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Preface

Since 2010, Department of Mechanical Engineering at Sardar Vallabhbhai National
Institute of Technology, Surat, has been organizing series of conferences on “Recent
Advances in Manufacturing.” In order to enable the sharing of knowledge in the
areas of manufacturing technologies, we have organized six national conferences on
“Recent Advances in Manufacturing” since 2010, and the first international confer-
ence on Recent Advances in Manufacturing (RAM-2020) was organized in July
2020. The conference is organized to bring the academicians, researchers and prac-
ticing engineers for sharing their experiences in the field of advance manufacturing.
RAM-2021 aims to provide the opportunity for networking among participant insti-
tutes/organizations/industries to systematically confront the challenges in mutual
areas of interest to advance manufacturing technology in these areas.

The proceedings volumes are published in the Springer series Lecture Notes
in Mechanical Engineering in two volumes, viz. Volume 1—Recent Advances
in Manufacturing: Processes and Systems and Volume 2—Recent Advances in
Manufacturing: Modeling and Optimization. We also acknowledge the academic
support from Prof. Dumitru Nedelcu, Prof. U. S. Dixit, Prof. J. Ramkumar and
Prof. Panagiotis Kyratsis while editing both the volumes. In this volume, a total
of 80 papers have been included in the domain of conventional and unconven-
tional material removal processes, material forming processes, welding and joining
processes, casting processes, additive manufacturing processes and characterization
of composite materials.

As the entire world is facing the threat from corona pandemic, the international
as well as interstate travel is restricted. However, we have tried our best to carve out
a comprehensive schedule, keynote speakers, oral presentations in both online and
offline mode, all of which will facilitate stimulating insightful discussions within the
research community. In spite of such a pandemic situation, 181 participants have
presented their findings and exchanged ideas related to manufacturing domain.

We are thankful to the conference organizing committee members, the advisory
committee members, the reviewers, session chairs and the volunteers, without whose
generous contributions this conference would not have been successfully conducted.
.
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Most of all, we thank the participants for enriching the international conference
with their active participation.

Surat, India Dr. Shailendra Kumar
Organizing Secretary

Dr. Harshit K. Dave
Organizing Secretary, RAM-2021



Contents

A Study on Residual Stress Distribution in Welded Joint of P91
and SS304H Steel Plate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Sachin Sirohi, P. K. Taraphdar, Prakash Kumar, and Chandan Pandey

A Methodology for Data-Driven Estimation of Forging Load . . . . . . . . . 11
Kaustabh Chatterjee, Uday S. Dixit, Jian Zhang, and Pavel A. Petrov

A Preliminary Investigation on Different Tool Wears
in Sustainable Electrical Discharge Machining of Ti-6Al-4V . . . . . . . . . . 23
Shaik M. Basha, Harshit K. Dave, and Himanshu V. Patel

A Review on Microstructure and Mechanical Properties
of L-PBF 17-4PH and 15-5PH SS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
I. Kartikeya Sarma, N. Selvraj, and A. Kumar

A Review on Twin Wire Arc Additive Manufacturing of Metals
and Alloys: Microstructure and Mechanical Properties . . . . . . . . . . . . . . 55
Poonam S. Deshmukh and Dan Sathiaraj

A State of the Art Review of Additively Manufactured Auxetic
Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
Shailendra Kumar, Swapnil Vyavahare, Soham Teraiya,
Jyothi Kootikuppala, and Harika Bogala

ABS-Fly Ash Composite Filaments for Fused Deposition
Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Abdullah Alduais, Feyza Kazanç, Göknur Bayram, and Sezer Özerinç

A Comparative Study and Optimization of Parameters
of Turning UD-GFRP in Dry, Wet and Cryogenic Condition
by Using PCD Tool with Taguchi Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
Hazari Naresh and Padhy Chinmaya Prasad

vii



viii Contents

An Experimental Investigation on Effect of Process Parameters
on Microstructure and Mechanical Properties of Spheroidal
Graphite Cast Iron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
Harshit P. Modi, Jay R. Raval, Deep S. Patel, and Vipul P. Patel

An Insight of Compacted Graphite Iron (CGI) Characteristics
and Its Production: A Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Mamta Patel and Komal Dave

An Overview on Metallic and Ceramic Biomaterials . . . . . . . . . . . . . . . . . 149
Soham V. Kulkarni, Amit C. Nemade, and Puskaraj D. Sonawwanay

Analysis of Deep Drawing Process on Composite Sheet . . . . . . . . . . . . . . . 167
Preyashi B. Manjrawala and Dhyey R. Savaliya

Anatomy of a Fused Filament Fabrication (FFF) 3D Printing
System for High-Grade Polymers (HGPs)—An Overview . . . . . . . . . . . . 179
Chinmaya Prasad Padhy, S. Suryakumar, and N. Raghunath Reddy

Appropriateness Investigation on Three Different Layers
Fashion of Specially Treated Banana/Epoxy/Fiberglass Hybrid
Composite for Bio-medical Appliances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
T. Malyadri, Afreen Begum, Nagasrisaihari Sunkara,
and M. S. Srinivasa Rao

Automation Advancements in Wind Turbine Blade Production:
A Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
K. P. Desai, D. Binu, A. V. V. D. Pavan, and A. P. Kamath

Characterization of Damage Behavior During Hot Forging . . . . . . . . . . . 223
Ahmed A. M. Okasha, Hussein M. A. Hussein, Mostafa Shazly,
and Osama M. Dawood

