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Preface

This book brings together the collection of cutting-edge research articles on
industrial and production engineering from the First International Conference on
Future Learning Aspects for Mechanical Engineering (FLAME), which was orga-
nized by Amity University, Noida, Uttar Pradesh, India, from October 3 to 5, 2018.

The primary mission of this conference was to lay a platform that brings together
academicians, scientists, and researchers across the globe to share their scientific
ideas and vision in the areas of thermal, design, industrial, production, and inter-
disciplinary areas of mechanical engineering. FLAME 2018 played a key role to set
up a bridge between academia and industry.

The conference hosted almost 550 participants to exchange scientific ideas.
During 3 days of the conference, researchers from academics and industries pre-
sented the most recent cutting-edge discoveries, went through various scientific
brainstorming sessions, and exchanged ideas on practical socioeconomic problems.
This conference also provided a scope to establish a network for joint collaboration
between academia and industry. Major emphasis was focused on the recent
developments and innovations in various fields of mechanical engineering through
plenary lectures.

This book covers the industrial and production engineering areas such as sus-
tainable manufacturing systems, decision sciences, logistics and supply chain
management, operations management, computer-aided engineering, rapid proto-
typing, manufacturing management and automation, metrology, manufacturing
process optimization, machining and machine tools, casting, welding, and forming.
This book caters to the industrial and production engineering aspects, will mainly
serve as a reference guide for researchers and practitioners, and is expected to foster
better communication and closer cooperation between academia and industry
partners.

We would like to acknowledge all the participants who have contributed to this
volume. We also deeply express our gratitude for the generous support provided by
Amity University, Noida; Science Engineering and Research Board (SERB), an
enterprise of Department of Science and Technology (DST), Government of India;
Siemens; ISME; and Begell House. We also thank the publishers and every staff



vi Preface

of the department and institute who have directly or indirectly helped to accomplish
this goal. Finally, we would also like to express our gratitude to Respected Founder
President, Amity University, Dr. Ashok K. Chauhan, for providing all kinds of
support, and this book is not complete without his blessings.

In spite of sincere care, there might be typos and there is always space for
improvement. We would appreciate any suggestions from the reader for further
improvements to this book.

Noida, India Dr. Rahul Sindhwani
New Delhi, India Prof. (Dr.) Ravi Shankar
Kanpur, India Prof. (Dr.) Kripa Shanker

January 2019
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Enhanced Fluorescence-Based Detection )
of Vibrio Cells Over Nanoporous Silica L
Substrate

Geeta Bhatt (@, Rishi Kant(® and Shantanu Bhattacharya

Abstract The food and waterborne pathogens threaten the human health through
porous borders that require immediate detection in real time. The present work reports
the development of a nanoporous silica-based platform for the rapid detection of Vib-
rio cells. The nanoporous thin film has been developed over silicon substrate utilizing
PMSSQ (polymethylsilsesquioxane, (CH3Si0; 5),) and PPG (polypropylene glycol,
CH((CH3)CH;0),,) combination in PGMEA (propylene glycol methyl ether acetate)
solvent as provided earlier by Gangopadhyay et al. (Nanotechnology 20, 2009 [1]).
The PPG acts as a porogen and evaporates on heat treatment giving a porous struc-
ture and assembles the PMSSQ nanoparticles. The films were characterized through
FTIR, EDAX, and SEM microscopy, and it was found out that the functional groups
like OH, CHj3, Si—CH3, Si—O, and Si—O-Si were present abundantly in the porous
structure, which can be further modified for its application in biology. An aliquot of
2.5 pl Vibrio cell solution was immobilized (over nanoporous silica film) to study its
fluorescence intensity under an epifluorescence microscope. Vibrio (Vibrio harveyi
(ATCC® 700106™)) cells possess self-fluorescing effects with bleaching charac-
teristics. The fluorescence images (with the progression of time) are acquired and
processed through Image J (courtesy NIH), and relative fluorescence of the cells are
calculated as a function of time. A 1.7 times increase in the overall fluorescence
intensity level is recorded in the presence of the porous silica layer as compared to
uncoated silicon substrate showing immobilization capabilities of these films.

Keywords Vibrio harveyi cells - Nanoporous - Silica + Fluorescence + Detection

1 Introduction

Vibrio is a gram-negative microorganism, which is generally found in water bodies
like coastal or marine environment. Some strains of Vibrio are recorded as pathogenic
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[1,2], which may make their detection complicated, but depending on its pathogenic-
ity level (i.e., severity to cause illness and subsequent death), it is very important that
a strategy may be developed to sensitively detect the presence of Vibrio cells in
a convenient manner. The vibrio cells may be detected through hybridization [3],
through fluorescence detection or other molecular techniques like polymerase chain
reaction (PCR). PCR, in any event, is a technique which serves as an industry gold
standard as regards the molecular identification of many biological entities, and in
this case too, PCR process has emerged as a prominent tool for the specific detection
of the tdh and trh genes in Vibrio parahaemolyticus [4]. PCR has also been heavily
deployed for detecting Vibrio via detection of the Vibrio vulnificus DNA, the DNA
which is present in culturable or non-culturable strains of Vibrio [5]. The different
genes of Vibrio parahaemolyticus like tl, tdh, and trh are also detected by multiplex
PCR to up to a high sensitivity level of 10-100 CFU per 10 g of tissue extracted
[6], which has been further extended to optimizing the multiplex PCR process using
DNA microarray, etc. [7]. This integration has been carried out to further enhance
the accuracy of detection. Multiplex PCR has also been extended to simultaneous
detection of five pathogenic species through PCR with primers designed through
comparative genomics scheme [8].

Further TagMan techniques have been developed for the detection of Vibrio
molecularly [9]. Even though the conventional PCR methods are highly sensitive
and efficient, these methods require rigorous post-processing of samples through
a variety of staining techniques like gel electrophoresis and subsequent optical
absorption of the electrophoresed species, which is cumbersome. Keeping this in
mind, the conventional PCR has transcended to the qPCR (real-time PCR) domain
where we are enabled to directly quantitate the progress of the PCR reaction by
recording the overall fluorescence level of a specific/nonspecific intercalating flu-
orescent dye or dye pair. Further, many more fluorescence assisted techniques can
be utilized for making detection quantifiable. In this context, Vibrio cells have been
subjected to detection through quorum sensing [10] and other fluorescence-based
sensing. Fluorescence-based sensing is combined with solid-phase cytometry [11]
and antibody-based detection [12] to very accurately detect the presence of Vibrio.
Quantum dots [13] are utilized well to detect the Vibrio cells.

