions of the samples were 
measured using Vernier Caliper and a 300-mm steel scale. Boulder material (Fig. 2) 
had a length of 88.93 mm, a width of 78.93 mm, and a thickness of 9 mm. Construction 
marble material (Fig. 3) was 37.39 mm in length, 21.31 mm in width, and 13.39 mm 
in thickness. The samples interacted with laser beams using a 2.5 kW CO2 laser 
machine (Orion 3015 LVD) for different process parameter conditions in Tables 1 
and 2. Primary interaction involved free alignment where a thorough penetration 
was attempted, as shown in Figs. 2 and 3. Secondary interactions were aimed at 
the development of a borehole of 5 mm diameter and depth at least at par with the 
thickness of the samples. For borehole creation, multiple passes of the laser beam 
were made on the boulder and marble sample to determine the number of passes 
needed for a better material removal. The experimental setup schematic is depicted in 
Fig. 1. The designs for these operations were made using CNC controls-CADMAN-
L 3D software package. For analyzing the possibility of measuring the penetration 
depth using an optical microscope, a sample of marble used for decoration purposes 
was selected, having irregular dimensions with a length of 69 mm, a width of 64 mm, 
and a thickness of 18.5 mm. The decoration purpose marble interacted with a laser 
with three different scan shapes, circle, square, and rectangle, as depicted in Fig. 4. 
The dimensions of the scan shapes were a circle of 5 mm diameter, a square of 5 mm 
edges, a rectangle of 2.5 mm width, and a 5 mm height. Further, NIKON SMZ25 
optical microscope was used to analyze the dimensions of processed zones and depth 
of penetration (Fig. 4 and Table 3). 

Table 1 Process parameters for laser-boulder material interaction 

Operation 
attempts 

Power (in 
watt) 

Scanning 
speed (in 
mm/min) 

Standoff 
distance (in 
mm) 

Spot 
diameter (in 
mm) 

Pressure (in 
bar) 

Number of 
passes of 
laser beam 

Free 
alignment 

1000 1200 1 0.5 20 3 

Borehole 
cut 1 

1000 1200 1 0.5 20 1 

Borehole 
cut 2 

1000 1200 1 0.5 20 2 

Borehole 
cut 2 

1500 1200 1 0.5 20 2
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Table 2 Process parameters for laser-construction marble material interaction 

Operation 
attempts 

Power 
(in 
watt) 

Scanning speed (in 
mm/min) 

Standoff 
distance 
(in mm) 

Spot 
diameter 
(in mm) 

Pressure 
(in bar) 

Exposure 
time (in 
sec) 

Number 
of passes 
of laser 
beam 

Free 
alignment 
cut 1 

1500 600 1 0.5 20 1 1 

Free 
alignment 
cut 2 

1500 1200 1 0.5 20 1 1 

Borehole 
operation 
1 

1500 1200 1 0.5 20 3 2 

Borehole 
operation 
2 

1500 600 1 0.5 20 3 2 

Fig. 1 Schematic of experimental setup [17]

3 Results and Discussion 

The investigations presented in this work are preliminary with a hit and trial approach 
to analyze LASER’s interaction with a non-metallic material like boulder and marble. 
The prime objective is to determine the feasibility of employing LASER in further 
investigations of potential rock fossil fields such as limestone, sandstone, and granite, 
spreading over the North-Eastern Indian territory.
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(a) (b) 

(c) (d) 

glaze 

Borehole created 
by a single-pass 

laser beam 

Borehole created 
by a multiple-pass 

laser beam 

Free-alignment with 
no significant 

material removal 

Lead-in due 
to 

preparatory 
gas and 

concentrated 
initial laser 
interaction 

Lead-in due 
to 

preparatory 
gas and 

concentrated 
initial laser 
interaction 

Fig. 2 Boulder material; a before LASER interactions, b after LASER interactions, c optical 
micrograph of the borehole with a single pass of the laser beam, d optical micrograph of the 
borehole with multiple passes of the laser beam

In the case of the boulder material, the aim was to achieve a complete pass of 
the laser beam across the thickness of the workpiece and create a borehole diameter 
of 5 mm and depth equal to the thickness of the workpiece. As depicted in Table 
1, laser power of 1000–1500 W has been utilized. Other parameters considered in 
the investigation of boulder material were scanning speed, standoff distance, spot 
diameter, and assist gas pressure. Nitrogen (N2) is used as the assist gas. The prime 
focus here was to determine the requirement of power level and the number of passes 
of laser beam from a 2.5 kW CO2 laser machine for effective drilling and penetration 
into a non-metallic boulder sample. Figure 2b shows the processed zones of boulder 
material after laser interaction with single and multiple-pass laser beams. Figures 2c, 
d show the optical micrographs of boreholes with a single-pass laser beam and 
multi-pass laser beam interaction, respectively. 

The first operation on boulder material was a free alignment operation with laser 
power of 1000 W at the location shown in Fig. 2b. The laser beam was passed thrice 
at this location. However, there was no success in having a suitable ablation even 
with multiple laser beam passes. Further, the creation of a borehole was attempted, 
as shown in Fig. 2b, for single as well as multiple passes of the laser beam at the 
depicted locations. For a single pass, 1000 W of laser power was used. The material 
response was unsatisfactory, as evident from the optical micrograph shown in Fig. 2c. 
The target was to achieve a borehole diameter of 5 mm, i.e., radius of 2.5 mm and an 
effective penetration depth equivalent to the thickness of the sample, i.e., 9 mm. With 
single pass, a borehole of a radius of 3.01 mm was created. The depth of penetration
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(a) (b) 

(c) (d) 

Free-alignment at scanning 
speed of 600 mm/min 

Free-alignment at scanning 
speed of 1200 mm/min 

Borehole creation with   
mutliple passes of 1500 W 

laser power 

Card-board base for 
holding the sample  

Fracture 

Crack-development 

(e) 

Fig. 3 Construction marble material; a before laser interaction (scaling done using ImageJ soft-
ware), b after lasing action with the laser-processed zones of free alignments and borehole, c sample 
kept on laser machine bed, with a cardboard material used as workpiece holding base along with 
clamps, d cracks and fracture zones, e optical micrograph depicting borehole of 11.38 mm diameter

could not be measured by using an optical microscope. The laser beam was passed 
multiple times at laser power of 1000 and 1500 W to analyze the influence of the 
number of passes while keeping the same values of other parameters. When a better 
result was obtained with two passes of the laser beam at 1000 W power, two passes of 
1500 W power laser beam were made at the same location shown in Fig. 2b. In this 
case, as observed through optical micrographs, the final borehole radius obtained 
was 6.28 mm. This implies that the radius can be increased with multiple passes 
though it will consume more power. 

The preliminary inspection implied that little success was achieved for through-
thickness penetration in free alignment or deep borehole creation. The single appli-
cation of laser beam is not effective. Low penetration depth is observed confined to 
surface level. Though the depth may increase with multiple applications, the power 
consumption is higher. This leads to inefficiency in cost and productivity. 

For boulder material, a 1500 W laser power provided better material removal. 
Hence, the same laser power value was employed in the construction marble sample. 
In this case, the aim was to vary the scanning speed and check its influence on material 
removal. In addition to other parameters as considered in the boulder sample case,
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(a) 

(b) 

Circular 

Rectangular 

Square 

Laser-
Processed 

Zone 
shape 

(c) (d) 

(e) 

Fig. 4 Decoration marble material; a before, and b after laser interaction, circular, rectangular, and 
square shape of laser-processed areas; optical micrographs of laser-processed zones c circular, d 
rectangular, e square
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Spreading of 
fumes inside 

condenser 
lens 

Fig. 5 Damage in condenser lens of 2.5 kW CO2 laser machine due to sample reflections during 
scanning and nonlinear uneven surface profile of workpieces 

Table 3 Process parameter for decoration marble interaction with laser 

Operation 
attempts 

Power (in 
watt) 

Scanning 
speed (in 
mm/min) 

Standoff 
distance (in 
mm) 

Spot 
diameter (in 
mm) 

Pressure (in 
bar) 

Number of 
passes of 
laser beam 

Circular 
scan shape 

1500 600 1 0.5 20 1 

Rectangular 
scan shape 

1500 600 1 0.5 20 2 

Square scan 
shape 

1500 600 1 0.5 20 2

exposure time was also observed to check the time factor and heating effects. Free 
alignments were carried out for this sample at two different scanning speeds of 
600 mm/min and 1200 mm/min at two different locations, as shown in Fig. 3b. It was 
found that with a lower scanning speed, the impact on material removal is higher, 
and the sample starts developing cracks, further breaking into two pieces after some 
time. 

Further, borehole creation was attempted with a target hole diameter of 5 mm. 
Scanning speeds were also varied for this operation, where it was observed that, 
unlike boulder material, the borehole creation results are positive visually. Further 
on reducing the scanning speed to 600 mm/min, crack developments occurred, as 
shown in Fig. 3d. 

Hence, with the construction marble material, the laser interaction yielded good 
results. With higher exposure time, variation in scanning speed and higher power 
values, the microcracks developed further, leading to a complete fracture of the 
sample. Better penetration ability was observed visually. 

A decoration marble sample was selected to check the feasibility of employing 
an optical microscope for analyzing penetration depth. Deng et al. [9] highlighted 
the influence of laser scan shape on the drilling performance. They found the rect-
angular shape to be better in material removal. Hence, referring to the same, in
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the present work, the material removal capability of different laser-processed zone 
shapes was analyzed qualitatively, as depicted in Fig. 4. A laser power of 1500 W 
and a 600 mm/min scanning speed was used for laser processing all three shapes. 
These values were selected as they yielded better results in the case of boulder 
and construction marble samples. The optical microscope was employed to check 
the prospect of analyzing the drilling performance of LASER for laboratory-scale 
samples. However, the objective of using optical microscopy for depth measure-
ment was not successful. It is useful in measuring the drilling diameter and scan 
shape dimensions obtained during laser interaction. However, measuring the depth 
of penetration was not effective. 

The performance of LASER in drilling different samples presented here may 
depend on the hardness of the sample, mineral content, heterogeneity, thickness, 
and porosity of the sample. Further investigations are proposed to be carried out for 
characterizing the samples using Brinell hardness tester, X-ray diffraction (XRD), 
and scanning electron microscopy (SEM) to have a deeper understanding of the 
influence of laser power and material properties drilling depth. 

In addition to the above results, using a 2.5 kW continuous mode CO2 laser 
for ablating the discussed samples harmed the condenser lens of the machine. The 
reflections from the samples lead to unavoidable partial fuming of the lens, as shown 
in Fig. 4. Further scanning of samples with reflective nonlinear surface profiles 
can lead to fume leakage, which is fatal and hazardous. Apart from reflections, 
the fume formation and spreading can also be attributed to the nonlinear uneven 
surface profile of irregular-shaped materials like boulders and marbles. The same 
may happen for future targeted rock materials for further investigations. Hence, 
the proper profiling of the sample surface for scanning must be taken care of for 
laboratory-scale investigations. 

The current work aimed to investigate the feasibility of laser material processing 
in removing non-metallic materials like boulder and marble using thermal energy 
generation to spall, melt, and vaporize the material. The oil and well drilling indus-
tries are primarily concerned about reducing specific energy consumption while 
increasing the rate and depth of penetration in fossil fields. These vital parame-
ters are co-dependent on multiple factors from the aspect of material properties and 
process parameters. Material properties are anyhow independent factors and are diffi-
cult to control during interactions. However, if optimized, process parameters can be 
controlled as per material requirements and generate excellent possibilities for the 
usage of lasers in rock-drilling applications. The parametric analysis from available 
literature and the present work implies a trade-off situation for finding an optimal 
balance between laser power, exposure/irradiation time, and scanning speed. Hence, 
the trade-off must be dealt with through further investigations of material interaction 
and process parameters. A combinatorial approach for developing comprehensive 
geo-mechanical and physics-driven models must be employed. Such comprehensive 
models can effectively contribute to the economic viability of employing lasers in 
oil and gas well industries.
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4 Conclusions 

In conclusion, there are a few crucial observations enlisted as following.

• Multiple passes of laser are required in boulder material for producing a thorough 
drill. Pulse mode lasers are expected to provide better laser power and repetition 
control. Investigating the influence of using a laser beam in a continuous and pulse 
mode on the material removal shall provide better insight into this.

• During laser-rock interaction, different stages are observed as thermal heating, 
spallation, melting, and vaporization. The laser processing parameters need opti-
mization concerning the temperature zones of these stages. Different materials 
may have different temperature ranges depending on their mechanical and thermal 
properties. Thermal analysis of different rock samples using a thermocouple or 
IR camera can provide information regarding the same.

• The optical phenomena such as scattering, radiation, and absorption depend on 
color contrast and define the total effective energy during the interaction. They 
are material dependent. Hence, material for laser interaction should be selected 
accordingly, considering the optical coefficient values.

• Optical microscopy fails to measure the penetration depth for laboratory-scale 
rock samples due to non-uniform beam distribution over irregular rock surface 
profiles.

• The irregular surface profile of rocks adversely affects the machine’s condenser 
lenses, leading to unavoidable fume spread inside the lens. This can be taken care 
of by surface profiling of the samples and using regular-shaped samples with even 
surfaces for laboratory-scale investigations with continuous mode CO2 lasers. 
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Summary of Efforts in Phase Prediction 
of High Entropy Alloys Using Machine 
Learning 

Swati Singh , Shrikrishna Nandkishor Joshi , and Saurav Goel 

1 Introduction 

Conventional alloys made from iron, aluminium, titanium, magnesium, and many 
others are prepared by mixing one or sometimes two principal elements with some 
secondary alloying elements in small proportions. Cantor alloys also recognized 
now as high-entropy alloys shows a unique characteristic that by mixing at least five 
metallic elements such that when the mixing percentage vary from 5 to 35% in an 
equimolar composition produces a single solid-solution phase which is crystalline 
in nature [1]. By virtue of this, HEAs offer high specific strength [2, 3], excellent 
stability at high temperatures, exceptional ductility [4], and high corrosion resistance 
and others [5]. Unlike conventional alloys, HEAs possess a trend of ‘stronger being 
more ductile’ [6, 7]. 

Cantor suggests that as many as ~ 108 varieties of HEAs can be developed 
using 44–64 elements from the chemical periodic table [8]. Many of these HEAs 
are yet to be synthesized in the lab and Yeh [9] suggests that “still a lot more 
treasure exist in non-equimolar HEAs”. In developing an alloy, a considerable
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Fig. 1 a Illustrative architecture of ML, b classification of ML algorithms on the basis of supervised, 
unsupervised, and reinforcement learning [12–14]. Circle on Random forest is done to highlight 
that this method was used in this paper to present a case study 

number of input parameters such as its composition, synthesis route, processing 
window, temperature, heating/cooling rate are required to obtain its crystallographic 
information and mechanical, electrical and functional properties of interest. Thus, 
relying on traditional laboratory experiments for novel material discovery can be 
very time-intensive. 

Machine learning (ML) has emerged as a sophisticated and reliable technique 
in replacing repetitive laboratory experiments and computational simulations such 
as Density Functional Theory (DFT) and Molecular Dynamics (MD) [10]. DFT 
method predicts material properties using quantum mechanics and can at times be 
erroneous [11]. MD on the other hand analyse atoms by numerically solving Newton’s 
equations of motion [12]. MD continues to suffer from the drawback on having 
reliable interatomic potential functions. Thus, ML provides a robust alternative tool 
based on the reliance of historical data and a mathematic way by pattern recognition 
technique. This in turn enhances our ability to extract salient features from within 
the data which are otherwise not readily visible even to an experienced researcher. A 
summary of various ML algorithms currently being used is shown in Fig. 1a which 
formed the core of this paper. 

1.1 ML Algorithms 

ML algorithms are broadly classified into three categories based on their type of 
learning, namely supervised, unsupervised, and reinforcement learning shown in 
Fig. 1b [13, 14].
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1.1.1 Supervised Learning 

As the name suggests, supervised ML algorithms are taught by providing a labelled 
dataset that includes input and output variables. The objective of supervised learning 
is to map input (x) and output (y), using a linear or nonlinear function, for instance, 
y = f (x) [14]. 

1.1.2 Unsupervised Learning 

In unsupervised ML algorithms, unlabelled dataset is used to train an algorithm, 
where inputs are not labelled with the correct outputs. The goal is to model the 
underlying structure or to discover the patterns in the data. The unlabelled data in 
the unsupervised learning is used to train algorithms for clustering and association 
problems. 

1.1.3 Reinforcement Learning 

Reinforcement learning is based on reward or punishment methods, where an agent 
learns to perceive and interpret its complex environment; it takes actions and learns 
through the trial-and-error method. It is devised to reward the desired behaviour 
by assigning a positive value to encourage the agent and punishing the undesirable 
behaviour by assigning negative values to penalize the agent. An agent either gets 
an award or a penalty based on the actions it performs, and the ultimate goal is to 
maximize the total reward. Over time, the agent learns to avoid the negative and seek 
the positive, thus learns the ideal behaviour to optimize its performance. 

Current study focuses on a supervised ML algorithm, as the labelled data is 
employed for phase prediction of HEAs. A detailed description of all supervised 
ML algorithms has been discussed in Table 1.

1.2 Literature Review 

Recently, there has been a surge in the number of publications on phase predic-
tion of HEAs using various ML techniques. Islam et al. [15], Huang et al. [16] and 
Nassar et al. [17] employed neural networks in their study for phase prediction of 
HEAs and observed an average accuracy of 83%, 74.3%, and 90%, respectively, by 
using a relatively smaller number of datasets. These models considered five physical 
parameters namely mixing entropy (ΔSmix), valence electron concentration (VEC), 
atomic size difference (δ), mixing enthalpy (ΔHmix), and electronegativity differ-
ence (Δχ ). Choudhury et al. [18], used a random forest regression algorithm for the 
classification of different phases and crystal structures and obtained an accuracy of
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91.66% for the classification of phases and 93.10% for the classification of different 
crystal structures, respectively. 

To significantly improve the phase prediction accuracy, Risal et al. [19], compared 
Support Vector Machine (SVM), K-Nearest Neighbour (KNN), Random Forest (RF) 
classifier, and Multi-layer perceptron (MLP). KNN and RF Classifiers performed 
most effectively and obtained the test accuracy of 92.31% and 91.21%, respectively,

Table 1 A list of important supervised ML algorithms 

Algorithms Category Description of the 
method 

Advantages Limitations 

Linear 
regression 

Regression It correlates one 
independent 
variable and one 
dependent 
variable using a 
straight line 

Easy to 
implement and 
understand, and it 
can extrapolate 
beyond a specific 
dataset 

Assumes that 
dependent 
variables and 
independent 
variables are 
linearly related. 
Highly prone to 
noise and sensitive 
to outliers 

Polynomial 
regression 

Regression Linear regression 
shows under 
fitting for 
nonlinear data, 
thus a new nth 
degree 
polynomial 
function is used 
to relate the 
independent and 
dependent 
variables 

Capable of 
accommodating a 
wide range of 
functions 

A correct 
polynomial 
function needs to 
be selected for 
better fitting of all 
the data points. It 
is more sensitive 
to outliers; even 
one or two outliers 
can significantly 
affect the outcome 

Support vector 
machine 

Regression and 
classification 

It selects a 
decision 
boundary that 
best separates two 
different groups 
and predicts 
whether a new 
data falls into one 
category or the 
other 

SVM performs 
well for high 
dimensional data 
as it provides 
various Kernels 
such as linear 
kernel, nonlinear 
kernel, 
polynomial 
kernel, Gaussian, 
radial basis 
function (RBF), 
and sigmoid 
kernel. It best 
suits binary 
classification 
problems 

Performs poorly 
for overlapped 
classes. The 
selection of an 
appropriate Kernel 
and 
hyper-parameter is 
complex and 
problematic. A 
large dataset 
requires a long 
time for training

(continued)
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Table 1 (continued)

Algorithms Category Description of the
method

Advantages Limitations

K-Nearest 
neighbour 

Classification Depending on the 
nearest 
neighbour, it 
classifies a new 
sample into one 
class out of 
several classes, 
separated 
depending on the 
type of data 

Simple and easily 
accommodates 
itself when 
exposed to new 
data. Multiclass 
classification can 
be easily solved 

It essentially 
requires feature 
scaling, performs 
poorly on 
imbalanced data, 
and cannot handle 
outliers and 
missing values 

Naïve Bayes Classification It is based on 
‘Bayes theorem’, 
assuming that no 
features are 
dependent and 
each feature is 
given the same 
weightage. It can 
classify data into 
several categories 
following the 
highest 
possibility 

Simple and useful 
for vast datasets. 
It is insensitive to 
irrelevant 
features. Very 
fast, scalable, and 
effective for 
multiclass 
classification 
problems 

Its application in 
the real world is 
limited because it 
assumes that all 
the features are 
independent and 
each feature 
makes an equal 
contribution 

Logistic 
regression 

Regression An efficient 
method for binary 
and linear 
classification 
problems, it 
calculates 
probability from 
logistic 
regression 
equation to 
calculate the 
relationship 
between input 
variable and one 
or more output 
variables 

It is simple, 
effective, and 
does not require 
feature scaling or 
hyper-parameter 
tuning 

It performs poorly 
for nonlinear, 
irrelevant, and 
highly-correlated 
data

(continued)
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Table 1 (continued)

Algorithms Category Description of the
method

Advantages Limitations

Decision tree Regression and 
classification 

Creates a tree-like 
structure 

It is easy to 
visualize and 
interpret the 
results 

It is data-sensitive, 
which means the 
outcome might 
change 
significantly on 
changing data 
slightly, and it is 
prone to 
overfitting 

Random forest Regression and 
classification 

It takes votes 
from various 
decision trees for 
classification, and 
the average of all 
votes for a 
regression task 

It can smoothly 
tackle the highly 
correlated 
features. It easily 
handles missing 
values, a large 
amount of data, or 
even imbalanced 
data and reduces 
the chances of 
overfitting, as the 
final decision 
depends on the 
decision of 
multiple trees 

It is difficult to 
interpret its inner 
working; appears 
as a black box 

Artificial neural 
network 

Regression and 
classification 

It is similar to 
human brain 
functioning and 
connects neurons 
to pass 
information 

Performs well 
even with 
incomplete data. It 
works efficiently 
in recognizing 
patterns 

Its functioning 
depends on the 
processing power. 
No specific rules 
are defined for 
selection of 
neurons or hidden 
layers. It is truly a 
black box 
algorithm

whilst SVM and MLP provided satisfactory performance with accuracies greater 
than 90%. Several similar studies have recently reported about the phase prediction 
and various mechanical properties which are summarized briefly in Table 2.

From the aforementioned literature, the random forest algorithm was observed to 
be the most prominently used algorithm in phase prediction studies, due to its high 
predictive performance. Therefore, the present study used random forest algorithm 
with the motive of correctly classifying each phase of HEAs for an imbalanced 
dataset. Scarce studies on the interpretation of the inner-working of an algorithm have 
been found in the literature. Thus, an additional attempt to decipher the black-box 
nature of the employed random forest algorithm has also been made using SHapely 
Additive exPlanation (SHAP) technique.
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1.3 Data Source 

A dataset of 1360 HEA samples was used to classify different phases of HEAs [30]. 
This dataset was observed to be highly imbalanced, as it contained 463 Intermetallic 
(IM), 441 BCC solid-solution (BCC_SS), 354 FCC solid-solution (FCC_SS), and

Table 2 Application of various ML algorithms in material science 

Reference Supervised ML method Brief description Success rate/Accuracy 

Tancret et al. [20] Gaussian processes (GP) 
+ CALPHAD 

Study on formation of 
single-phase 
solid-solution by 
considering the 
previously proposed 
empirical rules such as 
Hume-Rothery rules, 
basic thermodynamic 
concepts, and 
CALPHAD 

63–80% 

Islam et al. [15] Neural network Classification of 
solid-solution, 
intermetallic, and 
amorphous phase 

83% 

Huang et al. [16] Comparison of k-nearest 
neighbour (KNN), 
support vector machine 
(SVM), and artificial 
neural network (ANN) 

Solid-solution, 
intermetallic or mixed 
solid-solution and 
intermetallic phase 
formation study 

SVM—64.3%, 
KNN—68.6%, 
ANN—74.3% 

Choudhury et al. 
[18] 

Random forest Phase selection and 
crystal structure 
prediction study 

91.66% for phase and 
93.10% for crystal 
structure prediction 

Li et al. [21] Support vector machine 
(SVM) 

Classification of BCC, 
FCC, and other phases 
not forming single phase 
solid-solution in 
CoCrFeMnNi HEA 

96.55% training 
accuracy and 90.69% 
validation accuracy 

Qi et al. [22] Random forest A phenomenological 
method to predict phases 
of high-entropy alloys 
using phase diagram 
data 

> 80% 

Zhou et al. [23] Comparison of artificial 
neural network (ANN), 
convolutional neural 
network (CNN), and 
support vector machine 
(SVM) 

Design rules for 
different phases 
(solid-solution (SS), 
amorphous (AM), and 
intermetallic (IM)) of 
high-entropy alloys 

Accuracy of ANN 
model—98.9% for 
AM phase, 97.8% for 
SS phase, and 95.6% 
for IM phase

(continued)
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Table 2 (continued)

Reference Supervised ML method Brief description Success rate/Accuracy

Agrawal et al.  
[24] 

ANFIS—Adaptive neuro 
fuzzy interface system 

Classification of 
different phases of 
HEAs, using two 
approaches, one 
considering composition 
(composition-based 
model) as the inputs, 
whilst the other 
considering a set of six 
crucial parameters 
(parametric based 
model) in the formation 
of HEAs 

84.21% for 
composition-based 
model, 80% for 
parametric-based 
model 

Abdoon et al. 
[25] 

Deep neural networks 
(DNNs) 

Phase prediction of 
HEAs to design alloys 

90% 

Dai et al. [26] Logistic regression Phase prediction study 
on 407 data of 
high-entropy alloys 
using feature 
engineering 

86% accurate with 9 
descriptors 

Kaufmann and 
Vecchio [27] 

Random forest High-throughput 
“ML-HEA” prediction 
of solid-solution 
forming-ability for 
HEAs by coupling 
thermodynamic and 
chemical features 

(94% for binary) and 
(82.1% for ternary), 
when compared to the 
predictions from 
CALPHAD 

Zhang et al. [28] Support vector machine 
(SVM) model using four 
feature variables and 
Kernel principal 
component analysis 
(4 V-KPCA) 

Phase prediction using 
relationship between 
phases and nine 
thermodynamics 
properties of 
high-entropy alloys 

Testing 
accuracy—0.9743 

Buranich et al. 
[29] 

Linear regression (LR), 
Random forest (RF), and 
Gradient boosting 
regression (GBR) 

Designing and screening 
of new HEAs for 
application in 
mechatronics industry 

Highest accuracy 
(above 91%) for GBR 

Risal et al. [19] SVM, KNN, RF 
Classifiers, and ANN 

Phase prediction of 
HEAs with an aim to 
significantly improve 
the phase prediction 
accuracy 

KNN—92.31%, 
RF—91.21%, SVM 
and ANN—90%

(continued)
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Table 2 (continued)

Reference Supervised ML method Brief description Success rate/Accuracy

Nassar et al. [17] Two neural networks: 
NN1 (considering only 
the compositional data), 
and NN2 (considering 
Hume-Rothery (HR) 
features along with the 
compositional data) 

Phase prediction of 
HEAs 

NN1—92%, 
NN2—90% 

Machaka et al. 
[30] 

Decision tree (DT) 
classifier, and Random 
forest (RF) classifier 

Phase prediction of 
high-entropy alloys 

DT—73%, RF—85% 

Bhandari et al. 
[31] 

Random forest Yield strength prediction 
at the desired 
temperature for HEAs 

93–97%, when 
compared with the 
experimental report for 
validation 

Lee et. al. [32] Regularized deep neural 
network (DNN) model 

Identification of the key 
design parameters for 
enhancing the 
performance of phase 
prediction of HEAs. 
Furthermore, to 
overcome the problem 
of data shortage, a 
conditional generative 
adversarial network 
(GAN) was employed to 
generate more data 

84.75%, 93.17% 
(when augmented by 
GAN) 

Zeng et al. [33] eXtreme Gradient 
Boosting (XGBoost) 
method 

Phase selection rules for 
identification of single 
and mixed-phase 

> 90% 

Krishna et al. 
[34] 

Performance comparison 
of logistic regression 
(LR), decision tree (DT), 
support vector machine 
(SVM), random forest 
(RF), gradient boosting 
classifier (GB), and 
artificial neural network 
(ANN) 

Phase prediction in 
multiphase alloy system 

LR—62.89%, 
SVM—83.02%, 
DT—77.99%, 
RF—82.39%, GB 
Classifier—81.13%, 
ANN—80.50%

102 mixed (FCC + BCC) phase. Five crucial features such as valence electron 
concentration (VEC), electronegativity difference (Δχ ), atomic size difference (δ), 
mixing enthalpy (dHmix), and mixing entropy (ΔSmix) calculated by Miedema’s 
model were used as input parameters in the dataset. The ML modelling frame-
work for the classification of four different phases of HEAs are demonstrated in 
Fig. 2, where data preprocessing is performed to detect outliers and missing values, 
and then feature scaling was performed to scale down the data into a finite range.
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Fig. 2 ML modelling framework for phase classification of high-entropy alloys (HEAs) 

The data was then divided into training and test sets (80:20) for the training (1088 
HEA samples) and testing (272 HEA samples) purpose of the model. Random forest 
classifier (RFC) was employed using the scikit-learn library in Python, and further 
training and testing was performed to evaluate the performance of the RFC model. 

1.4 RFC Model Performance 

RF is an ensemble of various decision trees (tree-like structures) based on various 
subsets of the given dataset. For a classification task, it takes votes from various deci-
sion trees and makes a final prediction on the basis of majority votes. It is more accu-
rate compared to a single decision tree algorithm, as a large number of trees improve 
its performance and makes the prediction more stable. The performance of RFC 
model has been evaluated using a confusion matrix and classification report. Confu-
sion matrix provides the number of correctly predicted and incorrectly predicted 
classes for each phase [35]. Classification report on the other hand provides preci-
sion, recall, f1-score, average classification accuracy, and weighted average accuracy. 
Out of 272 HEA samples from the test data, 93 samples belong to class 0, i.e. IM 
phase, 88 samples belong to class 1, i.e. BCC phase, 71 samples belong to class 2, i.e. 
FCC phase, 20 samples belong to class 3, i.e. FCC + BCC mixed phase, as shown 
in classification report in Fig. 3a. The confusion matrix in Fig. 3b demonstrates the 
correctly and incorrectly classified phases, for example out of a total of 93 samples 
of IM phase, only 72 samples were correctly classified as IM phase, remaining 13 
samples were misclassified as BCC phase, 5 samples were misclassified as FCC 
phase and 2 samples were misclassified as FCC + BCC phase. Similarly, the classi-
fication of each phase can be observed. Apart from an average classification accuracy 
of 86%, the precision, recall, and f1-score for all four phases were investigated in 
the classification report.
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Classification report 
(a) (b) 

Fig. 3 a Confusion matrix, b classification report for RFC model in classification of IM, BCC, 
FCC, and FCC + BCC phase 

Training accuracy, test accuracy, ROC_AUC_Score, and tenfold cross-validation 
ROC_AUC_Score were evaluated and shown in Table 3. The Receiver Operating 
Characteristic_Area under Curve (ROC_AUC) score ensures better performance 
of model in predicting different classes of HEAs. tenfold cross-validation was 
performed to avoid overfitting, where the complete dataset is divided into ten equal 
folds. Each time, the model was trained with 9 of those folds and the remaining 
onefold was used for the testing purpose, and the procedure was repeated ten times, 
by reserving a different tenth fold each time for testing the model. This measure 
ensured the effectiveness of the model and that the RFC model was not overfitting. 
The reported training accuracy of 90.9% and testing accuracy of 85.23%, suggested 
that the model was successfully classifying different phases of HEAs. The differ-
ence in the training and test accuracy indicated that the data used to train and test 
the RFC model was slightly different, which means that the RFC model is capable 
of predicting phases successfully, even for the unseen data points that have not been 
used in the present study. 

Furthermore, the interpretation of RFC model was performed using SHAP tech-
nique, to understand which physical features were influential in governing phases 
of HEAs. SHapely Additive exPlanation (SHAP) technique has emerged as break-
through in the field of ML for easy interpretation and explanation of a complex 
model’s prediction; published by Lundberg and Lee in 2017 [36]. SHAP value aims 
to explain the prediction of an instance by considering the contribution of each feature

Table 3 Comparison of 
various ML algorithm 
performance 

S. No. Algorithm Accuracy 

1 Support vector machine 0.79 

2 Decision tree classifier 0.81 

3 Random forest classifier 0.86 

4 XGBoost classifier 0.83 



54 S. Singh et al.

Fig. 4 Feature importance plot for RFC model using SHAP 

Table 4 RFC model 
performance 

S. No. Evaluation Model performance 

1 Training accuracy 0.909672 

2 Test accuracy 0.856088 

3 ROC_AUC_Score 0.964626 

4 Tenfold cross-validation 
ROC_AUC_Score 

0.90311

in making a certain prediction at global as well as local levels. From this analysis, 
VEC was found to play most crucial role in determining FCC, BCC, and mixed FCC 
+ BCC solid-solution phases whilst mixing enthalpy (dHmix) was found important 
in determining the formation of solid-solution or an intermetallic phase, as shown in 
Fig. 4. Tables 4 and 5 show the RFC model performance and cross-validation score 
in each fold of tenfold cross-validation respectively. 