Cutting Force Assessment in HSM of Inconel 718 Aided
with Water Vapour as an Eco-Friendly Cutting Fluid . . . . . . . . . . . . . . . . 243
Ganesh S. Kadam and Raju S. Pawade

“Design and Development of S Band Radio Frequency (RF)
Cavity Filter Using Carbon Fibre Reinforcement Polymer
(CFRP) Material for Communication Satellites” . . . . . . . . . . . . . . . . . . . . . 253
Dipak Chopda, Vijay Kumar, Komal Dave, Prempal Kumar,
Prashant Kumar, Nitin Kumar, and Hemendra Kansara

Design and Manufacturing of a Test Rig for Experimental
Studies on Misalignment Effect Between Rotors . . . . . . . . . . . . . . . . . . . . . 265
Mili Hota and V. D. Dhiman



Contents ix

Design, Modeling, and Simulation of Low-Cost
Magnetorheological Fluid-Based Prosthetic Leg . . . . . . . . . . . . . . . . . . . . . 281
Ganapati Shastry, Ashish Toby, Seung Bok Choi,
Vikram G. Kamble, and T. Jagadeesha

Development and Comparison of Natural Fiber Composite
Boards Made Using Water Hyacinth Fiber . . . . . . . . . . . . . . . . . . . . . . . . . . 295
Tony Varghese, Muhzin Ibnu, Mathews K. Tom, Mathew Joseph,
and Rony Sebastian

Development of Al2O3 Nanoparticulates AA6061-T6 Aluminium
Alloy Functionally Graded Composites via Friction Stir
Processing: Effect of Tool Pin Profile on Mechanical
and Tribological Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305
M. D. Sameer, B. Archith Reddy, Ch. Sai Kumar, N. Saiteja,
and J. Dhanush

Development of Part Build Orientation Algorithm for FDM 3D
Printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
Rushikesh P. Urunkar and Sachin Mastud

Development of Twin Fin Extension Liquefier Design for FFF
3D Printers Through Finite Element Analysis . . . . . . . . . . . . . . . . . . . . . . . 329
Ashish Agrawal, Mansingh Armo, Deepak Kumar, Siddharth Singh,
Krishnanand, and Mohammad Taufik

Effect of Corrosion Behaviour of Microplasma Arc Welded
Stainless Steel 316L Thin Sheet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339
Dipankar Saha, Abhradip Pal, Chandan Das, and Sukhomay Pal

Effect of Electrode Vibration Welding on Impact and Tensile
Strength of 1018 Mild Steel Weld Joints . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347
Bade Venkata Suresh, Y. Shireesha, and P. Srinivasa Rao

Effect of Low Temperature Treatments on the Stabilization
of Transition Class Steel Used in Satellite Launch Vehicles . . . . . . . . . . . 361
Tony Varghese, K. Sreekumar, K. Thomas Tharian, and Saju Sebastian

Effect of Nozzle Geometry on Melt Flow of Eutectic Sn–Bi
Low-Melting Point Alloy in Fused Deposition Modeling . . . . . . . . . . . . . . 369
Alok Kumar Trivedi, P. S. Robi, and Sukhomay Pal

Effect of the Rolling Direction on the Mechanical
and Microstructural Properties of AISI 316L Stainless Steel
Welded Joint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381
Vivekananda Haldar and Sukhomay Pal

Effect of Tool Movement in Electro-Discharge Machining
Process—A Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 391
Sudhanshu Kumar and Dilip Sen



x Contents

Enhancement of Mechanical Properties Alkali-Treatment
and Polylactic Acid Coated Woven Jute Fiber Reinforced
Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403
P. Naresh Sagar, Naveen Reddy CH, and T. Malyadri

Designing and Developing of a Renewable Agrobot to Enhance
Harvest Productivity and Reduce Water Consumption . . . . . . . . . . . . . . . 415
Arafa S. Sobh, Hussein M. A. Hussien, and Ali Abd El-Aty

Estimation of Mechanical Properties of Kenaf Fiber Reinforced
Polyester Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427
Shilpa S. Bhambure and Addanki S. Rao

Evaluating Torsional Properties of FDM Components
for Various Layer Heights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437
Prasad A. Hatwalne and S. B. Thakare

Experimental Investigation in Wire Cut EDM of Inconel 718
Superalloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445
Ayanesh Y. Joshi, Vaishal J. Banker, Kenil K. Patel,
Kashyap S. Patel, Devarsh M. Joshi, and Madhav R. Purohit

Experimental Investigation of Average Surface Roughness
and Chip Morphology in End Milling of Aluminium Alloy 6151
Using Uncoated and TiAlN-Coated HSS Tools . . . . . . . . . . . . . . . . . . . . . . . 457
I. Suresh Kannan

Experimental Investigation of Mechanical Properties of AA
7075-T6 by Friction Stir Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 465
A. D. Wable and S. B. Patil

Experimental Investigation on Mechanical Properties of Friction
Stir Dissimilar Welded Joints of Al AA6063 and SS 304 Alloys . . . . . . . . 479
Debashis Mishra and Anil Kumar Das

Experimental Investigations to Enhance the Rheological
Properties of Vegetable Oils Blending with Mineral Oil . . . . . . . . . . . . . . 487
Santhosh Kumar Kamarapu, M. Amarnath, and B. Suresha