Most of the detection schemes that are devised using microsystems approaches
are carried out over silicon substrates as it is accepted as very well-evolved micro-
electronic material. Hence, the substrate is of utmost importance, which can further
add sensitivity to the detection. The modification of substrate where such modifi-
cation may cause an enhancement in the overall level of the fluorescence signal is
always prudent for a sensitive detection. Such strategies of substrate modification to
cause signal enhancement have not been proposed earlier to increase the sensitivity
level. The current work aims at such a modification by coating through a film which
is known for its bio-friendly properties [14], leads to a rise in the signal level of the
fluorescence coming out of the Vibrio strains (Vibrio harveyi (ATCC® 700106™)).
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2 Materials and Methods

2.1 Nanoporous Silica Layer

Nanoporous substrates add the benefit of providing a larger surface area to volume
ratio for facilitating binding of target species through nanopores. Pore size can be cho-
sen from tens of micrometer to nanometer size depending on whether we are working
with whole cell or a single nucleic acid. In this study, the pore size is chosen compat-
ible with whole cell analysis. Thin nanoporous silica layer (refractive index: 1.14) is
prepared by conventional porogen method on silicon substrate. The precursors used
for growing silica layer are PMSSQ, PPG (molecular weight: 20,000 g/mol), and
PGMEA (molecular weight: 90.1 g/mol). Among these precursors, PMSSQ, PPG,
and PGMEA act as matrix, porogen, and solvent, respectively. The flowchart for the

Fig.1 Flowchart to . s
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fabrication of nanoporous silica is demonstrated in Fig. 1. Hydrogen-passivated (HF
denotes hydrofluoric acid) and washed silicon substrate is spin-coated with a 1:1:2
solution of PMSSQ: PPG: PGMEA (mixed through ultrasonication). The spin-coated
samples are baked at 120 °C for removing the solvent and facilitating cross-linking
between PMSSQ and PPG. This step is followed by cooling the sample to room
temperature and then again re-heating the cooled sample to ~450 °C, which helps
in evaporation of PPG as the temperature of the substrate passes 200 °C. This way,
selective and consecutive evaporation of PGMEA and then PPG generates enthalpy
interaction between the particles and results in self-assembled porous structure.

The film is characterized through FESEM microscopy, FTIR and EDAX spec-
troscopy. The SEM images (Fig. 2a and b) show that there is a uniform porous
structure (open pores) in the film with circular silica particles connected to each
other. The figure shows that the particle sizes of 2—4 pm are obtained with pore size
varying between few nanometers and micrometer. The FTIR analysis shows various
peaks showing the presence of functional groups like OH, CHj3, Si-H, Si—-CH3, and
Si—O-Si (Fig. 2¢) in the developed film. The EDAX analysis (Fig. 2d) confirms the
presence of Si and O in the film.

¥

Transmittance

AR NN

Full Scale 6404 cts Cursor: 0.000 ke

Fig. 2 Analysis of nanoporous silica film. a, b FESEM images of the nanoporous silica layer at
different magnifications; ¢ FTIR image of nanoporous silica layer; d EDAX of grown silica layer
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2.2 Vibrio harveyi (ATCC® 700106"™) Cells

The cell culture is bought in freeze-dried condition from M/S ATCC, USA, which
is stored at 2-8 °C. The cells are thawed and extracted using ATCC® 2034 (autoin-
ducer bioassay medium) medium at 30 °C in aerobic condition by incubating for
24 h (concentration: 108 CFU/ml). The grown strain emits bioluminescence, and
the expression of light is not a function of cell density. These cells are categorized
under biosafety level 1 and hence are safe to work within the normal laboratory
environment. The experiments are carried out on fully grown cells.

3 Results and Discussion

The various fluorescence-based detection schemes like JPCR deploy silicon as the
base substrate [15]. So it becomes an important aspect to study the substrate charac-
teristics as well. In this study, the effect of fabricated porous silica structure on the
silicon substrate is observed for biosensing of cells through fluorescence route. The
cells are immobilized on the two substrates (silicon substrate and the grown porous
silica on silicon substrate), and a detailed comparison is done to analyze the effect
of porous silica film on the fluorescence intensity measurements. Since V. harveyi
cells are self-fluorescence illuminating (bioluminescence) cells with fluorescence
quenching effect, these cells tend to lose their fluorescence as the time progresses
(with every captured frame). An aliquot of 2.5 .1 Vibrio cell solution is poured onto
the porous silica-developed structure on the silicon substrate. Corresponding fluo-
rescence is observed through images captured via an epifluorescence microscope
(Nikon ECLIPSE 80i) (with a light of wavelength ~ 520 nm). The fluorescence
images are captured at a time gap of 5 s. The corresponding captured images are
processed through ImagelJ software (source: NIH), and relative fluorescence is cal-
culated by evaluating the gray value of the image, which keeps decreasing with the
decrease in the fluorescence level.

All the parameters are kept constant for the comparative study like aliquot amount,
observation area, and the magnification (10x). Figures 3 and 4 show the fluorescence
images at different time intervals, i.e., (a) at 5 s, (b) 45 s, (¢) 85 s, and (d) 125 s, for
the silicon substrate and silica-coated silicon substrate, respectively. The individual
image comprises of fluorescence image clubbed with the analyzed gray value plot of
that image (obtained from ImagelJ). From the gray value plots, the maximum value
is fetched for the analysis. When both sets of images are compared, it is seen that the
images from silica-coated silicon substrate are of higher gray values than those on
the normal silicon substrate. The maximum fluorescence intensity observed in case
of a silicon substrate is 53 RFU (at t = 5 s, first capture instance), while it is 88 RFU
for the silica-coated substrate which reduces down to 40 RFU and 68 RFU in case
of the silicon substrate and coated silica substrate, respectively.
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(c) (d)

Fig. 3 Capture frames showing different fluorescence intensities at different instances and corre-
sponding intensity plot for Vibrio cells over bare silicon substrate a at 5 s; b at 45 s; ¢ at 85 s; d at
125 s

As observed through the images, the Vibrio cells on nanoporous silica film emit
light with higher fluorescence intensity in comparison to the Vibrio cells on plan
substrate. In case of a silicon substrate, there are possibilities of light scattering
which is emitted from the cells as it contains non-confined region. In a comparison
of this, the nanoporous silica provides dispersed pores (confined region of nm size)
throughout the film which are responsible for reducing the light scattering during
visualization of these cells over the film. The nanopores developed on silica film
restrict the scattering of the light from the film which finally adds light intensity so
that the detection of Vibrio cells with low concentration could be possible.

Figure 5 shows the overall fluorescence intensity plot for both the substrates,
plotted at different time instances from 5 to 125 s. It shows the trend of fluorescence
intensity which decreases with every frame. From the plot, it can be concluded that
almost 70% enhancement in fluorescence intensity has been observed by depositing
a thin silica layer. This way, the deposited silica layer has offered a better platform
for carrying out the more sensitive detection, while helping as a supporting tool for
major detection techniques.
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(a) (b)

Fig. 4 Capture frames showing different fluorescence intensities at different instances and corre-
sponding intensity plot for Vibrio cells over silica-coated silicon substrate a at 5 s; b at 45 s; ¢ at
85s;dat125s
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Conclusions

This study includes the development of nanoporous silica film for biosensing applica-
tion. The experimental analysis has been performed for quantifying the fluorescence
intensity on bare silicon and nanoporous silica film. It is found that the nanoporous
silica film is suitable for carrying out fluoresce measurement on bio-samples as it
provides confined regions in the form of nanopores. So, it adds a new perspective
to the visualization of cells in the detection scheme of cells/pathogens. As the fab-
ricated platform is well capable of performing next-level processing, like channel
formation, it helps as a precursor for the sensitive detection.
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Wear Analysis of Al-5083 Alloy )
Reinforced with Chromium Oxide Filler L
on Air Jet Erosion Test Rig

Amit Kumar, Shiv Ranjan Kumar and Anand Prakash

Abstract Due to the operational requirement in a dusty environment, there is a
strong need of research and development for the selection of metal matrix composites
to reduce and control wear. In this regard, effects of various parameters on the wear
rate have been studied to find the best formulation of material and the best design
of machine elements. Hence, in this work, a series of preliminary experiments have
been conducted as per Taguchi Orthogonal Array Methodology to investigate erosive
wear behavior of Al-5083 metal matrix composites reinforced with chromium oxide
filler. Analysis of variance (ANOVA) has been performed on the measured data. The
findings of the result indicated that for this metal matrix, impingement angle and
filler content indicated the most significant factors followed by impact velocity for
minimization of erosion rate of all the particulate-filled composites.