2 Conclusions 

The RFC model developed in this study had successfully and reliably predicted 
BCC, FCC, intermetallic, and FCC + BCC phases in high-entropy alloys. RFC 
model performance was evaluated using various evaluation metrics such as average 
classification accuracy, precision, recall, f1-score, ROC_AUC score, and tenfold 
cross validation ROC_AUC score.
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Table 5 Cross-validation 
score in each fold of tenfold 
cross-validation 

No. of folds Cross-validation score 

Fold 1 0.88633 

Fold 2 0.93082 

Fold 3 0.78310 

Fold 4 0.92372 

Fold 5 0.94252 

Fold 6 0.93863 

Fold 7 0.83451 

Fold 8 0.89151 

Fold 9 0.96391 

Fold 10 0.93750 

Mean value of tenfold cross-validation score: 0.9031 
Standard deviation: 0.0533

The RFC model showed that the two input parameters, namely valence electron 
concentration (VEC) and mixing enthalpies were most influential in determining the 
resulting phase of a given HEA composition. VEC contributed the most in predicting 
the crystal structure of solid solution phases (BCC, FCC, and FCC + BCC) whilst 
mixing enthalpy (ΔHmix) played important role in determining formation of solid-
solution or intermetallic. Thus, this present study leveraged the reliability of applying 
ML techniques in material science without any requirement of performing expensive 
experiments. 
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Conceptual Design of Extrusion Systems 
for Cement Paste 3D Printing 

Shubham Maurya , Biranchi Panda , Uday Shanker Dixit , 
Arun Ch. Borsaikia, and Biswajeet Barman 

1 Introduction 

Three-dimensional (3D) printing of cement-based materials is an emerging digital 
technology, enabling the fabrication of structures layer-by-layer without any form-
work [1–5]. The production parameters in 3D printing can be grouped into two main 
categories: the printer and the mixed design parameters. While all these parameters 
can be altered, it is essential to develop an ecosystem with optimized and improved 
coordination of the 3D printer and the material. A typical 3D printer uses robotic 
or gantry systems, mounted with a print head that extrudes the material layer by 
layer directly from 3D model. There are different extrusion mechanisms studied in 
the literature such as ram extruder, augur screw extruder, cavity pump (progressive 
cavity) extruder, a combination of augur screw with progressive cavity extruder, and 
pneumatic driven extruder [6, 7]. The ram extruders use a driving mechanism to 
drive the plunger to achieve reciprocating movement. The linear movement of the 
ram displaces the material and results in forwarding extrusion as shown in Fig. 1a. 
The working principle of the pneumatic-based extruder is similar except the fact that 
compressed air is used to move the piston as shown in Fig. 1b. The geometry of 
augur screw-based extruder is very simple. It consists of an augur or Archimedes 
screw, and its rotational motion displaces the material in forward direction toward 
the nozzle (see Fig. 1c). Figure 1d shows an extrusion system based on principle 
of a progressive cavity pump. It is made up of helical rotor and double helix stator. 
The stator and rotor are designed in such a way that it forms cavities in between
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and material flows in the cavity toward the nozzle by means of the rotating rotor [8]. 
The flow rate is directly proportional to the rotation speed of rotor. To improve the 
material intake capacity and efficiency, it can be further modified by combining with 
augur screw as shown in Fig. 1e. 

The extruder is the soul of any 3D printer (material extrusion type) and used 
for extruding the material through the nozzle orifice for depositing the material 
layer-by-layer manner. In this paper, a systematic approach is used for converting 
extruder design requirements into a final concept selection using the well-known 
Pugh’s method of concept selection [9–11]. The ultimate goal of conceptual design 
is to select the most desirable concept for smooth and continuous extrusion of the 
cement paste.

Fig. 1 Type of extrusion mechanism: a ram-based, b pneumatic-based, c augur screw-based, d 
cavity pump-based extruder, e combination of augur screw with cavity screw 
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Table 1 Mix proportion of 
3D printable cement paste 

MIX ID Binder HPMC (%binder) Water/binder 

M1 1.0 – 0.32 

M2 1.0 0.1 0.30 

2 Materials 

In this study, ordinary Portland cement (OPC 43 grade) manufactured by Dalmia 
Cement (Bharat) Ltd. was used as binder, while hydroxy-propyl methyl cellulose 
(HPMC) was used (only in M2 mix) as viscosity modifying agent with specific 
gravity of 3.12 and 1.26, respectively. Tap water was used for all the mixtures. The 
binder and water were mixed in three steps with a Borosil Hand Blender. This includes 
slow speed mixing for 1 min, medium speed mixing for 2 min, scraping for 30 s, and 
finally high-speed mixing for 1 min. Many trial mixes were designed to optimize 
the mix proportion with respect to “extrudability” and “buildability” criteria. Table 
1 shows the final mix proportion used for 3D printing testing. 

3 Methodology 

The design of extruder prototype includes several steps like the identification of a 
need, a literature survey of an existing design, the development of the new idea 
for the identified need, the decision of the best idea, and then validation [7]. The 
methodology followed in this paper to design and develop the cement paste extruder 
is shown in Fig. 2.

3.1 Identification of Need 

Before starting design of the extruder, the real needs were established. Digital 
fabrication in the construction industry is growing rapidly due to the advantage 
like design freedom, low production cost, and reduced manufacturing time. In this 
context, the authors understand the need for development of cement paste extruder 
for educational training purposes. This helps in understanding the working principle 
of extrusion-based 3D printer. 

3.2 Consideration of Alternative Designs 

There are different types of paste extruder available with different extruding mecha-
nism; however, “syringe-based” and “augur screw-based extruder” design concepts
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Fig. 2 Methodology used to meet the objective

were considered based on comprehensive literature review. Figure 3 shows the 
schematic of body structure and working mechanism of the two extruder concepts. 
The ram-based extruder uses a nut and bolt (threaded rod) mechanism to convert 
the rotation of motor to linear motion. There are three main components: (1) motor 
mounting and mechanism to transfer the rotation into linear motion (2) syringe holder 
which allows the syringe to be replaced with another syringe (3) syringe with nozzle.

3.3 Prototyping and Testing 

This section describes the development of prototype of final product and testing of 
fabricated model to analyze the working of cement paste extruder. Section 3.3.1 
describes the development of prototype, and Sect. 3.3.2 describes the testing of the 
prototype. 

3.3.1 Prototyping 

Prototype is the pre-launch version of the complete product used for extensive testing 
and trial of the product. While designing the concept, authors used fused deposition 
modeling (FDM) technique to fabricate the components to avoid any design errors.
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Fig. 3 Working mechanism of a ram-based, b augur screw-based extruder

Figures 4 and 5 show the computer-aided design (CAD) and physical model of ram 
and screw-based extrusion concepts, respectively. 

The following components were printed using FDM process to fabricate the 
extruder:

(1) Holding frame (for both the motor and the syringe) 
(2) Plunger 
(3) Plunger holder 
(4) Augur screw

Fig. 4 CAD model and physical model of augur screw extrusion system; a CAD assembly, b 
exploded view of assembly, c physical model assembly



64 S. Maurya et al.

Fig. 5 CAD model and physical model of augur screw-based extrusion system; a CAD assembly, 
b exploded view of assembly, c physical model assembly

(5) Hopper (100 ml) 
(6) Nozzle with different exit diameter. 
(7) Holding frame (augur screw-based design for hopper and motor). 

The remaining parts were obtained from local vendors, which include 150 mm 
ACME 4-start lead screw with lead of 8 mm and pitch of 2 mm with copper nut, a 
100 ml Braun Omniana Syringe (latex-free), and a NEMA 17 geared stepper motor. 
The complete assembly of the components is shown in Figs. 4c and 5c. 

3.3.2 Cement Paste Extrusion Testing 

The selection of motor torque capacity is an essential task to drive the plunger in a 
linear direction to push the material out of the nozzle. Therfore, an experiment was 
carried out with the help of the universal testing machine (UTM) machine to know 
the maximum and minimum force required to extrude the cement paste from the 
extruder. Two syringes were used with and without cement paste material (M1 mix) 
as shown in Fig. 6.

In order to analyze the force required to push the material from the nozzle, linear 
displacement of the piston at a constant ram displacement rate of 20 mm/min was 
applied. It was found that the maximum force required to move the piston inside the 
syringe without cement paste is 39 N, while the maximum force required to push the 
plunger in a syringe with cement paste was 377.76 N against a total displacement of 
62 mm (Fig. 7). After 62 mm, the cement paste becomes too compact by forming 
a dead zone [12] which cannot be extruded. In both of the above cases, the motor 
torque was calculated based on the maximum force by using the following equation 
[13]:
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Fig. 6 Experiment for extrusion force estimation a without and b with paste

Tr = Fdm(L + μπdm sec φ) 
2(πdm − μL sec φ) 

(1) 

where dm is mean diameter of screw (= 7.0 mm), L is lead of screw (= 8 mm, for 
4-start thread used here), μ is coefficient of friction (= 0.15), and φ is half the thread 
angle (= 14.5° for Acme thread used here). 

Based on the maximum torque of 59 kg.cm, NEMA17 geared motor was selected 
for the extruders. This is planetary geared stepper motor with 1:19 gear ratio at rated 
torque of 5.88 N-m at 15 revolutions per minute (rpm). 

Experiments were carried out to analyze the extrudability, buildability, and dead 
zone formation of cement paste in syringe corresponding to different nozzle size 
[12]. The dead zone is the zone in syringe where the materials to be extruded, comes 
to rest and resists the flow of material. The dead zone length must be as short as 
possible for optimal extrusion. It means that the mixture must be extrudable via 
a given nozzle without the need for excessive pressure, as the excessive pressure

Fig. 7 Force versus displacement plot: a without cement paste, b with cement paste 
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affects the properties of the printed substance as well as the cement paste. If the dead 
zone is longer, it results in difficulty in extrusion, wastage of material, and also print 
quality. Thus, it is desirable for printable mixtures to demonstrate shorter dead zone 
lengths and longer plug flow zones. In Fig. 7b, the pressure for extrusion is suddenly 
increased in dead zone region; it is because of effect of consolidation and water 
filtration under the hydrodynamic conditions. Nair et al. [14] defined a geometric 
ratio given by 

ψ = D − dentry 
dentry

(
1 +

/
curved surface area of nozzle 

Aexit

)
(2) 

where D is syringe diameter (= 30 mm), L is nozzle length (L = D), dentry is the 
entry diameter of the nozzle (= 10 mm for both nozzles), dexit is the exit diameter of 
the nozzle (= 4 mm for nozzle N10-4 and 5 mm for nozzle N10-5), and Aexit is the 
exit cross-sectional area. In line with Eq. 2 used by Nair et al. [14], nozzle N10-4 and 
N10-5 with a geometric ratio (ψ) of 16.52 and 14.0, respectively, for syringe were 
considered. The minimum dead zone was observed with nozzle with lower value 
of geometric ratio. The comparison was made between the mix M1 and Mix M2 
for the dead zone length, and it was found that mix M2 will have lower dead zone 
length in both the nozzles. It is because of HPMC, which stops the water filtration. 
As per findings of Nair et al., the dead zone length is lower for the nozzle with low 
geometric ratio, which was also confirmed here. 

The extrudability of ram-based extruder was confirmed by the extruder prototype. 
The motor was controlled by an Arduino microcontroller and stepper motor driver 
by fixing the motor speed to 3 rpm, which results in the linear displacement of the 
plunger with speed of 24 mm/min and flow rate of 5 mm3/s as shown in Fig. 8a. 
For augur screw-based extruder, continuous filament extrusion was observed around 
50 rpm motor speed as shown in Fig. 8b (Fig. 9).

4 Evaluation and Rating of the Design Concepts 

Based on the requirement for cement paste extruder, some criteria in term of 
functionality were set to compare the alternatives. These are briefly described as 
follows:

1. Filament stability: After the extrusion of cement paste filament should be 
stable. Stability of the filament results in proper deposition of material on another 
deposited layer. 

2. Fast fabrication: Extruder components should be assembled easily and 
mounted on the robotic arm quickly, which ensure the time saving. 

3. Bubble-free extrusion: The cement paste extruded from the nozzle should be 
compact with no air bubble with it. This ensures the continuous extrusion of 
material without break in printing.
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Fig. 8 Extrudability testing using a syringe, b screw-based extruder concept 

Fig. 9 Nozzle design used in a syringe, b hopper
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4. Ease to clean: After the application cleaning of the nozzle and other extruders 
should be easy. 

5. Ease to feed the material: Printing material feeding should be easy to ensure 
the continuous printing. 

6. Constant flow: The flow rate and diameter of extruded material from the nozzle 
end should be constant. 

7. Size of extruder: The size of the extrusion system must be in a way that it 
should be installed on a gantry-type robotic system. 

8. Minimum contact: The extruder must be in less contact with cement paste 
which ensures the less dirty parts. 

9. Backflow: It is the flow of material in opposite direction due to back pressure 
caused by reduction in diameter at the nozzle tip. It should be as less as possible 
in extruder because it will stop the extrusion of material and then printing. 

10. Dead Zone: It is the region near the nozzle entry where the material in the 
syringe comes to rest (also called static zone) when the material is forced under 
pressure because of the sudden change in cross-section area at the starting of 
nozzle. The dead zone length is completely dependent on the nozzle, mixture 
microstructural packing, and beneficial rheology. For the cement-based mate-
rials, the dead zone length can be controlled by controlling microstructural 
packing and beneficial rheology, which is desired in this application. 

Each of the chosen criterion of a possible alternative design concept is compared 
with the corresponding criterion of the currently used datum, and the result is recorded 
in the decision matrix as (✓) if more favorable, (×) if less favorable, and (=) if the 
same. The decision on whether a concept is better than the datum is based on the 
analysis of the result of comparison, i.e., the total number of (✓), (×), and (=). The 
decision matrix was prepared and is presented in Table 2.

The total number of “✓” ratings and “×” ratings corresponding to each alternative 
concept were computed in order to rate the concept. Thereafter, an overall net score 
was determined by subtracting the total number of “×” ratings from the total number 
of “✓” ratings, i.e., [Sum (✓) Sum (×)]. Once the overall net score is calculated, the 
concepts were ranked according to the overall net score as shown in Table 2. Based 
on the obtained score, ram-based extrusion system was found to be more effective 
compared to screw-based extruder for paste extrusion, and therefore, “ram-based 
extruder” was further used for 3D printing application. 

5 3D Printing of Cement Paste 

To evaluate the printing capability, the final concept, i.e., ram-based extruder was 
mounted on a custom-made gantry 3D printer as shown in Fig. 10. The printer has 
3 degree of freedom, i.e., the extruder can travel in X, Y, and Z direction. Printing 
speed is crucial when using paste materials rather than thermoplastic filament. Most 
of the non-Newtonian paste-like materials have varied curing times, which means
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Table 2 Decision matrix Selection 
criteria 

1st 
alternatives 

2nd 
alternatives 

Datum 

Stability to 
extrudate 

= = Stable 

Quick 
fabrication 

= = Less time 

Backflow ✓ × No 

Constant flow 
rate 

✓ × Yes 

Bubble-free 
extrusion 

× ✓ Maximum 

Cleaning 
after use 

✓ × Easy 

Feed × ✓ Easy 

Extruder size = = less 

Contact ✓ × Minimum 

Dead zone × ✓ Minimum/less 

Sum (✓) 4 3 

Sum (×) 3 4 

Sum (=) 3 3 

Overall score +1(✓) – 1(×) 

Rank 1st 2nd

the printer only has a limited amount of time to produce a component before the 
substance begins to cure or harden, making processing difficult or impossible [15]. 
The M2 mix was used for printing as it contains HPMC which thickens the paste 
and thereby enables smooth extrusion and stable print quality. In order to verify 
the performance of the developed extruder, square shape designs were printed with 
various infill patterns such as (a) wedge shape and (d) grid shape with a thickness of 
5 mm. The printed designs were shown in Fig. 11.

6 Conclusions 

The conceptual design of cement paste extruder for 3D printing, based on the well-
known Pugh’s method, was very effective for comparing extruder design concepts. 
In light of the approach taken, the syringe-based extruder was found to be more 
suitable for cement paste extrusion compared to screw-based design as confirmed by 
printing trails. In addition to extruder design, material rheology is a key parameter 
followed by nozzle shape and size. Future work can be focused on numerical flow



70 S. Maurya et al.

Fig. 10 3D cement paste printer with developed ram-based extruder 

Fig. 11 3D printed shapes; a square (10 cm × 10 cm × 1 cm) filled with wedge shape-top view, b 
square (10 cm × 10 cm × 1 cm) filled with wedge shape-isometric view, c square 5 cm × 5 cm  × 
4 cm with no infill,  d square (10 cm × 10 cm × 1 cm) with grid shape infill-top view, e square 
(10 cm × 10 cm × 1 cm) with grid shape infill-isometric view
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analysis for better understanding of material flow in the extruder by variable nozzle 
shape and size. 
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Friction Stir Spot Welding of Honeycomb 
Core Sandwich Structure 

A. Kumar , R. Ganesh Narayanan , and N. Muthu 

1 Introduction 

Sandwich honeycomb structures are extensively used in the aerospace and automo-
tive industries due to their excellent bending stiffness and strength [1–4]. A sandwich 
is a composite made up of two faces, or sheets, separated by and joined to a low stiff 
and low dense core. Sandwich cores and skins may be connected with adhesives and 
mechanical fasteners. Although the adhesive bonding gives the benefit of a contin-
uous joint, it is time-consuming and costly due to the extensive surface preparation 
and curing time. Further, toxic chemicals in the adhesive can negatively impact 
human health and the environment [5]. Mechanical deformation of rivet has been 
used to weld sandwich sheets [6]. A hole in the rivet tail develops due to the buckling 
of the rivet tail during the procedure. The residual compressive force is relaxed as 
a result of the hole creation. Fatigue causes joints to loosen. Additionally, in SPR, 
the upper sheet is also deformed non-uniformly. It is also possible to attach the thick 
core to the sandwich panels with mechanical fasteners [7]. However, predrilled holes 
for mechanical fastenings cause stress concentrations in the region through the hole, 
and the consumable fasteners also add weight to the structures. As a result, a new 
way of joining the honeycomb core sandwich sheets must be developed. 

FSSW process is used to join the honeycomb core and sheets. FSSW is a solid-
state joining method where a rotating tool plunges and retracts into overlapping core 
and sheets to form the joint [8–10]. The procedure is carried out in three stages:
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plunging, stirring, and retracting [11]. The plunging stage is divided into two stages: 
In the first stage, the tool rotation is restricted, and the tool movement is allowed 
to plunge up to a certain plunge depth. In the second stage, the rotation of the tool 
starts, and then plunging is done up to a particular plunge depth. The FSSW provides 
several advantages over traditional joining methods, including less distortion, longer 
fatigue life, no consumables required, and environmental friendliness. It is considered 
that various difficulties such as cavity creation and weight addition may be avoided 
by utilizing this procedure for welding. Even though the current analysis includes 
several FSSW parameters, this is a preliminary effort to investigate the effect of 
rotational speed on plunge force, torque, and lap-shear test performance during FSSW 
of sandwich sheets. 

2 The Experimental Process 

This section discusses the methods used for the welding process, specimen prepa-
ration, load and torque measurement during welding, and mechanical testing of the 
welded joint. 

2.1 Specimen Preparations 

The specimen in this study is made from a 0.95 mm thick AA5052-H32 alloy sheet 
and a 6 mm thick honeycomb core made of AA3003 alloy. Honeycomb core is sand-
wiched between two AA5052-H32 sheets to create the sandwich sheet. No adhesive is 
used at any point of contact to prevent the adhesive from affecting the joint behavior. 
The metallic sheets are sheared into suitable dimensions using a leg shearing machine 
and a hand shearing cutter for the honeycomb core. Figure 1 shows the dimensions 
of the lap-shear specimen schematically.

2.2 Welding Joint Preparations 

The FSSW joints are produced using a vertical type three-axis friction stir welding 
machine (FSW). Acetone is used to thoroughly clean all surfaces of metallic sheets to 
eliminate dirt and oil. All of the relevant specimen pieces are overlappingly arranged 
on the bed of the machine. There is no movement in any direction since the specimen 
is completely clamped. As shown in Table 1, three separate parameter sets are used for 
the joining. Only the rotational speed varies between 233, 342, and 462 revolutions 
per minute. Other parameters such as plunge speed, dwell time, and plunge depth are 
maintained constant. FSSW joints are made using a straight cylindrical pin having a
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Fig. 1 Lap-shear specimen (all dimensions are in mm)

Table 1 Parameters used during welding 

S. No. Rotational speed 
of the tool (rpm) 

Plunge depth of 
the tool (without 
rotation) (mm) 

Plunge depth of 
the tool (when 
rotation starts) 
(mm) 

Tool plunge 
speed (mm/min) 

Dwell time (s) 

1 233 6.2 1.5 2 5 

2 342 6.2 1.5 2 5 

3 462 6.2 1.5 2 5 

flat shoulder shape. The pin diameter, shoulder diameter, and pin length are 5 mm, 
16 mm, and 1.5 mm, respectively. 

2.3 Load Response Measurement 

The load cell mounted to the machine measures the load and torque responses. During 
the procedure, four separate indices are monitored continuously against time. The 
variables to consider are rotational speed, axial tool movement, torque, and axial 
load. The variation in all indexes is displayed against time to show the effect of the 
process parameters.
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2.4 Mechanical Performance 

The produced joint is tested using a lap-shear test on a 100 kN capacity electro-
mechanically operated Universal Testing Machine (UTM) (model: INSTRON-8801). 
The crosshead speed is held constant at 1 mm/min, and the test is performed at 
room temperature. Sandwich load–displacement behavior is obtained at three rotating 
speeds. 

3 Results and Discussions 

The variation in the load and the torque during the FSSW of the sandwich is inves-
tigated in this section. The joint performance of the welded sandwich structure is 
compared and correlated at three different rotational speeds by the lap-shear test. 
Lastly, the fracture behavior is studied on the fractured surfaces of the lap-shear 
tested sandwich structures. 

3.1 Load and Torque Response 

The load and torque responses with time during welding are plotted in Fig. 2. These 
graphs are plotted during plunging with the tool rotation. The plunging or axial 
load decreases with the increase in the rotational speed as the flow stress decreases 
at increased temperatures. In comparison, the maximum welding torque increases 
with the increase in the rotational speed. The maximum load of 489 N is reached at 
233 rpm, while the maximum torque of 233 N-mm is obtained at 462 rpm. There is 
a fluctuation in both plunging load and torque during welding; it occurs because of 
the breaking of the honeycomb core into tiny particles as the honeycomb core has a 
significantly lower wall thickness of 0.08 mm.

3.2 Lap-Shear Performance 

Joint strength is represented in the FSSW in terms of failure load since the actual area 
of load-bearing is unknown. The load–extension behavior of the honeycomb core 
sandwich structure in the lap-shear test at three rotational speeds is shown in Fig. 3. 
The maximum fracture load of 1338 N is obtained at 462 rpm, whereas the lowest 
fracture load of 350 N occurs at 233 rpm. The fracture load and failure displacement 
are increasing with rotational speed, and at all rotational speeds, the displacement 
during the failure is approximately in proportion to the highest load. This is associated
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Fig. 2 Variation of the axial load and the torque during the FSSW

with the elongation of the welded part. FSSW joints with higher shear strength can 
be highly ductile, whereas poorly welded joints have lower ductility [12]. 

Figure 4 shows the failure modes after lap-shear tests. Nugget pull-out and shear 
failures are both types of failure encountered. A shear fracture mode is observed 
at a rotational speed of 462 rpm; however, nugget pull-out failure occurs at 233

Fig. 3 Load evolution during lap-shear test of the FSSW welded sandwich structure 



78 A. Kumar et al.

233 rpm 342 rpm 462 rpm 
U

pp
er

 sh
ee

t 
L

ow
er

 sh
ee

t 

Nugget pull out Shear fracture 

Fig. 4 Failure modes during lap-shear test 

and 342 rpm. All plates and core are separated at lower rotational speeds (233 and 
342 rpm), while the core is attached to the top sheet at the highest rotational speed, 
462 rpm. 

4 Conclusion 

The honeycomb core sandwich structure is successfully joined by the FSSW process 
considering the three rotational speeds, 233, 342, and 462 rpm. The load and torque 
requirements during FSSW and the lap-shear test results and their fracture pattern 
are compared for analysis. Based on the results, the following conclusions can be 
drawn: 

(a) With increased rotational speeds, the plunging load decreases as the flow stress 
decreases, whereas welding torque increases. 

(b) The lap-shear test shows that the highest fracture load of 1338 N is obtained at 
462 rpm, whereas the lowest fracture load of 350 N is at 233 rpm. The fracture 
load and failure displacement both increase with rotational speed. For all rota-
tional speeds, the displacement during the failure is approximately proportional 
to the highest load. 

(c) The lap-shear analysis revealed nugget pull-outs and shear failures. The shear 
fracture mode is observed at a rotational speed of 462 rpm, and nugget pull-out 
failure is observed at 233 and 342 rpm.
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Low-Cost La(III)-Bentonite@Chitosan 
and La(III)-Bentonite@Polysulfone 
Composite Beads for the Removal of Dyes 
and Phosphate from Water Bodies 

Moucham Borpatra Gohain, Diksha Yadav, Sachin Karki, Kongkona Gogoi, 
and Pravin G. Ingole 

1 Introduction 

Phosphate, dyes, and metal ions are some of the most toxic pollutants in water bodies 
due to their acute toxicity, carcinogenicity, and non-biodegradable nature. Nowadays, 
water scarcity has become a worldwide problem due to increasing world population, 
rising high living standards, and the need for clean water has pushed for immediate 
solutions [1]. Moreover, in the whole world, water scarcity is being observed as a 
present and future risk to human activity [2, 3]. According to the United Nations 
of Environment Programme (UNEP), 80% of the water in global is untreated and 
contains almost everything from human waste to industrial toxic discharge [4]. The 
water serves for drinking and other purposes; thus, the contaminated/polluted water 
has a direct impact on our habitat, and it is also dangerous for aquatic life. Pathogens 
(human and animal waste), organic matter, chemical pollution, and salinity are the 
major pollutants in water, and many of these kinds are severely dangerous to us [5, 6]. 
This waste generally contains toxic heavy metal ions, phosphate, and dyes present in 
it, and these ions contaminate the water for a long time and promote water pollution. 
With increasing clean water requirements and to meet its high demand, affordable 
water treatment is necessary. There are several choices for cleaning water and using 
polymeric composite beads for separating the impurities (phosphate and dyes) is an 
interesting option.
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Polysulfone (PSf) comes under the class of thermoplastics that have excellent 
thermal, chemical, and mechanical stability which makes it a strong candidate for 
the preparation of solvent-impregnated beads by the phase inversion method [7–11]. 
Polysulfone is easily dissolved in N,N-dimethylformamide (DMF) with immersed 
stirring under heating conditions. There are several reported beads based on polysul-
fone (PSf) and chitosan types of polymer and biopolymer, respectively. Chitosan is 
the material which is largely useful for the removal of heavy metal ions, dyes, phos-
phate, etc., from industrial wastewater. The use of chitosan as a bio-adsorbent also 
provides value addition to the water purification system [12]. Over the traditional 
methods, the chitosan-based water treatment methods are highly cost-effective and 
safe for the removal of phosphorus using chitosan/Ca-organically modified mont-
morillonite beads [13]. Due to the various advantages of chitosan as an environment-
friendly, economical bio-sorbent, we used it in the current study for the removal of 
phosphate and dye molecules. As we know the removal of dyes from the wastewater 
is a great challenge and there are various methods or technologies/processes for it like 
biological [14], chemical [15], photocatalytic [16], ozone treatment [17], membrane 
[18, 19], and adsorption [16, 20]. Compared with the several reported methods clay-
based adsorbents like montmorillonite (MMT), palygorskite, and bentonite have 
attracted more because of their low cost and availability in a wide range [21–23]. 

Here we have used bentonite as it is easily available and its nonmetallic mineral 
has a 2:1 type crystal structure composed of two tetrahedrons sandwiched by a layer 
of Al-oxide. It is having good cation exchange and adsorption capacity; due to these 
advantages, we used it for the removal of phosphate and dye molecules along with 
lanthanum doping. In this work, two types of composite beads have been prepared 
and applied for the sorption of dyes and phosphate under analogous experimental 
conditions. Considering the advantages mentioned above of bentonite, chitosan and 
polysulfone we applied it to make the composite beads with modification in internal 
microstructure and surface morphology by incorporating an additive, namely La-Bnt. 
The developed La-bentonite@polysulfone beads were characterized with various 
physiochemical characterization techniques like thermogravimetric analysis (TGA), 
Fourier transforms infrared spectroscopy (FTIR), and field emission scanning elec-
tron microscopy (FE-SEM). Additionally, Chitosan gel beads have also been prepared 
and tested and data has been reported in this paper. 

2 Experimental Methodology 

2.1 Materials 

The chemical reagents used in the experiments are PSf (Polysulfone; Mw ~ 
30,000) purchased from M/s Sigma Aldrich Chemical Company, USA, DMF solvent, 
chitosan nanopowder, lanthanum nitrate, and potassium dihydrogen phosphate 
(KH2PO4) purchased from Merck. The methyl violet (MV) dye was brought from
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TCI Co. Ltd. NaOH, HCl, bentonite were purchased from SRL. The deionized water 
(DI) was obtained from the millipore available in our laboratory at CSIR-NEIST. 
Most of the chemicals were analytical grade and used directly. 

2.2 Preparation of La-Bentonite (La-Bnt) 

The same method used by Zhang et al. is implemented for the preparation of La-Bnt 
[24]. First, the bentonite was calcined by a muffle furnace for 2 h and impregnated 
into a 5% HCl solution to activate it. Then further washed with deionised water until 
pH gets neutral and later dried under vacuum. Furthermore, to make it La-Bnt, 0.5 g 
treated bentonite was added to an aqueous solution of lanthanum nitrate (0.3 wt%). 
Later the solution pH is adjusted to ~ 10 with NaOH solution (2 M). Then after 
a standstill for 12 h, the formed blending was washed with deionized water until 
neutral pH and calcinated at 500 °C. The obtained sample was noted as La-Bnt. 

2.3 Preparation of La(III)-Bentonite@Polysulfone Beads 

With La-Bnt nanomaterial, polysulfone beads were prepared. An 18% polysulfone 
(PSf) with 0.1 wt% of La-Bnt nanomaterials in DMF was prepared by continuously 
stirring on a magnetic stirrer at 600 rpm and 70 °C temperature. After that, the solution 
was kept for a while to get cool down so that if any moisture was present, it will get 
away and no air bubbles will be left in the polymer solution. The polymer solution was 
then filled into the syringe and dropped into a coagulation bath (water bath) dropwise. 
This causes the polysulfone to solidify as a result of the phase inversion method and 
occurs the formation of La(III)-bentonite@polysulfone composite beads. The beads 
were kept in the deionized water for 1 h to remove the remaining solvent and then 
dried for 48 h at room temperature. Figure 1 represents the fabrication process of 
La(III)-bentonite@polysulfone composite beads.

2.4 Preparation of La(III)-Bentonite@Chitosan Beads 

Chitosan beads were prepared by incorporating La-Bnt nanoparticles, and the fabri-
cation process used for the preparation was somewhat different in comparison with 
polysulfone-based beads. Figure 2 represents a schematic diagram of preparing 
La(III)-bentonite@chitosan beads. A chitosan solution (in acetic acid) is mixed with 
La-Bnt nanopowder until the solution becomes homogeneous. The solution consists 
of 1% v/v of acetic acid mixed with 3 wt% of chitosan incorporated with 0.1 wt% of 
La-Bnt nanopowder. The prepared solution was stirred for 10 h on a magnetic stirrer 
and afterward filled into a 10 ml syringe for further processing. The solution was
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Fig. 1 Preparation of the La(III)-bentonite@polysulfone composite beads

added dropwise into a 0.5 M NaOH solution with the help of a syringe where the 
phase inversion process instantly occurred and chitosan beads were formed. After 
the formation of chitosan beads, they were kept in the NaOH solution for 24 h. After 
24 h the beads were cleaned with DI water until the pH become neutral. Finally, the 
beads were air-dried until their weight become constant [25]. 

Fig. 2 Preparation method of La(III)-bentonite@chitosan beads
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Table 1 Experimental results of La(III)-bentonite@chitosan and La(III)-bentonite@polysulfone 
composite beads for the removal of methyl violet dye 

S. No. Sample name Feed concentration Feed Average 
removal 
efficiency % 

1 La(III)-bentonite@polysulfone 30 ppm Methyl 
violet 

99.4 

2 La(III)-bentonite@chitosan 30 ppm Methyl 
violet 

79.2 

2.5 Performance Study 

An adsorption study for 30 ppm methyl violet (MV) dye and 20 ppm phosphate 
solution (by dissolving KH2PO4 in deionized water) has been done. The above-
mentioned concentration was added to the phosphate solution and dye solution for 
1 h at room temperature at 540 rpm. After every 10 min, the mixture solution was 
filtered using filter paper and the collected samples were taken for UV analysis. Each 
experiment was repeated 5 times, and the average result was taken as represented in 
Table 1. 

The molybdenum blue method [26] is used to measure the adsorption efficiencies 
of the solutions via UV–visible spectrophotometry. The following Eqs. 1 and 2 are 
used for the calculations. 

Pt = W
(
Ci − C f

) × m (1) 

Ade = 
Ci − C f 

Ci 
× 100 (2) 

where 

Pt (mg/g) is the amount of phosphate absorbed by the beads; 
Ci and Cf (mg/L) represent the initial concentration and final concentrations of 
phosphate; 
W denotes phosphate solution in volume and m (g) is the weight of the adsorbent 
mass. 