Experimental Study on Tensile Behavior of Tri-axial Hybrid
Fiber Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 493
Yegireddi Shireesha and Govind Nandipati

Forming Simulation of Bump Foils Used in Complaint Gas Foil
Bearings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 503
Rakesh K. Sahoo, Debabrata Mohapatra, and Suraj K. Behera

Friction Stir Welding of Heat-Treated Inconel 718 Alloy, and Its
Mechanical and Microstructural Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 523
Sanjay Raj and Pankaj Biswas



Contents xi

Heat Transfer Model of Coil in a Bell Annealing Furnace . . . . . . . . . . . . 533
Deepoo Kumar, Nurni N. Viswanathan, and Partha Sarathi Sarkar

Hybridized Nanotubes and Graphene Oxide in CFRP
Development for Space Use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 545
J. D. Solanki, D. A. Vartak, Y. S. Ghotekar, N. A. Deshpande,
N. Kumar, B. Satyanarayana, A. K. Lal, and P. M. Bhatt

Investigation on Effect of Different Tool Configurations on Heat
Generation During Friction Stir Welding (FSW) of AA 6061 T6 . . . . . . . 555
Nisarg Patel, Shalin Marathe, and Harit Raval

Investigation on Mechanical Properties of 3D Printed PETG
Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 571
T. Malyadri, Nagasrisaihari Sunkara, and M. S. Srinivasa Rao

Mechanical Behavior of Inconel 625 and 17-4 PH Stainless Steel
Processed by Atomic Diffusion Additive Manufacturing . . . . . . . . . . . . . . 583
Balaji M. Jagtap, Ganesh M. Kakandikar, and Samidha A. Jawade

Mechanical Behavior of Nylon Load Bearing Structures
Fabricated by Fused Deposition Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . 595
Sanket S. Jagtap, Ganesh P. Borikar, and Snehal B. Kolekar

Mechanical Characterization of Composite Material Fabricated
by Friction Stir Processing Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 609
V. Pradeep, Anil Kumar Bodukuri, and Madeeha Zoufeen

Mechanical Characterisation of Nano Hybrid Composites . . . . . . . . . . . . 623
A. Vinay, T. Malyadri, and Lanka Sandeep Raj

Mechanical Properties of 3D-Printed ABS with Combinations
of Two Fillers: Graphene Nanoplatelets, TiO2, ATO
Nanocomposites, and Zinc Oxide Micro (ZnOm) . . . . . . . . . . . . . . . . . . . . 635
N. Vidakis, M. Petousis, E. Velidakis, and A. Maniadi

Mechanical Testing and Optimization of Bamboo and Tamarind
Fiber Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 647
Gowdagiri Venkatesha Prasanna,
Achyutuni Venkata Naga Sri Harsha, Vemula Sunil Kumar,
and Rapolu Srilekha

Mechanical, Degradation, and Flammable Behavior
of VALOX100-x—X Wt.% Polycarbonates Composite Materials
for Electrical Plugs, Sockets, and Extension Applications . . . . . . . . . . . . . 659
Khalid Algadah, Subbarayan Sivasankaran,
and Abdulaziz S. Alaboodi



xii Contents

Methods and Parameter Optimization of Manufacturing
Process Using Alginate-Based Hydrogel Bioinks . . . . . . . . . . . . . . . . . . . . . 673
M. B. Łabowska, P. Szymczyk-Ziółkowska, I. Michalak, and J. Detyna

Microstructural and Mechanical Properties Analysis of Fibre
Laser Welding of Dissimilar AA6061 and AA2024 Aluminium
Alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 681
Pradyumn Kumar Arya, Vivek Kumar, Dan Sathiaraj, I. A. Palani,
and Neelesh Kumar Jain

Modelling Factors Influencing Company Decision
on Distribution Structure Using Interpretive Structure
Modelling (ISM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 689
Mudit Kumar Rawat and Rajiv Kumar Sharma

Modern Processes Improvements and Capability
Analysis of Friction Stir Welded Dissimilar Nonferrous
Materials—A Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 701
Rajnish Singh and Yogesh Kumar

Novel Hybrid Bio Composites of PLA with Waste Bio Fillers . . . . . . . . . 717
D. V. Lohar, A. M. Nikalje, and P. G. Damle

Investigation on Formability of Tailor Welded Blanks (TWBs)
During Single Point Incremental Forming (SPIF) Process . . . . . . . . . . . . 731
Gireesh Sripathireddy, Shalin Marathe, and Harit Raval

Optimization of Design Parameters Under Compression
and Shear Loading of FDM Fabricated Re-Entrant Auxetic
Structure Using Failure Mode Map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 747
Shailendra Kumar, Swapnil Vyavahare, and Kokani Nirmal

Parametric Influences on Powder Mixed Dielectric in Wire
EDM for Processing Ti6Al4V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 761
Sadananda Chakraborty, Souren Mitra, and Dipankar Bose

Performance of a Single Point Cutting Tool with Textured
Surfaces: A Comparative Study of Different Textured Patterns . . . . . . . 777
Manoj Nikam, Anurag Karulkar, Aveek Chowdhury,
Hasan Khalfay, and Darshan Rathod

Post Processing 3D Printed UAV Wing Enabling Trailing Edge
Morphing Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 791
Krunalkumar N. Patel, Anirudh Manoj,
Mohammed Shams H. Sayed, K. Shah Kaushal, Swayam J. Shah,
and Harshit K. Dave