Keywords Erosive wear + Al-5083 + Chromium oxide - Taguchi Orthogonal Array

1 Introduction

In most of the cases, the reason behind the damage, failure, and inefficient working of
various machine parts, steam turbine blades, pipelines, etc., is solid particle erosion.
The wear in target materials occurs as the result of impact by irregular particles at
different speeds. As a result of striking of a jet of erosive particles, wear of material
results in the decrease in service life of the material. Therefore, a number of materials
especially alloy and composite have been developed and tested for erosive wear
behavior. It was reported that the addition of filler improved the mechanical and
wear properties of alloy and composite [1-5]. In this regard, Prasad et al. [6] studied
the slurry wear behavior of zinc—aluminum alloys (Zn 59.8%, Al 37.5%, Cu 2.5%,
and Mg 0.2%) with and without the addition of silicon content by the sample rotation
method over a range of sliding speeds and distances. The slurry was made of 40%
sand particles of 212-300 mm size suspended in an electrolyte. The electrolyte was
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prepared by mixing 5 ml concentrated sulfuric acid and 4 g sodium chloride in
101 of water. It was concluded that initially, the wear rate was increased with sliding
distance, later attained maximum wear, and then decreased. However, wear increased
with increasing the sliding speed irrespective of the alloy composition. Further, it was
reported that the addition of silicon decreased the wear rate of zinc—aluminum alloy
material. Flynn et al. [7] reported that the erosive wear decreased with the increase
in toughness and strain energy of the material. Das et al. [8] fabricated LM 13 alloy
and LM13-SiC composites to study the erosion—corrosion wear of aluminum alloy
composites. They observed that an increase in speed resulted in the decrease in mass
loss irrespective of the material. This was due to the fact that at higher speed, the
sand particles slide over the surface without any wear. Recco et al. [9] reviewed
the surface treatment processes for improving the erosion resistance of an AISI 304
stainless steel. Six kinds of sample conditions were tested in slurry composed of
distilled water and SiC particles. The erosive wear test was conducted on a test
rig for 6 h with jet velocity of 8.0 m/s and normal angle of incidence. The results
showed that the wear rate of AISI 304 stainless steel was reduced by 1.5 times in high
temperature gas nitriding and reduced by 2 times in low temperature pulsed plasma
nitriding. Disale et al. [10] conducted experiments in a pot tester to investigate the
effect of particle size on erosion wear of aluminum alloy 6063 (AA 6063). Slurry
consisted of 37.5-655 pwm was used at 3 m/s velocity for 20 wt% concentration of
solids at 30°-90° angle of impact. It was concluded that the material removal from
erosion changed to three-body abrasion. Due to three-body abrasion, the wear due to
smaller-sized particles was little higher compared to that of bigger-sized particles.

Factor et al. [11] evaluated the erosion wear using solid particles SiC in He gas of
We-17Co and Cr3C; + 25NiCr coatings on steel alloy. They evaluated that coating
decreased the erosion wear rate. At an angle of 90°, Wc-17Co showed the better result
but at low impact angles, Cr3C, + 25NiCr was better. On the other hand, Harsha et al.
[12] explained the erosion mechanism in which they worked on aluminum, brass,
and copper as non-ferrous and stainless steel and cast iron as ferrous material. The
impact parameters such as erodent size, erodent shape, impingement angle, impact
velocity, and erodent feed rate were taken. They performed erosion test on air jet
erosion test for experimental analysis and Taguchi method for theoretical calculation.
After performing various experiments, they obtained mechanical and wear properties
such as tensile strength, hardness, erosion rate, and modulus of elasticity as the final
output.

Hence, the aim of this work was to fabricate Al-5083 metal matrix composites
reinforced with chromium oxide and study the effect of various parameters that
influence the erosive performance of materials.
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2 Experimental Procedure

2.1 Materials and Sample Preparation

Aluminum-5083 and chromium trioxide (Cr,O3) were procured from the local mar-
ket in Jaipur, India. Aluminum-5083 (390 g) in powder form was put in burnout
furnace machine in which temperature was controlled by PID controller furnace and
heated up to the melting point of Al-5083 which was 570 °C. The filler was added to
the molten AI-5083 in different composition (2, 3, and 4 wt%) in different graphite
crucibles and stirred to mix the filler homogeneously. Then, it was poured it into the
mold to give it perfect shape. Then, the material was allowed to cool by air cool-
ing. The homogenization process was done on prepared sample in which we put our
sample in the furnace at 420 °C for 55 min.

2.2 Air Jet Erosion Test

The erosive wear test was performed on air jet erosion test rig, DUCOM, Bangalore,
India. The experiments were performed as per the standard ASTM G76 international
test procedure. The parameters were taken in such a way to simulate erosive situa-
tions. Impact velocity, impingement angle, and filler content were varied to find the
best condition for minimum erosive wear.

2.3 Design of Experiment (DOE)

Taguchi orthogonal design of experiment was used to examine the effect of more
than one variable and their interactions on the output of the process. S/N ratio was
calculated in DOE to obtain an improved solution. The following equation is used
to find out the S/N ratio:

S 1 &
— =10log| — 2 1
~ og[n;y,] (1)

where n is the number of tests and y; is the value of experimental result of the ith
test. The characteristics of S/N ratio have been categorized into three classes, i.e.,
smaller-the-better, larger-the-better, and nominal-the-better. For obtaining optimal
and improved performance, smaller-the-better characteristic has been selected for
erosion wear. Table 1 indicates the factors selected for experimental analysis using
Taguchi method. The array chosen in this study was L;¢ orthogonal array design
which has 16 rows corresponding to the number of variables selected.
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Table 1 List of factors and levels in Taguchi Orthogonal Array

Factor Type Level Value Unit
Impact velocity Fixed 3 20, 25, 30 m/s
Impingement Fixed 3 30, 60, 90 °
angle

Filler content Fixed 3 2,3, 4 wt%

3 Results and Discussion

3.1 Erosive Wear Analysis Using Taguchi Orthogonal Array

In design of experiment, the main application of Taguchi method was to find the best
combination of parameters for minimum wear rate of Al-5083 alloy reinforced with
chromium oxide filler. The experiments were performed, and results were presented
in Table 2. In Table 2, the eighth column was S/N ratio of the wear rate of the Al-5083
alloy. The overall mean for the S/N ratio of the specific wear rate was found to be
64.36 db for the Al-5083 alloy reinforced with chromium oxide filler. The analysis
was performed using the software Minitab 16 to analyze the wear rate of Al-5083
alloy reinforced with chromium oxide filler. The analysis based on S/N ratio was
depicted in Fig. 1.