3 Results and Discussion 

3.1 FE-SEM 

Figure 3 shows the FE-SEM pictures of the synthesized composite beads of La-
Bnt@polysulfone. As shown in the figure, the polysulfone composite bead is smooth
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Fig. 3 a FE-SEM images of the cross section of the bead before adsorption and b high magnification 
view of La-Bnt@polysulfone bead showing the pore channels 

and porous. It can adsorb dye and phosphate ions. Figure 3a shows the cross-sectional 
image of the bead, and Fig. 3b is a higher magnified image of it showing the uncount-
able number of channels for feed material to pass through and impurity material 
(phosphate and dyes) to get adsorbed inside. The bigger size pore channels will 
allow a high amount of feed to enter and less amount of impurity to adsorb and the 
small channels will let a small amount of feed enter but high adsorption of impurity 
will occur. The cross-sectional images demonstrate that the number of small channel 
pores is very high in numbers. 

3.2 FTIR 

FTIR spectroscopy is a powerful tool with a broad variety of applications, but data 
interpretation isn’t always straightforward. Nature’s absorbed energy response deter-
mines the complete spectrum that is created (hence the Fourier transform portion of 
the name). In the spectrum, the absorbed bands are deteriorating and becoming just 
vaguely distinguishable. For the FTIR data using the same dope solution, the film 
has been made, and after that, the analysis was done (because we tried bead for FTIR 
analysis but we failed so after making the film the analysis has been done and reported 
here). In Fig. 4, the C–H bending vibrational absorption is responsible for the peak at 
1260 cm−1. The characteristic peaks of polysulfone for symmetric stretching of O = 
S = O, asymmetric stretching of O–C–O, and the aromatic ring stretchings at 1484, 
1410, 1619, and 1567 cm−1 are visible in the spectrum. The FTIR spectra of poly-
sulfone absorbed heavy materials ions in La–Bnt show that some of the absorption 
peaks following the absorption of heavy metal ions are offset. The Fermi resonance 
effect is degraded by certain comparable absorption peaks. The Si–O–Si group band 
(~ 803 cm−1) root in bentonite confirmed its presence in the polymer beads [27].
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Fig. 4 ATR-FTIR spectra of La(III)-bentonite@polysulfone composite 

3.3 TGA 

La(III)-bentonite@polysulfone beads were characterized by using TGA analysis 
as shown in Fig. 5. The thermal stability of these beads was checked. La(III)-
bentonite@polysulfone beads show a considerable variation in thermal proper-
ties. In Fig. 5, three major weight losses were found in the beads. There was 
gradual weight loss observed in La(III)-bentonite@polysulfone beads, i.e., the 
first weight loss was observed in the temperature range of 0–150 °C due to 
some volatile substances and the evaporation of water molecules. For the poly-
meric decomposition in La(III)-bentonite@polysulfone beads, second weight loss 
was observed at ≥ 180 °C. In the membrane, the third weight loss was found at 550– 
650 °C and above due to the decomposition of metallic and aromatic compounds 
of La(III)-bentonite@polysulfone beads. The decomposition process in La(III)-
bentonite@polysulfone beads is moderately reduced by the addition of nanoparticles 
due to ligand undergoing decomposition from La-Bnt which lies at 300–530 °C.

3.4 Performance of La(III)-Bentonite@Chitosan 
and La(III)-Bentonite@Polysulfone Composite Beads 

For the investigation of dye and phosphate removal efficiencies, the prelimi-
nary experiments were performed with La(III)-bentonite@chitosan and La(III)-
bentonite@polysulfone composite beads and the results are shown in Fig. 6. After  
the loading of La(III)-bentonite in chitosan and polysulfone composite beads the 
dye and phosphate removal efficiency was dramatically increased, indicating that
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Fig. 5 TGA of La(III)-bentonite@polysulfone composite beads

La(III)-bentonite play an important role in enhanced phosphate and dye affinity. 
As a result, 19.82 and 19.54 mg/g adsorption capacity were obtained by La(III)-
bentonite@chitosan and La(III)-bentonite@polysulfone beads respectively with 
phosphate concentration = 20 mg/L. The added La(III)-bentonite nanoparticles 
provide more positive charges on the beads and promote the removal of phos-
phate. Moreover, the La(III)-bentonite@chitosan beads showed the highest phos-
phate removal efficiency. The MV dye with a concentration of 30 mg/L was tested 
with the same beads and found the adsorption in the range of 79.2–99.4%. Based on 
these results, all further studies are going on in detail. The comparative study with 
other research results has been shown in Table 2. It is also observed that the obtained 
results are good and continuous work is going on, on this topic in our group. We hope 
after doing a detailed study we will be able to remove low to high concentrations of 
phosphate and dye molecules.

4 Conclusion 

La(III)-bentonite@chitosan and La(III)-bentonite@polysulfone composite beads 
were successfully prepared by the phase inversion/separation method. The prepared 
beads have shown the best results for the removal of methyl violet and phosphate. At
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Fig. 6 Phosphate removal efficiencies of the La(III)-bentonite@chitosan and La(III)-
bentonite@polysulfone composite beads (MV dye concentration 30 mg/L and, initial phosphate 
concentration = 20 mg/L, nanoparticles loading = 0.1 g, pH = 7) 

Table 2 Phosphate adsorption capacities of La(III)-bentonite@chitosan and La(III)-
bentonite@polysulfone composite beads and other reported adsorbents 

Adsorbent Initial phosphate 
concentration (mg/L) 

Adsorption 
capacity (mg/g) 

References 

Chitosan/Ca-OMMT beads 100 75.4 [13] 

Mixed La/Al pillared 
montmorillonite (LaAl-PILC) 

5 13 [21] 

A tetra-amine Cu(II) (TAC@CS) 
chitosan beads 

100 41.4 [28] 

Chitosan hydrogel beads 100 28.9 [29] 

Montmorillonite (diameter of the 
particles is < 0.1 mm) 

5 0.13 [30] 

Cross-linked chitosan bead 100 52.1 [31] 

Montmorillonite 3.5–25 0.7 [32] 

La(III)-bentonite@polysulfone 
beads 

20 19.82 This work 

La(III)-bentonite@chitosan beads 20 19.54 This work
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neutral pH (pH = 7), the bead’s adsorption capacity was 99.1% and 97.7% for La(III)-
bentonite@chitosan and La(III)-bentonite@polysulfone composite beads, respec-
tively, with 20 mg/L concentration of phosphate at 25 °C. In conclusion, La(III)-
bentonite@chitosan composite beads show strong potential as an effective adsorbent 
for the treatment of wastewater polluted with dyes and phosphates. 
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Ultra-Precise Single-Point Diamond 
Turning Process and Its Low-Cost 
Alternative Methods 

Borad M. Barkachary and Shrikrishna Nandkishor Joshi 

1 Introduction 

One of the ultra-precision material removal processes is single-point diamond turning 
(SPDT). It uses single crystal or poly-crystal diamond as cutting tools with an 
incredibly sharp edge to create components with Aº level surface finish [1]. The 
main distinction between a standard lathe and an SPDT machine is that the latter 
employs a fine diamond-tipped bit (cutting-edge radius between 20 and 100 nm) 
for its machining, hydrostatic/aerostatic bearings for the table and spindle, granite 
bed for vibration isolation and feedback system with sub-nanometer resolution. An 
illustration of the SPDT machine is shown in Fig. 1.

The studies on single crystal diamond turning were first documented by Jesse 
Ramsden in 1779 [2] in which a screw for separating engines made of hardened steel 
was cut with a diamond. Using this as a foundation, the ultra-precision machining 
(UPM) was initially developed in the 1960s to create super-polished surfaces with 
sub-micrometric form accuracy and surface waviness [3]. Then, in the late 1970s, 
the SPDT process was made available for commercial use. Since then, it has evolved 
into a key process in the precise manufacture of infrared imaging systems, spherical, 
aspherical and freeform optics, precision moulds, metal mirrors, reflectors and lenses 
needed for cameras, binoculars, projectors and human vision.
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Fig. 1 Schematic CAD diagram of SPDT machine

1.1 Applications of SPDT 

A few of the components produced with SPDT are shown in Fig. 2. Optics, instru-
mentation, electronics, military, medical and space industries all benefited from the 
use of SPDT. Here is a list of them [4–7]:

• Reflective mirrors,
• Precision mould inserts and cores for camera, binoculars and projectors lenses.
• Telescopic mirrors for astronomy.
• Lenslet arrays, spherical and aspherical optical lenses (Diffractive, Fresnel, Toric 

and Free form optics lenses).
• Medical instrumentation, contact and scleral lenses for human vision and bio-

implants.
• Laser optics and infrared hybrid lenses for thermal imaging, missile guidance 

systems for defense sector. 

1.2 Challenges of Conventional Brittle Materials Machining 

Brittle materials are difficult to cut mechanically due to the occurrence of fracture 
without appreciable plastic deformation. Compared to ductile materials, brittle mate-
rials possess extremely small fracture strain than their yield strength. As such, the 
tensile and compressive stresses exerted by the tool originate small cracks in the 
workpiece. Through the path of least resistance, the initial fracture swiftly spreads to 
create discontinuous chips. The brittle material fails to withstand the load before it 
undergoes yielding, and the chips are formed by the onset and propagation of cracks. 
Thus, brittle material generates discontinuous chips, which have a major impact
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Fig. 2 SPDT-based components and products (Recreated from Optics and Allied Engg. Pvt. Ltd., 
India, [8])

on the surface integrity of the machined parts. To supersmooth the surfaces, tradi-
tional grinding and polishing processes are used; however, these are time-consuming, 
laborious, reliant on skilled labour and unproductive [9]. 

Mechanical processing of Brittle material generates fragmented chips owing to 
brittle failure at the shear plane prior to actual plastic flow. Brittle fracture during 
machining has a substantial impact on the surface integrity and dimensional accuracy 
of the machined part. As a result, conventional machining is not often suggested for 
producing precision components with elevated surfaces on brittle materials. As per 
the literature, ductile mode machining of brittle materials can be achieved if the 
depth of cut is maintained less than the critical depth (nm). A variety of challenges 
arises during micro-nano-machining due to the nanometric depth. Tool tip loses 
their sharpness and become rounded when the depth of cut decreases to nanometric 
depth, i.e. less than the cutting-edge radius, resulting in a very negative effective rake 
angle tool. Materials can no longer be considered homogeneous and isotropic, and 
the cutting process is dominated mainly by ploughing, extrusion, rubbing or sliding 
action rather than sharing. 

The roots of diamond turning may be traced back to the 1930s, when the watch dial 
components were first manufactured using diamond turning by the jewellery industry 
[10]. However, the use of mono-crystal diamond tools for SPDT of aluminium and 
beryllium copper dates back to 1966 [6]. The researchers then began working on
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diamond turning in research laboratories in the USA, including Lawrence Livermore 
National Lab (LLNL) and Oak Ridge Y-12 National Lab. The SPDT machine was 
commercialized in the late 1970s and since been used in energy, optical, computing, 
electronics, space and defence sectors [3]. This process was employed in the produc-
tion of drums in photocopiers, scanner mirrors and memory discs from aluminium 
substrate in the 1980s. 

1.3 Challenges in SPDT Process 

During the past forty years, experts from all over the world have identified that brittle 
materials have a threshold layer or depth of a few nm in size known as the “duc-
tile regime”, beneath which it acts like ductile materials. Ductile regime machining 
(DRM) is the process of cutting where chips of brittle materials are produced by 
plastic deformation rather than fracture. Initial research on DRM on rock salt was 
published by King and Tabor, who suggested that significant hydrostatic pressure 
is essential for the ductile removal of brittle material during frictional wear [11]. 
Plastically deforming the brittle material can produce continuous ductile chips if it 
is machined below critical depth of cut [12] or by using extreme negative rake angle 
tool [13] or external hydrostatic pressure [14, 15]. These principles aid the SPDT 
process in suppressing the early crack initiation required for nanometric ductile mode 
machining of brittle materials. Moreover, appropriate selection of regulated param-
eters, viz. cutting speed, feed rate, rake angle, depth of cut, and kind of coolant is 
also crucial [12]. 

1.4 Process Parameters of SPDT 

The SPDT process’s product quality and process performance are affected by several 
aspects. Process parameters, cutting tool shape, workpiece and tool material qualities 
(microstructure and crystal orientation), machine tool settings and machining condi-
tions are among them. These parameters are widely classified as machining process 
parameters, tool geometry parameters, workpiece-tool material characteristics and 
other machining condition parameters. It is important to understand the implications 
of these factors on SPDT performance measures such as phase change, machining 
(cutting and thrust) forces, chip structure, surface roughness and tool wear. Figure 3 
displays the SPDT process influencing elements that must be investigated in order 
to boost product quality and process efficiency.

Significant scientific effort on experimental investigations of the SPDT process on 
diverse materials is reported in the literature. However, the scope of SPDT research is 
constrained by its high equipment and operational expenditure. Numerical methods 
are the next option to be adopted to carry out rigorous study of the process. An 
exhaustive literature analysis on all elements of the SPDT process revealed that there
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SPDT 

Inputs Outputs 
Workpiece parameters 
• Material type
• BCC, FCC, HCP
• Purity
• Anisotropy
• Crystal orientation 

Diamond Tool parameters
• Tool geometry
• Tool angles
• Nose radius, edge radius
• Hardness
• Waviness control
• Single crystal/polycrystalline Uncontrollable parameters

• Tool wear
• M/c vibration
• Brittle to ductile transition
• Elastic recovery of the 

machined surface
• High pressure phase 

transformation 

Machining processes
• Turning 
• Milling
• Fly cutting 
• Scratching 

Measurements
• Cutting forces
• Chip dimensions
• Surface finish
• Temperature
• Shear direction (φ)
• Tool wear
• Residual stress
• Phase change 

(Raman/XRD)
• Vibration
• Deflection
• Cutting stiffness
• Power 

Cutting parameters
• Speed
• Feed
• Depth of cut
• Environment
• Lubricant
• Temperature
• Friction coefficient 

Fig. 3 Inputs and output parameters during SPDT process

is relatively little information on numerical modelling of the SPDT process. Further-
more, relatively little research on the parametric optimization of SPDT process to 
optimise the process parameters to increase process efficiency and product quality 
has been documented. 

1.5 Motivation for the Present Work 

Brittle materials are extremely difficult to process using traditional material removal 
methods due to their brittleness and poor fracture toughness. As a result, it is suscep-
tible to fracture and subsurface damage during the machining process. Machining soft 
and ductile materials is also problematic due to the creation of built up edges (BUE) 
and accompanied with burnishing, elastic recovery, plastic deformation and mate-
rials swelling [16]. The chemical affinity of diamond with carbon produces signifi-
cant tool wear when machining ferrous materials. The formation of highly localised 
stresses, strains and temperature adds to the complexity. For this reason, it is crucial 
to comprehend how the SPDT’s process, material and tool characteristics affect its 
performance parameters, such as machining forces and surface roughness, in order to 
enhance product quality and process effectiveness. Although optical-finish surfaces 
can be generated using SPDT, it is crucial to carry out physical experiments to fully 
grasp the effects of various process parameters, tool geometry, workpiece material, 
working condition on process output and product quality. However, because to the
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nanometric level material removal, they are time intensive and expensive. This served 
as inspiration for the current research in comprehending the machining of brittle and 
ductile materials by means of low-cost alternative method. Numerical simulation is 
one of the alternative methods to study the nanometric cutting processes and their 
influencing factors on product quality and process efficiency without carrying out the 
actual experiments. The present work focuses upon the short review of SPDT process 
and its numerical simulations for understanding of SPDT process and its influencing 
factors on process outputs. Researchers and industrial engineers are expected to be 
benefited from the information gained through this current work in order to carry out 
effective and high-quality SPDT operations. 

2 SPDT of Different Materials 

This paper presents a detailed review on SPDT and its alternative method of process 
modelling and simulation. Figure 4 shows the number of publication reported on 
SPDT of various engineering materials (till 2018). Global scholars have made signif-
icant attempts to comprehend machining mechanics, particularly DRM of brittle 
materials to achieve crack-free optical-finish surfaces by processing it in ductile 
mode. Researchers have performed experimental as well as numerical works on 
SPDT of various materials. In that, Silicon is the material that is studied most due to 
its growing demand in industries. 

Literature also reports machining of non-ferrous ductile metals such as aluminium, 
copper PMMA, nickel, brass for key components of telescopes, video projectors, 
lasers and imaging systems [17]. Brittle materials such as silicon carbide, germanium 
and glass have also been machined in the ductile mode by accurately managing the
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Table 1 Published literature 
on SPDT of various materials 

S. No. Material References 

1 Aluminium [18–20] 

2 Copper [21–23] 

3 PMMA [24] 

4 Nickel [25] 

5 Brass [26, 27] 

6 Silicon [12, 13, 28–32] 

7 Silicon carbide [33–38] 

8 Germanium [39–43] 

9 Glass [44–46] 

process parameters, viz. depth of cut, speed and feed precisely. Some of these studies 
reported in the literature are enlisted in Table 1. 

Based on the selected papers taken for review, three materials (viz. Silicon, Silicon 
carbide and Al6061) have been chosen and a comparative bar chart has been prepared 
to get the idea of the current worldwide scenario of SPDT process. This is shown in 
Fig. 5, in that, USA is the leading country for carrying out majority of research work 
on SPDT studies on the selected materials. 

Fig. 5 Number of publications reported country wise on single-point diamond turning up to 2018
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2.1 Ductile Regime Machining 

Brittle materials have very low-density defects, which serve as the starting points for 
fracture. So, if the tool’s stress field is low, it reduces and, in certain cases, terminates 
the nucleation of the fracture. That is, if the depth of cut is maintained below the 
critical depth, the stress field created at the cutting zone is likewise small, avoiding 
the onset of fracture at the defects. The critical thickness is the point at which all 
brittle materials change their behaviour from brittle to ductile. This critical thickness 
is governed by the depth of cut, tool rake angle, cutting-edge radius and hydrostatic 
pressure. If the depth of cut exceeds critical thickness, stress field increases causing 
the cracks to propagate from defects to form brittle chips. Each material has a different 
critical layer or thickness at which this transition takes place. The critical depth of 
cut (dc) can be calculated by Eq. (1) [47, 48] 

dc = 0.15(E/H )(Kc/H )
2 (1) 

where E is the Young modulus (GPa), H is the Vickers hardness (GPa) and Kc is the 
fracture toughness (MPa m1/2) of the material. 

To manufacture surfaces with optical quality on brittle materials, right machining 
conditions with nanometric order of machining paramerter must be used. In their 
groundbreaking study on DRM using plastic deformation on rock salt, King and 
Tabor [11] hypothesised that high hydrostatic pressure is essential for the ductile 
removal of brittle materials. Indentation of brittle material with a very tiny depth of 
indentation by a sharp pointed diamond indenter leaves some irreversible deforma-
tion zone without any fracture [49–52]. By conducting nanoindentation experiments 
on glass, Lawn and Wilshaw [49] were able to study the material’s ductile behaviour 
and pinpoint the elastic–plastic transition. From that point on, scientists made several 
notable attempts to use the nanoindentation test to determine the phase transition, 
crack length and fracture toughness of brittle materials. According to the published 
DRM literature, when machining brittle materials such as ceramics [53] and other 
materials such as glasses, semiconductors and crystals [54–56], there occurs a tran-
sition from brittle-to-ductile mode when the depth of cut is reduced to a very small 
value (typically < 1 µm). Plastic deformation of glass and SiC under various process 
conditions has been documented in studies by Huerta and Malkin [57] and Moore 
and King [58]. Brittle material machining is possible without subsurface fracture 
damage if high stiffness precision machines are employed, as indicated by Blake 
and Scattergood [59]. In order to better comprehend DRM, Blake and Scattergood 
[60] used SPDT to do precise cutting on germanium and silicon and presented a 
machining model, which is depicted in Fig. 6.

It illustrates the tool’s projection perpendicular to the cutting direction, where R 
is the tool nose radius, d is the depth of cut, f is the feed rate, yc is the average 
surface damage depth, and Zeff is the distance between the tool centre and the crack 
propagation on the uncut shoulder. The authors claimed that ductile regime machining
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Fig. 6 Schematic of ductile 
regime machining (Redrawn 
from [59])
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of brittle material is accomplished by careful selection of feed rate, depth of cut and 
tool nose radius, such that the average damage depth does not enter the finished cut 
surface. 

The literature displays notable research studies on the phenomena of brittle– 
ductile transition during indentation [61–64], scratching [65], taper turning [65–69], 
scribing [70], grinding [71–73] and machining [31, 33, 37, 55, 74–77]. During a 
Hertzian indentation test, Lawn et al. [78] discovered ductile behaviour of brittle 
materials. Based on the density of defects in the brittle materials, Nakasuji et al. 
[79] described the ductile transition and plastic deformation. Similar findings have 
been made by Yan et al. [14] and Bridgeman and Šimon [80] showing that at ambient 
temperature strong hydrostatic pressure may promote plastic flow in silicon and glass. 
As a result, brittle materials including diamond can be deformed plastically even at 
room temperature when subjected to high hydrostatic stresses. According to Morris 
et al. [81], phase transition brought on by a high degree of hydrostatic pressure/stress 
is what causes the ductile behaviour, or plastic flow of brittle material. A generalised 
theory for the brittle-to-ductile transition in Si and LiNbO3 micro-machining and 
micro-indentation was put out by Shimada et al. [82]. It has been proposed that any 
material may be machined in ductile mode, regardless of ductility, if it is machined 
at sufficiently small-scale depth, i.e. nanometric level. According to Leung et al. 
[12] to achieve a good-quality surface using SPDT, the chip thickness should be on 
the range of a few micrometres (below its critical value); i.e. the machining process 
should be in the ductile regime. Fang and Venkatesh [56] achieved tens of nanometer 
surface finish on single crystal silicon using diamond cutting, and a ductile–brittle 
transition thickness of 236 nm was obtained. The authors found that zero-degree 
rake angle tools produce a higher grade surface finish than negative rake angle tools. 
In contrast, Patten [40] found that negative rake tools outperform zero and positive
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degree rake angle tools in the ductile mode machining. For similar reason, Yan et al. 
[14] and Yoshino et al. [15] performed machining tests on silicon under a high external 
hydrostatic pressure (more than 400 MPa) and noticed yielding of continuous chips 
with smooth work surfaces. Patten and Gao [13] observed that cutting with both 
the rake (–45°) and the clearance face (–85°) yielded a flawless ductile cut with 
no sign of surface damage. Furthermore, they noted that the hydrostatic pressure 
created primarily by the negative rake angle tool is critical in minimising fracture 
and producing smooth surfaces. Using large tool feeds on the order of 20 m/rev, Yan 
et al. [83] assessed the viability of ductile regime silicon machining. The impact of 
varying the tool-edge radius on the effectiveness of cutting single crystal silicon was 
investigated by Fang and Zhang [69]. The study demonstrated that ductile regime 
cutting could be carried out even with a tool with a 0° rake angle if the undeformed 
chip thickness was below a certain value, converting the effective rake angle to a 
negative rake angle. The ductile to brittle transitions (DBTs) for 6H-SiC, 4H-SiC 
and CVD 3C-SiC, respectively, are 70, 820 and 550 nm, according to research by 
Bhattacharya et al. [84], Patten et al. [85] and Ravindra and Patten [86] that looked 
at the critical depth of cut at which the DBT occurs. An in-depth analysis of DRM 
on semiconductors, ceramics and glass was presented by Kovalchenko [87]. Hatefi 
and Abou-El-Hossein [88] also provided a comprehensive review on SPDT in terms 
of producing optical surface finish. 

3 Numerical Modelling and Simulation of SPDT Process 

Gradually, it is possible to see the use of numerical methods like molecular dynamics 
(MD) and finite element method (FEM) as a worthy substitute for the costly, labo-
rious and time-consuming physical experiments. As the computer systems have 
advanced rapidly, numerical analysis has become a potent tool to examine machining 
processes and providing a scientific understanding of how materials respond to 
machining. From conventional to micro- to nanoscale machining, numerical models 
can anticipate the behaviour of the material that is sometimes difficult to measure 
physically. 

Important research on numerical modelling of SPDT to replicate the complicated 
physical phenomena is reported in the literature. Till now, many numerical simula-
tion methods have been reported by many researchers such as finite element method 
(FEM), finite difference method (FDM), finite volume method (FVM), smoothed 
particle hydrodynamics (SPH), extended FEM (XFEM), molecular dynamics (MD) 
and their hybrids. All of the methods come with their advantages and disadvantages. 
These methods can shed light on the effects of cutting process that are sometimes 
difficult to see through experimentation. According to reports, researchers used finite 
element method (FEM) and molecular dynamics (MD) techniques in particular to 
describe and simulate the UPM process. FEM employs the concept of continuum
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Fig. 7 Dimensional comparisons of experimental macro cutting, FEM and MD simulations 

mechanics, whereas MD employs discrete mechanics, which takes into account inter-
atomic bonding of atoms. Dimensional comparisons of macro-, FEM and MD simu-
lations are shown in Fig. 7. While the highest dimension that can be taken into 
account in an MD simulation is a few nanometers, the working dimension in FEM 
may range from macro- to nanoscale. 

3.1 Molecular Dynamics Simulation of SPDT 

The most acknowledged advanced numerical simulator that can replicate the circum-
stances of nanometric cutting is MD simulation. It has the potential to simulate at the 
atomic level and to characterise the evolution of the material’s microstructure that 
led its adoption by several scholars. Alder and Wainwright presented the pioneering 
work on molecular dynamics (MD) simulation in the late 1950s [89]. Later, in the 
1980s, Lawrence Livermore National Laboratories (LLNL), USA, adopted the MD 
to imitate UPM [90]. Several researches on various facets of nanometric machining 
have been conducted since then. These include crystallographic orientation, tool-
edge radius and minimum depth of cut on the chip formation mechanism, phase 
transition, defects in the workpiece material and diamond tool wear. Using MD, Liu 
et al. [91–93] examined the scratching process of SiC. It was reported that the phase 
shift of SiC to its amorphous phase triggered ductile regime scratching of SiC at 
the nanoscale depth of cut. Wang et al. [94] used the model based MD approach to 
simulate the scratching of SiC hard particles with a diamond tool in order to study 
the groove wear on the tool’s flank face. 

Figure 8a shows MD simulations of the nanometric chip removal technique used 
in copper micro-cutting by Shimada and Ikawa [95]. This study revealed that the 
expected chip morphologies, cutting forces and specific energy were in good accord 
with the experiments. Renormalized molecular dynamics (RMD) simulations of 
silicon machining were reported by Inamura et al. [96] in order to study the crack 
formation mechanism. Though silicon shows a brittle-ductile transition based on the 
scale of machining under normal atmospheric conditions, the findings indicate that 
it may be machined in a ductile mode in an absolute vacuum environment.
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Komanduri et al. (2000) [97] 

Goel et al. (2011) [106] 

Shimada and Ikawa (1992) [95] 

Liu et al., (2021) [111] 

Cai et al., (2007) [100] 
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(c) (d) 
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Fig. 8 MD simulation of nanometric cutting a Shimada and Ikawa [95], b Komanduri et al. [97], 
c Cai et al. [100], d Goel et al. [106] and  e Liu et al. [111] 

The effects of crystal orientation, cutting direction and positive rake angle on 
nanometric cutting of single crystal aluminium were investigated by Komanduri 
et al. [97] (Fig. 8b). It was discovered that the cutting forces fluctuate cyclically 
with crystal orientation and cutting direction. It was also found that as the rake 
angle increases, so does the cutting force. Likewise, Komanduri et al. [98] investi-
gated the nature of material removal and surface generation in UPM and grinding



Ultra-Precise Single-Point Diamond Turning Process and Its Low-Cost … 105

of silicon by using the Tersoff potential to perform MD simulation while varying 
the depth of cut, width of cut, rake angle and clearance angle. During the inves-
tigation, four distinct material removal methods, such as compression of the work 
material ahead of the tool, chip formation that resembles an extrusion-like process, 
side flow and subsurface distortion in the machined surface, were reported. For the 
study of nanometric cutting processes utilising MD simulation, Cheng et al. [99] 
and Cai et al. [100] have made major contributions to the field. Cai et al. [100] 
undertook nanometric machining of silicon wafer by employing physical tests and 
MD simulations to investigate the process of ductile chip generation (see Fig. 8c). 
It was determined that phase transition, not atomic dislocation, was responsible for 
the plastic deformation. Additionally, by doing MD-based simulations, Komanduri 
and Raff [101], Oluwajobi [102], Goel et al. [103], Guo et al. [104] and Abdulkadir 
et al. [105] contributed significant knowledge and set a firm basis for the research of 
nanometric cutting processes. Goel and his colleagues presented substantial work on 
MD simulations of nanometric silicon and silicon carbide machining. The authors 
investigated the DBT of SiC [37], atomistic characteristics of SiC ductile response 
[106], influence of temperature and crystal orientation on tool wear [13, 107, 108] 
and effect of silicon microstructure on cutting behaviour [109]. Figure 8d depicts the 
usual MD model used by Goel et al. [106] to simulate the SPDT process. Several 
researchers [29, 31, 32, 110] studied the wear of diamond tools and found that during 
silicon machining, flank wear predominates. The development of silicon carbide at 
the tool-work contact during the machining of silicon was described by Goel et al. 
[31, 107]. These phenomena provided details about the beginning of diamond tool 
wear and elucidated the tribochemistry involved in the process that leads to diamond 
tool wear. In the recent MD study, Liu et al. [111] reported a hybrid machining of 
single crystal silicon with thermal and vibration assistants to investigate material 
removal behaviour and subsurface damage formation (Fig. 8e). It was observed that 
the temperature and vibration should be set carefully to suppress the vacancies to 
reduce the cracks and fracture in the workpiece. 

3.2 Finite Element Simulation of SPDT 

The MD approach was shown to successfully simulate the mechanism of nanocutting 
of brittle materials. An issue with the method is that it can only address very small 
continuum size as a few million atoms or even less and the time scales are in the order 
of picoseconds. Massive amounts of memory and computation time are needed for the 
MD simulation. Since the results are generated for atomistic scale, it is challenging to 
compare them to experimental data [112] and use them in real SPDT process condi-
tions. The finite element method (FEM) is another alternative to this problem. FEM 
simulation covers a wide range of process continuums, from macro- to nanometric 
size, and can provide insight into cutting process characteristics that are sometimes 
impossible to see via tests. It has the ability to predict temperatures, stresses, strains, 
shear angles, chip geometry and cutting forces. FEM-based modelling may easily
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include the impacts of severe deformation, strain rate effect, tool–chip interactions 
and their friction, local heating and temperature effect and other phenomena. Besides 
complex physical interactions between the tool and the workpiece, a variety of 
boundary and loading conditions, such as thermal, structural, electrical and magnetic, 
can be defined and simulated. FEM has been used to simulate macro and meso-level 
machining process since it has been developed as a commercialization. FEM was 
implemented for machining simulations in the early 1970s using user defined finite 
element codes. Later, many commercial software were developed with in-build FE 
codes and user graphical interface for performing all kinds of structural, thermal and 
machining simulations. Significant work on macro–micro-metal cutting simulations 
using finite elements is described in the literature [113–116]. The published litera-
ture on general FEM machining model reported during 1976–2002 is presented in 
[117]. However, there has not been a lot of work done on developing an effective 
SPDT process model that can be used for a systematic parametric analysis to find 
the optimal process parameters. Figure 9 depicts the pi-chart of SPDT studies that 
are adopted by most of the researchers. It shows that more than 50% of the reported 
literature carried out experimental studies on SPDT, whereas 20% have used MD 
simulation to analyse the process. Only 3% and 20% of reported literature used FEM 
to investigate the SPDT process of silicon and silicon carbide, respectively. A few 
analytical studies (4–7%) have also been reported on SPDT process. Gradually, many 
researchers started using FEM to simulate micro-nano-level machining processes. 

By designing a mathematical model in C++ and verifying the findings with finite 
element simulation carried out with ANSYS™, Shaini and Khera [118] examined 
the nonlinear creep behaviour of silicon nitride. Ji et al. [119] employed FEM-based 
numerical simulation of micro-grinding process of SiC ceramics to analyse the results 
prior to the grinding experiments. Further, Nian [120] and Duan et al. [121] numer-
ically investigated the damage interference when scratching single crystal SiC with 
two cone-shaped diamond grits by combining the FEM and SPH methods. Figure 10 
depicts the different FEM simulation models reported in the literature.