Preliminary Investigations of Low Plasticity Burnishing Process
on Mechanical Properties of Aluminum Alloy . . . . . . . . . . . . . . . . . . . . . . . 803
S. R. Thorat and A. G. Thakur



Contents xiii

Recent Advancements in Hybrid Investment Casting
Process—A Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 817
C. V. Morsiya and S. N. Pandya

Recent Advancements in TIG Cladding Process on Non-ferrous
Alloys: A Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 833
Sujeet Kumar and Anil Kumar Das

Reinforced Composites from Natural Fiber: A Review . . . . . . . . . . . . . . . 847
Sagar Singh, Chitranjan Agarwal, M. S. Khidiya, and M. A. Saloda

Research Progress in Gas Tungsten Arc Cladding on Steel:
A Critical Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 859
Md Sarfaraz Alam and Anil Kumar Das

Review of Enhancement of Polymer for Material Extrusion
Process by Combining with Filler Material . . . . . . . . . . . . . . . . . . . . . . . . . . 869
Mizab Ahmed E. A. Bardi, Shubham A. Bokade, Sushant L. Gunjal,
Omkar R. Bedade, and Shreeprasad S. Manohar

Review on Friction-Based Additive Manufacturing Processes:
Types, Defects, and Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 885
Bhumi K. Patel, Falak P. Patel, and Vishvesh J. Badheka

Selection of Optimal EDM Process Parameters
for Machining Maraging Steel Using Grey-Fuzzy Relational
analysis—An Experimental Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 905
M. D. Sameer, B. Sai Kartheek Reddy, N. Amrutha, K. Srishma,
and K. Samantha

Shore Hardness Characterization of FDM Printed
PLA/Epoxy/MGFs Composite Material Structure . . . . . . . . . . . . . . . . . . . 919
Ammar Mustafa, Bandar Aloyaydi, Subbarayan Sivasankaran,
and Fahad A. Al-Mufadi

Study on Impact Properties of Hybrid Composites Fabricated
by VARTM Process for Structural Applications . . . . . . . . . . . . . . . . . . . . . 927
Prasanth Kumar Kottapalli, Sai Kumar Balla, Himanshu V. Patel,
and Harshit K. Dave

Study on Influence of Process Parameters on Feature Quality
and Depth of Features Produced by Heat-Assisted Incremental
Forming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 935
Vishal John Mathai, Joseph Babu, Noel Peter, Leo Mathew,
and Sobin Siby

Study the Characterization of Hydroxyapatite and Silver Doped
Hydroxyapatite Using Pin-on-Disc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 947
L. B. Mulla, G. G. Mujawar, P. B. Gavali, and Y. N. Dhulugade



xiv Contents

Synthesis of Bulk Consolidated Ti-46Al-1B (at%) Alloy
via Powder Metallurgy Route Using Induction Sintering
Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 957
Mrigesh N. Verma and Vijay N. Nadakuduru

The Development of Cemented Carbide with Cobalt
Composition Gradient by Powder Metallurgy Method . . . . . . . . . . . . . . . 969
Rityuj Singh Parihar and Neha Verma

Utilizing Generative Design for Additive Manufacturing . . . . . . . . . . . . . 977
Ioannis Ntintakis, Georgios E. Stavroulakis, Georgios Sfakianakis,
and Nikolaos Fiotodimitrakis

Vision-Based Object Classification Using Deep Learning
for Mixed Palletizing Operation in an Automated Warehouse
Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 991
Anubhav Dinesh Patel and Abhra Roy Chowdhury

Welding Processes for Additive Manufacturing—Processes,
Materials, and Defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1013
Falak P. Patel, Bhumi K. Patel, and Vishvesh J. Badheka



About the Editors

Dr. Harshit K. Dave is currently working as an Associate Professor at the Depart-
ment of Mechanical Engineering, S. V. National Institute of Technology, Surat.
He obtained his B.E. (Mechanical) from Saurashtra University, Rajkot, and M.E.
(Production) from M. S. University, Vadodara, and Ph.D. from SVNIT, Surat. His
major areas of research interests include unconventionalmachining processes,micro-
machining processes, machining of advanced materials, additive manufacturing
processes, and modeling & optimization of machining processes, composite fabri-
cation. He has published more than 50 papers in reputed international journals. Dr.
Harshit Dave has carried out several research projects funded by DST, MHRD, and
GUJCOST etc.

Dr. Uday Shanker Dixit is currently working as a Professor at Indian Institute
of Technology, Guwahati. He earned his B.E. (Mechanical) from University of
Roorkee in 1987 and M.Tech. (Mechanical) from IIT Kanpur, in 1993, and Ph.D.
from IIT Kanpur in 1998. His current research interest is finite element method and
soft computing applications in a wide variety of problems in manufacturing and
design. He is also working in the domain of mechatronics. He holds 130 publica-
tions in reputed journals, 16 books and 38 book chapters. Dr. Uday Shanker has
completed several sponsored projects and consultancy work sanctioned by various
funding agencies.