Figure 1 indicated the analysis related to S/N (signal-to-noise) ratio and revealed
that the factor combination of A3, B3, and C2 gives minimum erosion rate for the
prepared sample of the metal matrix composite. Therefore, wear rate of Al-5083
alloy reinforced with chromium oxide filler was minimum at the impact velocity of
30 m/s, impingement angle of 90°, and filler content of 3 wt%.

Table 2 Experimental design using Lg orthogonal array

Impact Impingement| Filler Initial Final Erosion | Specific | S/N
velocity | angle (°) content weight weight loss (g) wear

(m/s) (wt%) ® ® (g/min)

20 30 2 14.574 14.566 0.008 0.0008 61.9382
20 60 3 14.441 14.436 0.005 0.0005 66.0206
20 90 4 15.271 15.265 0.006 0.0006 64.4370
25 30 3 14.145 14.139 0.006 0.0006 64.4370
25 60 4 15.487 15.481 0.006 0.0006 64.4370
25 90 2 15.830 15.824 0.006 0.0006 64.4370
30 30 4 16.015 16.008 0.007 0.0007 63.0980
30 60 2 15.482 15.476 0.006 0.0006 64.4370
30 90 3 14.555 14.550 0.005 0.0005 66.0206
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Fig. 1 Analysis related to S/N ratio

3.2 ANOVA

Analysis of variance (ANOVA) was used to investigate the influence of various input
parameters like impact velocity, impingement angle, and erodent discharge on the
basis of experimental results. By ANOVA, we determined the percentage contribution
of that particular variable and its dominance over other factors. Table 3 presented
ANOVA results for erosion rate for Al-5083 metal matrix composites reinforced with
chromium oxide.

The percentage contribution of impingement angle, filler content, and impact
velocity was 0.037, 0.040, and 0.5, respectively. Out of these factors, impingement

Table 3 Analysis of variance for SNRA1 versus impact velocity, impingement angle, and filler
content

Source DF Seg SS Adj SS Adj MS F P
Impact velocity 2 0.2492 0.2492 0.1246 1.00 0.500
Impingement angle |2 6.5313 6.5313 3.2657 26.21 0.037
Filler content 2 5.9728 5.9728 2.9864 23.97 0.040
Error 2 0.2492 0.2492 0.1246

Total 8 13.0024
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angle and filler content indicated the most significant factor followed by impact
velocity.

4 Conclusions

Al-5083 metal matrix composites with ceramic fillers Cr,O3 were successfully fab-
ricated. The experiments were performed as per Taguchi Orthogonal Array. The sig-
nificant factors affecting the erosion rate have been identified by applying ANOVA.
Impingement angle and filler content indicated the most significant factors followed
by impact velocity for minimization of erosion rate of all the particulate-filled com-
posites. The addition of particulate filler Cr,O3 in metal matrix composites improves
their erosion wear resistance.
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Statistical Analysis of Surface Roughness | M)
Using RSM in Hard Turning of AISI L
4340 Steel with Ceramic Tool

Asutosh Panda, Sudhansu Ranjan Das and Debabrata Dhupal

Abstract The present study concerns the modeling and optimization of surface
roughness in dry hard turning of high-strength low-alloy (HSLA) grade AISI 4340
steel (49 HRC) with coated ceramic tool. For parametric study, the turning operations
have been established according to Taguchi L,; orthogonal array consisting of an
experimental design matrix 3 levels and 3 principal turning parameters (factors) such
as, cutting speed, axial feed, and depth of cut. Analysis of sixteen set experimental
data with ANOVA showed that axial feed and speed are the most significant controlled
cutting parameters for hard turning operation, if the improvement of the machined
surface finish is considered. Thereafter, statistical regression model based on response
surface methodology has been proposed for correlation of cutting parameters with
machined workpiece surface roughness. Finally, optimal cutting conditions with the
aim to minimize the surface roughness via desirability function approach of RSM
are proposed.

Keywords Hard turning - AIST 4340 steel + Ceramic tool -+ OA - ANOVA - RSM

1 Introduction

Nowadays in metal cutting-based manufacturing industries, dry hard turning is
widely used in machining of hardened steel because of its low cost, high machin-
ing efficiency and green environmental protection, and surface finish of hard turned
components has greater influence on functionality of product concerning tribologi-
cal behavior, fatigue strength, and wear as well as corrosion resistance. The cutting
mechanism of dry hard turning is different from that of traditional turning because of
multi-field coupling effect in machining process. Thus, the above-cited advantages
of hard turning (HT) can only be obtained with appropriate selection of process
parameters, cutting tool materials and geometry, and cutting environment. A number
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of investigative studies have been carried out for the assessment of various process
variables (cutting parameters, tool geometry, workpiece hardness, and environmental
conditions) using the statistical approach via analysis of variance (ANOVA) [1-4].
Similarly, researchers have focused on modeling as well as optimization in order
to predict and control the result for minimizing surface roughness of various hard-
ened steel materials (AISI D2, D3, D6, 1015, 1045, 4140, 4340, 52100, H11, and
H13) during HT process using response surface methodology [5-7], which allowed
to enrich the saving cost and time. However, relatively few investigations as well as
lack of systematic studies have been executed concerning process modeling and para-
metric optimization for surface roughness, which is need to be explored for practical
improvement in productiveness by hard turning as it is categorical worthy and bene-
ficial for machining industries point of view to achieve their goal. Thus, the present
research is focused on parametric study (assessment), process modeling, and opti-
mization of surface roughness during turning hardened HSLA steel (49 HRC) with
PVD-TiN coated Al,O;—TiCN mixed ceramic tool using Taguchi’s OA, analysis of
variance, response surface methodology, and desirability function approach.

2 Experimental Procedure

Cylindrical specimens (diameter and length of 90 mm and 220 mm, respectively)
made of AISI 4340 steel were turned on a high precision and accuracy CNC lathe
(make: Batliboi 1td., model: SPRINT 16TC), having 7.5 kW power capacity and
spindle speed varies from 50 to 5000 rpm. High-strength low-alloy (HSLA) grade
AISI 4340 steel (49 HRC) was chosen in the experiment because of its hardenability
and wide application. For experimentation, PVD coated ceramic with TiN layer,
designated as ISO grade CNGA120408 AB2010, having negative rake angle 60,
nose radius of 0.8 mm, and approach angle of 950 is used for finish hard turning
employing design of experiments. The coated ceramic insert was rigidly held on a
ISO-designated tool holder of PCLNL2525M12. The measurements of machined
surface for each cutting conditions were acquired from Mitutoyo (Surftest SJ210)
roughness tester. The arithmetic mean surface roughness (Ra) was taken at different
three positions on the cylindrical surface of test specimen and its mean is taken as
final average surface roughness value. Statistical Minitab 16 software has been used
for optimization, modeling, normality plot, and surface plot. The schematic view of
experimental work and methodology proposed in the current study is presented in
Fig. 1.