Experimental 
69% 

FEM 
3% 

MD 
21% 

Analytical 
7% 

SPDT of Silicon 

Experimental 
52% 

FEM 
20% 

MD 
24% 

Analytical 
4% 

SPDT of Silicon Carbide 

Fig. 9 Reported publications of different machining modes 
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Patten et al. (2007) [85] Patten and Jacob (2008) [34] 

Khatri et al. (2020) [123] 

Barkachary & Joshi (2021) [125]Alam et al. (2021) [124] 

Ji et al. (2020) [122] 

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 10 FEM simulation models and results of SPDT a Patten et al. [85], b Patten and Jacob [34], 
c Ji et al. [122], d Khatri et al. [123], e Alam et al. [124] and  f Barkachary and Joshi [125] 

Using finite element modelling, Yan et al. [126] explored the role of hydrostatic 
pressure and temperature on the ductile machining of silicon. The authors found 
that high pressure, not the high temperature, is the main factor of ductile machining 
of silicon. Following the similar type of FEM approach to model SPDT of silicon, 
Yan et al. [76] affirmed that increasing the cutting-edge radius induces a reduction in 
uncut chip thickness and a commensurate rise in thrust force. Authors reported that if 
the cutting-edge radii are reduced lower than 200 nm leads the high temperature zone 
to relocate from the tool rake face to the tool flank face, turning the tool wear pattern 
from crater to flank wear. Figures 10a, b represent the work of Patten et al. [33, 85] 
and Patten and Jacob [34] in simulating SPDT of monocrystalline 6H–SiC using a 
Drucker–Prager (pressure sensitive) yield criteria in a commercially available FEM 
tool. Patten et al. [85] presented a three-dimensional (3D) scratching simulation of 
both Si and CVD-SiC with a stylus-radius diamond tip of 5 µm to determine the DBT 
depths. The authors attempted to investigate the DBT by analysing the machining 
forces influenced by rake angle and depth of cut. It was reported that only under
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ductile regime machining case did the cutting forces accord well with the experi-
mental data. Ji et al. [122] carried out experiment and FEM simulation on silicon 
carbide to investigate the micro-grinding mechanism (Fig. 10c). The studied results 
showed that grinding depth is important during machining and a modest negative 
rake angle is advantageous for obtaining the optical surface on a SiC component. 
Khatri et al. [123] performed diamond machining of silicon by incorporating surface 
defects during machining to enhance performance of diamond machining (Fig. 10d). 
3D FEM simulations were supplemented to support the experimental findings. Alam 
et al. [124] reported FEM simulation of diamond grooving on 3C–SiC to analyse 
the mechanism of DBT using Drucker–Prager model (Fig. 10e). It was reported 
that the DBT is dependent on depth of cut and independent of rake angle. Simi-
larly, Barkachary and Joshi [125] reported a FEM model of nanometric scratching 
of SiC to understand the UPM process, and the results are validated with published 
experimental results (Fig. 10f). The reported experimental findings and the predicted 
machining forces showed good agreement. 

3.3 Smoothed Particle Hydrodynamics (SPH) 

As reported in Mir [127], Gingold and Monaghan pioneered the SPH method for 
astrophysical applications in 1977. SPH formulation is based on the interaction of 
particles rather than the mesh based approach in case of FEM simulation. As a result, 
it outperforms FEM modelling in the analysis of enormous deformation processes 
but falls short in the investigation of processes with tensile instability. 

Mir et al. [128] conducted experiments and SPH simulation to uncover the under-
lying phenomena of DBT and diamond tool wear during SPDT machining of silicon 
(Fig. 11a). Liu et al. [132] performed a single grain scratching simulation to investi-
gate the SiC grinding process using SPH approach. In this study, the material removal 
process, fracture initiation and propagation, surface roughness and scratching force 
were all thoroughly examined. Mir et al. [129] further employed SPH to perform 
numerical simulation of surface defect machining (SDM) of silicon, as illustrated in 
Fig. 11b. It was discovered that the SDM technique minimises the cutting resistance 
and energy of the material thereby lowering the diamond tool wear and surface rough-
ness. Authors also found that when SDM is used, the von-Mises stress is somewhat 
less than when SDM is not used. Zhang and Zong [130] employed three types of 
tool-edge micro-defects, viz. blunt-edge, crescent-edge and flat-edge micro-defects 
in SPH simulation of SPDT of KDP crystal to analyse the material removal mecha-
nism (Fig. 11c). Report revealed that the best tool for generating a smooth surface with 
the least surface roughness was found to have a chamfered edge. Klippel et al. [131] 
performed single grain diamond cutting simulation on silicon using SPH considering 
the temperature and hydrostatic pressure effect to obtain stress and temperature distri-
bution, cutting forces and DBT behaviour (Fig. 11d). When simulation outputs are
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Mir et al. (2017) [129] 

Zhang & Zong (2020) [130] 

Mir et al. (2016) [128] 

Klippel et al. (2022) [131] 
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Fig. 11 SPH simulations model and results of SPDT process a Mir et al. [128], b Mir et al. [129], 
c Zhang and Zong [130] and  d Klippel et al. [131] 

compared to single grain scratching trials, it is discovered that cutting forces in simu-
lation are somewhat greater. It was also discovered that the used Johnson–Cook flow 
stress model is unable of predicting DBT thickness alone. 

4 Conclusions 

Machining forces and surface roughness must be extensively examined in the UPM 
processes to determine product quality and process efficiency. In this regard, substan-
tial research works on comprehending the cutting mechanism and chip generation 
during the machining of brittle and ductile materials have been reported. The chal-
lenging nanometric cutting process of brittle materials is studied using numerical 
simulation, which is considered as an easy, effective and cost-effective alternative 
tool. Simulation of SPDT using Molecular dynamics, finite element technique and 
smoothed particle hydrodynamics method have all received significant attention from 
researchers throughout the world. They concentrated on the investigation of DRM, 
DBT and critical depth of cut, process parameters, cutting forces, stress, strain, chips 
formation, shear angle, temperature, crystallographic effect, phase transformation, 
surface finish and tool wear during the UPM operation. An exhaustive literature 
review on experimental and numerical investigations on SPDT of brittle and ductile 
materials was conducted in the current work. The reported findings provide highly 
helpful information on SPDT of brittle materials in ductile mode. Many scholars
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researched and established various strategies for determining the transition zone of 
brittle material between brittle mode and ductile mode during SPDT machining. The 
following summaries were derived from the comprehensive literature study.

• SPDT is capable of machining any engineering material as it uses diamond, the 
hardest material as cutting tool to produce optical surface finish. However, it is 
an unit micro removal process that makes it very time-consuming and costly as 
it is associated with severe tool wear. Analysis of machining forces and surface 
quality of machined surface is vital for calculating power, economy, efficiency of 
the process and product quality of produced component. Extensive experimental 
inquiry, expensive in terms of both cost and time, is required to analyse and 
anticipate tool failure and to determine the optimal process parameters. Numerical 
simulation can be a novel alternative to carry out extensive trials for obtaining 
optimal process parameters.

• Much experimental work on understanding the cutting process and chip formation 
during ductile and brittle materials machining has been published to date. Also, 
several MD-based numerical studies have also been reported to understand the 
SPDT machining process by examining the machining force, stress, chip forma-
tion, phase change and temperature during the machining process. But, owing to 
atomic-level study domain, experimental confirmation of these findings is still 
challenging.

• The literature on numerical simulations with the finite element method is fairly 
scarce. The numerical studies of the SPDT process assist in understanding the 
mechanism of the process, such as the complex too-work interaction, material 
behaviour (transition) and many more. The machining forces, DBT thickness, 
chip form, and surface roughness may all be calculated using simulations.

• However, the numerical simulations are based on simplified assumption and 
reduced model of the actual machined work-tool geometry. Hence, incorporation 
of all the parameters including effect of uncontrollable parameters such as machine 
tool vibration, error in the setting of cutting tools, deformation of tool, workpiece 
fixtures and material inhomogeneity is still limits the use of numerical methods 
for completely replacing actual experimental study.

• Therefore, there is still a need of developing a better numerical model which is 
capable of incorporating all the process parameters that is affects the experimental 
process to completely mimic the actual SPDT process. 
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Fabrication of a Cost-Effective Bi-porous 
Composite Wick for Loop Heat Pipes 

Toni Kumari , Chandan Nashine , and Manmohan Pandey 

Nomenclature 

LHP Loop heat pipe 
UTM Universal testing machine 
HRB Hardness Rockwell B 
CC Compensation chamber 
md Dry weight of wick 
ma Saturated weight of wick in the air 
mw Saturated weight of wick in the water 
Vw Volume of sintered wick 
ε Porosity of wick 
K Permeability of wick 
ρm Density of material 

1 Introduction 

Loop heat pipe (LHP) is a two-phase passive heat transport device that transmits heat 
from the evaporator to the condenser using the evaporation and the condensation of
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working fluid [1]. It utilizes the latent heat of working fluid to transfer heat across a 
long distance with minimal temperature difference. Russian scientist Maydanik put 
up the first LHP in the 1970s for use in aircraft applications. LHPs are currently widely 
employed in numerous cooling applications, such as the cooling of electronic devices 
and thermal control in space systems. As the LHP is a passive device, supported 
by a capillary medium in the evaporator, it is less dependent on gravity, does not 
require any external power input and has no moving parts. Therefore, LHP is a very 
reliable, auto-control device and needs less maintenance, which makes it suitable 
for remote applications as well. The LHP has some additional benefits compare to 
normal heat pipes [2, 3], for example, separate lines for liquid and vapour, which 
reduces the counter-flow pressure drop and entrainment problem. Only the evaporator 
part contains the capillary wick which also reduces the pressure drop and therefore 
increases heat transport capacity. 

Figure 1 is a schematic diagram of mLHP. It consists of an evaporator, a condenser, 
a compensation chamber, a vapour line and a liquid line. The evaporator incorporates 
capillary structures (wick), while the other components are simply smooth tubes. The 
heat source provides heat input to the saddle, which is attached to the evaporator. A 
part of the heat input is used to evaporate the working fluid from the primary wick’s 
outer surface. While the remaining part of the heat input is transported back to the 
CC because of thermal conduction of the evaporator wall and wick and called heat 
leak. Heat leak is not desirable [4], because it increases the saturation temperature, 
increases the evaporator wall temperature, reduces the evaporation rate and makes 
it difficult to start up. The liquid is converted to vapour in the vapour grooves, and 
the menisci developed in the evaporator wick creates pumping force to push the 
generated vapour to condenser through the vapour line; it rejected heat in condenser. 
The liquid that has condensed is forced back through the liquid line to the evaporator 
after passing through the compensation chamber.

The capillary wick is an important component of the device, which provides the 
pumping force to the working fluid for the completion of the loop. It helps in the 
thermal and hydraulic locking between system components. Fabrication of wick is 
expensive and complex as it needs to control certain parameters like pore size, perme-
ability, porosity and effective thermal conductivity. High thermal conductivity wick 
material has high heat transport capacity but also has high heat leak. Though low 
thermal conductivity wick material abates the heat leak problem [5, 6], it reduces 
the heat transport capacity [7]. To utilize the advantage of both high and low thermal 
conductivity wick materials, a composite wick, made of low and high thermal conduc-
tivity material is introduced [8, 9]. The compensation chamber side of the wick has 
a low thermal conductivity layer, and the vapour channel has a high thermal conduc-
tivity layer to reduce heat leak and improve evaporation rate respectively and startup 
performance [10]. Ji et al. [11] developed a three-layer composite wick. Studies 
showed that compared to the mono-porous wick, the composite wick has lower heat 
leakage. Xu et al. [12] introduced a double-layer copper composite wick with a 
thickness of 2 mm in the liquid transportation zone and 3 mm thickness in the evap-
oration zone. They found that the optimum particle sizes for liquid movement and 
evaporation in the wick.
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Fig. 1 Schematic diagram of mLHP

Similar to thermal conductivity, pore size also has a contradictory effect on wick 
characteristics [13–15]. Small pore size creates large capillary force, but it also 
develops resistance for fluid flow. Large pore size helps in fluid flow but reduces the 
sample strength and capillary force. To overcome the above problem bi-porous wick 
was introduced. Liu et al. [16] did an experimental investigation on a novel design of 
flat LHP. They considered bi-porous porous media and stainless steel mesh as primary 
wicks and secondary wicks, respectively. Wu et al. [17] fabricated a complex wick. 
The outer layer of the wick was bi-porous and had large pores size, which helps in 
vapour escape. The inner layer of the wick was mono-porous and had small pores 
size, increasing the strength and pumping force. The complex wick enhanced the 
maximum heat load by 67% compared to the mono-porous wick. 

The literature review shows that there are very limited studies on the fabrication 
and characterization of composite bi-porous wicks. Although wicks are the heart of 
loop heat pipes, manufacturing them is complex and requires a precise balance of 
pore size, porosity, and permeability. Hence, to improve the performance of loop 
heat pipes, it is important to implement and better understand the characteristics of 
composite bi-porous wicks. To overcome the above challenges, the current work 
deals with the objective of the development of a cost-effective technique for the 
fabrication and characterization of a composite wick. In this paper, the details of the 
experimental setup are outlined and the characterization studies are carried out on 
bi-porous copper–aluminium composite wick for loop heat pipe.
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2 Experimental Process 

2.1 Wick Fabrication Methodology 

The first step in wick manufacturing is the selection of powder. The powder selection 
is based on certain parameters such as powder size, thermal conductivity and compat-
ibility with working fluid. In the present work, copper powder (Sigma-Aldrich) with 
an average particle size of less than 425 µm and aluminium (Sigma-Aldrich) powder 
having an average particle size of less than 10 µm were used. The Cu and Al powders 
were well mixed with polyvinyl alcohol (PVA) solution separately, with a volume 
ratio of 20%. Polyvinyl alcohol (PVA) works as a pore former and binding agent for 
the manufacturing of bi-porous wick. The reusable die and punch are made of mild 
steel for compaction of powder, which is cost-effective compared to an existing tech-
niques like metal injection moulding and additive manufacturing. Both the powder 
was filled in mould one by one to fabricate a composite layer as shown in Fig. 2. 
The above arrangement was kept in UTM for compaction at 150 KN force for about 
15 min. The compacted sample (green sample) is then sintered in a muffle furnace 
at 673 K for about 90 min. The PVA present in the sample evaporates at a higher 
temperature and creates pores. The sintered sample was allowed to cool down gradu-
ally for 10 h in the furnace. Figure 3 shows the fabricated bi-porous composite wick. 
The manufactured sample is 3 mm thick and has a diameter of 50 mm.

2.2 Wick Parameters Testing 

2.2.1 Porosity 

The porosity of sintered wick can be measured by two methods: (a) Archimedes 
method (density method) and (b) geometry method. In Archimedes’s method, three 
independent weights are measured. First, dry weight (md) of the wick was measured 
using the electronic weighing machine. Further, the weight of saturated wick in the 
air (ma) and weight of wick in the water (mw) were measured, respectively. For the 
saturation of wick, the sample was kept in liquid (water) at 80 °C for about 7 h. Now 
porosity of wick can be calculated as: 

ε = ma − md 

ma − mw 
(1) 

In the geometry method [18], the first volume of sintered wick (Vw) is measured 
by the geometry method and then the weight of the dry wick (md) is measured by an 
electronic weighing machine. Now, porosity of the wick can be calculated from the 
following relation:
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Fig. 2 Flowchart for fabrication process of bi-porous composite wick 

Fig. 3 Image of fabricated bi-porous composite wick a top side b bottom side c front view

ε = Vwρm − md 

Vwρm 
(2) 

The porosity of the wick was calculated at about 42%. It depends on particle 
shape, particle size and distribution of particles. In the case of the bi-porous wick, 
porosity also depends on pore former size, shape, type, and quantity of pore former 
(PVA). Porosity has negative relation with sintering temperature and sintering time. 
Therefore, if the sintering temperature is less porosity will be high and vice versa, 
the same correlation exists with sintering time. Due to pore former, a large pore size 
creates, which helps in easy escaping of vapour. But higher porosity will decrease 
the strength of the wick.
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2.2.2 Permeability 

If we know porosity of the wick, then permeability could be determined by Carman– 
Kozeny formula [18]: 

k = d2ε3 

180(1 − ε)2 (3) 

Wick permeability reduces by increasing sintering time and temperature. It was 
calculated at about 0.0312 µm2. 

2.2.3 Hardness 

The hardness measures the resistance to an indentation or localized deformation. 
Hardness is an important factor in deciding the machining method for the sample and 
also determines the strength of the sample in full working conditions. The hardness 
of the wick was calculated by the Rockwell hardness test and was found to be 35.6 
HRB (Rockwell hardness scale B). 

2.2.4 Pore Size 

Scanning electron microscope (SEM) was used to study the pore size and structures 
of the wick sample. Figures 4a, b and 5a show the SEM morphology of the wick 
sample at a magnification of 1000, 5000 and 2000 times, respectively. In Fig. 5b, the 
pore size range varies from 70 to 1160 nm. The average pore diameter of the sintered 
wick is found to be 378 nm. 

Fig. 4 Morphology of the sintered wick
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Fig. 5 a Morphology of the wick, b corresponding pore size distribution 

3 Conclusion 

In the current work, a disc-type bi-porous composite wick was successfully manu-
factured from copper and aluminium powder. The manufactured wick has the desired 
properties of pore size, porosity and permeability. The fabricated wick has the 
diameter of 50 mm and the thickness of 3 mm. 

1. Implementation of re-useable die-punch made of mild steel for compaction is 
expected to be cost-effective in mass production of the wick. 

2. Porosity and permeability of the wick was found to be 42% and 0.0312 µm2. 
3. The pore size of wick vary from 70 to 1160 nm. Maximum pores of the wick fall 

under the size range of 70–290 nm. 
4. The fabricated bi-porous composite wick will help in reducing heat leak and is 

expected to improve the evaporation rate and start up performance of the LHP. 

Acknowledgements The characterization experiments were conducted at the Central Instruments 
Facility of IIT Guwahati. 
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Development and Characterisation 
of Bi-porous Metallic Wick for Loop 
Heat Pipes 

Chandan Nashine , Nadaf Arman Mohaddin , Rohit Kumar , 
Sandip Kumar Sarma , and Manmohan Pandey 

1 Introduction 

Loop heat pipe (LHP) is a capillary force-driven passive two-phase heat transfer 
device which has emerged as a solution to meet the acute demand for thermal manage-
ment in space and terrestrial applications [1]. The LHP is a closed-system loop which 
utilises the phase-change mechanism for heat transfer to a long distance [2]. Figure 1 
shows the schematic of LHP. The device consists of several components like an 
evaporator, compensation chamber, condenser and transport lines. The evaporator 
consists of a porous wick, which is the main component of the LHP as it provides the 
capillary driving force and the evaporation area. The working fluid evaporates when 
the heat load is applied to the evaporator. Further, it passes from the vapour line to 
the condenser, condensing and recirculating using the capillary force in the porous 
wick. So, the primary factor that decides the performance of the LHP is the maximum 
capillary pressure rise developed in the wick, which dictates the device’s heat trans-
port capacity [3]. Capillary wick is the heart of the LHP, as it organises heat and mass 
transfer in the evaporator and helps in the circulation of the working fluid around 
the loop [2, 4]. The capillary driving force developed in the porous wick should be
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Fig. 1 Schematic of loop heat pipe 

sufficiently high enough to overcome the total pressure drop inside the loop. High 
capillary pressure also ensures sufficient liquid feedback to prevent the dry-out condi-
tion in the evaporator. The porous capillary wick is generally fabricated using cold 
press sintering, additive manufacturing, metal injection moulding and 3D printing. 
The most critical parameter of porous wick includes the low hydraulic resistance to 
ensure a high flow rate and minimised effective pore radius to ensure high capillary 
pressure [5, 6]. Some studies related to the manufacturing of porous capillary wick 
are present in the literature. Their studies primarily emphasise the fabrication and 
characterisation of metallic and non-metallic wicks. Singh et al. [7] studied the prop-
erties of copper and nickel wicks used in the miniature loop heat pipe. In their later 
work [8], the authors presented the test procedure to measure wick properties and 
detail characterisation. Both metallic (copper) and plastic (polyethene) wicks were 
fabricated and studied. They found that wick having higher porosity, permeability 
and lower pore radius showed higher heat transfer characteristics. 

Prasad et al. [9] performed the experimental measurement of pore size, porosity 
and thermal conductivity for a flat disc-shaped porous nickel wick. Wu et al. [10] 
presented the implementation of sintered polytetrafluoroethylene (PTFE) wick for 
LHP. They found that the pore size of the PTFE wick was about 300–500 µm. Deng 
et al. [11] studied the characterisation of four types of sintered wicks and compared 
the results and found that the copper wicks had higher capillary rise and permeability 
than nickel wicks. Seidel [12] investigated the values of permeability as a function 
of pore radius. Choi et al. [13] studied the low-temperature sintering of copper bi-
porous wicks with improved capillary pressure. Samanta et al. [6] investigated the 
physical characteristics of porous wick fabricated using metal injection moulding. 
They found that the ideal temperature for sintering was about 60 min at 900 °C. 
Choi et al. [14] performed an experimental investigation on sintered porous wick 
for miniature loop heat pipe applications. They devised experimental modules to 
measure maximum capillary pressure and used the laser flash method for thermal
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conductivity measurement. Anvesh et al. [15] developed the porous nickel wick 
and performed the experimental characterisation. They outlined the details of the 
experimental setup used to characterise porous wick for use in LHP. 

The above review of the literature shows that the difficulties associated with fabri-
cating wick are the attainment of desired characteristics like porosity, pore radius and 
permeability. Although wicks are vital in LHP, manufacturing them is complicated 
and requires an optimum balance of critical elements like porosity, permeability, 
roundness, pore diameter, pore structure and capillary pumping pressure. The major 
production cost in the manufacturing of LHP is spent mainly on the fabrication of 
wick. In a wick, tiny pores should be employed for high capillary suction, but on 
the other hand, small pores will trap vapour and prevent rewetting. The wicks with 
single pore characterisation exhibit poor compromise between high capillary force 
and high vapour permeability. Therefore, to improve the performance of LHPs, it is 
essential to implement and better understand the characteristics of bi-porous wicks. 

Therefore, aiming to address the issues mentioned above, the current work deals 
with developing and characterising low-cost bi-porous copper wicks. The main objec-
tive of the present work is to fabricate cost-effective bi-porous wicks for loop heat 
pipes to be used in the thermal management of space applications. Cylindrical and 
flat bi-porous copper wicks of different sizes are successfully fabricated for LHP 
with cylindrical and flat-shaped evaporators. The current work describes the particu-
lars of the experimental setup and presents the characterisation studies on the copper 
bi-porous sintered wick to be used in loop heat pipes. 

2 Experimental Methodology 

In the current work, bi-porous metallic wicks of different sizes and shapes are fabri-
cated using cold press sintering, as shown in Fig. 2. The flat wicks are fabricated with 
a disc shape of 49 mm in diameter and 5 mm thick. Cylindrical wicks are fabricated 
for different lengths and diameters as shown in Fig. 2a.

Copper powder (average particle size < 10 microns) was mixed well with polyvinyl 
alcohol (PVA) solution, which acts as a pore former and binding agent for bi-porous 
metallic wicks. Further, the fabrication of a reusable die and punch is done for the 
desired shape and size of the wick. The prepared mixture is then compacted using a 
die and punch set in the universal testing machine. The compaction is done at a force 
of 12 KN for 5 min. 

The prepared sample is then sintered at three different temperatures and durations. 
Among these, the best sintering condition was identified as 650 °C and 90 min based 
on porosity achieved. The presence of pore former mixed into the copper powder 
ensures that the wick possess both fine pores and large interconnecting pores. 

Figure 3 shows the details of the processes involved in the fabrication of copper 
bi-porous wicks. An isothermal muffle furnace is used for sintering. The sintering 
is performed in the presence of a rough vacuum of 0.001 Torr to prevent the sample 
from oxidation.
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(a) (b) 

Fig. 2 Bi-porous wicks fabricated for loop heat pipes. a Cylindrical-shaped wicks. b A flat disc-
shaped wick

Fig. 3 Flowchart of the processes involved in the fabrication of bi-porous wick
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3 Characterisation of Wick 

3.1 Porosity 

The porosity of any porous material is the ratio of the porous volume of the material 
to its total volume. In the current work, density method is adopted for the calculation 
of porosity [16]. Using density method, the porosity of the capillary wick can be 
estimated using the following expression: 

ε = 1 − ρw 

ρcu 
(1) 

Here, ε represents the porosity of the wick. ρcu and ρw represent the density of copper 
and the density of porous copper wick, respectively. The porosity of the prepared 
sample is found to be 49%. 

3.2 Maximum Pore Radius 

Bubble point method is used for the measurement of maximum pore radius of the 
bi-porous capillary wick. Here, the compressed air is allowed to pass through a 
wick immersed in a water tank. In the experiment, it is assumed that the wick is 
completely saturated with water, and all the pores are cylindrical in shape. When the 
compressed air is allowed to pass through the wick, the minimum pressure required 
to create the first bubble gives a measure of the largest pore radius. Figure 4 shows 
the experimental setup for calculating the maximum pore radius. Pressure at the inlet 
is recorded from the reading on the pressure gauge. The maximum capillary pore 
radius is then estimated using the Young–Laplace relation. The pore radius of the 
bi-porous wicks is calculated using Eq. (2) and is found to be around 85 nm. Here, 
σ presents the surface tension, and rpore, max represents the maximum pore radius of 
the porous wick.

�P = Pguage − Patm = 2σ 
rpore, max 

(2)

3.3 Permeability 

The permeability of the capillary core is a measure of its ability to allow the fluid to 
flow under an applied pressure head given by Darcy’s law. The permeability of the 
wick can be determined using Carman–Kozeny formula [16].
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Fig. 4 Pore radius measurement using the bubble point method

k = d2ε3 

180(1 − ε)2 (3) 

The permeability of the fabricated bi-porous samples is found to be 0.0246 µm2. 
In the above equation, k is the permeability, and ‘d’ is the pore diameter of the wick. 
Here, ε represents the porosity of the wick. 

3.4 Surface Morphology 

The surface morphology of the copper bi-porous wick is characterised by scanning 
electron microscopy (Gemini 300). Figure 5 shows SEM images of the sintered wick 
microstructure. SEM examination of the wick surface shows the existence of large 
pores, which leads to increased porosity and interconnects the fine pore network 
responsible for generating the required capillary pumping pressure.

3.5 Hardness Measurement 

The hardness of the sample is a measure of its resistance to an indentation or localised 
deformation. It is desirable for the wick sample to have a moderate hardness which 
allows the ease of machining vapour grooves over its surface. The hardness of the 
prepared sample is measured using the Rockwell hardness test and is found to be 
37.4 HRB (Rockwell Hardness Scale B).
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Fig. 5 SEM images of sintered wick

4 Conclusion 

In the current work, bi-porous copper wicks with distinguished shapes and sizes 
are successfully developed for loop heat pipes. The sintered copper wicks are 
characterised, and the properties like porosity, permeability, pore radius, surface 
morphology and hardness are calculated. An experimental setup is made for the 
measurement of maximum pore radius. The porosity of the prepared sample is found 
to be 49% using the density method. The pore radius of the bi-porous wicks is calcu-
lated using the Young–Laplace relation and is around 85 nm. The permeability of the 
fabricated bi-porous samples is found to be 0.0246 µm2. SEM examination of the 
wick surface shows the existence of large pores, which leads to increased porosity 
and interconnects the fine pore network responsible for generating the required capil-
lary pumping pressure. The measured hardness of the sintered sample is found to be 
37.4 HRB. 

Acknowledgements The characterisation experiments were conducted at the Central Instruments 
Facility of IIT Guwahati.
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Laser-Induced Plasma-Assisted Ablation 
(LIPAA) of Transparent Materials 

Upasana Sarma and Shrikrishna Nandkishor Joshi 

1 Introduction 

Microchannels are simple, recognisable patterns created to permit a regulated flow of 
fluids through them. The passages usually with a diameter below 1 mm are referred to 
as microchannels. Microchannels have widespread applications in the development 
of biomedical devices. The microchannel-based lab-on-a-chip [1–3] and microre-
actors [4] are some of the growing applications that can be used as customised 
diagnostic devices. Figure 1 shows some microchannel-based applications in real 
life.

Microchannels are fabricated on different materials like glass [5], metals [6] and 
polymers [7–9]. But then again, for all intents and purposes, microchannels demand 
its fabrication on materials with high transparency and high optical clarity. As such, 
machining of transparent materials with high precision is of great significance. 

2 Transparent Materials in Scientific and Industrial 
Applications 

Transparent materials like glass, polycarbonate (PC), polyimide (PI), polydimethyl-
siloxane (PDMS), polymethylmethacrylate (PMMA), etc. are the most trending 
transparent material. It is due to their eco-friendly nature and high transparency in the 
visible and near-IR spectral range [6]. Most transparent materials have exceptional 
resistance to chemical reactions and high thermal stability.
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Fig. 1 Microchannel-based lab-on-a-chip set-ups [1, 2] (reproduced with permission from Elsevier)

Glass microfluidic devices provide exceptional chemical resistance, biocompat-
ibility and optical properties, in addition to mechanical stability, which prevents 
swelling and deformation. After the initial focus on silicon, which is comparatively 
expensive and visually opaque to certain electromagnetic wavelengths, glass was 
chosen to build microfluidic chips, limiting its applications in optical detection 
[10]. Hnatovsky et al. [11] fabricated high-quality microchannels on fused silica 
and BK7 glass using femtosecond laser dielectric modification combined with selec-
tive chemical etching. Also, Rodriguez et al. [12] described two rapid and economic 
methods for fabricating microfluidic systems in glass. These glass microchannels 
were then applied in capillary electrophoresis where the robust surface character-
istics of glass proves to be a convenient device. However, the expensive and time-
consuming process for fabricating microchannels on glass and also the brittleness of 
glass restrict the development of glass-based microfluidic devices. 

Because of the inherent impact strength, dimensional stability and optical clarity 
of PC, it is considered an ideal material for the medical device industry. Many 
researchers have reported microchannel fabrication in PC [13, 14]. Its ability to 
transmit light in a large range of wavelength makes it effective in visual moni-
toring of blood or other biological fluids. It is also used in developing Polycarbonate 
Urethane, (PCU) that acts as the bearing material in orthopaedic prosthesis, knee 
prosthesis [15], etc. 

The unique properties of PDMS make it an important material for microchannels 
too. It is transparent and electrically and thermally insulating [8]. One can easily and 
affordably create microchips for biomedical purposes using PDMS-based microflu-
idic devices. Fujii [16] worked on PDMS-based microfluidic devices for applications,



Laser-Induced Plasma-Assisted Ablation (LIPAA) of Transparent … 135

where microreactors, microchips and hydrophobic vent valves are successfully inte-
grated into the microchannels. Additionally, PDMS has qualities that make it a good 
substrate for miniature biological devices by fabricating PDMS microstructures [17]. 

PMMA, also known as acrylic or acrylic glass, is a transparent and rigid ther-
moplastic material widely used as a shatterproof replacement for glass. It is used 
in biomaterial applications such as bone cement, lenses, bone substitutes and drug 
delivery systems. Smooth walled cylindrical microchannels with diameters in the 
range of 8–20 µm were fabricated on PMMA substrate by Day and Gu [18]. Dudala 
et al., [19] and Prakash and Kumar [20] also fabricated microchannels on PMMA 
substrate using the CO2 laser for microfluidic applications. Further, PMMA microflu-
idic device with filtration features was used to separate red blood cells from blood 
[21]. Microchannels in PMMA substrates bonded to porous PETE track-etched 
membranes are also utilised for the cytotoxicity testing of anticancer drugs in a 
microfluidic device [22]. 

3 Microchannel Fabrication Technologies 

Microchannels can be generated on substrates by using conventional as well as uncon-
ventional manufacturing processes, viz. microwire moulding, imprinting, lithog-
raphy, chemical etching, plasma etching and laser-based machining. These tech-
niques are capable of machining microchannels on a variety of materials; however, 
some of these have certain limitations. Due to the degassed polymer spilling out of 
the mould, more waste is generated during microwire moulding. Additionally, the 
technique is expensive and time-consuming because to the complexity of the mould 
and its operation. Whereas, in lithography, the substrate often absorbs the devel-
oping solution during the production of microchannels. Its need for a chamber that 
blocks UV light also makes it an expensive operation. In the imprinting approach, the 
delayed mass movement and ongoing material entrapment in the metal blocks result 
in a non-uniform distribution of material. However, if laser parameters like wave-
length, laser intensity, pulse duration, etc. are properly tuned, laser direct machining 
has been proven to be a promising tool. On opaque materials, laser processing has 
demonstrated its capacity to create neat and uniform channels [23]. 

4 Laser-Based Micromachining 

In laser-based micromachining, the material is removed from the substrate using 
thermal energy that is derived from the light energy of a highly coherent stream of 
photons. The substrate is exposed to a laser beam, which is mostly absorbed and some 
of which is reflected. The energy that is absorbed is instantly transformed into heat 
energy, raising the temperature in the area that has been exposed to radiation. The 
substance melts and vaporises when the laser energy is high enough. The vapour that
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follows from the vaporisation creates a recoil pressure at the melt pool’s surface and 
causes the melt to be ejected. As such, this process works effectively with materials 
that are capable of absorbing laser energy. 

4.1 Effect of Workpiece Material Properties 

During laser-based machining, the material ablation is a thermal process. The temper-
ature distribution is mainly responsible for the desired process outcome. The thermal 
and optical properties of the workpiece materials have a major effect on the laser 
ablation process. The important materials properties are discussed below.by lip 

Optical property 

An optical property of a substance called absorptivity specifies how much light may 
be absorbed in a material, proportion to the amount of light that is incident on it. 
The wavelength and direction of the incident light, the kind of material, its chemical 
content and physical structure, as well as the condition of the material and its surface, 
all affect the absorptivity value. Absorptivity (A) can be calculated as: 

A = 1 − R − T (1) 

where R is the reflectivity and T is the transmissivity of the material. 
A workpiece surface does not totally absorb the laser beam. A portion of the beam 

is absorbed and the remaining portion is reflected back into the environment. Increase 
in absorptivity increases the laser energy input into the workpiece surface. In a time 
period of around 10–13 s, the absorbed energy stimulates the free electrons, which 
instantly transforms into heat [24]. The heat is subsequently disintegrated through 
a variety of heat transmission mechanisms, including conduction, convection and 
radiation, but conduction has the most significant impact [25]. The heat conducted 
into the metal surface raises the surface temperature, assisting the laser ablation 
process. Lawrence [26] discovered that a high-power diode laser is more reliable than 
a CO2 laser because the diode laser’s wavelength is small, which increases absorption 
because most materials are greatly absorbing at low wavelength. Similarly, Li et al. 
[21] examined the effect of the absorptivity of metal on femtosecond pulsed laser 
ablation. It was observed that the absorptivity of the material increases with the 
temperature evolution with time and as such, an increase in the ablation is achieved. 