Dr. Dumitru Nedelcu is currently working as a Professor at the Department of
Machine Manufacturing Technology, Technical University of Iasi (TUIASI). He
obtained his graduation in mechanical engineering from Polytechnic Institute of
Iasi, Romania and Ph.D. from Technical University of Iasi, Romania. His major
areas of research interests include fine mechanics technologies and technologies to
obtain and process composite materials. Dr. Nedelcu Dumitru holds four patents and
is the author of 60 refereed publications and 15 books. Over the years he got 17
national/international awards.

xv



A Study on Residual Stress Distribution
in Welded Joint of P91 and SS304H Steel
Plate

Sachin Sirohi, P. K. Taraphdar, Prakash Kumar, and Chandan Pandey

Abstract The experimental study has been done to investigate the through thickness
residual stress variation in P91/SS304H welds joint. The gas tungsten arc welding
(GTAW) has been performed for joining of the dissimilar metal using the Ni-based
ERNiCrMo-3 filler. The residual stress measurement was performed in the weld
metal, SS304H HAZ and P92 HAZ. The results showed a considerable deviation in
residual stresses along the thickness and in the transverse direction of the weldments.
The PWHT showed a significant effect on magnitude and nature of the transverse
and longitudinal residual stress for both weld metal and HAZ.

Keywords P91 · SS304H · IN625 · Residual stress · Welding

1 Introduction

The 9–12% Cr steel is used in boiler and turbine components to operate at higher
temperature (600–650 °C) due to its attractive creep resistance at higher tempera-
ture [1, 2]. However, 9–12% Cr steels show the degradation in oxidation resistance
at temperature more than 650 °C [1]. Hence, boiler components like reheater and
superheater tubes with operating temperatures more than 650 °C are generally made
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of austenitic grade SS304L, SS304H steel, or Ni-based superalloy IN617, IN718 [3,
4]. Joining of these two steels requires to reduce the total operating cost of the power
plant. The frequently used 9–12% Cr steel are P91, P911, and P92, which derived
their strength by tempered martensite and carbide precipitates of type M23C6 and
MX [5, 6]. In austenitic grade steel, the SS304L and SS304H are more commonly
employed in power plants because of its high oxidation and corrosion resistance
[7, 8]. Both P91 steel and SS304H steel shows the difference in thermo-physical
and mechanical properties and chemical composition. The variation in coefficient
of thermal expansion and thermal conductivity of these two steels creates the major
problem during the joining and a high amount of residual stress is obtained along the
welded joint [9, 10]. The high heat input and variation in composition and mechan-
ical properties of these two steels results in poor structural integrity, as presented
by the researchers [11–22]. The high amount of residual stresses and difference in
mechanical properties along the welded joint leads to premature failure of the weld
component. The diffusion of the elements along the weld metal and heat-affected
zone (HAZ) interface was also observed during dissimilar welding of SS304H and
P91 steel. The dissimilar joining is mainly concerned with the application of the heat
input and filler metal. The welding of these two steel using the matching P91 filler
has reported poor impact toughness due to the development of the fresh martensite in
weld metal [10, 13]. For stainless steel grade filler, solidification cracking is reported
as the major issue [23]. For joining the SS304H and P91 steel, Ni-based filler such
as IN82, IN617, and IN625 has been reported as the best choice due to attractive
creep properties at high-temperature [24, 25]. The other reasons behind the selection
of the Ni-based filler are their thermal conductibility and thermal expansion coef-
ficient, which lies in between SS304H and P91 steel and it also helps to stop the
diffusion of the elements. Numerous research articles have been published on the
use of Ni-based filler to join the P91 and SS304H steel. However, residual stress
along the welded joint still exists, which can be minimized either by minimizing the
heat input or performing the post-weld heat treatment (PWHT). However, a study
related to the residual stress analysis of P91 and SS304H welded joint for Ni-based
filler has not been found. The objective of this work is to examine the residual stress
variation along the welded joint for the Ni-based IN625 filer. The effect of the PWHT
on residual stress variation has also been studied and results obtained after PWHT,
compared with the as-welded condition.

2 Work Material and Testing

The P91 and SS304H plate of thickness 8.5 mm were welded using the gas tungsten
arc welding technique with the IN625 filler. After the welding, PWHTwas employed
at 760 °C for 2 h. The detail about the welding process parameters and groove design
has been given into previously published work [26]. The design of groove, groove
machined plate, and top and back side of the welded plate is revealed in Fig. 1a–c
[26].
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Fig. 1 a Groove details, b plate after machining the groove, c top and back side of the welded plate

After joining and PWHT, through-hole thickness measurement was performed.
For the measurement of residual stress distribution in the weld zone and the HAZ,
deep hole drilling (DHD) method was used. Four essential steps are followed in
the DHD technique, which is revealed in Fig. 2. In first step, a through thickness
hole of diameter 3 mm was drilled at desired position, i.e., weld metal or HAZ.
In the second, the measurement of reference hole diameter (d(θ)) was conducted
with an air probe in 1 mm depth intervals across the thickness in the transverse and
longitudinal directions. In third step, trepanning was done for reference hole by using
the electro-discharge machining to relax the present locked-in stresses surrounding
the reference hole. Subsequently, in the final step, remeasurement of the reference
hole diameter

(
d ′(θ)

)
was performed with the air probe at the previous locations

through the thickness following similar directions as before. In-plane residual stress
magnitude was estimated with the help of the variation in reference hole diameter(
�d(θ) = d ′(θ) − d(θ)

)
. The normalized strain ε(θ) is given below,
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Fig. 2 Steps used in deep hole drilling method [30]