To accomplish the objective of proposed research work, depth of cut, axial feed,
and cutting speed are taken as major process variables with an attempt to analyze
surface roughness as the only technological response parameter. The different cutting
parameters and their values are shown in Table 1. The levels of the parameters were
selected based on the recommendation of tool’s manufacturer (TaeguTec). Taguchi’s
orthogonal array (OA) has been established as balanced approach for design of
experiments which ensures the all levels of all factors equally and assures accuracy of
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Table 1 Parameters and

Parameters Levels
levels
1 2 3
Cutting speed, v (m/min) | 100 170 240
Feed, f (mm/rev) 0.05 0.10 0.15
Depth of cut, d (mm) 0.1 0.2 0.3

the statistical model. Hence, employing the selected controllable parameters (three)
and levels (three), a well sequential design layout was established based on L27 OA
in order to perform the dry longitudinal turning operation (Table 2).

3 Results and Discussion

3.1 Analysis of Surface Roughness

Experimental results by Taguchi OA are analyzed by employing analysis of variance
which involves statistical treatment to access the significance as well as determines
the percentage of contribution of each process variables (v, f, d) against a stated
level of confidence (here, 95%) on the response under consideration (here, surface
roughness Ra). Here, P-value indicates the influence of the factor on Ra as: sig-
nificant if P < 0.05, and insignificant if P > 0.05. The ratio of factor-mean-square
to the error-mean-square called Fisher’s ratio (F) determines significant parameter
affecting quality characteristic comparing the F-test value of the parameter with the
standard F'-table value at the 0.05 significance level. ANOVA for surface roughness
has been illustrated in Table 3. From the analysis, it is illustrated that feed is the most
effective variable, revealing significant contribution (80.05%) on surface roughness
(Ra) as its P-value is under 0.05 and over F-value (4.46). The next parameter based on
F-value is the cutting speed with 27.54 for Ra and its contribution on Ra is 13.56%.
The depth of cut (d) does not have any noticeable effect on Ra (0.76% only). Also,
the interaction of cutting variables like cutting speed-feed (v¥f), feed-depth of cut
(f*d), and cutting speed-depth of cut (v¥*d) do not exhibit any statistical imprint on
the observed surface roughness. Respectively, their contributions are (0.96, 1.47, and
1.23% to Ra) and the error associated with the ANOVA is 1.97% for Ra.

Three dimension (3D) effect plots for surface roughness Ra is shown in Fig. 2.
It was found that with increase in feed, Ra increased resulting degradation of sur-
face finish predominantly (see, Fig. 2a). This phenomenon may be attributed to the
following reasons: (1) neglecting the effect of BUE formation and tool flank wear
[1], (2) increase in axial feed leads to increase in thrust force which in turn induces
vibration followed by heat generation [8], and (3) as feed increases, the plowing
action becomes predominant thereby forming deeper and broader helicoid furrows
on machined surface due to insert’s nose profile and workpiece-tool movements [9].
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Table 2 Experimental design and results

Test Coded values Actual settings Surface
no. v ! d v (m/min) | f (mm/rev) |d roughness Ra
(mm) (pom)
1 1 1 1 100 0.05 0.1 0.854
2 1 1 2 100 0.05 0.2 0.643
3 1 1 3 100 0.05 0.3 0.843
4 1 2 1 100 0.1 0.1 0.951
5 1 2 2 100 0.1 0.2 1.188
6 1 2 3 100 0.1 0.3 1.073
7 1 3 1 100 0.15 0.1 1.569
8 1 3 2 100 0.15 0.2 1.620
9 1 3 3 100 0.15 0.3 1.596
10 2 1 1 170 0.05 0.1 0.829
11 2 1 2 170 0.05 0.2 0.762
12 2 1 3 170 0.05 0.3 0.629
13 2 2 1 170 0.1 0.1 0.914
14 2 2 2 170 0.1 0.2 0.955
15 2 2 3 170 0.1 0.3 0.928
16 2 3 1 170 0.15 0.1 1.361
17 2 3 2 170 0.15 0.2 1.382
18 2 3 3 170 0.15 0.3 1.463
19 3 1 1 240 0.05 0.1 0.516
20 3 1 2 240 0.05 0.2 0.631
21 3 1 3 240 0.05 0.3 0.573
22 3 2 1 240 0.1 0.1 0.629
23 3 2 2 240 0.1 0.2 0.705
24 3 2 3 240 0.1 0.3 0.788
25 3 3 1 240 0.15 0.1 1.071
26 3 3 2 240 0.15 0.2 1.267
27 3 3 3 240 0.15 0.3 1.427

It is also observed that the surface roughness decreases as cutting speed increases
(refer, Fig. 2c). This can be attributed to intense elastic deformation and squeezing
effect within workpiece-tool junction area at slower cutting speeds as compared to
higher speeds, reported by Tang et al. [10]. Another possible explanation is that the
heat dispersed by chip is much lesser than that absorbed by the turned surface at low
cutting speed which is manifested as higher surface roughness Ra. Aouici et al. [11]
also obtained similar results. As the cutting speed rises, the tool chip contact dura-
tion decreases thereby subsiding the BUE resulting improvement in surface finish,



22 A. Panda et al.

Table 3 Analysis of variance (ANOVA) for surface roughness criteria (Ra)

Source DOF SeqSS | AdjSS |AdjMS |F P-value | C (%)
v (cutting speed) | 2 0.41872 | 0.41872 |0.20936 | 27.54 |<0.000 |13.56
f (feed) 2 247242 | 247242 |1.23621 |162.63 |<0.000 |80.05
d (depth of cut) 2 0.02335 |0.02335 |0.01167 1.54 0273 |0.76
i 4 0.02960 | 0.02960 | 0.00740 0.97 0473  ]0.96
v¥d 4 0.04558 | 0.04558 |0.01139 1.50 0290 |1.47
f*d 4 0.03812 | 0.03812 |0.00953 1.25 0.363 1.23
Error 8 0.06081 | 0.06081 | 0.00760 1.97
Total 26 3.08859 100
(a)

Ra (um)
10

Fig. 2 Surface plots of surface roughness, Ra

in accordance with the previous study [2]. The depth of cut is not very sensitive to
influence the surface roughness of turned surfaces; nevertheless, Ra increases slightly
with increase in depth of cut (Fig. 2b) for harder material mainly due to chatter, as
revealed by Naigade et al. [12].

3.2 Prediction of Optimal Performance

From the ANOVA analysis (Table 3), two cutting parameters (feed and speed) were
found significant and obtained the lowest surface roughness at feed of 0.05 mm/rev
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(level-1) and cutting speed of 240 m/min (level 3). Optimal performance of Ra when
two most significant factors are at their best level, i.e., at fv3 level, then

Ura = [+ U3 — Tra = (0.6978 +0.8452) — 1.006
=0.537 pm (T, = 1.006 from Table 2)

Confidence interval (CI) for surface roughness (Ra) is calculated with the help of
following equation

Cl — Fo59%.(1, DF error) X Ve 0
Neff

where

Number of trials 2
1 + degrees of freedom corresponding to that level 1 +2+2

Nett = 5.4

F95%;(1,8) = 5.32 and Ve = 0.0076 (fI'OHl Table 3)

Hence, Clg, = ,/ 5'322# = 0.086 um

The best optimal range of Ra is predicted as, [ tra — CIR, | < pra < [itRa + ClRal
ie. 0451 < gy < 0.623 pm.