Transparent materials, on the other hand, are highly transmissible to laser beams 
over a wide wavelength range. The laser beam passes through the transparent mate-
rial without disruptions, resulting in no thermal effect on the material. Researchers 
from all over the world have used CO2, excimer and Nd: YAG lasers to fabricate 
microchannels in transparent materials like glass [27] and polymers [18]. It was also 
discovered that CO2 and excimer lasers could effectively machine the transparent 
polymer material because most polymers have significant absorptivity in the far IR 
spectrum and low UV wavelength [20].
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Thermal property 

The temperature distribution in a workpiece is controlled by its thermal properties. 
Thermal conductivity (k) and heat capacity (c) are the important thermal properties. 
The thermal conductivity of metals is such a thermal property that signifies its ability 
to conduct heat into the material. In metals, the value of thermal conductivity varies in 
a wide range, from a value of approximately 8 W/mK to a value of about 400 W/mK. 
Thermal conductivity affects the thermal gradient and peak temperature because it 
determines heat transfer into the surrounding material [28]. Peak temperature and 
temperature gradient both decrease as thermal conductivity increases. It is because 
of the rapid heat dissipation in high conductivity materials [29]. Benton et al. [30] 
studied the effect of thermal conductivity on laser micromachining of microchannels 
and observed that the melted and vaporised volume in the metal target increases with 
the increase in the thermal conductivity value of the material. 

Specific heat capacity on the other hand signifies the amount of heat required to 
be supplied per unit mass to raise the temperature by unit degree. In metals, its value 
range from a lowest value of about 120 J/kgK to a highest value of 3500 J/kgK. 
Similar to thermal conductivity, specific heat also governs the peak temperature 
obtained during the laser irradiation. In reality, the specific heat of a material governs 
the development of the peak temperature when various materials absorb the same 
amount of heat. The smaller the specific heat is, the higher the peak temperature is 
obtained [31]. Benton et al. [30] also investigated the effect of specific heat capacity 
on laser micromachining of microchannels and reported that, the higher the specific 
heat of a metal, the lower the depth of cut for a given laser power is obtained. 

From the aforementioned studies, it can be observed that depending on the various 
factors such as wavelength of the incident laser beam, surface roughness of the mate-
rial and the temperature evolution on the surface, the metals get highly absorbing 
thereby causing thermal ablation on its surface. Transparent materials exhibit signif-
icant absorptivity at the far IR spectrum and low UV wavelength. No laser beam can 
be absorbed in the visible and near-IR spectral range making the laser machining 
of transparent materials in such spectral range a challenging task. It may be worthy 
studying the laser machining process of transparent materials in the visible and 
near-IR spectral range. 

4.2 Motivation for LIPAA Process 

The laser must be strongly absorbed by the sample when fabricating microchan-
nels with lasers. But nevertheless, most microchannels necessitate the use of trans-
parent materials. Transparent materials with high transparency do not absorb laser 
energy, making laser machining difficult. Nonetheless, ultrashort lasers can process 
transparent materials because they generate a highly concentrated light field that 
is absorbed into the transparent material via nonlinear absorption and is powerful 
enough to ionise any atom. Short wavelength lasers, like ultrashort lasers, can
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also process transparent materials. Thus, it is rather challenging to perform laser 
processing on transparent materials using long-pulsed, long-wavelength lasers. 
However, it should be mentioned that at such condition, the LIPAA technique is 
capable of processing transparent materials. 

5 Theoretical Background of LIPAA Process 

LIPAA involves placing an extra absorbent layer below the transparent material. 
There are three categories for the LIPAA process depending on the absorbing layer’s 
material (i) Laser-Induced Backside Wet Etching (LIBWE), (ii) Laser-Induced Back-
side Dry Etching (LIBDE) and (iii) Laser Etching at a Surfaced-Adsorbed Layer 
(LESAL). Under the transparent material in LIBWE, a highly absorbing solvent is 
being employed. It is distinguished by a low rate of etching, a smooth surface and an 
incubation effect [32]. Whereas, by continually adsorbing hydrocarbon by-products 
from a gaseous organic medium, LESAL creates a thin absorbent layer on the back-
side of the transparent material [33]. Likewise, a thin metal is positioned below the 
transparent material in LIBDE. It is distinguished by a fast etching rate and the 
absence of incubation effects [34]. Figure 2 shows the principal experimental set-up 
for the three categories of LIPAA.

LIBDE on the other hand is often denoted by the general term LIPAA. In the 
LIPAA process, plasma is generated on the rear side of the transparent material, 
assisting the ablation of the material on its rear side. In this process, the transparent 
material is placed above a metal target sheet with no pressure being exerted on the 
transparent material. The schematic representation of the LIPAA experimental set-up 
and its mechanism is shown in Fig. 3. A detailed flow chart describing the mechanism 
of LIPAA is also being shown in Fig. 4.

The transparent material is translucent to a wide range of laser wavelength. Thus, 
the incoming laser beam passes through the transparent material and is focused on 
the upper surface of the metal target sheet. A fraction of the laser energy is absorbed 
by the absorbing metal target sheet. The absorbed energy results in the excitation 
of the free electrons, which instantaneously gets converted into heat energy [24]. 
This heat energy then gets dissipated through various modes of heat transfer, viz. 
conduction, convection and radiation. Conduction plays a vital role in conducting 
the energy into the metal surface, thereby increasing the temperature generation on 
the metal target. Once the intensity of laser is high enough (> 105–108 W/cm2), the 
temperature generated on the metal target sheet surpasses its melting and boiling 
point temperature. The vapour thus formed from the metal surface contains a cluster 
of molecules. Subsequently, the interactions of the laser beam with the vapour lead 
to the ionisation of the vapour molecules resulting in the formation of opaque and 
dense plasma. The plasma generated again interacts with the laser beam, resulting in 
Inverse Bremsstrahlung absorption and leads to an expansion of the plasma [1]. The 
plasma now has a significant thermal effect on both the transparent and the metal 
target sheet, thereby ablating both the materials.
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Fig. 2 Principal 
experimental set-up for a 
LIBWE, b LIBDE and c 
LESAL [1, 35, 36] 
(reproduced with permission 
from Elsevier)

6 Fabrication of Microchannels on PC By LIPAA 

Using the LIPAA process, microchannels were successfully fabricated in our labo-
ratory on transparent polycarbonate (PC) sheet. A conventional solid-state Nd: YAG 
pulsed laser of 1064 nm wavelength and pulse width in the millisecond range has been 
utilised for microchannel fabrication. The experimental set-up of the LIPAA process 
is presented in Fig. 5. The transparent material is a PC sheet having a thickness of 
1 mm, while the metal target taken is a sheet of copper of 1 mm thickness.

The microchannel fabrication on PC using LIPAA is carried out by varying 
three laser parameters, viz. pulse repetition rate (PRR), pulse width (PW) and pulse 
power density (PPD). The microchannel dimensions are measured and analysed form 
FESEM images. The FESEM images of a microchannel created by LIPAA are shown 
in Fig. 6 under the process conditions of 60 Hz PRR, 4 ms PW and a 3.055 MW/cm2 

PPD.
The investigation reveals that when the laser parameters increases, the channel 

dimensions also rise. It is because more stimulated emission occurs with a higher 
pulse power density. As a result, increased photon exposure on the metal sheet causes
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Fig. 3 Schematic representation of the experimental set-up and mechanism of LIPAA

a rise in the electron and ion number density. It is known that, generation of plasma is 
governed by the electron and ion density, increasing which will result in an enriched 
plasma generation [37]. Similar to this, the quantity of laser pulses engaging with the 
metal sheet grows as the pulse repetition rate does. In turn, the molecules in the vapour 
become more vaporised and ionised. Additionally, an increase in plasma synthesis is 
correlated with an increase in pulse duration. As a result, plasma formation increases 
along with the laser parameters. The polycarbonate sheet is thermally affected by 
this enhanced plasma, increasing the channel dimension. 

A layer of carbon particles with some minute traces of copper and oxygen particles 
also gets deposited on the edge and bed of the microchannel. However, the deposited
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Fig. 4 Mechanism of LIPAA

Fig. 5 Nd: YAG laser machine set-up for LIPAA process
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Fig. 6 FESEM image of a Cwidth and b Cdepth

carbon, aluminium and oxygen particles are not permanent in nature and can be 
cleaned ultrasonically. The FESEM images and the EDX analysis shown in Fig. 7. 
Prove the presence of carbon, oxygen and copper particles on and around the channel 
bed. It can be noticed from the figure that, the deposition of copper particles from 
metal target on the channel bed is not as much as that on the microchannel edge. It 
is because of the shock wave at the irradiated zone of the PC and copper sheet that 
leads to an explosive melt expansion resulting in deposition of the melted material 
on the channel edge.

7 Summary 

Microchannels have become an indispensible part of micro technology in today’s 
world. They allow easy transportability of devices and incorporate several processes 
into one device called lab-on-a-chip. Microchannels can be fabricated on a variety 
of materials but for all intents and purposes, microchannels demand its fabrication 
on materials with high transparency and high optical clarity. Most transparent mate-
rials have a very good resistance to chemical reactions, high thermal stability and 
high hardness and as such, find wide scientific and industrial applications. Materials 
like glass, PC, PI, PDMS, PMMA, etc. are the most trending transparent mate-
rial. Microchannels can be generated using conventional as well as unconventional 
manufacturing processes, viz. microwire moulding, imprinting, lithography, chem-
ical etching, plasma etching and laser-based machining. Laser direct machining has 
however been found as a promising tool if it is applied with proper setting of laser 
parameters, viz. short wavelength and ultrashort pulse. The laser must be highly 
absorbed by the material. But high transparency of the transparent material does not 
allow laser energy to be absorbed at longer wavelength lasers and longer pulses. 
Hence, it is difficult to machine transparent material by a laser. LIPAA however 
has the potential to process transparent materials. As such, a brief discussion on 
microchannel fabrication on PC using LIPAA has been presented in the current
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Fig. 7 EDX analysis showing the elemental composition at a base polycarbonate, b channel edge 
and c channel bed

chapter. Further, minute traces of copper and oxygen particles deposited on the edge 
and bed of the microchannel have also been analysed. The deposits are however not 
permanent in nature and can be cleaned ultrasonically. 
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CO2 Laser Cutting of White Pat 
Silk—A Preliminary Work 

Evenmore Mylliem and Shrikrishna Nandkishor Joshi 

1 Introduction 

Laser has been employed tremendously in the garment and apparel industries in 
processing different kinds of fabric materials. The main reason for the utilization 
of lasers in the garment and apparel industries is their flexibility and their ability 
to reduce the cost of production in the long run. Lasers have many applications 
in the garment and apparel industries ranging from cutting, engraving, marking, 
patterning, fading and many other applications. The ease of integration of the laser 
with the computer system has led to its increased utilization in recent years. 

1.1 Laser Technology 

Laser is an acronym for “Light Amplification by Stimulated Emission of Radiation.” 
The word “laser” refers to both a device and a technology. The invention of the first 
working laser in the year 1960 by Theodore Maiman using ruby as an active medium 
has opened the way for the invention of lasers of different wavelengths using the 
different types of materials as the active media. Laser is electromagnetic radiation 
produced by the atoms by the change in their energy states whenever the materials are 
being excited. The excited atoms emit laser in the form of light, and this laser light is 
further amplified in a suitable lasing medium equipped with a specific arrangement 
of mirrors. The laser was finally produced from the arrangement as a stream of
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light having a color determined by its wavelength. The laser light produced has 
four main properties: intensity, monochromaticity, coherency and collimation which 
differentiates it from natural light. The basic components of any laser system include 
the active or lasing medium, energy or pumping source and the optical resonator. 
Lasers are classified into gas lasers, solid-state lasers, dye lasers and semiconductor 
lasers based on the lasing medium. 

The different process parameters which play an important role on laser-material 
interaction include wavelength, laser power, scan speed, laser pulse width, laser pulse 
frequency, laser optics and material properties. These parameters need to be wisely 
controlled or selected to achieve better output results in the laser processing of any 
materials. Laser has gained popularity in the garment and apparel industries because 
it is a non-contact and force-free process, its power and speed can be easily controlled, 
and it can be easily integrated with the computer systems therefore complex shapes 
and patterns can be cut from the fabric materials. 

1.2 Fabric 

Fabric refers to the flexible material or structure, formed by the interlacing or inter-
locking of yarns or threads. The yarns and threads are produced by the spinning of raw 
fibers (obtained from natural or synthetic products) into long and twisted lengths. The 
process of interlocking and interlacing yarns or threads is usually known as weaving, 
knitting, felting and bonding. The fibers are classified into natural and man-made 
fibers depending on the source from which they are extracted. The fabric can be made 
up of purely natural fibers or purely synthetic fibers or a mixture of both two. 

The process of rearing silkworms for the production of raw silk fibers is known 
as sericulture. Pat silk is a natural fabric obtained from the cocoons of the mulberry 
silkworms. Assam a state in North-East India is famous for producing different types 
of silk like Pat silk, Muga silk, Tasar silk and Eri silk. Sualkuchi in Assam is well-
known for producing different traditional textiles made from different silk fibers, 
and it is popularly known as the “Manchester of Assam.” Pat silk apart from being 
known as the expensive along with Muga silk and also has a major share in the silk 
industry in Assam. Pat silk is well-known for its durability and glossy texture and 
has a natural white tint color. The pat silk, like other silks produced in Assam, has 
been used in making products like mekhelas, chadars and many other useful textiles. 

2 Literature Review 

Laser cutting is one of the many processes that can be carried out using laser tech-
nology. Laser cutting has been used to cut metals and many non-metals accurately 
into different types of regular and complex shapes. In the garment industries, the 
use of lasers for cutting is very important as many shapes and patterns from the
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fabric rolls can be cut to required sizes, thereby reducing the waste of fabric mate-
rials. From the literature, we have seen that the continuous wave CO2 laser was 
used widely for cutting and processing different fabric materials. CO2 laser has been 
used as a high-speed cutting tool in the precise cutting of polymer-based fabrics in 
a defined shape and the fibers melt and stick with each other to prevent fraying [1, 
2]. CO2 laser cutting of single-layer and multiple-layer fabrics obtained from both 
natural and synthetic products has shown the need for proper control of the laser 
process parameters, i.e., laser power and speed, so that good cutting results can be 
obtained. Laser cutting of multiple layers of fabrics made up of natural fibers results 
in excessive burning, but in the case of synthetic fabrics, the edges of the layers of 
fabrics stick to one another due melting of the fibers at the cutting edges [3]. The 
laser process parameters, namely laser power and speed, are the main parameters that 
need to be properly selected to achieve an accurate cutting edge with less damage 
[3–5]. Proper combinations of laser parameters are needed to ensure a proper cut 
through the felt fabric [6]. 

There are many other laser processing techniques apart from cutting that are 
employed for the processing of different garments. The famous among these laser 
techniques is laser engraving. The use of a laser to modify and create patterns on the 
fabric surface without a through cut of the surface is called laser engraving. For laser 
engraving, pulsed CO2 laser with pixel time and resolution being the process param-
eters mostly controlled. Laser engraving has been carried out by many researchers 
and reported that when proper combination of parameters is selected during laser 
processing desired results can be achieved on the fabric without damage to the 
fibers. Varying the irradiation intensity (a parameter which is directly proportional 
to maximal power, duty cycle and pixel time) during laser engraving of dyed and 
undyed 100% cotton fabrics gave rise to change of color on the surface of the fabrics 
as reported by Štěpánková et al. [7] and adjusting the proper range of values for irra-
diation intensity can prevent unwanted damage to the laser processed fabrics. Using 
laser engraving, a faded and worn out look on the denim fabrics was created which 
suggested that laser engraving is the best alternative to different traditional denim 
finishing techniques as there is no use of water and chemicals during the process [8, 
9]. Laser engraving of fabrics not only creates color changes, but it is also associ-
ated with reduction in the tensile strength and breaking strength of the fabrics and 
improve wettability when processed with proper combination of process parameters 
[10–12]. The use of graphic design method and resist design method in combination 
with laser engraving has imparted many complex artistic designs on the processed 
fabrics and the color appearances of the design on the fabrics can be easily managed 
by controlling the laser treatment parameters [13–15]. The use of laser engraving 
in creating artistic designs is more environmentally friendly as no water and chem-
icals are utilized. Metallic appearance with patterns was imparted on the denim by 
laser engraving of the aluminum foil laminated on the fabric [16]. Laser treatment of 
fabrics alter the surface properties fabrics, thereby exposing unsaturated bonds and 
free radicals on the surface which further improve the dye absorption of the treated 
portion of the fabric as compared to the untreated portion resulting in different color 
intensity after dyeing [17–20]. Laser treatment of fabric before dyeing can improve



150 E. Mylliem and S. N. Joshi

the color fastness and light fastness of the fabric after dyeing [21]. The use of laser 
engraving technique on cotton fabric has led to the improvement of the fibers to 
absorb more of silver nanoparticles as compared to the untreated, thereby improving 
the antibacterial properties of the fabric even after washing [22]. To control felting 
shrinkage of wool, laser treatment with appropriate parameters was conducted and 
it is reported that laser treatment can be an alternative to traditional chlorination 
method to control the felting shrinkage in wool [23]. Laser treatment of fabric also 
modifies the fibers on the surface, thereby leading to reduction in the pilling of fibers 
in the surface of the fabrics [24]. 

From the literature, it can be seen that there exists an enormous number of papers 
in the area of laser engraving but a limited number of papers reporting laser cutting 
of different fabrics. Pat silk, obtained from mulberry silkworms which are famous 
in the state of Assam situated in the North-Eastern region of India has not been 
reported to be processed by laser. Therefore, this work was carried out to establish 
a laser cutting process of pat silk with a 2.5 kW CO2 laser. The result of this work 
is satisfying and further modifications can be made to improve the processing of pat 
silk. 

3 Methodology 

The pat silk fabric is a flexible material, and to process it by the selected 2.5 kW CO2, 
it is necessary to fix it onto a rigid material so that processing can be done accurately. 
To fulfill this condition, the white pat silk fabric was taped onto the supporting base 
material made up of a rubber mat (5 mm thickness) and a cartoon box sheet (2 mm 
thickness). The rubber mat was taped on the top of the cartoon box sheet, and the 
cartoon box sheet provides the necessary rigidity. 

To carry out the laser cutting using a 2.5 kW CO2 laser, a circle of 5 mm diameter 
was designed using AutoCAD and the design was transferred to the CADMAN-PL 
for the generation of the toolpath. After the generation of the toolpath, the CNC 
program was generated and then loaded into the CO2 laser machine memory so 
that the movement of the laser cutting head can be controlled while carrying laser 
cutting of the pat silk. The CO2 laser was then prepared for the process and necessary 
conditions have been set so that accurate cutting can be obtained. 

The following conditions have been considered for carrying out the laser cutting 
(Table 1). 

Table 1 Conditions for CO2 
laser cutting of white pat silk 

Laser power 100 W (minimum) 

Scan speed 7000 mm/min (maximum) 

Stand-off-distance 1 mm  

Assisting gas Nitrogen, N2 

Assisting gas pressure 0 to 5 bars, with an increment of 1 bar
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4 Results and Discussion 

The preliminary experimentation is conducted in 2.5 kW CO2 Laser (Make: LVD). 
The pat silk fabric is mounted using mounting tape to fix it onto the supporting 
substrate consisting of rubber mat and cartoon box sheet as shown in Fig. 1. 

The experimentations were carried out by varying the pressure of the assisting 
gas from 0 to 5 bars with an increment of 1 bar and keeping other parameters like 
laser power and scan speed constant at 100 W and 7000 mm/min, respectively. As 
observed from Fig. 2a, b, it can be seen that some of the circles are laser cut fully and 
some have fibers still attached to parent silk fabric. This observation suggests that 
due to the presence to the presence of assist gas during the laser cutting there might 
be a possibility that the fabric is blown and owing to this blowing the part of the 
fabric along the laser cutting path may be out of focus leading to some of the fibers 
being attached to the parent fabric even after laser has passed through the cutting 
path.

It can be also observed from Fig. 2a, b that the circle being laser cut has more 
overcut when the assist gas pressure was set to 0, 1, 2, 3 bars. It is also observed that 
the blackening of the laser cut edge is more when the assist gas pressure was set to 
0, 1, 2, 3 bars. The reason for large overcut and blackening of the laser cut edge may 
be due to the oxidation from the surrounding during the laser cutting. The overcut 
is observed to be largely reduced when the assist gas pressure was set to 4 and 5 
bars and with same values of assist gas pressure the blackening of the laser cut edge 
is almost not noticeable. As the assist gas pressure is increased, the laser beam is 
constricted from the surrounding oxygen, thereby reducing the chances of oxidation 
from surrounding.

White pat silk fabric 

Rubber mat 

Cartoon box sheet 

Mounting tape 

Fig. 1 Laser processed white pat silk fabric mounted on the supporting substrate of rubber mat and 
cartoon box sheet 
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Laser Power = 100 W 

Laser Power = 100 W 

Assist gas pressure  
in bar 

Fully cut 
portion of 
pat silk  

Not fully 
cut portion 
of pat silk  

(b) 

(a) 

Fig. 2 a Laser cutting of pat silk at laser power = 100 W, scan speed = 7000 mm/min and assist 
gas pressure from 0 to 5 bars with 1 bar increment. b Enlarged view of the laser processed portion

From the preliminary experimentation, it is also observed that using the laser 
power of 100 W the laser can even penetrate through the rubber mat up to the cartoon 
box sheet. This is due to low melting temperature rubber and low burning temperature 
of the cartoon box material. This observation suggests the use of substrate material 
having higher melting temperature-which can resists penetration of the laser through 
it. 

In this preliminary experimentation, the main process parameters are laser power, 
scan speed and assist gas pressure. As discussed above when laser power and scan 
speed are kept constant, varying the assist gas pressure has given rise to different 
effects of the laser on the laser cut edge. The fabric being a thin and flexible material 
needs to be properly held in its place so that the laser processed results can be 
improved further.
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5 Conclusion 

The following conclusions can be drawn from the results obtained after processing 
white pat silk with a 2.5 kW CO2 laser:

• When pat silk was laser cut, the edge of the laser processed portion was observed 
to have a less blackening effect due to burning when the assist gas was set to the 
value of 4 bars and 5 bars with other parameters set to selected constant values as 
mentioned in Table 1.

• The work suggests that a laser machine with lower minimum power can be a 
good choice for obtaining good results during the experimentation on the selected 
fabric.

• Laser cutting of the fabric can prevent the fraying of fibers that form the fabric. 
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Numerical Modeling and Simulation 
of Micromachining of Biomedical 
Materials Using Nd: YAG Millisecond 
Pulse Laser 

Brijesh K. Singh , Sajan Kapil , and Shrikrishna Nandkishor Joshi 

1 Introduction 

The term laser stands for “Light Amplification by Stimulated Emission of Radia-
tion.” The World’s first laser was confirmed by Maiman using a Ruby Crystal in 1960. 
The light rays considered are of the same wavelength, i.e., monochromatic, highly 
collimated, and coherent. Laser beam machining is a non-conventional subtractive 
manufacturing process that uses thermal energy to remove metallic and non-metallic 
surfaces. Laser micromachining has gained much research attention due to its preci-
sion machining quality and efficiency. This machining is suitable for all materials 
such as metals, non-metals, conductive, non-conductive, and hard-to-cut materials. 
This machining process eliminates the tool wear problem, abrasion, and chattering 
problems due to its non-contact nature [1]. Due to its coherency and monochro-
matic nature, the concentrated laser energy is intended to melt higher-strength mate-
rials within seconds. When the laser beam transmits through the workpiece, it gets 
absorbed by the photon of the workpiece. Due to this phenomenon, the temperature 
of the workpiece raised rapidly to remove the material through melting and vapor-
ization [2]. Thus the laser process is desired over other unconventional machining 
owing to its high ablation rate and excellent surface finish. 

Titanium and its alloys are widely used materials in aerospace, and automobile 
industries due to their lightweight and attractive mechanical and physical proper-
ties. The biocompatible nature and good corrosion resistance make it suitable for 
biomedical applications, such as dental implants, hip prostheses, and knee joints [3, 
4]. However, titanium and its alloy machining are challenging due to its low thermal 
conductivity, resulting in excessive heat generation at the tool and workpiece inter-
face during the machining process [5]. Due to localized heating and the non-contact
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nature of laser beam machining, it would be the ideal processing technique for tita-
nium alloys. But to avoid the defects such as heat affected zone (HAZ), micro-cracks, 
spatter formation, and bulges, using long laser pulses during processing are a big chal-
lenge for the researchers. Thus, systematic investigation using a finite element model 
and experimental methods is required to minimize these defects and establish laser 
micromachining in industries. 

Thus it is crucial to consider these defects during laser micromachining of the 
components. This process consists of processes like cutting, drilling, marking, etc. 
The main challenges in these processes are getting a good aspect ratio during the 
drilling operation and sufficient materials removal during the cutting and marking 
operation. Researchers have reported numerical and experimental methods for 
micromachining of materials. Heng et al. used a low-power CO2 laser to get the 
microchannel on the polycarbonate materials. They said the rough surface achieved 
an excellent aspect ratio with direct laser writing [6]. Zhang et al. [7] also studied the 
materials removal rate using an ultrafast laser on a silicon wafer. They experimentally 
and mathematically reported the effects of processing parameters such as scanning 
speed, laser frequency, and step distance on the ablation depth of machined surfaces. 
The surface quality of the laser machined a transparent material lithium niobate 
(LiNbO3) for the medical device application was analyzed by Al-Shibaany et al. 
[8]. Various laser micromachining processes, such as cutting, drilling, and milling, 
were reviewed by Farasati et al. [9]. He reported the quality of cut and dimensional 
accuracy at various machining parameters, viz., laser power, gas pressure, scanning 
speed, and pulse duration for hard-to-cut material. Sahu et al. also studied the hybrid 
method to achieve a higher depth on Cp-titanium [10]. Achieving a good aspect ratio 
in micromachining requires more passes, leading to metallurgical effects on surface 
formation. So, from above literature indicates that there should be good combination 
of processing parameters to get better quality of results in terms of metallurgical and 
geometrical effects. More experimental increases the cost of manufacturing. Thus, 
numerical modeling needed to get the good combination of processing parameters 
for optimized results. 

Numerical modeling is a powerful tool to predict accurate results during the 
laser micromachining of materials such as micro holes, microchannel, micro-groove, 
and micro-slots. Sarma et al. [11] numerically and experimentally investigated the 
geometrical size of the microchannel formed on polycarbonate using laser-induced 
plasma-assisted ablation (LIPAA) and predicted the ablated depth and width. Liu et al. 
[12] developed a 3D numerical model to predict width and depth to improve the tribo-
logical behavior of the tool materials. They also studied the processing parameters 
on the metallurgical effects such as heat affected zone (HAZ) and surface rough-
ness. Remival of recast layer formation during laser machining by hybrid technique 
of laser machining and electrochemical machining is reported by Sun et al. [13]. 
However a comprehensive numerical model for micromachining is still missing in 
the current literature for optimized value of width and depth with minimum defects. 

Scarce literature has been reported on using long laser pulses for micromachining 
of metallic materials. Thus in this work numerical modeling has been carried out to 
study the laser processing on biomaterials (Ti–6Al–4V) using Nd: YAG millisecond
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pulse laser. This model explores the temperature variation along axial and longi-
tudinal directions with time. The developed numerical model is useful for metallic 
materials to predict the higher aspect ratio with minimum defects in single scan using 
long laser pulses. 

2 Numerical Modeling and Boundary Conditions 

The present study has developed a two-dimensional nonlinear transient finite element 
model of laser micromachining of Ti–6Al–4V having composition listed in Table 1. 
A temperature profile has been generated for moving heat sources by solving the 
finite element model considering temperature-dependent material properties of the 
titanium alloy (Ti–6Al–4V) listed in Table 2. The physical properties of the Ti–6Al– 
4V alloys have been presented in Table 3. The machining width and the machining 
depth have also been determined from the model. 

2.1 Assumptions 

Due to the complex phenomenon of the laser-matter interaction, certain assump-
tions have been considered to make the present model realistic. The assumptions are 
discussed as follows:

• Two dimensional (2D) model of the material has been considered. 
• Laser source is considered to be a Gaussian profile [18]. 
• The material is considered isotropic and homogeneous.

Table 1 Chemical composition of Ti–6Al–4V alloy [14] 

Element C N O Cr Al V Fe Ti 

% Composition 0–0.1 0–0.5 0–0.2 0.021 5.5–6.75 3.5–4.5 0–0.4 Balanced 

Table 2 Temperature-dependent thermal properties of Ti–6Al–4V alloy [15] 

S. No. Temperature 
(°C) 

Specific heat capacity 
cp (J/kgK) 

Thermal conductivity 
k (W/mK) 

1 27 403 6.5 

2 300 505 7 

3 400 520 9 

4 500 530 11 

5 600 545 12 

6 800 620 17
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Table 3 Physical properties of Ti–6Al–4V alloy [16, 17] 

Properties Value 

Ti–6Al–4V Density, ρ (kg/m3) 4430 

Absorptivity 0.48 

Melting point, Tm (K) 1941 

Evaporation temperature, Tv (K) 3560 

Emissivity, ε 0.708 

Latent heat of melting (J/kg) 4.2 × 105

• It is considered that material removal will occur when the temperature reaches 
above the melting point of the workpiece material. 

• Reference temperature is 300 K. 
• Plasma generation and multiple reflections of the laser beam were ignored. 

2.2 Governing Equation 

The two-dimensional partial differential equation governs heat flow in the workpiece 
material in Cartesian coordinates 

∂ 
∂ x 

( 
k 
∂T 

∂ x 

) 
+ ∂ 

∂ y 

( 
k 
∂T 

∂y 

) 
= ρcp ∂T 

∂t 
(1) 

where T is the temperature, k is the thermal conductivity (W/mK), ρ is the density 
of materials (kg/m3), t is the time (s), and cp is the specific heat of the workpiece 
materials (J/kg K). 

2.3 Boundary Conditions 

The boundary condition consists of a Gaussian heat source, convection, and radiation 
on the thermally affected boundaries AB of the workpiece material as represented in 
Fig. 1. The other sides BC, AD, and CD, were considered insulated, the boundary 
condition of the described model can be expressed mathematically as follows: 
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= 0 (3)



Numerical Modeling and Simulation ofMicromachining of Biomedical… 159

Fig. 1 Geometric representation of the model and boundary conditions 

where ht is the convective heat transfer coefficient, T is the surface temperature, ε 
is the emissivity of the workpiece material, and σ is the Stefan Boltzmann constant 
(5.67 × 10−8Wm−2 K−4), T ref reference temperature at t = 0, time, and n is the 
normal surface of the irradiated heat zone. 

The initial condition of the workpiece material is taken to be at an ambient 
temperature of 300 K at a time t = 0 

Tref = 300 K (4) 

2.4 Heat Flux Model 

The irradiated heat source top surface of the workpiece is considered a Gaussian 
distribution, represented as [16] 

Q = 2As Pa 
πr2 s 

exp 

(−2x2 

r2 s 

) 
(5) 

f (t) = 1 t < tp 
0 t > tp 

} 
(6) 

where Q is the applied heat flux on the top surface of the workpiece (W/m2), As is 
the material’s absorptivity, tp is pulse duration Pa is the average power, rs is the laser 
beam diameter considered to be 0.2 mm during the entire simulation. 

Average power can be calculated from the Eq. (7)
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Pa = Pk tp f (7) 

where Pk is peak power calculated from applied voltage and current, f is pulse 
repletion rate and tp is pulse duration. 

3 Solution Approach 

A 2D finite element transient numerical model has been developed to predict the 
temperature distribution along the scanning direction and depth direction. Reason-
able material removal rate depends on the appropriate laser processing parameters. 
However, more heat generation on surface can alter the properties of the materials. 
In this model pulse duration is 1.0 ms, and the pulse repetition rate is 50 Hz, selected 
based on reviewed paper and scanning velocity consider to be 4 mm/s. The entire 
model was coarse meshed, and the heated and nearby region was discretized with 
uniform fine mesh of 10 µm to minimize the simulation time, as shown in Fig. 2. 
The triangular elements type is used for the whole model. To solve this presented 
model time dependent, MUMPS solver used with relative tolerance of 0.005. 

X 

Y Convection and 
Radiation 

Gaussian heat flux 

Insulated 

Insulated 
Scanning direction 

Fine mesh 
10 μm 

Coarse mesh 
80 μm 

Insulated 

Fig. 2 Mesh process continuum
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4 Results and Discussion 

4.1 Transient Thermal Analysis of Laser Machining Process 

Transient thermal analysis of the laser micromachining process was carried out based 
on the two-dimensional (2D) temperature distribution shown in Fig. 3. the variation of 
temperature along the scanning direction is represented. It shows the isotherm contour 
for the workpiece materials along the moving path for 1 ms pulse duration and 50 Hz 
pulse repetition rate at different times 0.125 s, 0.5 s, and 1.0 s. The temperature of the 
workpiece increases along the scanning direction. This is because the moving heat 
preheats the surface. It can also be seen in Fig. 4. As time passes, the temperature 
of the workpiece materials increases and attains a specific maximum temperature, 
also similar trend observed by Sarma et al. during microchannel fabrication on poly-
carbonate materials using laser-induced plasma-assisted ablation (LIPAA). For the 
laser machining to get the uniformity of the surface roughness, the variation in the 
temperature limit should be minimum to get the uniform geometry such as depth 
and width. Increasing temperature leads to the formation of the melt pool and further 
comes out from the surface, known as ablation of materials.