ε(θ) = �d(θ)

d(θ)
= − 1

E

[
σx p(θ) + σyq(θ) + σxyr(θ) − μσz

]
(1)

εz = − 1

E

[−σz − μ
(
σy + σx

)]
(2)

where p(θ ) = 1 + 2cos2θ, q(θ ) = 1 − 2cos2θ, r(θ ) = 4sin2θ and εz is the measured
axial strain derived during the trepanning process. The plane stress condition is
followed while determining residual stresses using the DHD technique, resulting in
the conversion of the σz to zero. Measurements of reference hole were performed at
n angles (θ = θ1,…, θ i,…, θN ) around the hole. Thus, Eq. 1 can be rewritten as,

ε(θ) = �d(θ)

d(θ)
= − 1

E

[
σx p(θ) + σyq(θ) + σxyr(θ)

]
(3)

Here, the x-direction meets with the angular direction θ = 0◦. Equation 3 can be
reframed in a matrix format as shown below,
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ε = − 1

E
M × σ (4)

where

ε =

⎡

⎢⎢⎢⎢
⎢⎢
⎣

ε(θ1)
...

ε(θi )
...

ε(θN )

⎤

⎥⎥⎥⎥
⎥⎥
⎦

, M =

⎡

⎢⎢⎢⎢
⎢⎢
⎣

p(θ1) q(θ1) r(θ1)
...

...
...

p(θi ) q(θi ) r(θi )
...

...
...

p(θN ) q(θN ) r(θN )

⎤

⎥⎥⎥⎥
⎥⎥
⎦

and σ =
⎡

⎣
σx

σy

σxy

⎤

⎦ (5)

Finally, using Eq. 6, the residual stresses magnitude can be determined.

σ̂ = −EM∗ × u (6)

where

M∗ = (
MT × M

)−1 × MT (7)

Here, σ̂ = favorable stress vector; M∗ = pseudo inverse of matrixM [27].
Furthermore, Mahapatra and his co-workers made the above-mentioned calcula-

tion simpler [28, 29].
The longitudinal (εx ) and transverse (εy) strain is calculated by simply placing θ

= 00 and θ = 900, respectively, in Eq. 3, as shown in Eqs. 8 and 9.

εx = �dx
dx

= − 1

E

[
3σx − σy

]
(8)

εy = �dy
dy

= − 1

E

[
3σy − σx

]
(9)

For uniaxial stress,σy will be zero in Eq. 8,

εx = �dx
dx

= − 1

E
[3σx ] (10)

Equations 8 and 9 were used to quantify the in-plane bi-axial longitudinal and
transverse residual stress fields.
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3 Results and Discussion

The distribution of residual stress along the thickness for a different region of the
weldments is shown in Fig. 3. In the weld metal, the maximum value of the longi-
tudinal residual stress was obtained at a depth of 6 mm from the upper surface,
and it was almost constant up to a depth of 5 mm. For weld metal, the maximum
value of the longitudinal residual stress in as-welded condition approached 250MPa,
which was higher than the maximum value of the transverse residual stresses of
165MPa (Fig. 3a). After conducting the PWHT, it was found that the tensile residual
stress fields transformed into compressive stresses through the thickness. The induced
compressive residual stress levelswere found to be comparatively higherwhen IN625
was used as the filler material. The maximum compressive transverse and longitu-
dinal residual stress magnitudes in the weld zone (IN625) after PWHT were found
to be −123 and −295 MPa at a depth of 5 mm from the upper surface of the weld,

Fig. 3 Through thickness residual stress distribution in the weldment having IN625 as the filler
material a weld zone, b P92 HAZ, c SS304H HAZ
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respectively. Similar to the weld sample of IN617, the weldment of IN625 also exhib-
ited compressive residual stresses in the HAZ of the P92 steel within a range of −19
to−70MPa, Fig. 3b. However, following PWHT, the transverse residual stress trend
moved into the tensile region, while the longitudinal residual stress trend dropped
deeper into the compressive zone at the top surface, eventually becoming tensile
at the bottom of the plate. The maximum longitudinal stress level of 193 MPa and
maximum transverse residual stress level of 145 MPa were measured in the SS304H
HAZ, as presented in Fig. 3c. The maximum value of transverse and longitudinal
residual stresses in the SS304H HAZ decreased by 83 and 18%, respectively, after
the PWHT, Fig. 3c.

In a comparison of the weld samples of IN617 and IN625, it was observed that
the weld sample of IN625 exhibited a higher residual stress level in the weld zone,
and consequently, after PWHT, it also produced a higher magnitude of compressive
residual stresses in the weld zone. Both the weld samples had similar residual stress
levels with marginal differences in the HAZ of P92 steel in the as-welded condi-
tion [31]. Noticeably, after PWHT, the transverse residual stress trend of the IN625
weld sample was found as tensile in nature, whereas in the IN617 weld sample,
the transverse residual stress trend further moved deeper into the compressive zone
after PWHT. In both cases, the longitudinal residual stress levels in the P92 HAZ
increased in the compressive mode at the top surface. It was observed that the IN625
weld sample exhibited higher residual stress magnitudes in the HAZ of SS304H
than the IN617 weld sample in both the longitudinal and transverse directions [31].
These residual stress levels in SS304H HAZ decreased by a certain amount after
PWHT, with the transverse residual stress greatly reduced in both weld samples by
an average of 80%. The differences in the thermal expansion coefficient and metal-
lurgical properties of the corresponding dissimilar metals are directly responsible for
the variations in the distribution of residual stress in these weld samples across the
weld cross section.