3.3 Empirical Modeling for Surface Roughness

Empirical modeling can be described as compilation of mathematical function and
statistical approach for the analysis and modeling of numeric problems which are
connected with design of experiments as well as least square error fitting. The output
responses are resolved by various input parameters and the major objective is to obtain
the relation between the output response (here, Ra) and the input variables (here,
v, f, d) studied. Predictive mathematical model for response, Ra is expressed using
regression analysis named response surface methodology (RSM) with uncoded unit at
95% confidence level taking into consideration of L27 orthogonal array experimental
result data set. From the surface roughness model Eq. (2), it is noticed that coefficient
of determinations (experimental and adjusted) are R? =96.4% and R? (adj) =94.5%,
respectively.

Ra = 1.1259 — 0.9467d — 5.6443 f — 0.0003v — 1.6222d> + 61.6444 f> — 0.000v>
+10.6500 f s d + 0.0052v s d — 0.0095v * f )

The R? value is very close to unity, which ensures the excellence of fit for the
model with greater statistical significance. Additionally, normal probability plot has
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been displayed for surface roughness as shown in Fig. 3, which ensures that the resid-
uals distributed fairly approach to a straight line indicating the errors are dispersed
normality that implies to good correlation between measured and predicted values.
With P-value (0.07) complimented by Anderson-Darling test is over significance
level value (0.05), which confirms the adequacy of model due to favorable reception
of null-hypothesis.

4 Optimization of Surface Roughness Using RSM

In this study, with the goal to minimize the surface roughness, desirability function
analysis of RSM is utilized for response optimization which is basically employed
to determine the best parametric arrangement for single and multi-objective opti-
mizations. This optimization unit looks for a combination of parameter levels that
concurrently fulfill the necessities placed on each and every one of the responses, and
parameter trying to set up the suitable model. Performance of the optimization pro-
cedure adopted is given by composite desirability index through gradient algorithm.
It is the weighted geometric average of individual desirability indices for different
responses in the range 0—1. If the value of desirability lies nearer to zero, the response
would be absolutely rejected. On the other hand, if its value approaches unity, the
response would be acknowledged. Optimum cutting speed, axial feed, and doc dur-
ing hard turning of AISI 4340 steel obtained using RSM technique (see, Fig. 4) are
240 m/min, 0.0556 mm/rev, and 0.10 mm, respectively, for corresponding estimated
minimum surface roughness (Ra) 0.5451 m, is approaching good predictive ability
as the percentage of error about 4.8% when it is compared with the experimental
value (refer, Table 4).
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Table 4 Summary of confirmation experiments and comparison of results

Optimal control parameters Surface roughness, Ra (jum) Error (%)
Vv f d Predicted Experimental
240 m/min 0.0556 mm/rev | 0.1 mm 0.545 pm 0.52 wm 4.8

5 Conclusions

Based on experimental findings, modeling, and optimization in finish dry hard turn-
ing (FDHT) of HSLA steel utilizing PVD-TiN coated mixed (Al,O3—TiCN) ceramic
tool, machined surface quality of HSLA steel with coated ceramic insert produced
roughness within 1.6 w and can be comparable with cylindrical grinding. Surface
roughness was highly emulated by the feed (Ra: 80.05%) followed by the cutting
speed (Ra: 13.56%), which well agrees with ANOVA results. Increase in feed the
surface roughness increases, but the opposite is seen with cutting speed. The pre-
dicted optimal range of surface roughness criteria (Ra) at 95% CI level is 0.451 <
URa < 0.623 pm. Empirical model developed for response such as surface rough-
ness has R? value close to unity. This ensures the excellence of fit for the model with
greater statistical significance. The normal probability plots ensures that the residu-
als distributed fairly near to a straight line indicating that the errors are dispersed in
normality and implying that the sources associated with the model are significant.
Anderson—Darling test for model show adequate, as P-value is more than 0.05 at
95% confidence level.
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A Current Review of Supply Chain m
Performance Measurement Systems i

Shubham Tripathi and Manish Gupta

Abstract A supply chain is the network of entities (individual or organisation) who
work together to fulfil customer demands efficiently with maximum profits with-
out compromising quality of product or service. Traditionally, supply chains were
assessed based on financial measures but increasing competition and changing sce-
narios. Supply chains today are assessed based on various non-financial parameters
such as customer satisfaction, sustainability and resilience. Performance measure-
ment quantifies the extent up to which a supply chain is achieving its perceived
objectives based on performance indicators. With diverse sectors of industry and
varying goals of different supply chains, the performance indicators vary as well.
The paper intends to provide a critical review on supply chain performance mea-
surement literature by compiling key performance indicators for various sectors to
understand the diversity and complication of performance measurement systems.

Keywords Supply chain + Performance measurement - KPI - Supply chain
performance

1 Introduction

A supply chain is the network of organisations that are involved, through upstream
and downstream linkages, in the different processes and activities that produce value
in the form of products and services delivered to the ultimate consumer [1]. With the
onset of global economy, there has been immense increase in competition and global
uncertainties, and organisations need to improve continuously to stay in market [2].
As pointed by Kaplan, “We cannot improve what we cannot measure’ [3], produc-
tivity measurement and improvement go hand in hand. Performance measurement
is the process of quantifying action. This quantification is basically the indicator of
an organisation’s efficiency. Prior to 1980s, efficiency and success of organisations
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were measured by number or financial figures (return on investment, return on assets,
sales volume, cost margin, etc.) which often gave a limited and misleading picture of
the organisational performance. Measures involving both financial and non-financial
aspects of performance are being researched since 1990s as the changing global sce-
nario required improvement of features like customer satisfaction, quality of product,
reliability and service; hence, the need of measuring performance based on multi-
dimensional criteria increased. Performance measurement matrix [4], performance
pyramid system [5], results and determinants framework [6], the balance scorecard [3,
7] and performance prism [8—10] are some actively adopted classical performance
measurement frameworks given between 1989 and 2001 to give modified perfor-
mance measurement frameworks specific to different industries and applications.
The current performance measurement systems require quantification of numerous
subjective factors which can be cost drivers or attributes for efficiency and customer
satisfaction. Keegan et al. pointed out that performance measures must be derived
from company vision which ultimately leads to strategy [4]. A lack of understand-
ing of benefits of performance measurement is a major challenge to performance
measurement systems in supply chain [11].

Performance measurement in supply chain is still a fruitful area of research [12].
Section 2 presents the review methodology and categorisation of articles based
on journal, year of publication, geographical distribution and approach of study.
Section 3 encompasses the various research themes in supply chain performance
measurement. Section 4 presents tabulation of frequently used key performance
indicators (KPIs) for various sectors. In Sect. 5, discussion and conclusion from
the literature review are presented.

2 Review Methodology

There have been a limited number of literature reviews performed in supply chain
performance measurement which can be referred from Refs. [12-21], some focusing
on sustainability and others on overall supply chain. Google Scholar database was
used to first identify the research papers for the review which were then downloaded
with the help of ISI Web of Science, Scopus and website of various journals. There
were 320 articles which had the phrase ‘supply chain performance measurement’
in their title for the time period of 2010-2017. Out of the 320 articles, the papers
that have been published in renowned journals or special editions for proceedings
of international conferences in English language and have already been cited by
other scholars were taken up for review. Among the papers refined through selection
criteria, the 84 papers accessible into the institute library have been reviewed (Fig. 1).