During the long laser pulse interaction with the material, when the surface temper-
ature exceeds creates a pressure difference (inside melt and atmospheric pressure) 
which becomes sufficient to expel materials from the surface, leaving a cavity on 
the surface [19]. Sharma et al. also analyzed the melt pool behavior during materials 
processing using long laser pulses [20]. 

4.2 Prediction of Depth and Width During the Machining 
Process 

The effect of the processing parameters 1 ms pulse duration, and 50 Hz pulse repeti-
tion rate was studied on machining geometry, such as machining depth and width in 
single passes of laser scanning. Above Fig. 5a, b represent the prediction of machining 
width and depth, respectively. For the prediction machining width, a temperature 
profile plotted along the scanning direction at time 0.25 s. It was considered that when 
the surface temperature of workpiece will exceed the melting point materials will 
come out due to pressure difference. The predicted width is 290–300 µm as shown  
in Fig. 5a. For the prediction of removing depth during the machining process, a line 
considers along the depth direction at same time 0.25 s. Temperature profile plotted 
along this line which shows the temperature decreases along the depth direction 
which happens due to the Beer lambert principle (due to decrement in intensity) also 
reported in previous literature. A constant melting point line of workpiece materials 
plotted in the graph and at the point where it intersects the temperature profile gives 
the to predict depth during the machining process. The predicted machining depth is
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Fig. 3 Temperature distribution on the workpiece at a 0.125 s, b 0.5 s, and c 1.0 s along the scanning 
direction at 1.0 ms pulse duration and 50 Hz pulse repetition rate 

Fig. 4 Temperature profile along moving direction
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Fig. 5 a Temperature 
distribution along scanning 
direction b depth direction at 
1 ms pulse duration and 
50 Hz pulse repetition rate at 
time of 0.25 s 

(a) 

(b) 

Predicted machining 
width 

Melting Temperature 1941 K 

Melting Temperature 1941 K 

Predicted machining 
depth  

around 310–320 µm. It was expected that during the machining process there will 
be less detrimental effects such as micro-cracks, spatter on the workpiece. 

5 Conclusion 

The present work presents a 2D finite element numerical model of laser microma-
chining of a biomedical material, i.e., titanium alloy (Ti–6Al–4V) with pulse duration 
of 1 ms and 50 Hz pulse repetition rate. Machining depth and width were predicted 
based on the temperature variation profile along the scanning direction and depth 
direction, respectively. Materials removal is considered after exceeding the melting 
point of the workpiece material. The uniform melt formation along scanning direction 
and depth direction forms uniform width and depth during the machining, which is 
desirable for a good surface finish. The presented model predicts a machining width 
of 290–300 µm and machining depth of 310–320 µm. This model can further be
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extended for the parametric analysis of machining geometry and thermally affected 
damage on the workpiece materials. 
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A State-of-the-Art Review on Surface 
Modification Techniques in Electric 
Discharge Machining 

Binoy Kumar Baroi , Tapas Debnath , Jagadish , 
and Promod Kumar Patowari 

1 Introduction 

This paper describes the literature of electrical discharge machining (EDM) process 
for the application of surface modification. EDMed surface layer contains a white 
layer that crystallizes for molten liquid metal, which is cooled at a higher rate. After 
examining the white layer, some of the tool material was accumulated on the work 
surface by the re-solidification process [1–3]. Thus, the metallurgical structure of 
the surface was changed. This re-solidification phenomenon was suggested by many 
researchers for surface modification purpose of the material. This way, the idea of 
surface modification was developed gradually. Many researchers used powder metal-
lurgical (P/M) tool for having a desired coating composition on the work surface using 
electric discharge coating (EDC). P/M tool provided a uniform modified surface. The 
tool material transferred from the tool to the workpiece more effectively at reverse 
polarity [4]. Ahmed et al. [5] proposed that straight tool polarity was of utmost suit-
able if the sole aim was to lessen the tool wear rate (TWR). But, for minimizing the
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overcut, reverse polarity should be used. Kumar et al. [6] reported that machinability 
and surface modification largely depends on the dielectric type. Powder particles 
mixed in the dielectric reacted with the surface of the substrate and created a coating 
over it in case of powder mixed EDM (PMEDM). Bhattacharya et al. [7] studied 
EDM characteristics with different workpieces (HCHCr, H11, AISI 1045 steel and 
hot die steel), tools (Gr, W–Cu and brass), and powder particles (Si, graphite and W) 
mixed with kerosene and EDM oil, respectively. According to observations, W–Cu 
tool and W powder particles produced better microhardness while brass tool and 
W powder particles produced decent surface quality. A greater cooling effect was 
produced by using kerosene as the dielectric, and the surface finish was improved 
on using EDM oil. Amorim et al. [8] used Mo powder for machining of AISI H13 
in EDM. The modified surface contained Fe–Mo, MoxC and Mo, which enhanced 
the surface characteristics. Jabbaripour et al. [9] investigated the surface morphology 
with variations in control parameters. With the rise in current (Ip), larger crack density 
and deeper cracks were observed. Also, with a growth in pulse on time (T on), the 
microhardness increased. Bhaumik and Maity [10] used Cu, brass and zinc tools to 
ED machine Ti–5Al–2.5Sn in EDM. It was observed that higher MRR was achieved 
using brass and zinc tools followed by the Cu tool. TWR was less for Cu followed 
by brass and zinc. Cu tool produced surface with less crack density and high surface 
finish. 

The present work covers machinability and surface modification using EDM in 
detail. Other than machining, the surface of the workpiece can be modified in EDM. 
Various things need to be considered for improving the surface quality, be it in terms 
of surface finish or surface hardness. P/M metallurgy and PMEDM are the essential 
techniques to upgrade surface quality. But, proper selection of the process parameters, 
dielectric type and the tool-workpiece combination is also equally important. 

2 Surface Modification Using EDM 

The EDM method is mostly used to improve surface quality in addition to machining. 
Better surface characteristics like microhardness, wear and corrosion resistance can 
be achieved using EDM. The following strategies enhance these qualities. 

2.1 Surface Modification By Electric Discharge Coating 

Researchers have verified that the electrode wear is higher in the case of P/M green 
compact or sintering tool than a solid electrode. It is owing to low thermal conduc-
tivity and low bonding among the powder particle of P/M tool and P/M semi-sintered 
tool. It encourages the use of P/M tool for surface improvement by moving the consid-
erable amount of tool material on the substrate. Samuel and Philip [11] performed 
a comparative analysis between P/M tool and conventional electrode. They reported
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that P/M tools were more prone to variations in T on and Ip. Performance measures 
were different compared to the conventional electrode. They noticed that P/M elec-
trode could result in material addition instead of material removal under certain 
operating conditions from the workpiece. Pantelis et al. [12] tried to increase the 
surface hardness of tool steel by sintered 70Fe–30WC electrode through the devel-
opment of a compound layer on the workpiece comprising of anti-wear elements 
similar to carbides. This process could increase the mechanical factors influencing 
the substrate and the functional life under various working conditions. Hardness also 
could be improved by EDM process. Wang et al. [13] recommended the procedure 
of surface modification by EDC for cutting tools and moulds. They performed exper-
iments on carbon steel with TiC P/M electrode (more than 51% weight percentage) 
and resulted in a more than 3 times increase in hardness. It was due to the movement 
of elements from tool to substrate. The formation of metal carbide in the white layer 
aided in to increase in hardness. 

Gangadhar et al. [14] improved the surface characteristics of mild steel using a 
bronze (90%Cu–10%Sn) compact tool in reverse polarity. The result showed that 
Cu3Sn5 and CuSn were the primary constituents in the substrate. They reported the 
possibility to change the physicochemical and metallurgical properties of the surface 
by appropriate changes in the constituents and elements of the P/M tool. Mohri et al. 
[15] modified the topography of Al and carbon steel using tools of Al, Cu, Ti and 
WC in hydrocarbon oil. They reported that the EDMed topography was found to 
be corrosion and wear resistant with fewer cracks. Thus, surface integrity can be 
improved by changing the metallurgical structure of the work material. H13 tool 
steel surface was modified by WC/Co electrode. The modified layer resulted less 
microcracks, and surface hardness increased from 640 to 1319 HK [16]. Open-gap 
voltage showed little effect on microhardness. Shunmugam et al. [17] applied WC 
powder compact electrodes of 60%Fe and 40%WC to make mild steel wear resistant. 
An enhancement in abrasive wear resistance was observed by 25–60%. Figure 1 
depicts the microhardness achieved with different composition of W–Cu. 60:40 wt% 
composition offered the highest microhardness among all the compositions [18].

Long durability is a desired characteristic of a functional product. It depends upon 
the wear resistance, corrosion resistance, hardness and surface characteristics. Singh 
and Kumar [19] used a P/M composite Cu–Mn tool to process hot die steel. The 
highest microhardness achieved was 1191.7 HV. The microhardness improved by 
93.7% compared to the parent material. The surface roughness (SR) was observed to 
be 3.11 µm with no microcracks. Kruth [20] proposed that reverse polarity favoured 
high tool wear while depositing Al on steel and TiC using Al and Ti–Al P/M tools. 
Ho et al. [21] performed surface modification of Ti–6Al–4V with both solid and 
P/M Cu tool using commercially available water-based dielectric fluid. Recast layer 
thickness (RLT) in between 4 and 11 µm was achieved with rougher and thicker 
layer at straight polarity. The RLT possessed hardness up to 1100HK, compared 
to the hardness of bulk material 365 HK. Thus, the desired properties of substrate 
could be improved by surface modification process. Patowari et al. [22] improved 
the surface of C-40 steel using an electrode of WC–Cu. They detected just a small
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Fig. 1 Hardness of coated surface at different compositions [11]

number of microcracks, and the hardness rose from 200 to 220 HV to 1200 to 1632 
HV. 

Hwang et al. [23] created a film of TiC on the surface of Ni workpiece by EDC 
utilizing electrodes with many layers consisted of Ti and Gr. They reported that the 
graphite layer enhanced the carbon concentration, and TiC improved surface hard-
ness. Additionally, TiC lowered the coated layer’s surface irregularity and lowered 
the probability of microcracks formation. Patowari et al. [24] applied W–Cu P/M 
sintered tool to improve the topography of C-40 steel. The deposited layer’s thickness 
ranged from 25 to 739 µm, having the particles of W and Cu owing to the formation 
of TiC. They found microhardness in the range of 9.81–12.75 GPa. 

In the P/M technique of EDM, material is deposited from tool on the work surface 
rather than being removed from the workpiece. W, WC, Ti, TiC are the most common 
powders that are used in making P/M tool. This is because these powders are electri-
cally conductive as well as these can provide a very hard and wear resistant layer on 
the surface with good surface integrity. To improve the electrical conductivity of the 
tool electrode, Cu powder is generally utilised in combination with P/M powders. 

2.2 Surface Modification By Powder Mixed EDM 

PMEDM is one of the inventive ideas to enhance the process capabilities for a better 
performance measure, mainly for surface properties. The addition of micron-sized 
metal particles to the dielectric fluid expands the possibilities for workpiece surface 
modification. Ti, Si, Fe, Co, W and Ni powders with sizes ranging from 1 to 100 
µm are frequently employed [25–27]. The ideal particle size is less than 50 µm to  
avoid the spark gap problem [28]. The addition of powder particles improved the 
breakdown properties of the dielectric by causing an abnormal rise in the spark gap’s 
electric field. The provided gap voltage results in the bridging effect at the electrode
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gap by forming positive and negative charges on the upper and lower part of the abra-
sive particles [21]. Electric discharge thus accumulated to trigger discharge between 
the two successive particles of powder, which results in a sequence of discharge 
[29, 30]. Breakdown happened where the Ip density is the maximum and when 
the field’s density exceeds the dielectric’s breakdown resistance. This phenomenon 
improved the spark intensity, which results in faster erosion. The abrasive elements 
enlarged the spark gap, thereby reducing the gap voltage. Due to the creation of large-
diameter craters on the substrate, the expanded discharge channel also upsurges the 
discharge heat route and decreases the discharge density, thereby improving the 
surface finish[31, 32]. Figure 2 depicts the relationship between powder concentra-
tion and duty factor with microhardness. It was found that microhardness incremented 
with increment in duty factor. It was also clear that microhardness enhanced with the 
enhancement in powder concentration [33]. 

Al, Si and Gr powders were added to the dielectric to increase the surface polish 
and create a mirror finish surface[32]. SiC powder increased the machining gap and 
machining rate whereas superior surface finish was attained with Al powder added 
dielectric [33]. Wu et al. [34] studied how adding Al powder and surfactant to the 
dielectric had an impact on the surface. They found best effect at concentration of

Fig. 2 Variation of microhardness with duty factor and powder concentration at different voltage 
a 20 V, c 40 V and c 60 V [33] 
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Al powder 0.1 g/L and surfactant 0.25 g/L, in the dielectric. The SR was reduced up 
to 60% for PMEDM compared to pure dielectric. Microhardness increases, and the 
microcracks decreases due to the existence of additives in the dielectric [35]. Luo 
[36] reported an improvement in discharge transitivity and machining stability during 
EDM due to a decrease in arcing frequency as a result of evenly dispersed debris in 
the gap. Ojha et al. [37] studied the impact of Ni micro-powders by suspending in the 
dielectric. They reported that the layer formed after machining resulted decent surface 
finish and increased the hardness and strength of the work material to appreciable 
amount. Kumar and Batra [38] modified the surface of H13 die steel material using 
W powder added dielectric. They found a maximum quantity of 3.25% W on the 
topography of H13 die steel. 

PMEDM mostly used by the researchers to enhance the machinability of the 
process. Electrically conductive powders can impove the MRR and surface finish 
by transferring the spark energy from the electrode to the workpiece in a uniform 
way. As a result, material from the workpiece remove uniformly all over the surface. 
Additionally, the workpiece’s surface develops a coating as a result of the powder 
components’ reaction with the workpiece material. The work surface’s properties 
are improved by these coatings. 

2.3 Effect of Dielectric Fluid in Surface Modification 

Comparison of various dielectric, used kerosene, and distilled water for surface modi-
fication of Haynes 230 was performed by Bai and Koo [39] with Mo–Al composite 
tool electrode. Distilled water offered more hardness, whereas kerosene offered 
improved SF, thicker layer, better surface morphology and lowered the rate of oxida-
tion. They stated that kerosene had a stronger surface alloying effect than purified 
water. Wang et al. [13] performed surface modification using kerosene as dielec-
tric fluid. A very hard-ceramic layer was applied to the substrate using a crushed 
powder electrode made of Ti or another metal. It was noticed that the surface of 
the workpiece was coated with a compact TiC ceramic layer which resulted in three 
times more hardness. Beri et al. [40] tested Cu–W P/M electrode on AISI D2 steel in 
kerosene, and the results showed that it performs better on multiple objectives than 
the traditional Cu electrode. 

Figure 3 informs about the variation of average diameter, machining time, elec-
trode wear and RLT. Water-based dielectric shows the best results compared to 
kerosene, deionized water and emulsion [41]. Kunieda and Yoshida [42] compared 
the effectiveness of dry EDM and oil-based EDM. They reported that due to the 
increased crater volume and more recurrent supply of discharge, MRR increases in 
dry EDM. Metal carbide was observed on the work surface when oil-based dielec-
tric was used, whereas metal oxide was detected on the substrate when water-based 
dielectric was used.

Selection of the dielectric is also an important task while machining in EDM. 
In most cases, hydrocarbon oil offers a layer of carbide on the work surface. But,
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Fig. 3 Results of different dielectric fluids with the same discharge parameters [34]

many researchers avoid the use of hydrocarbon oil as it pollutes the surrounding. 
Water-based dielectrics are used as a substitute of the hydrocarbon oil. Water-based 
dielectrics form a oxide layer on the surface. Various types inert gases are also used 
by the researchers to make the process green. These gases act as coolant during 
machining. Also, the flushing action is excellent in dry EDM. 

2.4 Surface Modification By Controlling the Parameters 

Discharge voltage is the leading parameter that effects the surface treatment. This 
is directly associated to discharge gap and strength of the dielectric [43]. Higher 
spark gap and better flushing conditions are produced by the higher voltage setting. 
Increased open-circuit voltage increased the strength of the electric field, which 
caused electrodes to wear and eventually embed tool material on the work surface 
[44]. The input Ip in machining determines the amount of energy used [45]. The Ip is 
administered by surface area to be cut. High Ip and longer pulse duration lead to high 
TWR because they increase the heat energy input and increase the thermal energy



172 B. K. Baroi et al.

on the electrode surface, which causes more material to be eliminated from the tool 
electrode through the melting and evaporation process. 

Generally, the straight polarity gives higher MRR and lower TWR than reverse 
polarity. This is because the workpiece material had a relative increase in heat dissi-
pation towards the end of the discharge time. Reverse polarity alters the material 
removal procedure due to the considerable quantity of tool material depositing on 
the workpiece [46]. To observe the effect of polarities, Pantelis et al. [12] ED used  
a tool (70%Fe–30%WC) with both straight and reverse polarity for machining of 
0.4% carbon steel. They observed that W rich white layer on the substrate with 
reverse polarity. Kruth et al. [20] found that high tool wear was favoured by reverse 
polarity in porous Al and Ti–Al P/M electrodes, while depositing TiC on Al and Al 
on steel. Movement of Cr and Cu from a Cr–Cu sintered tool under reverse polarity 
was informed by Tsai et al. [47]. Shunmugam et al. [17] also reported an appreciable 
amount of material migration from tool to machined surface, when a P/M tool was 
used at reverse polarity. Samuel et al. [48] reported that straight polarity is more 
prone to Ip and T on, which influence the response parameters. Bai and Koo [39] 
claimed that the straight polarity electrode has a lower Ip density than the reverse 
polarity electrode. 

Figure 4 reports that microhardness enhances with an rise in Ni and Cr percentage 
composition. Ip, T on and voltage are all directly correlated with microhardness [49]. 
The spark gap plays an important role in EDM operation. The dielectric breached the 
discharge gap to eliminate gaseous as well as hard debris during machining. Higher 
discharge gap improved flushing condition resulting higher MRR and SR. Reduced 
gap length resulted in ignition delay. Wong et al. [50] found that Al powder offered 
both larger spark gap and MRR. Yan et al. [51] reported that Cr and Al mixture in 
the kerosene increased spark gap and reduced isolation. This helped in making the 
process stable, and the MRR was upgraded considerably. Moreover, due to the low 
gap between the tool electrode, the carbon particles and debris cannot be removed 
easily, which results an uneven spark.

Flushing is a beneficial process to eliminate debris from machining region. 
Researchers working on flushing pressure report that it influences the SR and TWR. 
It also acted as a coolant and removed debris particles from the machining area [52]. 
MRR was highly influenced by flushing [53, 54]. During roughing process, flushing 
affected the MRR and TWR [54]. Finding the ideal flushing velocity helps in reducing 
the impact of flushing velocity on RLT and crack density[55]. The dielectric can be 
provided up or down through tool electrode by means of jet flushing and vacuum 
flow [56]. Dielectric can enter from one side and exit from the other side owing to 
the relative movement of the substrate and electrode along with planetary tool move-
ment[57]. Application of magnetic field and controlled forced vibration vacated 
debris successfully from the spark zone [58]. Flushing can be improved by using 
ultrasonic vibration on both the tool and the workpiece [59]. Ghoreishi and Atkinson 
[60] stated that the amalgamation of tool rotation and ultrasonic vibration rises the 
TWR and MRR. The vibration cum rotary motion improved the MRR by approx-
imately 100% compared to rotary EDM, whereas the improvement is up to 35% 
compared to vibration EDM in semi-finish operation. Zhang et al. [61] performed
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Fig. 4 Main effect plots for microhardness [42]

ultrasonic EDM in gas with a thin hollow tool. The outcome showed increased MRR 
with longer pulse length, higher open voltage discharge Ip, higher ultrasonic actuation 
and thinner tool pipe walls. Gunawan et al. [62] reported that the effect of flushing 
increases with the vibration of workpiece. The high frequency with high amplitude 
increases MRR. Xu et al. [63] introduced gaseous EDM with an ultrasonic vibration-
assisted tool electrode. Experimental outcomes proved that MRR could be improved 
by introducing ultrasonic vibration. 

The most frequently used process parameters are Ip, T on, pulse off time (T off), 
voltage, spark gap, polarity, powder concentration, flushing rate and dielectric depth. 
Process parameters with appropriate levels are essential to initiate the machining 
process. At very low parameter setting, machining does not occur. Again, at very high 
parameter setting, the machining occurs absurdly. At high energy, arcing occurs in 
place of sparking, which is not controllable. Also, at high-energy settings, the surface 
finish deteriorates. Moreover, the crack formation also increased at a high level of 
parameter setting. 

2.5 Parametric Optimization in Surface Modification 

Taguchi technique gives a powerful fractional factorial method instead of the full 
factorial experimental method. The Taguchi design of experiment (DOE) method is 
a strong and useful tool for creating processes that perform dependably and ideally 
under various circumstances. Simao et al. [16] performed statistical analysis applying 
L-8 fractional factorial design to modify the surface of H13 hot working tool steel by 
WC/Co tool and recognized the influence of significant input parameters to reduce 
the microcracks with increased surface hardness. Patowari et al. [24] applied L-
16 orthogonal array of Taguchi DOE technique for surface modification. Overall
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evaluation criteria were used to get an optimum condition for smooth and regular 
material deposition, which increased microhardness. 

Similarly, fuzzy logic was applied to optimize the variable input parameters 
considering several output responses [64, 65]. Recognizing this, Takagi and Sugeno’s 
method was used to construct an input–output link in the manufacturing process by 
applying particular fuzzy modelling [66]. Puerts and Luis [67] used a factorial design 
of studies and regression analysis to model Ra of the EDM process. One of the most 
well-known methods for multi-objective optimization in the field of EDM is the 
genetic algorithm (GA). Deb et al. [68] optimized the processing conditions using 
the non-dominated sorting genetic algorithm (NSGA-II), and a set of non-dominated 
optimal solutions were identified. Artificial neural network (ANN), a paradigm of 
artificial intelligence, has many attractive properties for modelling complex systems 
containing many process data [69]. Tsai and Wang [70] developed several models of 
neural networks, including an adaptable neuro-fuzzy inference system (ANFIS). 

Researchers used different optimization techniques in EDM to optimize the 
control variables so that all the response measures are improved at a particular param-
eter setting. At the optimum parameter, the machinability and surface characteristics 
such as hardness, wear resistance, corrosion resistance and surface finish are also 
improved. Ip, T on, T off, voltage, spark gap, polarity, powder concentration, flushing 
rate and depth of dielectric are the most common control variables that are optimized 
using various optimization techniques. 

3 Future Scope 

Though EDM is extensively used in various industry and research laboratories, it 
has some demerits that need to be addressed to increase its efficiency. In many case 
studies, MRR of EDM is much less than some conventional machining processes. The 
thickness of the coating in P/M technique is more than in the PMEDM process. Proper 
powder concentration particles in the dielectric must be selected to obtain more 
coating thickness. Most of the powder used in PMEDM has very low hardness value. 
Researchers should consider using hard and good alloying powders such as Ti, W, Cr, 
Mo and Co. The effect of size of the powder material on surface modification is also an 
important area for study. In most PMEDM studies, the most common parameters are 
Ip, T on and powder concentration. But, the workpiece surface gets quenched during 
T off. Hence, more studies should be carried out, taking T off. Variation of surface 
hardness and surface finish with the powder particle size should be considered while 
experimenting. Other than EDM, surface modification can also be performed by 
various other techniques such as electroplating and spray coating. Hence, comparison 
should be done between these two techniques regarding quality of the workpiece and 
cost of machining.
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4 Conclusion 

The use of EDM in different industry sectors, such as tool rooms, die-making industry 
and general shop floors, is increasing every day due to its capacity to produce 
complex profiles on difficult-to-machine materials. The surface modification adds 
a new dimension to EDM due to the improvement of various mechanical properties. 
The following conclusions are drawn from the detailed literature survey. 

1. Various powders are used in the EDC process to get the desired coating on the 
work surface. Generally, W, WC, Ti and Co powders are used in EDC process. 

2. PMEDM is an effective technique used for machining and coating simultane-
ously. Powders increase the rate of material removal. It also smoothens the 
surface finish. Powders like Ti, TiC, B4C, Si, Co, Ni and W improve the surface 
characteristics such as microhardness, wear and corrosion resistance. 

3. In EDM, kerosene and hydrocarbon oil are the dielectrics most often utilized. 
Water and gas-based dielectrics are also used as a substitute of hydrocarbon 
oil and kerosene oil. The discharge energy is delivered to the work surface more 
efficiently when powder particles are present because they reduce the dielectric’s 
insulating strength. 

4. The most commonly used process parameters are Ip, T on, T off, voltage, spark gap, 
polarity, powder concentration, flushing rate and depth of dielectric. At high Ip 
and T on, the workpiece’s surface finish deteriorates. Also, SR and the number of 
cracks on the surface increased. 

5. Optimization is an effective tool to decide the combination of control vari-
ables that provide the optimum MRR, TWR, SR and surface qualities such as 
microhardness, wear and corrosion resistance. 
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Estimation of Wire Surface Quality 
Index During Wire Electric Discharge 
Machining Using Image Processing 
Technique 

Sanghamitra Das and Shrikrishna Nandkishor Joshi 

1 Introduction 

One of the main issues in the manufacturing sector is wire failure, which is caused 
by extensive wire erosion during WEDM. The degradation of the wire tool due to 
violent and random spark discharges vitiate the wire strength thus decreasing the 
productivity of the machining operation. Wire wear also reduces the quality of the 
machined products. Thus, prohibition of wire breakage and minimizing wire damages 
are important for effective WEDM process. An in-depth understanding of the wire 
erosion mechanism shall give a proper insight into the wire breakage phenomenon, 
thus predicting and preventing untimely wire failure. 

The wire is subjected to excessive thermal loads due to successive discharges and 
attains a very high temperature, sometimes exceeding the material’s melting point. 
This causes erosion of the wire material and decreases the cross-sectional area of the 
electrode, thus diminishing the wire strength. Literature shows that a sharp rise in 
temperature during the cutting process is the primary factor causing wire breakage. 
Researchers have developed numerical models to estimate the temperature rise in 
the wire electrode during machining. Dekeyser et al. [1] developed a fundamental 
thermal model to evaluate the effect of different process conditions on the temper-
ature attained by the wire to predict the wire breakage phenomenon. An analytical 
solution is compared with a numerical finite difference method, and it was observed 
that the power dissipation exceeding the normal working conditions is an indicator 
of wire failure. Similar approaches were adopted by authors [2, 3] to predict the 
temperature contour in the wire and its contribution to wire failure. It was noted
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that a sharp rise in temperature with higher input power and reduced diameter of 
wire increases the probability of failure [4]. In a similar study, Banerjee et al. [5] 
predicted the three-dimensional transient temperature plot and material removed on 
the wire with the help of an explicit finite difference method. Saha et al. [6] were the 
first to employ a simple finite element model (FEM) to predict a critical variable for 
wire breakage. Transient thermal analysis for randomly located multiple discharges 
on the wire electrode was also reported by Banerjee and Prasad [7]. The effects of 
process parameters like discharge power input, pulse frequency, duty factor and wire 
speed were studied. The predicted values of peak wire temperature suggest the prob-
ability of wire rupture risk. The effect of moving wire during the WEDM operation 
was incorporated using moving heat source characteristics in a numerical model, 
which was developed for a single pulse [8]. The average temperature rise in the wire 
electrode was also recorded experimentally which was further used to evaluate the 
convective heat transfer coefficient during machining [9]. The temperature attained 
by the wire is affected by several factors, such as energy density, kerf geometry and 
dielectric pressure. Similarly, an attempt was made to measure the temperature rise 
in the wire electrode by using a two-colour pyrometer with an optical fibre [10]. 

An extensive literature survey carried out on various aspects of WEDM showed 
a scarce amount of studies available on the mechanism of wire erosion during 
machining [11, 12]. Wire erosion cannot be completely eliminated but can be kept to 
a minimum extent by optimizing the machining parameters. Therefore, it is impor-
tant to estimate a tolerable limit of wire wear in order to reduce the frequency of 
wire failures. In the present study, an attempt has been made to determine a SQI 
of the eroded wires in order to estimate the intensity of wire surface damages and 
identify a tolerable limit of wire wear to avoid wire failure. The utilization of image 
processing (IP) technique to evaluate a wire safety index, which shall establish the 
tolerance level of wire damages without wire breakage, is elaborated in the paper. 

2 Materials and Methods 

The equipment, materials and process parameters used are presented in Table 1. The  
machined wire samples were studied with the help of FESEM and EDX.

2.1 Overall Methodology of Image Processing (IP) Technique 

IP is a technique for converting an image to a digital format and doing various 
operations to it to produce an improved image or extract important information from 
it. Nowadays, IP is one of the fastest growing technologies, which has extensive 
applications in medical industry, astronomy, industrial robotics and remote sensing 
by satellites. The IP technique entails the following actions: (a) importing the image 
using an image acquisition programme; (b) assessing the image and (c) receiving the
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Table 1 List of process 
parameters and their levels 

Set-up WEDM set-up (MAKE JK 
MACHINES, MODEL EC032) 

Workpiece Titanium grade 5 alloy 
(Ti–6Al–4V) 

Wire tool material Zinc-coated brass wire 
(0.25 mm diameter) 

Parameters Level 1 Level 2 Level 3 

Voltage, V (V) 60 85 – 

Current, I (A) 4 6 8 

Pulse on-time, ton (µs) 4 8 16 

Pulse off-time, toff (µs) 2 4 6 

Wire velocity, v (m/s) 3 6 9

output. There are two methods used for IP, viz. analogue and digital IP. Analogue 
IP is used for the hard copies like printouts and photographs. Digital IP is used to 
manipulate the digital images using computers. The processing of digital images 
can be divided into several classes: image enhancement, image restoration, image 
analysis and image compression. 

The fundamental building block of a digital image is the pixel. A digital greyscale 
image in a computer is represented by pixels matrix. The light intensity of the image 
at a specific location is determined by the pixel intensity. Typically, an 8-bit number is 
used to represent the pixel values of a greyscale image; as a result, the pixel intensity 
value varies from 0 to 255 (28–1). A fully dark (black) image is represented by the 
value 0, and a completely light (white) image is represented by the value 255. A 
digital image is represented in matrix form as 

f (x, y) = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎣ 

f (1, 1) f (1, 2) . . .  f (1, N ) 
f (2, 1) f (2, 2) . . .  f (2, N ) 

. . .  

. . .  

. . .  

f (M, 1) f (M, 2) . . .  f (M, N ) 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎦ 

(1) 

The right side of this equation represents an image in digital form.
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3 Results and Discussion 

3.1 Estimation of a Wire Surface Quality Index (SQI) 
with the Aid of Image Processing (IP) Technique 

In order to address the issues of failure and wear of the wire, the current work 
primarily focuses on assessing the erosion and damages experienced by the wire 
electrode during the WEDM process. The unused and degraded surface of a wire 
tool is shown in Figs. 1 and 2, respectively. 

On the surface of the wire tool, the image reveals serious damage in the shape 
of craters, pits, holes and pits. To gauge the severity of the wire surface damages 
and establish a tolerable limit of wire wear to prevent wire failure, an attempt was 
made to calculate the SQI of the eroded wires. The established methodology will 
be helpful in determining a connection between wire damage and workpiece surface 
roughness. Using the IP technique, a wire SQI was calculated from the FESEM 
pictures of the wire electrode. An image histogram can be defined as a greyscale 
value distribution illustrating the occurrence frequency of each greyscale value. It is a 
graphical representation of the tonal distribution that quantifies the pixels with similar 
tonal value in a digital image. Histograms have many uses in IP like image analysis, 
image brightness, adjusting contrast of an image, image equalization, thresholding 
and computer vision. The horizontal axis of the histogram plot depicts the tonal 
variations; on the other hand, the vertical axis signifies the quantity of pixels in that 
particular tone. The pixel intensity values range from 0 to 255 in the horizontal axis for 
an 8-bit greyscale image. An image is scanned, and a running count of the number of

Fig. 1 FESEM image of unused zinc-coated brass wire
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Fig. 2 FESEM image of a damaged wire surface

pixels found at each intensity value is kept. This then constructs a suitable histogram 
for the image. The histogram of a dark image will have most of its data points towards 
left and centre of the graph. On the other hand, a bright image will have its data points 
towards right and centre of the graph. Figure 3 depicts the flowchart for estimating 
the wire SQI using the IP technique. The collected wire samples were examined 
in FESEM. Using ImageJ software, a histogram was created for the FESEM wire 
pictures to detect the variation in image pixel intensity at various positions. A scale 
of 20 µm was kept constant while taking the FESEM images which was used while 
scaling the wire image in ImageJ software.

The area of the wire surface with craters or defects will indicate a different pixel 
intensity, making it possible to distinguish it from a surface with less wear. Thus, 
it can be said that an image histogram plot is an efficient tool for determining the 
degree erosion of the wire during the machining process. While maintaining a steady 
pixel count, a specific section of the wire sample was taken into consideration for 
examination. 