4 Conclusion

1. The results showed a considerable deviation in residual stresses in transverse
direction of the joint and along the thickness.

2. The maximum value of the longitudinal residual stress in weld metal was
250 MPa while the transverse residual stress was 165 MPa, for as-welded
conditions and showed a substantial decrease in magnitude and nature after
the PWHT.

3. For P91 HAZ, the compressive nature of the residual stresses was obtained
throughout the depth in as-welded conditions. After the PWHT, longitudinal
residual stress was measured in the root of the weld metal with a maximum
magnitude of 67 MPa, which was tensile in nature. A tensile transverse residual
stress was measured after the PWHT with a maximum value of 99 MPa at the
top of the plate.
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4. The maximum longitudinal and transverse residual stress levels in the SS304H
HAZwere measured about 193 and 145MPa, respectively, while a compressive
nature of the transverse stress wasmeasured in the root portionwith amagnitude
of 150 MPa. After the PWHT, a reduction was measured in residual stresses,
and maximum longitudinal and transverse residual stress levels were 157 and
63 MPa, respectively.
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AMethodology for Data-Driven
Estimation of Forging Load

Kaustabh Chatterjee, Uday S. Dixit, Jian Zhang, and Pavel A. Petrov

Abstract Metal forming industry often requires to estimate forging load. Analytical
and numerical techniques are not sufficient to provide an accurate estimation of the
forging load. Interestingly, a large amount of shop floor forging data exists that are yet
to be effectively utilised. Modelling using data-driven techniques can take care of the
uncertainty associated with flow stress and friction condition. This article proposes
a methodology that uses the existing information of axisymmetric forged products
for the estimation of forging load by suggesting a proper value of complexity factor.
Appropriate complexity factor is essential for empirically estimating the forging load
in open as well as closed die forging. Estimation of forging load for open die forging
is carried out for four different materials of cylindrical shape. In case of closed die
forging, estimation of forging load is carried out for two different products. Forging
load estimation is carried out for different sizes and for different friction conditions.
The proposed methodology of using the existing data provides reasonable accuracy
in the prediction of forging load.

Keywords Forging load · Complexity factor · Friction · Open die forging · Closed
die forging · Axisymmetric product
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1 Introduction

Forging is one of themost popularmanufacturing processes. It is a bulkmetal forming
process that is subjected to three-dimensional compressive stresses. Estimation and
control of metal forging process are of utmost importance, particularly in this era
of global competition. Researchers have been carrying out estimation of forging
load, mostly using analytical, numerical and empirical methods. Such efforts are
still continuing [1–3]. The deformation mechanics of forging is extremely complex.
Additionally, the material flow is non-steady and non-uniform. However, with time,
there has been sufficient progress in the field of analytical modelling that can accu-
rately estimate the forging load. The main challenges in using analytical models
are that they require the exact knowledge of the material behaviour during defor-
mation and Coulomb’s coefficient of friction. Assumptions such as homogenous
deformation, temperature distribution due to different factors within and close to the
deformation zone, and loading axes coinciding with the principal axes may be far
away from reality. These drawbacks of analytical models were taken care by numer-
ical models. With the advancement of processing power of computers, numerical
models such as finite element method (FEM) provided quick estimation of forging
load without the need to carry out expensive experiments [4]. However, FEM simula-
tions are computationally expensive and can take up several hours for simulating the
forging of three-dimensional products with complicated geometry. Empirical models
require a lot of data for accurate estimation of forging load. To overcome these prob-
lems, researchers have started to develop intelligent databases for estimating forging
load. The advancement in automation and information technology provided a golden
opportunity for themanufacturing industries to store and access large amount of data.
Effective utilization of such large amount of data directly form the shop floor can be
used for reliable prediction of forging load.

Manufacturing industries are trying to incorporate cloud computing, big data,
mobile Internet, cyber-physical system (CPS) and Internet of things (IOT) in their
systems [5]. This has created interest among the researchers across the globe towards
data-driven smart manufacturing [6]. Effective utilisation of manufacturing data for
accurate performance prediction reduces the unnecessary downtime. Reduction of
downtime improves the existing revenue of the organisation. Recently, Chatterjee
et al. [7] proposed a framework for the acquisitionofmanufacturingdatawith efficient
storage and performance prediction.

There are a few attempts in the past that proposes the usage of expert system
for timely and effective utilisation of the accumulated data in forging. One of the
initial works in expert system was carried out by Osakada and Yang [8]. They used
backpropagation neural network aided expert system for determining the forming
method, number of forming steps and prediction of die fracture with die defect.
Katayama et al. [9] developed an expert system for the process design of a cold
forging process. Expert system was also applied for determining the sequence of
steps in manufacturing a part through axisymmetric cold forging [10]. Considering
the uncertainty in forging process, fuzzy logic was applied. Fuzzy logic was used for
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the estimation of the dimensional errors occurring during actual forging operation
[11]. Gangopadhyay et al. [12] incorporated fuzzy logic in their expert system for
the prediction of forging load and axial stress. Gronostajski et al. [13] used an expert
system for determining the various wear mechanisms that degrade the forging tools
during hot forging. Recently, deep learning techniques are also used in cold forging
for condition monitoring of the machines [14]. Thus, researchers are trying hard to
effectively utilise data-driven technologies in forging.