The topic being multidisciplinary, papers can be located in intersection of supply
chain, performance measurement, business process measurement, operations man-
agement, industrial engineering, benchmarking, computer science and IT, and hence,
journals concerned with varied topics serve as outlet for SCPM literature. Table 1
presents the journal-wise distribution of articles published.
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Table 1 Journal-wise distribution
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S. no. | Journal title No. of
publications
1 International Journal of Productivity and Performance 8
Management
2 Benchmarking: An International Journal 7
3 Supply Chain Management: An International Journal 7
4 Computers and Industrial Engineering 6
5 International Journal of Logistics Systems and Management 6
6 International Journal of Production Research 5
7 Industrial Management and Data Systems 3
8 International Journal of Business Performance and Supply Chain 3
Modelling
9 Production Planning and Control: The Management of Operations | 3
10 International Journal of Business Performance Management, 2
11 International Journal of Production Economics 2
12 Journal of Cleaner Production 2
13 Journal of Humanitarian Logistics and Supply Chain Management | 2
14 Baltic Journal of Management 1
15 Business Process Management Journal 1
16 Computers in Industry 1
17 Expert Systems with Applications 1
18 Facilities 1
19 International Journal of Agile Systems and Management 1
20 International Journal of Applied Decision Sciences 1
21 International Journal of Business Excellence 1
22 International Journal of Intelligent Enterprise 1
23 International Journal of Intercultural Information Management 1
24 International Journal of Procurement Management 1
25 International Journal of Product Development 1
26 International Journal of Services and Operations Management 1
27 International Journal of Value Chain Management 1
28 International Journal of Operations and Production Management 1
29 Journal of Business and Industrial Marketing 1
30 Journal of Computational Science 1
31 Journal of Rural Studies 1
32 Sustainable Production and Consumption 1
33 Miscellaneous Conferences 9
Total 84
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Fig. 2 Year-wise distribution of papers

There has been consistent increase in a number of articles over the years in supply
chain performance measurement literature as concluded from graph (Fig. 2). A trend
shift towards researches involving dynamic modelling and soft computing techniques
like fuzzy, AHP, multiobjective decision making and IoT has been observed in SCPM
literature.

Asia and Europe lead in the researches in SCPM (Fig. 3) with a total of 84%
of researches done in this region. Contribution of India is about 24% with research
comprising of case studies and surveys to understand the barriers of performance
measurement in supply chain [22, 23] categorisation and interaction among KPIs
[24,25], green supply chain performance measurement [26—28], various frameworks
for supply chain performance measurement [29—37] and literature reviews [13, 16,
28, 37].

Numerous researchers have presented their model or framework (Fig. 4) based
either on case study, survey or literature review, but none of these models have been
generalised, universally testified or widely accepted. There is a lack of benchmark
in supply chain performance measurement studies. The reported frameworks were
generally validated using case studies in food, automobile, textile, service industry



A Current Review of Supply Chain Performance Measurement Systems 31

Fig. 3 Geographical
distribution

BlAsia
mNorth America
BEurope

BSouth America

Fig. 4 Approach-wise mReview
distribution

@Survey
B Case Study
BFramework/

Models
BTheory

and theoretical studies focused on interrelationships among various KPIs or the
barriers to implementation of performance measurement systems in supply chain
[38—40] and complexity in the supply chain performance measurement [41].

3 Basic Characteristics and Contributions

The papers included in the review can be categorised into subgroups according to
their common themes:

o Sustainability or green supply chain performance measurement.

e Performance measurement using dynamic modelling or advanced computing tech-
niques.

e Study of KPI and their effects on supply chain performance.

e Frameworks and case studies for supply chain performance measurement.

3.1 Sustainability or Green Supply Chain Performance
Measurement

Over the years, a number of researches have been done towards making the supply
chain green and sustainable. Along the efforts of sustainable supply chain, researchers
developed key performance measures (Table 2) as it improves integration of
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S. no. KPI Reference
1 Accuracy [61, 83, 84]
2 Asset management [30, 48, 70, 79]
3 Customer satisfaction [12, 16, 24, 32, 53, 61, 66, 78, 75, 79, 84, 85]
4 Efficiency [29, 62, 75, 86]
5 Employee development [27, 53, 75]
6 Environment-friendly [12,27, 54, 53,75,79, 85]
7 Financial [12, 23,61, 78, 84, 87]
8 Flexibility [12, 16, 23, 29, 30-32, 48, 53, 58, 62, 63, 70, 85,
86]
9 Forecast [40, 79]
10 Free from error [31, 48, 53, 76, 78]
11 Innovation [12, 16, 23, 29, 31, 58, 62, 85, 88]
12 Internal process [12, 84]
13 Inventory [40, 63, 66, 73, 79, 84]
14 Lead time [12,24, 31, 32, 63, 66, 75, 76, 78, 83-85]
15 Management commitment [27, 53, 54]
16 Material procurement [73,79]
performance
17 No delay in treatment [76]
18 Orders received [52, 78, 79]
19 Overall equipment [73]
effectiveness
20 Process productivity [76]
21 Product availability [40, 75, 83]
22 Product features [53]
23 Production/process cost [66, 73, 76]
24 Profitability [24, 73, 85]
25 Pure technical efficiency [69]
26 Quality [24, 61, 62, 78]
27 Recycling efficiency [53]
28 Reliability [12, 13, 30-32, 48, 70, 76, 89]
29 Research and development cost | [27, 31, 58, 73, 78, 88]
30 Research efficiency [69]
31 Resource utilisation [40, 58, 61, 86]
32 Responsiveness [12, 16, 24, 29, 31, 48, 62, 70, 75, 83, 89]
33 Reverse logistics costs [40, 52]

(continued)
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Table 2 (continued)

S. no. KPI Reference

34 Service quality [23, 32, 58, 78, 86]

35 Supplier [78,29, 67]

36 Supply chain integration and [12, 29, 89, 87, 90]
collaboration

37 Supply chain management cost | [63, 78]

38 Teaching efficiency [69]

39 Total faults [40, 52]

40 Total returns [52, 78]

sustainability in supply chain [42-50]. KPIs to incorporate green practices in sus-
tainable development and performance measurement were reported by case studies
[16, 34, 51-55] and literature review [28].

3.2 Performance Measurement Using Dynamic Modelling
or Advanced Computing Techniques

A number of decision-making techniques like fuzzy [15, 25, 30, 31, 34, 35, 56-60],
MULTIMOORA [35], analytical hierarchy process (AHP) [15, 30, 32, 34, 50, 58,
61-63, 60], structural equation modelling (SEM) [33, 64, 65], imperative structural
modelling (ISM) [22, 66], MICMAC [22, 25], data envelopment analysis (DEA) [15,
57, 67-69], Internet of things (IoT) [70, 71], multicriteria decision making (MCDM)
[31, 45], grey-based neighbourhood set theory [45], multiagent system (MAS) [72],
virtual gap measurement (VGM) [73], TOPSIS [31] and multiobjective optimisation
(MOO) [74] are being used.