The histogram mean value (HMV) of the corresponding process condition as 
shown in Fig.  4a was evaluated as 164.98. A similar technique was applied for Fig. 4b, 
which showed severe damages on the wire surfaces. The comparable histogram mean 
was found to be lower (118.99), indicating a shift in the histogram’s axis towards 
the darker side. The cause of this is that the light intensity decreases in the area of 
the damage, which causes the pixel intensity to decrease and causes the histogram to 
move to the darker side. It has been noted that a wire surface image with a significant 
amount of damage will result in a lower mean histogram value. The histogram moves 
to the left (darker) side as a result of damage to the wire surface in the form of craters 
or pits decreasing the amount of light in that region. As a result, the HMV decreases. 
The level and rate of erosion of the wire can be indicated by the wire SQI, which is 
the mean value of the plotted histogram. However, certain amount of error could be 
induced in the results as the process of selecting the region in the image is manual.
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Fig. 3 Flowchart to estimate 
the wire SQI  for an eroded  
wire surface

The HMVs of the FESEM wire pictures acquired under various sets of process 
conditions are displayed in Table 2. Greater intensity of wear on the surface of the 
wire is indicated by a relatively lower HMV. The established methodology can also 
help in comprehending the negative effects of wire erosion on product surface quality.

4 Conclusion 

The conclusions that can be drawn from the current work are summarized as follows:

• An Image Processing (IP) based wire Surface Quality Index (SQI) has been 
proposed to evaluate the degree of erosion endured by the surface of the wire.
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Fig. 4 Histogram plots of FESEM images of eroded wire samples at different process conditions 

Table 2 HMVs of the wire samples at different machining conditions 

V (V) I (A) ton (µs) toff (µs) v (m/s) HMV 

60 4 8 6 6 164.98 

60 4 8 6 3 118.99 

85 8 16 6 6 117.02 

85 8 16 2 3 100.98

• The surface of the eroded zinc-coated brass wire samples was degraded in the 
form of craters, attachment of debris and formation of globules, micro-holes and 
micro-pits.

• The histogram mean value (HMV) of the eroded wire sample image was used as 
an indicator to find a limiting value for the wire wear, beyond which the wire is 
likely to break and also impairs the quality of the workpiece surface.

• Higher intensity of wire surface erosion causes a decrease in the wire SQI, i.e. 
lower HMVs of the wire images. 
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Mechanical Properties of 3D Printed 
Modified Auxetic Structure: 
Experimental and Finite Element Study 

Niranjan Kumar Choudhry and Biranchi Panda 

1 Introduction 

Cellular materials possess unique properties such as high energy absorption at low 
relative densities, high shear resistance, high compressive strength and tailorability 
makes them applicable in many engineering applications such as in automobile, 
medical, aerospace, robotics, sensors [1–3]. Researchers have performed quasi-static 
compression and studied in-plane mechanical response of these cellular structures 
through experimental, numerical, and theoretical approaches [4]. Further, an effort 
has been dedicated to improve the energy absorption performance of structures via 
different approaches such as the replacement of cell walls with triangular lattices 
[5] or combining two structures [6, 7] or adding ribs either (sinusoidal-shaped) [8] 
within the unit cell structure. The energy absorption can be correlated to internal cell 
arrangement and tailored considering auxetics geometries as an example [9]. 

In this study, 3D printed auxetic re-entrant honeycomb (RH) and it’s modified 
version (proposed RH) are numerically and experimentally analyzed for their energy 
absorption performance. Finite element (FE)-based numerical models are used to 
understand the deformation behavior of the structures and results are validated by 
performing in-plane quasi-static compression test on 3D printed structures.
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Fig. 1 Schematic of proposed RH structure with unit cell configuration 

2 Materials and Methods 

2.1 Structure Design 

The configuration of the unit cells of the proposed RH (2D view) is depicted in Fig. 1. 
The proposed RH structure was designed by modifying the author’s previous work 
[10], where inclined struts were linearly tapered (see Fig. 1). The design variables of 
the proposed RH structure is given in Table 1, where h is the vertical strut length, l 
represents the length of inclined strut, θ is angle of inclination with horizontal, and 
t represents the thickness of all struct in RH structure and only for vertical strut in 
Modified RH structure, t1 and t2 represent the thickness of inclined strut and l1 and l2 
represents the length of arms. The thickness of all the samples along the Z-direction 
is kept constant at 35 mm.

2.2 Sample Fabrication 

Figure 2 shows the proposed RH structure printed via 3D fused deposition modeling 
(FDM) process. The structure was first designed using Solidworks and .stl file was 
made for creating the tool path movement. Printing process parameters were assigned 
using A KISSlicer PRO v 1.5. ABS polymer filament having diameter 1.75 mm was 
used to extrude the material through the nozzle [11]. A nozzle with a 0.6 mm diameter 
was used to print the structures with a layer thickness of 0.2 mm. We set 240 °C as 
extrusion temperature while printing speed was at 30 mm/s with 100% infill. The 
“Z” direction was chosen as the building direction.
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Fig. 2 FDM 3D printed 
proposed RH structure 

2.3 Methodology 

2.3.1 Experimental Procedure 

The mechanical response of structures was investigated by using a quasi-static 
compression test at room temperature with a universal testing machine (UTM) of 
250 kN capacity (MEDIAN 250). 3D printed samples were kept in-betweens the top 
and bottom plates. A constant displacement was given to the bottom plate at the rate 
of 2 mm/min (strain rate = 0.067/s) [6], while the top plate was fixed. Compres-
sion started along the Y-direction and was recorded using a high-definition digital 
camera. Load–displacement data was generated and used for further calculations. 
The process was repeated with three samples of each structure. 

2.3.2 Numerical Simulation 

The in-plane quasi-static compression of structures was simulated by using ABAQUS 
2017. The numerical model was developed to mimic the experiment and get an 
insight into the deformation behavior of the structure and analyzed. The actual 
experimental conditions were replicated by putting samples in between the two rigid 
plates and giving loading to the Y-direction (Fig. 3). The material behavior of ABS 
was modeled by using the elastic–plastic material model. The material behavior
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Fig. 3 Numerical modeling with boundary conditions for quasi-static compression test 

Table 2 ABS polymer material properties 

Matrix material E (MPa) σY (MPa) Poisson’s ratio ρ (g/cm3) 

ABS 2200 31 0.35 1.05 

of ABS polymer is given in Table 2 and was used for material model development. 
“Explicit dynamic” analysis was performed with consideration of nonlinearity condi-
tions where boundary nonlinearity, material nonlinearity and geometric nonlinearity 
had considered. Boundary conditions for different parts were assigned as shown in 
Fig. 3b. Mesh for structures was generated by using an 8-node hexahedron 3D element 
(C3D8R) [12] with a mesh size of 0.25 mm while a 4-node linear quadrilateral 2D 
element (R3D4) element of 2 mm mesh size was used to mesh rigid plates. Before the 
selection of mesh size mesh convergence test was performed and an optimal mesh 
size of 0.25 mm was chosen. 

3 Results and Discussion 

3.1 Numerical Model Validation 

The stress–strain response of the RH and proposed RH structures are shown in 
Figs. 4a and 5a. It can be seen that both conventional and proposed RH structures 
have gone through elastic and plastic deformation till it reaches densification. The 
deformation behavior can be clearly distinguished into three stages [13]. At the start, 
a linear small region, the elastic regime was observed where stress and strains are 
proportional, and thereafter after reaching to the yield point, a large plateau area 
(where maximum energy absorption occurred by structure) was formed (Plateau 
regime) where structure deforms plastically. At the end of the plateau regime, the 
structures collapsed completely and densification regime started with the onset of



194 N. K. Choudhry and B. Panda

the densification point. In general, the numerical model can predict both elastic and 
plastic deformation of the structures with a good agreement with experimental results. 

Fig. 4 RH structure a stress–strain response b experimental and FE simulation images of sequential 
deformation configuration (the number shown in fig. b represents the corresponding points in stress– 
strain plot)
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Fig. 5 Proposed RH structure a stress–strain response b experimental and FE simulation images 
of sequential deformation configuration (the number shown in fig. b represents the corresponding 
points in the stress–strain plot)
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3.2 Deformation Mechanism 

The in-plane deformation behavior of structures is recorded during the quasi-static 
compression at different strains. When the structures are compressed along the Y-
direction, initially elastically bending of the struts starts and due to which a linear 
elastic deformation behavior is observed. Once the critical limit of stress reaches 
within the strut, it starts to collapse [13]. In this section, we will discuss the typical 
deformation mechanism at different strains. 

3.2.1 RH Structure 

It is clear from Fig. 4a that the RH structure exhibit three distinct deformation stages 
as Elastic regime (0 < ε < 0.04), Plateau regime (0.04 < ε < 0.41) and Densification 
regime (ε > 0.41). In the linear elastic stage, when a compressive load is applied, the 
cells of the RH structure deform uniformly and linearly till it reached the yield point 
(a maximum value). During compression at some location within the structure, when 
walls of the structure and loading direction became parallel then the wall behaved 
as an end-loaded column and buckled as long as the load crossed the Euler buckling 
load, while inclined cell walls bend (Fig. 4b (stage 2 and 3)). At the joints where 
three walls meet, the rotational stiffness played an important role to controls the 
deformation at the joints. The inclined walls highly affect the rotational stiffness 
where they have connected [13] and lead to buckling and bending of the walls of the 
structure. Due to the above reasons, moments are generated and responsible for the 
sideways collapse of the cell. 

Once the stress increases to its maximum value, its value drops as the first layer of 
cell walls collapsed. After that, further increases in stress were observed as collapsed 
cells densified and resisted more to the external loading. This cyclic behavior of 
stress (increasing and decreasing) continues till all the rows are collapsed as shown 
in Fig. 4b (stage 3–5). It is observed from Fig. 4a that when the cells in the second row 
are collapsed (stage 6), the quasi-static engineering stress drops but its (minimum) 
value remains higher (than in stage 4) as more cell walls are close to each other and 
hence resulted in higher stiffness (see Fig. 4b). It may be noted that the collapse of 
the cell started at the bottom end and continuously moved forward to the top end till 
all layers collapsed within the structure (see Fig. 4b (stage 7 and 8)). 

Finally when all cells of the structures are completely collapsed densification 
started and after the densification point, the resultant stress value increases rapidly 
due to compacting of the cells (at the compaction phase the structural performance 
was controlled by the base material from which the lattice structure had fabricated 
[12] and stiffness of lattice material are higher than the structure). Hence it can be 
concluded that failure of the RH structure follows a bending-dominated mechanism.
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3.2.2 Proposed RH Structure 

Stress–strain curve and deformation behavior of the proposed RH structure are 
shown in Fig.  5. Three deformation stages such as Elastic regime (0 < ε < 0.04), 
Plateau regime (0.04 < ε < 0.65) and Densification regime (ε > 0.65) are identi-
fied. The proposed RH structure has two tapered arms (l1 and l2) with uniformly 
linear tapered thicknesses (changes from 2 to 1 mm). The proposed RH structure 
also shows bending-dominated failure but it has a unique deformation pattern. In 
the elastic regime, it is observed that initially, the l2 arm started deforming due to 
bending (as had lower stiffness than all other struts) and rotated about the joint of l1 
and l2. The rotation of the strut about a node is influenced by the rotational stiffness 
at the joint [13]. The resistance of the structure in the early stage was low and hence 
has low peak stress (see Fig. 5a-(2)). 

Further, as compression continued the whole structure acts like an end-loaded 
column and it starts failing due to buckling, and the middle layer moved outside 
Fig. 5b-(2–5). This behavior is not visible in the case of RH structure. Afterward, 
the vertical links of the 2nd and 4th row of structure (counted from the bottom) 
become inclined and behave as an inclined link as in the case of RH structure. They 
show high resistance to bending due to higher stiffness and hence the load value 
increases as they start to bend (see Fig. 5b-(3–5)). After collapsing of the 2nd and 
4th row, the complete structure is collapsed as observed in the case of RH structure 
(see Fig. 5b-(6–8)). 

3.3 Mechanical Properties 

3.3.1 Modulus and Strength 

The elastic modulus (E) and compressive strength [6] of a structure determine it’s 
load bearing capacity. The mechanical properties of both structures under quasi-static 
compression are shown in Table 3. These properties were measured from simulation 
and found to be consistent with the experimental results. It can be noted from Table 
3 that the proposed RH structure has the highest compressive strength than that of 
RH while the RH structure has the highest elastic modulus than that of the proposed 
RH structure and hence it has a stronger support ability during small deformation.

3.3.2 Energy Absorption 

The energy absorption (EA) performance [14] of an auxetic structure is considered 
up to the point of the densification strain (εcd). There are many ways to calculate 
the densification strain (εcd) [15], and here energy efficiency method is used for 
calculating it. Energy absorption efficiency (η) is calculated by using Eq. (1) [15].
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Table 3 Mechanical properties of structures during In-plane quasi-static compression 

Structure E (MPa) σY (MPa) Plateau strength (MPa) 

RH Exp.-1 88.38 2.567 3.51 

Exp.-2 68.77 2.54 2.78 

Exp.-3 78.58 2.56 2.91 

FEA 78.94 2.48 2.75 

Proposed RH Exp.-1 30.01 0.91 3.85 

Exp.-2 28.45 0.83 2.98 

Exp.-3 26.93 0.87 3.36 

FEA 23.27 0.81 3.17

η = 
1 

σm

∫ εm 

0 
σ (ε).dε (1) 

where εm represents strain value and σm represents corresponding stress value. 
A curve is plotted between energy absorption efficiency and stress–strain. The 

corresponding crushing strain point where energy absorption efficiency is maximum 
is the onset of densification, (see Fig. 6). Once we get the onset of densification, 
Energy absorption (MJ/m3) is calculated by using Eq. (2) [14]. 

EA =
∫ εD 

0 
σ (ε)dε (2) 

where εD is the densification strain. 
Total energy absorption capacity (MJ/m3) by a structure includes the total area 

within the stress–strain plot starting from the beginning up to the densification strain 
as shown by the shaded area in Fig. 6.

Fig. 6 Stress–strain response and energy absorption efficiency curves of a RH and b proposed RH 
structure 
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Table 4 Comparative analysis of the performance of RH structures 

Structure E (MPa) σY (MPa) εcd Energy absorbed (MJ/m3) SEA (J/kg) 

RH 86.38 2.56 0.447 2.161 2084.51 

Modified RH 
(author’s previous work) 

87.32 2.83 0.576 2.984 2816.47 

Proposed RH 30.01 0.91 0.657 3.672 3486.32 

The deformation and failure characteristics of a structure play a very crucial role 
in absorbing the energy before failure. It is clear from Table 4 that the proposed 
RH structure has absorbed (~3.672 MJ/m3) ~65.36% more energy than that of the 
RH structure (~2.161 MJ/m3) and ~23.06% more energy than modified RH struc-
ture (~2.984 MJ/m3). While the SEA of the proposed RH structure (~3486.32 J/kg) 
~67.25% more than the RH structure (~2084.51 J/kg) and ~23.79% more than the 
Modified RH structure (~2816.47 J/kg). The improvement in energy absorption of 
the proposed structure is mainly due to the improvement in the densification strain 
(46.98% and 14.06% improvement than that of RH and Modified RH structure, 
respectively). 

4 Conclusion 

In this paper, a comparative analysis of mechanical properties is carried out between 
3D printed auxetic re-entrant structures. The structures differ from each other in terms 
of inclined strut thickness and the number of inclined struts. The results emerging 
from this study are as follows: 

1. The RH and proposed RH structures exhibit similar deformation behavior but due 
to the unique deformation mechanism of the proposed RH, it resulted in improved 
energy absorption properties. It can be concluded that the deformation behavior 
of structures can be controlled and tailored by tailoring the design parameters. 

2. The RH structure showed the highest elastic modulus, which suggests it can 
strongly support small deformation. 

3. Energy absorption efficiency (η) of the proposed RH structure is 34.41% higher 
than the RH structure. 

4. The energy absorption (EA) capacity and SEA of the proposed RH structure are 
65.36% and 67.25% higher than the RH structure, respectively. 

Overall, the findings revealed in this paper have provided new insights on the 
deformation mechanism of proposed re-entrant honeycomb auxetic structure, which 
can be very useful for designing of defense and protective engineering applications. 

Acknowledgements The present work was funded by the Department of Science and Technology, 
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Response of Coconut Coir 
Filler-Reinforced Epoxy Composite 
Toward Cyclic Loading: Fatigue 
Property Evaluation 

Faladrum Sharma, Rahul Kumar, and Sumit Bhowmik 

1 Introduction 

Recently, composites reinforced with natural fibers such as coir, bamboo, hemp, flax, 
and ramie have received significant importance both in terms of industrial applica-
tions and research owing to ecological advantages. Public attention is now shifted 
on environmental gentle composites as compared to synthetic fibers. The increasing 
environmental and sustainability concern has raised awareness in using natural fibers 
as reinforcement in polymer composites instead of synthetic fibers such as glass and 
carbon [1, 2]. Some benefits of natural fibers comprise low price and density, ease of 
availability, sustainability as well as biodegradability and negligible abrasive wear of 
processing equipment. Also, the natural fibers maintain the ecological equilibrium 
due to the balanced CO2 emission and acceptable energy recovery [3, 4]. 

Despite potential remunerations, they possess a certain deficit in mechanical prop-
erties and resistance to weathering. Cellulose, hemicelluloses, lignin, and other waxy 
substances present in their structures allow moisture absorption from the atmosphere 
resulting in weak bonding with the matrix [5–10]. Moreover, the differences between 
the chemical configurations of the fibers and matrix make the coupling between them 
more challenging. This results in poor stress transfer through the interface of the
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composites. Hence, certain types of treatments based on the use of reagent func-
tional groups are needed that are capable of reacting with the fibers to change their 
composition. This results in the reduction of moisture content and facilitates better 
compatibility with the matrix [6, 11, 12]. Treatment of the fibers by sodium hydroxide 
(NaOH) is one of the most widely used techniques to modify the molecular struc-
ture. Its advantages include ease of availability, simple processability, and safety. By 
providing easy access to penetrate chemicals, the hydroxide groups are changed to 
alkoxide groups, thereby increasing the fibers’ moisture resistance property. It takes 
a certain portion of waxy substances including lignin and pectin [13–15]. It affects 
different mechanical properties like tensile, flexural, fracture, and fatigue character-
istics. Among these, the fatigue properties are one of the most important as it defines 
the service life of the manufactured components. 

The types of stresses encountered throughout the service conditions are often 
fluctuating and cyclic in nature. This causes fatigue degradation and hence results in 
the failure of the composites. Proper assessment of their fatigue behavior is essen-
tial to predict their behavior under several kinds of repetitive loading. To assess 
the fatigue life of polymers, Wohler (S–N) curves are generally used. This gives 
information about the number of cycles at which the material fails under different 
loading conditions and allows to predict the fatigue limit. The input parameters used 
in conducting fatigue tests are frequency, stress ratio, and loading levels based on 
the ultimate tensile strength (UTS) of the material. Fatigue behavior of composites 
reinforced with synthetic fibers like carbon, glass, and kevlar have been investi-
gated by numerous researchers [16–20]. Those researchers conducted experiments 
where the specimens were subjected to several types of cyclic loading. Also, other 
mechanical tests, viz. tensile, bending, impact, and flexural tests were conducted. 
Based on the experimental results, it was found that matrix cracking, interfacial 
debonding, fiber pull-out, and breakage were the failure mechanisms under fatigue. 
However, the fatigue behavior of natural fiber composites is less investigated. In 
one of the investigations, Gassan [21] reported on the fatigue behavior of natural 
fiber-reinforced thermoset and thermoplastic matrix composite. Fatigue tests were 
conducted in tension–tension mode. It was found that a stronger interface results in 
high dynamic modulus. Also, a reduction in stiffness was observed with an increase 
in the number of cycles. As compared to the natural fiber, research on fatigue investi-
gation on microparticle filler reinforcement in thermoset matrix composite material 
is relatively less. 

The present study investigated the fatigue behavior of coir filler-reinforced epoxy 
composites with four different coir filler wt% along with neat epoxy samples. Four 
different weight percentages of untreated and treated fillers, viz. 2.5, 5, 7.5, and 10% 
were selected for sample preparation along with neat polymer samples. Initially, 
the tensile test was conducted for all filler loading samples to evaluate the ultimate 
tensile strength of developed material. After that, both untreated and alkali treated 
samples underwent tension–tension fatigue tests with three loading levels, viz. 30, 45, 
and 60% of ultimate tensile strength (UTS). The fatigue tests of the samples were 
conducted up to 106 cycles. In some cases, the samples underwent failure before
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attaining 106 cycles. Also, the void contents of the prepared composite samples were 
experimentally evaluated to assess its structural applicability. 

2 Materials and Experimental Details 

The methodology of this research work is described in the following subsections. The 
selection of proper filler material along with its extraction is described. Next, proper 
chemical treatment technique is discussed in details. The selection of matrix and the 
procedure of sample preparation are mentioned in the latter subsection. Finally, the 
testing procedures are discussed. 

2.1 Materials 

The coir filler (Cocos nucifera) of particle size less than ‘150 µm’ was prepared from 
coconut husks. The coconut husk was dried and ball milled for 20 min to form filler 
particles. Consequently, multiple sieving was carried out to retain particle below the 
aforesaid size. The filler was then washed several times with distilled water. It was 
also washed with acetone to eliminate any foreign particles. Afterward, the washed 
filler was properly dried in a hot air oven at 60 °C for 8 h. Then the dried coir was 
packaged in an airtight polyethylene bags until needed. The coir filler has a density of 
1.24 g/cm3. In this work, the commercial grade standard epoxy adhesive ‘Araldite’ 
was chosen as the matrix material belonging to ‘epoxy family’ of thermosetting 
polymer division. Araldite comprising epoxy resin (AW 106) and hardener (HV 
953U) was provided in the ratio of 10:8 by weight. As per the specification of the 
supplier, the specific gravity of resin is 1.17 and that of the hardener is 0.92. The 
viscosity of resin and hardener from the material data sheet at 25 °C are 50 Pa·s 
and 35 Pa·s, respectively. The high viscosity of epoxy adhesive is the basis for its 
selection of matrix material. It prevents micro-size fillers from settling at the bottom 
part of the container before curing and hence ensures uniform distribution in the 
matrix. 

2.2 Alkali Treatment 

The dried coir filler underwent a chemical treatment process. For this, a 5 wt% 
aqueous sodium hydroxide (NaOH) solution was prepared. The coir particle fillers 
were soaked in 5 wt% aqueous NaOH solution. Then, a beaker containing entire 
solution were placed on a magnetic stirrer. The solution was stirred for 8 h at 870 rpm 
and 48 °C. Subsequently, the fillers were washed with distilled water until a pH of 
7 was attained. Those washed fillers were then dried in hot air oven for 12 h. Then 
it was packed in airtight polythene bags containing Silica Gel to protect the fillers
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Fig. 1 Coir filler size distribution in optical micrograph 

from moisture. The treated filler size distribution is schematically shown in Fig. 1 as 
optical micrographs. The probable chemical reaction occurred between molecules 
of fillers and sodium hydroxide is demonstrated as 

Filler cell−OH + NaOH → filler−O−Na+ + H2O (1)  

2.3 Sample Preparation 

The composite samples, both with untreated and treated filler reinforcements, were 
fabricated by a popular method referred to as hand layup technique. Four different 
weight percentages of untreated and treated fillers, viz. 2.5, 5, 7.5, and 10%, were 
selected for sample preparation along with neat polymer samples. The epoxy resin 
(Araldite AW 106) and the hardener (HV 953IN) were mixed in a ratio of 10:8 by 
weight and subsequently stirred for 3–4 min. In the next step, fillers were added 
to the prepared mixture. The mixture was mechanically stirred for 8–10 min in a 
high speed mixer at 150 rpm. Then the entire mixture was gradually poured into the 
glass mold of necessary dimension prepared as per ASTM standard. It was coated 
beforehand with overhead projector (OHP) sheet and sprayed with a leasing agent. 
The entire mixture in the mold was cured for 24 h at a room temperature. After this 
time interval of 24 h, the composite was cured. It was then properly removed from 
the mold.
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2.4 Procedure 

The loss in weight of the fillers before and after chemical treatment was measured. 
Subsequently, the void content test was performed on the samples. The mechanical 
tests were performed; first the tensile tests, followed by a series of fatigue tests by 
proper ASTM guidelines. 

2.4.1 Weight Loss of Fillers 

The fillers before and after treatment were tested for estimating the change in weight. 
The change in weight occurred due to the partial elimination of non-cellulosic compo-
nents namely lignin, hemicellulose, and other waxy substances from filler surfaces 
owing to alkali treatment. The percentage loss was estimated by weighing a fixed 
amount of untreated fillers. The standard deviation was also obtained from the three 
identical measurements to assess the extent of repeatability. The percentage loss in 
the weight is evaluated as 

% Weight loss = 
W1 − W2 

W1 
× 100, (2) 

where W1 is the initial weight of fillers and W2 is the final weight of fillers. 

2.4.2 Void Content Test 

The void content test for untreated as well as treated coir filler-reinforced composite 
samples was performed as per ASTM D 2734-94. It is measured by determining the 
theoretical and actual density. Actual density is measured by specific gravity test. On 
the other hand, the theoretical density is evaluated as 

DT = 
100 

R 
D + r d 

, (3) 

where DT is the theoretical density, R is the resin in composite (wt%), D is the 
density of resin, r is the reinforcement in composite (wt%) and d is the density of 
reinforcement. Consequently, void content is determined by 

V = 
DT − DE 

DT 
× 100, (4) 

where V is the void content (volume %), DT is the theoretical density and DE is the 
experimental density.
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Table 1 Input parameters for fatigue tests 

Frequency (f ) Stress ratio (R) Time period (t) Amplitude ratio (A) Loading levels (N) 

5 Hz 0.5 0.2 s 0.33 1105.88 
1658.82 
2211.76 

2.4.3 Mechanical Properties Test 

The samples underwent tensile tests to determine the values of stresses for fatigue 
properties. The testing method for determining tensile properties of random discon-
tinuous fiber composites was carried out as per ASTM D 3039M-14 designation. In 
this work, the testing was performed on a universal testing machine (Instron 8801) 
at a head speed of 2 mm/min. The size of the samples was 250 mm × 25 mm × 
5 mm. Three specimens from different batches were tested for each filler wt%, and 
the mean (average) value was taken as the ultimate tensile strength (UTS) of that 
composite. 

The tension–tension fatigue tests were performed as per ASTM D 3479M-96. The 
dimension of the specimen was same as that of the tensile test specimens. Experiments 
were conducted under the displacement-control mode at a room temperature of 22 °C 
and relative humidity of 56%. The different input parameters for fatigue test are 
presented in Table 1. The testing frequency (f ) was set at a constant value of 5 Hz to 
avoid self-heating. Three different stress levels (30, 45, and 60% of the UTS of the 
composite) were applied. At each stress level, three specimens were tested. During 
the experiments for fatigue testing, the specimens underwent numerous number of 
cycles. The upper grip of the universal testing machine was movable, while the lower 
grip was fixed throughout the testing. For each sample, the number of cycles to failure 
was recorded in the computer with data acquisition system. As mentioned in Sect. 1, 
tests were carried up to 106 cycles or a particular specimen’s failure, whatever comes 
first. 

3 Results and Discussion 

The justifications of the tests are outlined in the following subsections. The reasons 
for the weight loss of the alkali treated fillers, variation in void for different filler 
content, are explained. Lastly, the effects and consequences of tensile and fatigue 
tests due to various parameters are discussed.
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Table 2 Loss in weight of the alkali treated coir fillers 

Initial weight (W1) 
(g) 

Final weight (W2) 
(g) 

Weight difference 
(W1–W2) (g)  

Weight loss (%) Std. dev. 

20.20 19.89 0.31 1.53 0.045 

3.1 Weight Loss of Coir Filler 

The weight of the fillers was taken before and after the chemical treatment to quantify 
the effect of alkali treatment [22, 23]. The weight loss of the fillers was evaluated after 
8 h of alkali treatment. The values along with standard deviation are given in Table 
2. The loss in weight of the alkali treated fillers might be due to dissolution of the 
hemicellulose and lignin content. Some amount of wax layer along the filler surface 
was also washed away. The aqueous NaOH solution alters the orientation of the 
packed crystalline cellulose order and forms an amorphous region. This provides an 
easy access to penetrate chemicals. Micro-molecules of the cellulose are separated at 
large distances in the amorphous region. Also, the alkali sensitive hydroxyl molecules 
(OH) breaks down. These hydroxyl molecules react with water molecules (H–OH) 
and eventually move out from filler structures. The remaining reactive molecules 
form filler cell–O–Na groups between the cellulose molecular chains. The hydroxide 
functional group gets converted into the alkoxide group. 

3.2 Void Content 

A difference in the values between the experimental and the theoretical density is 
observed. This is due to the presence of voids and pores in the prepared composite 
samples. Voids are principally present due to the presence of moisture in the atmo-
sphere in the course of manufacturing as well as air trapped during the mixing. 
However, in some cases despite the degassing, voids are unavoidable. The measured 
values of void contents for untreated and treated filler composite samples are demon-
strated in Fig. 2. Here, the error bar denotes the standard deviation in each case. With 
an increase of filler content, void content also increased. It is mainly due to the 
clustering of the fillers for which the resin and the hardener could not mix properly. 
Another observation can be built up regarding lower void contents in the case of 
treated filler composite specimens. This is due to the reduced hydrophilic property 
of coir filler owing to alkali treatment. It signifies reduced moisture absorption and 
porosity. The maximum void content of the prepared composite samples was found 
to be 2.94% for 10 wt% of untreated filler. On the other hand, the minimum value 
of the void content was 1.59% for 2.5% of treated filler content. These voids have 
enormous effect on the performance of composites. Higher void content results in 
poor mechanical properties including lower fatigue resistance.
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Fig. 2 Void content with the dependence of filler content for coir filler-reinforced epoxy composites 

3.3 Tensile Properties 

The values of UTS for the untreated, as well as treated filler composite samples, 
are demonstrated in Figs. 3 and 4, respectively. The error bars depict the standard 
deviation. It was found that with an increase of filler content (wt%), the tensile 
strength of the composite samples increased. The enhancement in tensile strength is 
due to the easy and effective transfer of load from filler to matrix in the presence of 
coir fillers [15, 24]. However, after a certain amount of filler addition in the epoxy 
matrix, a decline of tensile strength was observed. This is due to the poor stress 
transfer between the fillers and the matrix owing to the increased filler density. It 
results in filler agglomeration and nominal load transfer as also observed by other 
researchers [25]. The minimum value of tensile strength was 19 MPa for 0 wt% of 
filler content, i.e., for pure epoxy samples. On the other hand, the maximum tensile 
strength was 22 MPa for 10 wt% of coir filler. Similar observations were found in 
the work of other researchers [26, 27].

For treated filler reinforcement as shown in Fig. 4, the tensile strength of the 
composite samples increased due to NaOH treatment. An enhancement in the tensile 
strength from 19.3 MPa to 20.1 MPa was observed corresponding to 2.5 wt% of 
filler. The UTS for 5 wt% of filler is 24 MPa. The increase in the tensile strength 
is due to the removal of hemicellulose. Also, some portion of lignin removed after 
alkali treatment increases the interfacial adhesion between the matrix and the treated 
filler resulting in effective stress transfer. However, the increase in strength from 
5 wt% of filler to 7.5 wt% of filler is not significant as compared to earlier cases. 
This is due to the increased brittleness of the fillers after NaOH treatment, the fillers
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Fig. 3 Variation of UTS with the dependence of filler content for untreated filler composite 

Fig. 4 Variation of UTS with the dependence of filler content for treated filler composite

suffered breakage resulting in deficient stress transfers. The maximum value of UTS 
is 25 MPa for 10 wt% of coir treated filler.
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Fig. 5 S–N curve at 30% loading for untreated filler composite 

3.4 Fatigue Properties 

The performance of neat epoxy, as well as untreated and treated coir filler-reinforced 
composite samples under the cyclic loading condition, was evaluated. Accordingly, 
the corresponding fatigue life data were obtained. The variation of stress amplitude 
(S) with the dependence of number of cycles (N) for neat epoxy as well as untreated 
and treated coir filler-reinforced composite samples at different loading levels are 
depicted in Figs. 5, 6, 7, 8, 9 and 10. The effect of filler content, loading levels, and 
alkali treatment on cyclic loading performance are presented and discussed under 
the following captions.

3.5 Effect of Filler Content 

The distinct values of maximum cyclic stress for untreated and treated coir filler 
composite material at 30%, 45%, and 60% of loading conditions are provided in 
Tables 3 and 4, respectively. The consequence of coir filler inclusion in the epoxy 
matrix resulted in an increase in the values of cyclic stress for all loading condi-
tions. The maximum value of cyclic stress for neat epoxy samples at 30% loading 
level is 11.72 MPa. At the same loading level, the value of stress for composite 
samples of 2.5% untreated filler content is 11.991 MPa. The magnitude of stresses 
for other untreated filler content like 5%, 7.5%, and 10% at the same loading level are 
12.042 MPa, 12.104 MPa, and 11.992 MPa, respectively. With the increase of filler
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Fig. 6 S–N curve at 30% loading for treated filler composite 

Fig. 7 S–N curve at 45% loading for untreated filler composite
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Fig. 8 S–N curve at 45% loading for treated filler composite 

Fig. 9 S–N curve at 60% loading for untreated filler composite
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Fig. 10 S–N curve at 60% loading for treated filler composite

wt%, the fatigue strength continuously increases up to 7.5%, but the enhancement 
of stress from 5 wt% filler to 7.5 wt% is marginal. Nevertheless, after 7.5% of filler 
content, fatigue strength reduced for almost all the loading conditions. The decline 
in the strength is due to the agglomeration of fillers at higher filler content (10%) 
resulting in poor stress transfer. The filler dispersion in the epoxy matrix can be 
observed from scanning electron micrographs for 2.5 and 7.5 wt% of filler content in 
Fig. 11a, b, respectively. With an increase in filler content, the assemblage of fillers 
within the resin and hardener takes place. Also, the fillers at higher content in the 
matrix tend to form clusters and they engulf. The problem of agglomeration can be 
somewhat overcome by treating the fillers with aqueous NaOH solution. It acts as 
stress concentration resulting in debonding between the fillers and the matrix. The 
presence of voids is also a major factor that results in poor fatigue property. These 
imperfections act as stress concentration points subsequently shortening the cyclic 
stress values.