In estimating the forging load, there are two uncertain parameters: flow stress and
friction condition. Flow stress significantly influences the material flow in forging
operation. Flow stress is generally modelled in the form of mathematical equation,
whose parameters are determined from compression tests. However, modelling of
friction is itself a challenging task [15]. A thorough knowledge and a lot of skill is
required for the estimation of forging load using the existing analytical and numer-
ical models. Data-driven techniques can be effective in taking care of the various
uncertainties associated with forging such as friction condition and flow stress. With
time and usage, data-driven models get updated and provide more accurate results
based on the feedback received from the shop floor.

In this paper, the idea is to build a robust procedure that can be used for the
estimation of load in an axisymmetric forging. The methodology uses the existing
information after applying the suitable correction factor depending on the situation.
In order to demonstrate the methodology, simulations are carried out in place of shop
floor data for axisymmetric forging of open and closed die products. In a sense, FEM
simulations provide a virtual factory environment for testing the methodology.

2 Methodology

It is observed that a lot of forging data exist within an organisation and the same is not
effectively utilised. The present work proposes to use such existing data for building a
database such that it can be used for the estimation of forging load. For demonstrating
the proposed methodology, forging is simulated using a commercial finite element
package, ABAQUS. The feedback of the forging load obtained from simulations are
assumed to represent the data obtained from the shop floor. The scheme adopted for
estimating the forging load in open and closed die forging is shown in Fig. 1 and
is discussed in details. The computational scheme could be repeated several times,
while the accuracy of the computation would be enhanced.

Fig. 1 Scheme for estimating forging load
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2.1 Forging Load in Open Die Forging

The slab method analysis in upsetting an axisymmetric disk using Coulomb’s model
gives the following die pressure p at any radial coordinate r as [16]:

p = σoexp

{
2μ

H
(R − r)

}
, (1)

where σ o is the flow stress, μ is the coefficient of friction, H is the height, R is the
final radius of the disk and r is the radial coordinate. Total forging load P is obtained
by integrating the die pressure p over the whole contact area of the disk with the
platen and is expressed as

P = σoπH

μ

[
H

2μ

{
exp

(
2μR

H

)
− 1

}
− R

]
. (2)

An empirical relation for the estimation of forging load was given long back [17]
as

P = Cpσo Ap, (3)

where Cp is the complexity factor and Ap is the plan area of the forging including
flash. The aim of this article is to suggest a suitable value of Cp such that it can
be used for any forging case. Equating Eqs. 2 and 3, the shape complexity can be
computed as

Cp = H

μR2

[
H

2μ

{
exp

(
2μR

H

)
− 1

}
− R

]
. (4)

On substituting Eqs. 4 in 3, the forging load is estimated. The suggested value of
the complexity factor is applicable for any sizes and for any friction condition.

2.2 Forging Load in Closed Die Forging

For closed die forging also, estimation of forging load is carried out using Eq. 3.
However, it is difficult to ascertain an exact value of the Cp for an accurate load
estimation. In general, the value of Cp is determined by intuition or experience. As
already highlighted, the main aim of this article is to suggest a suitable value of Cp

based on relevant product information. The idea is to effectively use the existing
product information related to size and friction condition for predicting the forging
load with reasonable accuracy.
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2.2.1 Forging Load Estimation for Different Sizes of Workpieces

Assume that there are two models of similar shape but of different sizes. One model
is having smaller radius (of projected circle) than the other. Assume that the existing
information of the forging load is available for the smaller model under lubricated
condition. It is required to estimate the forging load of a model having larger radius.
However, height and friction condition are unchanged. Using Eq. 3, the forging load
P for the large model is estimated as

Plarge =
(
Rlarge

Rsmall

)2

× Psmall. (5)

where R is the radius of the closed die product. In this case, the smaller model is
considered as the base model, as prediction is carried out based on the information
available of the smaller model. Similar methodology is adopted when information of
largermodel exists and estimation is required for smallermodel by considering larger
model as the base. On obtaining the actual load, the value of the complexity factor
Cp is preserved. Such Cp is used for the estimation of forging load for a completely
new product with different geometry. The value ofCp is again updated and preserved
based on the feedback of the actual load.

2.2.2 Forging Load Estimation for Different Friction Condition

It is assumed that there are two models of similar shape and size. However, the
information of lubricated condition exists. It is required to estimate the forging load
under non-lubricated condition. In order to include the effect of friction in Eq. 4,
a rough idea of the complexity factor Cp is required. The value of Cp for open die
forging is approximately expressed by Eq. 4. Hence, Cp for closed die forging of
non-lubricated case is obtained as

(
Cp

)
closed-nonlubriacted

= Cp from Eq. 4 for μ of non-lubricated case

Cp from Eq. 4 for μ of lubricated case

× (
Cp

)
closed-lubriacted. (6)

In this case, the lubricated model is considered as the base model, as prediction is
carried out on the basis of the information of the lubricated model. Similar method-
ology is adopted to estimate the forging load for lubricated condition when data
of non-lubricated condition is available. On obtaining the actual load, the value of
the complexity factor Cp is preserved for the specified friction condition for further
use. It is observed that estimating forging load considering the geometrically closest
shape as the base model provide better accuracy in the prediction. A detailed insight
is provided in the next section.