Tables 5 and 6 present the fatigue life in terms of the number of cycles to failure 
for untreated and treated filler composite samples, respectively. The neat epoxy spec-
imen failed at 643,240, 346,860, and 194,280 number of cycles, respectively, for 30, 
45, and 60% of loading level. At the same amount of loading levels, fatigue life 
was increased to 789,680 cycles, 486,780 cycles, and 264,740 cycles for 2.5% of 
untreated coir filler composite samples. Therefore, the filler addition in the epoxy 
matrix enhanced its fatigue life through 23–40% for different loading levels. The 
magnitude of failure cycles for 5 wt% filler samples have improved to 322,140 
cycles, 543,380 cycles, and 831,600 cycles corresponding to 60, 45, and 30% of
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Table 3 Cyclic stress mean 
values along with standard 
deviation for untreated filler 
composite 

Filler content 
(wt%) 

Cyclic stress amplitude (MPa) 

30% loading 45% loading 60% loading 

Neat epoxy 11.72 ± 2.49 12.221 ± 3.49 12.579 ± 2.94 
2.5 11.991 ± 3.92 12.421 ± 3.81 12.967 ± 3.72 
5 12.042 ± 3.28 12.484 ± 3.52 13.462 ± 3.07 
7.5 12.104 ± 3.06 12.872 ± 3.2 13.962 ± 3.65 
10 11.992 ± 3.38 12.986 ± 3.54 14.126 ± 3.66 

Table 4 Cyclic stress mean 
values along with standard 
deviation for treated filler 
composite 

Filler content 
(wt%) 

Cyclic stress amplitude (MPa) 

30% loading 45% loading 60% loading 

2.5 11.928 ± 3.69 12.446 ± 3.75 13.864 ± 3.71 
5 12.164 ± 3.76 12.986 ± 3.64 14.424 ± 3.37 
7.5 12.926 ± 3.33 13.729 ± 3.27 14.687 ± 3.32 
10 12.147 ± 2.7 13.426 ± 14.387 ± 3.68 

Fig. 11 Scanning electron micrographs of a 2.5 wt% and b 7.5 wt% filler composite samples

loading level. Corresponding to 60, 45, and 30% loading levels, the specimen failed 
at the end of 399,860 cycles, 632,340 cycles, and 942,380 cycles for 7.5 wt% of filler 
content specimens. Further addition of coir filler increased the fatigue life cycle to 
542,420 cycles, 843,280 cycles, and 946,260 cycles with decreasing loading levels, 
respectively. The reason for the increase in fatigue life with coir filler addition might 
be attributed to the restrained crack initiation and propagation at higher filler content. 
The fatigue failure consists of the initiation of micro-cracks. This further results in 
uninterrupted propagation due to the presence of internal flaws in the material [28]. 
However, the filler particles in the matrix divert the crack propagation path, thus 
delaying the occurrence of material failure.
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Table 5 Effect of loading 
level on fatigue life for 
untreated filler composite 

Filler content 
(wt%) 

Fatigue life (No. of cycles) 

30% loading 45% loading 60% loading 

Neat epoxy 643,240 346,860 194,280 

2.5 789,680 486,780 264,740 

5 831,600 543,380 322,140 

7.5 942,380 632,240 399,860 

10 946,260 843,280 542,420 

Table 6 Effect of loading 
level on fatigue life for treated 
filler composite 

Filler content 
(wt%) 

Fatigue life (No. of cycles) 

30% loading 45% loading 60% loading 

2.5 778,120 462,640 198,480 

5 814,820 516,480 294,640 

7.5 906,480 598,440 384,240 

10 Run out 728,840 468,420 

3.6 Effect of Chemical Treatment 

The influence of alkali treatment of coir fillers on the fatigue life of prepared 
composite materials is presented in Table 7. The observation can be built from the 
demonstrated experimental data that at 45% of the loading level; the alkali treatment 
brought a loss of 5–13% on the fatigue life of composite material. However, the 
chemical treatment of coir fillers resulted in the improvement of fatigue resistance 
to some extent as depicted in S–N curves. The shortened fatigue life could be due to 
the excessive fibrillation of treated coir fillers. It can be concluded that the chemical 
treatment of the fillers has improved the load bearing capacity and cyclic stress. The 
improvement of cyclic stress can be justified by the reduction of shear stress induced 
micro damage in the interface of matrix and filler as reported in previous research 
work [29]. Due to the removal of lignin and breakdown of hemicellulose, the fillers 
become more homogeneous by eliminating microvoids, and hence, the stress transfer 
capacity improves. The cellulose chains are also separated and get reoriented. This 
results in the release of initial strains of the fillers and subsequent re-adjustments 
to the chains. On the other hand, a considerable reduction in fatigue life for treated 
filler composite is observed at medium and high loading levels.

3.7 Effect of Loading Levels 

The effect of loading levels on the fatigue life of composite samples can be observed 
from Tables 5 and 6. When the loading level was increased from 30 to 45%, a drop in
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Table 7 Effect of chemical 
treatment on fatigue life at 
45% loading condition 

Filler content 
(wt%) 

Fatigue life (No. of cycles) 

Untreated filler 
composite 

Treated filler 
composite 

2.5 486,780 462,640 

5 543,380 516,480 

7.5 632,240 598,440 

10 843,280 728,840

fatigue life was witnessed. This drop varied from 11 to 46% for 10 wt% of untreated 
filler content to neat epoxy samples, respectively. The further increase in loading 
level to 60%, resulted in the additional fall in fatigue life of the material. The reduced 
fatigue life at a higher loading level is associated with the allocation and reallocation 
of the molecules when subjected to a series of cycles. Similar findings were found in 
the works of other researchers [30, 31]. This also attributes to the factor that for lower 
number of cycles the variation of cyclic stresses is high. However, for higher number 
of cycles (> 105), there is no significant change in the values of cyclic stresses. The S– 
N curves can be divided into two stages—a zone with constant slope at the beginning 
of the curves, the other with gradual increasing slopes for a higher number of cycles. 
There is a steep increase in the slope of S–N curve at around 104 cycles. For low 
number of cycles, the rate of variation of cyclic stress is very high. As the number 
of cycles increases, the rate of fall in stress decreases. Matrix microvoids are formed 
at the initial stages of loading that gives rise to stiffness reduction [32]. It indicates 
that the samples are approaching their endurance limit. However, unlike metals, it is 
difficult to calculate the endurance limit of polymeric natural composite due to the 
complexity in the behavior of matrix and filler. Fatigue failure of filler-reinforced 
polymer composite materials seems to be a process of matrix crack initiation and 
growth, significant loss of creep and modulus. Other factors include accelerated filler 
debonding with the matrix and filler pull-out [16, 28]. It gives rise to crack initiation 
and propagation finally leading to failure of the composites samples. 

4 Conclusion 

This experimental investigation was conducted to study the effect of coir filler 
content, alkali treatment, and loading level on the fatigue life of coir–epoxy polymer 
composite. The salient conclusions of this work are outlined as follows: 

• After 8 h of alkali treatment, the loss occurred in the weight of the filler is about 
1.6% and is mainly due to the removal of lignin and other waxy particles from 
the filler surface. Aqueous NaOH alters the orientation and order of the highly 
packed crystalline cellulose, thereby forming an amorphous region.
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• The presence of void content was continuously increased with an addition of 
coir fillers and its maximum value (2.94%) was observed for 10% of untreated 
filler content. The alkali treatment brought a drop in void contents in composite 
samples. 

• The ultimate tensile strength (UTS) of the composite material was found to be 
increasing with coir filler content up to 7.5 and 5 wt% of untreated and treated 
filler amounts. The maximum value of UTS in the case of untreated and treated 
filler composites is 22 MPa and 25 MPa, respectively. 

• It was observed that with the increase of coir filler content, both load bearing 
capacity and fatigue life of composite samples increase. 

• The loading levels of 30% was observed to be optimum for achieving the highest 
fatigue life for 10 wt% of filler content. Moreover, the chemical treatment of 
the fillers improved the load bearing capacity but reduction in fatigue life was 
observed at all three loading levels. 

This material can be used for domestic and industrial applications where the 
product is subjected to cyclic loading, i.e., environmental temperature fluctuations. 
The maximum value of UTS is 25 MPa; life cycle more than 106 cycles and cyclic 
stress 15 MPa, which signifies the impending applicability of the developed material. 
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Parallel Kinematics-Based Mechanism 
and Its Industrial Application in CNC 
Machine Tool Development 
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1 Introduction 

A parallel kinematic manipulator is a closed-loop kinematic chain mechanism that 
consists of one or multiple closed kinematic loops. The end effector and fixed base 
are connected by two or more kinematic chains, which create each loop. In recent 
times, because of its high mechanical rigidity, high acceleration, and high workload, 
the adoption of these types of manipulators, in the industries, is growing very fast. 
Various practical applications of these manipulators are found significant in sectors 
like space, medical science, flight and automobile motion simulators, high-speed 
multi-axis machining and assembly, medical parallel robot, general pick-and-place 
operation, robots in food industries, etc. The PKM-based machine was firstly shown 
at the 1994 International Manufacturing Technology in Chicago by two American 
machine tool companies: Giddings & Lewis and Ingersoll [1]. Hexapods and Tripods 
are terms used to describe PKMs having six and three degrees of freedom (DOF), 
respectively [2, 3]. In 1965, D. Stewart proposed the six-DOF parallel manipulators, 
and hence, the six-DOF PKMs are also named as Stewart platform. However, this 
six-DOF platform was initially proposed by Gough in the year around 1956 to 1957 
to test tire [4]. Therefore, this mechanism is also referred to as the Stewart–Gough 
platform. One of the pioneers in the subject of parallel robotics, Klaus Cappel, is 
an American engineer who created an octahedral hexapod manipulator as a motion 
simulator and patented it in 1967 [5]. 

This paper presents a literature review of the existing PKM industrial applications 
as well as a Monte Carlo-based approach to obtaining a well-conditioned workspace 
of a six-degree-of-freedom parallel manipulator. The region in three-dimensional 
Cartesian space that can be reached by a point on the moving platform can be thought
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of as the parallel robot’s workspace, with the point of interest being the center of the 
moving platform. The main advantage of using the Monte Carlo method involves 
solving only the inverse kinematics problem for parallel manipulators. 

2 Comparison of Serial Manipulator and Parallel 
Manipulator 

Serial and parallel manipulators both have a wide range of industrial applications due 
to their unique characteristics. Serial Kinematic Manipulators offer a large dexterous 
workspace, and hence, they are widely adopted in the industries [6]. But, due to their 
cantilever kinematic structure, they are prone to bending at high load and they vibrate 
at high speed. This leads to a lack of precision and lesser load capacity. In parallel 
controllers, since the load is shared with all parallel links, there is a high load capacity. 
Also, these types of manipulators show high structural stiffness, high precision, 
high acceleration, and low inertia. In a parallel kinematic, multi-axis system, all 
actuator acts without delay on one moving platform. However, link interferences 
and limitations brought on by universal and spherical joints reduce the workspace’s 
dexterity. On the other hand, the use of multi-DOF universal and spherical joints in 
PKM avoids the adverse effect of bending and torsion forces by limiting the load into 
compressive and tensile only [5]. Unlike serial manipulator, in case of PKM, presence 
of passive joint also can be found. Ultimately, this makes the kinematic analysis 
of PKM far different than serial ones. The inverse kinematic analysis of a PKM 
is quite simple and straightforward, and forward kinematic analysis is very much 
complex, while, in case of serial manipulator, it has been seen opposite. Another 
great advantage of PKM is that its error does not get accumulated rather it gets 
averaged. And hence, PKM-based robots are found to be more accurate than serial 
manipulator-based robots. 

3 History of Industrial Applications of PKM 

It has been observed that the majority of robotic arms used in industrial manufacturing 
utilize serial technology. But in the last few decades, parallel manipulators have been 
explored and developed extensively, both theoretically and practically, in academics 
as well as in industries. After reviewing a number of academic papers, it appears 
that Gwinnett, who received a patent in 1931 for a motion platform based on a 
spherical parallel, created the first real-world use for a parallel manipulator. The 
motion platform developed by Gwinnett was designed for use in the entertainment 
business [7].
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Fig. 1 Universal tire testing 
machine of Gough [https:// 
www.parallemic.org/Rev 
iews/Review007.html (as 
seen on 17.5.2022)] 

Willard L.V. Pollard received a patent in 1942 for a creative industrial parallel 
robot design that is regarded as the first PKM-based spatial industrial robot [6]. The 
design was intended to build a spray painting robot, but it was never built. 

In 1954, Dr. Eric Gough who was known to be an employee of the Dunlop Rubber 
Company in England had designed and developed a six-degree-of-freedom octahe-
dral hexapod for the universal tire testing machine for the first time [4]. As depicted 
in Fig. 1, this parallel manipulator was employed as a universal tire testing machine. 

Later, Mr. Stewart had proposed the use of such a framework for flight simulators 
through his paper, which was published in the year 1965 [7]. The same architecture 
was concurrently proposed by Klaus Cappel as a motion simulator mechanism [7]. 
The Clavel-proposed Delta robot is one of the most successful parallel robot designs, 
besides the Gough platform [8].

Karl-Erik Neumann invented and manufactured a new type of robot in 1987 called 
the parallel kinematic robot (PKR) [9]. This kind of robot has three or more parallel 
linear axes that move in the same direction. It has three prismatic actuators: two of 
which regulate the rotational axis and the third controls the translational degree of 
freedom of the mobile platform. 

Applications of parallel manipulators are quite promising in the field of medical 
science also. There are many applications in medical fields that involve robotics 
technology, such as injecting electrodes, drilling bone, medical transportation, and 
performing various other tests. Wall painting, shipbuilding, bridge construction,

https://www.parallemic.org/Reviews/Review007.html
https://www.parallemic.org/Reviews/Review007.html
https://www.parallemic.org/Reviews/Review007.html
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Fig. 2 Original Stewart 
platform proposed as a flight 
simulator [https://www.par 
allemic.org/Reviews/Review 
007.html (as seen on 
17.5.2022)]

aircraft maintenance, ship-to-ship freight handling, and other applications require 
service robots that can move in a vertical plane, and hence, PKM can be a potential 
technology for these applications. Due to developments in computer technology and 
the development of advanced control systems, it can be said that parallel manipula-
tors have recently become more practical and efficient technology for various high-
demand industrial products like CNC-based multi-axis manufacturing machines, 
robots used in automobile industries, etc. 

4 Computer Numerical Control (CNC) 

Computer numerical control (CNC) machines arose from the advancement of numer-
ical control (NC) machines. The machine control unit (MCU) understands and 
processes numerical control (NC), which is a series of coded instructions consisting 
of alphanumeric letters and symbols. To carry out machining operations on a work-
piece, the machine’s motors and controllers convert these commands into electrical 
current pulses. The machine tool’s numbers, letters, and symbols serve as coded 
instructions that refer to certain lengths, positions, functions, or motions that the 
machine tool may decode as it processes the workpiece. NC and CNC machines are 
currently widely employed in a wide range of sectors, from small to large [10]. 

Modern CNC systems use computer-aided design (CAD) and computer-aided 
manufacturing (CAM) software to automate the entire component design process. 
These applications generate a computer file that is processed by a post-processor 
to extract the commands needed to run a specific machine and then fed into CNC 
machines for manufacturing. These machines perform numerous processes such as

https://www.parallemic.org/Reviews/Review007.html
https://www.parallemic.org/Reviews/Review007.html
https://www.parallemic.org/Reviews/Review007.html
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milling, drilling, sawing, and other operations with several tools in a single cell, 
saving time and increasing output rate and efficiency. 

4.1 Stewart Platform and CNC Machine 

The Stewart–Gough platform, often known as the hexapod, is one of the most well-
known six-degree-of-freedom parallel kinematics manipulators. The mechanism is 
made up of a fixed base plate and a moving platform which are linked by six prismatic 
actuators via spherical and universal joints. The six actuators can be either linear 
or angular, and they connect the robot’s bottom, which has no mobility, with the 
component that does the end effector [1]. Because of the closed-loop architecture, 
not all of the joints can be independently actuated. Inverse kinematics analysis is 
used to determine the lengths of the connections in terms of position, orientation, 
translation, and angular velocities. When compared to solving the forward kinematics 
equations, the inverse kinematics equation is much simpler to solve. By changing the 
link lengths, the orientation and positions of the moving plate can be controlled. The 
Stewart platform can be used to construct a CNC hexapod machine tool. A hexapod 
CNC machine can be an excellent machining tool that addresses various demands 
of the modern machining processes and can be modified according to the needs. 
Nowadays, CNC machines are widely employed in several sectors like 3D printing, 
graphics printing on tee shirt, building construction, food sorting, etc. End-to-end 
component design is highly automated in modern CNC systems, using computer-
aided design (CAD) and computer-aided manufacturing (CAM) programs. 

4.2 Advantages of Stewart Platform-Based CNC 

The Stewart platform is gaining favor in the design of multi-degree freedom machine 
tools due to its accurate movements. Machines with high speed, accuracy, rigidity, 
and multi-axial capabilities, as well as high-quality produced parts, are required for 
today’s new generation. CNC hexapod machining has a lot of potential for trans-
forming manufacturing processes. As listed below, there are various advantages to 
such a machine. 

Six Degrees of Freedom 

The hexapod is made up of two platforms joined by six struts that move back and 
forth between the mobile and fixed platforms. The coordinated motion of these six 
struts enables the spindle, which is mounted on the movable platform, to move in 
any direction. In addition to the traditional motion in orthogonal axis movements x, 
y, z (lateral, longitudinal, and vertical), this device can also move in the rotary α, β, 
γ (pitch, roll, and yaw) coordinates. This allows the spindle to reach unusual angles 
and geometrical features and provides a significant advantage over conventional CNC 
machining.
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High Precision and Accuracy 

When compared to traditional multi-axis positioning tools, the hexapod requires all 
six struts to change their lengths even if only one axis needs to be changed. If only 
one strut changes its length, all six coordinates (x, y, z) need to be adjusted. This 
common motion of movable platforms, which is dependent on all struts, ensures 
great precision and accuracy. 

High Stiffness 

A hexapod’s high stiffness and rigidity of its components and all moving parts, such 
as joints and drive screws, are another important feature. It produces extremely high 
natural frequencies (500 Hz @ 10 kg load), which enables for extremely high-speed 
cutting operations and other machining goals. Furthermore, all of a hexapod’s struts 
are solely subjected to forces in the longitudinal direction, preventing any bending 
effects in the struts and providing a significant advantage. 

High Load to Weight Ratio 

The hexapod’s high nominal load to weight ratio is a key benefit. The weight of a 
load on the platform is spread about evenly among the six parallel links, implying 
that each link bears just one-sixth of the entire weight. The hexapod’s struts function 
longitudinally, and the load applied to them exerts either tension or compression 
forces. 

5 Workspace Analysis By Monte Carlo Method 

The Monte Carlo approach uses random sampling to solve mathematical problems 
numerically. Any phenomenon that is influenced by random variables can be simu-
lated using the Monte Carlo approach [11]. The primary disadvantage of parallel 
manipulators is their limited workspace. In serial manipulators, by using the geom-
etry of the manipulator, its Denavit–Hartenberg parameters and the actuated joint 
limits, the workspace could be easily determined. But in parallel or hybrid manip-
ulators, in addition to the actuated joint values, the values of the passive joints are 
determined by solving the forward kinematics. The real solutions for the forward 
kinematics may not exist which in turn prohibits the parallel manipulator to assemble 
for given joint variables [12]. Additionally, the self-collision of the links and singu-
larities may split the workspace and increase the complexity of determining the 
workspace. The approach is search based—a region in space is discretized and the 
discrete points are generated, the inverse kinematics is solved at generated discretized 
points, and then the joint variables are checked for violation of limits. The best result 
is obtained by discretizing the points finer. To get a well-conditioned workspace of a 
six-degree-of-freedom parallel manipulator, Monte Carlo-based technique is applied 
[12].
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5.1 Monte Carlo Method 

The integrals of any arbitrary functions (vector or scalar functions of smooth or non-
smooth type) over any arbitrary domain could be evaluated using the Monte Carlo 
approach [12]. The integral 

I =
{

[0,1]d 
f (x)dx (1) 

where f (.) is a bounded real-valued function, can be obtained as E(f (U)), where 
E(.) is the expectation of a variable taking a particular probabilistic value and 
U = [u1, u2, . . . ,  ud ]T a 1 *  d vector taking random values of ui ∈ [0, 1] ∀i = 
1, 2, . . . ,  d (Fig. 3). 

The Monte Carlo method has been used to obtain the well-conditioned and reach-
able workspace of a closed-loop mechanism or parallel manipulator, by recognizing 
that the volume (or area) of a manipulator is an integration problem in R3

(
R2

)
. 

It can be implemented by formulating a function f ( j) =
{
0 
1 

, where j =
{
θi , φ  j

}T 
, ∀i = 1, 2, . . . ,  n actuated joint variables and ∀j = 1, 2, …, m passive 

joint variables and m + n = d. 
The function f takes 0 or 1 depending on whether the given position and orien-

tation of the end effector of manipulator are well conditioned, and the condition 
for inverse kinematic of the manipulator is satisfied at that position and orienta-
tion with all the joint values within permissible joint limits. The main advantage of 
using Monte Carlo method involves solving only the inverse kinematics problem for 
parallel manipulator, and the other conditions could be incorporated to ensure that 
the workspace is well conditioned and does not violate any restrictions.

Fig. 3 Visualization of 
Monte Carlo search 
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5.2 Solution of Inverse Kinematics of Stewart Platform 

A Stewart platform is shown in Fig. 4, where P denotes the position of the spherical 
joint on the top plate and B denotes the position of universal joint on the base plate. 
Let l denote the actuator length. 

A leg of a Stewart platform is shown in Fig. 5, where a vector equation in this leg 
is applied in order to get the kinematics of a loop of a Stewart platform.

Rotation matrix can be written as 

Rx = 

⎡ 

⎣ 1 0 0  
0 cos ϕ1 − sin ϕ1 

0 sin  ϕ1 cos ϕ1 

⎤ 

⎦ 

Ry = 

⎡ 

⎣ 
cos φ1 0 sin  φ1 

0 1 0  
− sin φ1 0 cos φ1 

⎤ 

⎦ 

Rz = 

⎡ 

⎣ cos θ − sin θ 0 
sin θ cos θ 0 
0 0 1  

⎤ 

⎦ 

Let

B0 t denote the location of the origin {P0} with respect to {B0}, 
B0 
P0 
[R] Orientation of top platform with respect to fixed base,

ψ Euler rotation about X-axis,

Fig. 4 Stewart platform 

Universal 
Joint 
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Prismatic 
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Fig. 5 Schematic diagram of a leg of Stewart platform

φ Euler rotation about Y-axis, 
θ Euler rotation about Z-axis. 

From Fig. 5, an arbitrary platform point Pi can be written in {B0} as  

B0 Pi = B0 
P0 
[R]P0 Pi + B0 t (2) 

The P0 Pi is a known constant vector in {P0}. 
The location of the base connection points B0bi is known. 
From the known B0 

P0 
[R] and translation vector B0 t , B0 Pi is obtained.

[
R
(
Ẑ , γi

)]T [
(x, y, z)T − B0 bi

] =
[
R
(
Ŷ , φi

)][
R
(
X̂ , ϕi

)]
(0, 0, li )T (3)

[
R
(
Ẑ , γi

)]T [
(x, y, z)T − B0 b1

] = l1 

⎧⎨ 

⎩ 

sin φ1 cos ϕ1 

− sin ϕ1 

cos φ1 sin ϕ1 

⎫⎬ 

⎭ (4) 

After solving the above Eq. (4), the leg length for an actuator can be obtained as 
follows: 

l1 = ±
/[

(x, y, z)T − B0b1
]2 

(5)
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By performing the same operation for each leg, the individual leg length for each 
actuator can be obtained. 

5.3 Workspace Generation 

The workspace for the parallel robot can be defined as the region in three-dimensional 
Cartesian space that can be reached by a point on the moving platform, the point 
being considered is the center of moving platform. The constraints are simply the 
link lengths that have been selected for a given workpiece and are the only constraints 
considered. The actuated joints calculated by solving the equation

[
(x, y, z)T − B0 b1

]2 = l2 1
(
sin2 ϕ1 + cos2 ϕ1

)
(6) 

are then checked for joint limits while using Monte Carlo method for workspace 
generation. 

An algorithm has been developed for calculation of workspace and work volume 
for various configurations of PKM-based CNC machine tool by using Monte Carlo 
method. 

Following are the results obtained by simulating different models of Stewart plat-
form. The random number was generated, and a number of random points taken were 
in order of 103 to 106. Following results are for 105 sampling points. The orientation 
of the top plate is considered to be horizontal. 

Configuration 1 

In this configuration, the diameter of base plate is 600 mm and size of top plate is 
470 mm. The actuator joints are placed at 10 mm from the edge of the plate as shown 
in Fig. 6. On base plate, the actuators are located at 60° and are evenly spaced. The 
first actuator is at 30° with the horizontal reference axis as shown in Fig. 6 followed 
by the second actuator at 60° to the first and so on the next actuators are placed. 
While using Monte Carlo method, the joint constraint equation has been applied as 
the link length should fall in between 324 and 625 mm as these are the limits for our 
actuators.

On the top plate, the spherical joint is located at 60° and is evenly spaced. The first 
spherical joint is at 30° with the reference and followed by the second joint which is 
at 60° to the first and the third as shown in Fig. 7.

Assembly is done by connecting the top and base plate with the help of linear 
actuator. The connections are symmetrical, the first U-joint is connected to the first 
S-joint and so on as shown in Fig. 8.

Figure 9 shows the workspace for spatial Stewart platform. The orientation of the 
top plate is considered to be horizontal. Triangulation of the spatial plot of Fig. 10 
is shown in Fig. 9.
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Fig. 6 Base plate for 
configuration 1 U-Joint (1) 

U-Joint (2) 

U-Joint (6) 

U-Joint (4) 

U-Joint (5) 

U-Joint (3) 

Fig. 7 Top plate for 
configuration 1 S-Joint (1) 

S-Joint (2) 

S-Joint (3) S-Joint (4) 

S-Joint (5) 

S-Joint (6) 

Fig. 8 Assembly for 
configuration 1 (isometric 
view)

Base Plate 

U-Joint 

Actuator 

Spindle Motor 

Top Plate 
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Fig. 9 Available workspace 
for configuration 1 (with 
triangulation) 

Fig. 10 Available 
workspace for configuration 
1 (spatial Stewart platform) 

This configuration of Stewart platform gives the maximum volume for the given 
dimensions of top and base plate and for given actuator stroke. Since Monte 
Carlo algorithm is a random number generation approach, we have done maximum 
number of simulation, but the variation in the workspace volume was found to be 
approximately same. 

Following are the results obtained by simulation of MATLAB code for configu-
ration 1 (Table 1).

Configuration 2 

In this configuration, the diameter of base plate is 600 mm and size of top plate is 
470 mm. The actuator joints are placed at 10 mm from the edge of the plate as shown 
in Fig. 11. On base plate, the actuators are located at 60° and are evenly spaced. The
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Table 1 Simulation results 
for configuration 1 

Sample points satisfying 
constraints 

Volume of workspace in mm3 

8876 124,260,000 

8949 125,286,000 

8830 123,620,000 

8908 124,710,000 

8932 125,048,000 

8856 123,984,000 

8851 123,910,000 

8862 124,068,000 

8843 123,802,000 

8962 125,468,000

first actuator is at 30° with the horizontal reference axis as shown in Fig. 11 followed 
by the second actuator at 60° to the first and so on the next actuators are placed. 
While using Monte Carlo method, the joint constraint equation has been applied as 
the link length should fall in between 324 and 625 mm as these are the limits for our 
actuators. 

On the top plate, the spherical joint is located at 40° and 80° apart and is not 
evenly spaced. The first spherical joint is at 20° with the reference and followed by 
the second joint which is at 80° to the first and 40° to the third as shown in Fig. 12.

Assembly is done by connecting the top and base plate with the help of linear 
actuator. The connections are not symmetrical in this case; here the first U-joint is 
connected to the first S-joint which are located at 30° and 20° with the reference axis 
which is Y-axis on X–Y plane. This can be seen in Fig. 13.

Figure 14 shows the workspace for spatial Stewart platform. The orientation of 
the top plate is considered to be horizontal. Triangulation of the spatial plot of Fig. 15 
is shown in Fig. 14.

Fig. 11 Base plate for 
configuration 2 U-Joint (1) 

U-Joint (2) 

U-Joint (6) 

U-Joint (4) 

U-Joint (5) 

U-Joint (3) 
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Fig. 12 Top plate for 
configuration 2 S-Joint (1) 

S-Joint (2) 

S-Joint (3) S-Joint (4) 

S-Joint (5) 

S-Joint (6) 

Fig. 13 Assembly for 
configuration 2 (isometric 
view)

Base Plate 

U-Joint 

Actuator 

Spindle Motor 

Top Plate 

Volume obtained in this configuration is less than that of configuration 1, where 
all the joints were equally spaced. 

Following are the results obtained by simulation of MATLAB code for configu-
ration 2 (Table 2).

Configuration 3 

In this configuration, the diameter of base plate is 600 mm and size of top plate is 
470 mm. The actuator joints are placed at 10 mm from the edge of the plate as shown 
Fig. 16. On base plate, the actuators are located at 40° and 80° and are not evenly 
spaced. The first actuator is at 40° with the horizontal reference axis as shown in 
Fig. 16 followed by the second actuator at 40° to the first and 80° to the third universal 
joint or actuator.
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Fig. 14 Triangulation on the plot for configuration 2 

Fig. 15 Available workspace for configuration 2 (spatial Stewart platform)

On the top plate, the spherical joint is located at 40° and 80° apart and is not 
evenly spaced. The first spherical joint is at 20° with the reference and followed by 
the second joint which is at 80° to the first and 40° to the third as shown in Fig. 17.

Assembly is done by connecting the top and base plate with the help of linear 
actuator. The connections are not symmetrical in this case; here the first U-joint is 
connected to the first S-joint which are located at 20° and 40° with the reference axis 
which is Y-axis on X–Y plane. This can be seen in Fig. 18.
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Table 2 Simulation results 
for configuration 2 

Sample points satisfying 
constraints 

Volume of workspace in mm3 

8534 119,476,000 

8645 121,030,000 

8652 121,128,000 

8738 122,332,000 

8683 121,562,000 

8676 121,464,000 

8615 120,610,000 

8788 123,032,000

Fig. 16 Base plate for 
configuration 3 (isometric 
view)

U-Joint (1) 

U-Joint (2) 

U-Joint (3) 

U-Joint (6) 

U-Joint (5) 

U-Joint (4) 

Fig. 17 Top plate for 
configuration 3 S-Joint (1) 

S-Joint (2) 

S-Joint (3) S-Joint (4) 

S-Joint (5) 

S-Joint (6)

Figure 19 shows the workspace for spatial Stewart platform. The orientation of 
the top plate is considered to be horizontal. Triangulation of the spatial plot of Fig. 20 
is shown in Fig. 19.

The volume for configuration 3 is least of all the three configurations.
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Base Plate 

U-Joint 

Actuator 

Spindle Motor 

Top Plate 

Fig. 18 Assembly for configuration 3 (isometric view)

Fig. 19 Triangulation of the workspace for configuration 3
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Fig. 20 Available workspace for configuration 3 (spatial Stewart platform)

Following are the results obtained by simulation of MATLAB code for configu-
ration 3 (Table 3). 

The volume obtained by configuration 1 is maximum, but due to its instability, 
configuration 2 will be selected for the PKM-based CNC machine tool. Depending 
on the maximum volume computed for a particular configuration, the orientation 
and position of the linear actuator on top and bottom plate have been selected, which 
comes out to be configuration 2, i.e., 60° equally spaced universal joint and 40° 
and 80° spacing of spherical joint on top plate. The first S-joint should be placed at 
20° from the reference axis, and the first U-joint should be placed at 30° from the 
reference axis.

Table 3 Simulation results 
for configuration 3 

Sample points satisfying 
constraints 

Volume of workspace in mm3 

6942 97,188,000 

6883 96,362,000 

6771 94,794,000 

6892 96,488,000 

6957 97,398,000 

6910 96,740,000 

6757 94,598,000 

6947 97,258,000 
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6 Conclusion 

This paper presents Parallel Kinematics Manipulator and its advantages over Serial 
Kinematic Manipulator. A literature review on the existing industrial applications of 
PKM has been done. A detailed discussion about the computer numerical control 
(CNC) and Stewart platform-based CNC machines has also been brought off in this 
research paper. The advantages of Stewart platform have also discussed. Moreover, 
three different configurations of Stewart platform have been compared and simu-
lated using MATLAB coding to calculate the workspace volume and position and 
orientation of the linear actuators, thereby selecting the most feasible configura-
tion required for our suggested tabletop CNC machine configuration. Monte Carlo-
based method to compute the workspace using inverse kinematics analysis and work 
volume for different configurations has been carried out in this paper. It is effec-
tive to solve for the conditioned workspace area and manipulator volumes using the 
Monte Carlo approach. The Monte Carlo-based algorithm and computed volumes for 
three-dimensional workspaces will aid to the design and fabrication of the suggested 
simple and low-cost tabletop CNC machine configuration. 
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