3.3 Study of KPI and Their Effects on Supply Chain
Performance and Issues in SCPMS

Researchers have studied the effect of performance metrics on supply chain [74,
75] and their interdependence among each other [25] and prioritisation of KPIs [66]
with methods like DEMATEL [45, 76] to examine the causal relationships among
performance groups and among performance aspects within each group. The causal
relationships are then used to determine weights of performance aspects applying
modified ANP. The critical attributes and complexity of food supply chain with a huge
number of KPIs have been researched quite thoroughly [41]. Barriers to implemen-
tation of SCPMS [22, 38—40] like complexity of supply chains, collaboration among
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supply chain partners, involvement of multiple tiers and improper understanding or
implementation of performance measures are identified.

3.4 Frameworks and Case Studies for Supply Chain
Performance Measurement

Among the literature reviewed, 55% are models or frameworks generally validated
through case studies in various sectors as automobile [25, 27, 33,42, 66, 77], hospital
[76], bank [68], manufacturing [24, 73], education [69], reverse supply chain [39,
59], food supply chain [36, 50, 60, 62, 64, 71, 78], plastic [34], small-scale enterprise
[79], retail [24, 29], textile [31, 32], construction [63] and pharmaceutical [80].

4 Performance Metrics Identified

The various performance metrics in supply chain are generally categorised based on

e Qualitative and quantitative

e Supply chain operations reference (SCOR) model [81] which focuses on four basic
supply chain processes: (i) plan; (ii) source; (iii) make; (iv) deliver

e Their strategic, operational or tactical focus [82]

e What they measure

The measurement metrics used by researchers have been tabulated in Table 2 and
can be utilised as per sector and requirement.

5 Conclusion and Discussion

Supply chain performance measurement is a multidisciplinary topic and is being
researched with various perspectives of supply chain. Most of the studies evalu-
ate more than one performance dimension and are based on multicriteria decision-
making techniques. Fuzzy, AHP and DEA are the most commonly used techniques.
Fuzzy set theory is the dominant approach to deal with uncertainty. Most studies have
reported real case applications and do not include a validation procedure, and hence,
there are no standard frameworks generalised. The metrics studied vary with sec-
tors, industry, context and perspective. Automation of the performance measurement
processes can improve the benefits for system, but implementation of the automa-
tion framework has not been researched thoroughly. A number of key performance
indicators used in various sectors are identified and indicates the diversity of metrics
among which customer satisfaction, flexibility, innovation, lead time, reliability and
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responsiveness are the most referred metrics. Choosing a suitable performance met-
ric for measurement is as important as the performance measurement system, and
these metrics must be driven from an organisations strategy.
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Development of Hybrid Forms )
of Abrasive Flow Machining Process: L
A Review

Anant Bhardwaj, Parvesh Ali, R. S. Walia, Qasim Murtaza and S. M. Pandey

Abstract In the present era, the demand of products with better surface finish and
quality has improved drastically which promoted the industries to make their products
with better functional performance and sustainability in the market. Due to low
productivity of abrasive flow machining (AFM), there is a need to develop an efficient
process which will inculcate a better surface finish and good quality. Hence, it is
required to identify various hybrids of abrasive flow machining which involve the
development of new process having high material removal, optimum surface finish
and better type of fixturing during the finishing operation. This paper describes
various hybrid forms of abrasive flow machining developed so far for productivity
enhancement and involved parameters with their working principle.

Keywords Nano-finishing + Hybridization - Material removal

Nomenclature
AFM Abrasive flow machining
CFG Centrifugal force generated

UAAFM Ultrasonic-assisted AFM
EC?A’FM  Electrochemical and centrifugal force-assisted AFM

FMAB Flexible magnetic brush

MAF Magnetic abrasive finishing
MFP Magnetic float polishing

MRF Magnetic rheological finishing

DBG-AFM Drill bit-guided AFM
CFAAFM  Centrifugal force AFM
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1 Introduction

In the present scenario, there is a larger demand of the components with better
functionality and geometrical conformity, so this develops a huge competition in the
market regarding the quality characteristics of the product which are more economical
and thus the need to use such a process which can produce good-quality product easily
increases. Conventional process cannot be used for this because it is slow and also
there is a difficulty during the machining of complex cavities. Surface finishing has a
crucial role in the functional performance of the product. Abrasive flow machining is
anon-conventional process used for the nano-finishing of the complex cavities which
cannot be achieved by the other conventional processes [1]. It uses a non-Newtonian
media which passes through the restrictive path and provides finishing. This media
is a combination of polymer, gel and abrasives. When the media passes through the
restrictive path with a high-pressure, abrasive cutting edges will abrade the work
surface and provides better finished surface. It provides finishing in the range of
0.05 pm [2]. This process is very fast and consumes about 10% of the finishing time
required by using other conventional techniques [3].

On the basis of working and configuration, AFM process has three categories
(one-way AFM [4], two-way AFM [5] and orbital AFM [2]). One-way AFM is
simple in operation and controls the temperature of media in a better manner. One-
way AFM process is simpler, but better process control can be obtained in two-way
AFM process. The disadvantage of this process is that its material removal is very
less. So, various hybridizations are used to improve the system efficiency and to
minimize the disadvantages.

Gupta and Chahal [6] found experimentally that voltage contributes 45.35% in
the material removal during finishing using electrochemical-aided AFM process.
Tzeng et al. [7] studied about self-modulating abrasive medium on finished micro-
channel formed by wire EDM. The author stated that micro-channel formed by
EDM has a recast layer with blowholes which affected the quality of micro-channel.
The result also showed that coarse abrasive particle with greater concentration gives
higher velocity and improves the surface finish of workpiece. Tzeng et al. [8] used
a sample of stainless steel (SUS304) containing micro-slit of width of 0.23 £ 0.02.
The results showed that the optimum parameter of micro-slits along with AFM is
150 pm size of abrasive particle, 50% concentration, 6.7 MPa extrusion pressure and
30 min machining time. Wan et al. [9] studied the variation of slip line velocity and
wall shear stress against extrusion pressure at different values of extrusion pressure 6,
12 MPa for two different elliptical cross sections. They concluded that if the variation
is low in the cross section then zero-order methodology was used and when there is
change in the cross-sectional frits, order chronology is taken.

Jain and Jain [10] had prepared a simulation model to calculate the dynamic
abrasive particles, involving in nano-finishing process, and found that grain density
improved with increasing abrasive mesh size. Gorona et al. [11] presented a model
to calculate forces developed on a single grain during material removal and also
calculated the axial, radial forces involved in cutting. They concluded that these
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forces have a significant effect on the material deformation. Kenda et al. [12] had
analysed the parameters for the responses as surface roughness and residual stresses
on the electrically discharged pre-machined hardened tool steel AISI D2 and stated
that its surface integrity was improved using abrasive flow machining process.

Jainetal. [13] observed that larger value of extrusion pressure reduces with the sur-
face roughness. Rhoades [14] has reported that media flow rate has negligible effect
on the material removal. AFM process cannot be used for larger surface irregularities
as during the finishing process it removes material uniformly from all surfaces. So,
larger imperfections cannot be corrected [15]. The experimental results showed that
using centrifugal force inside the media flow path requires reduced amount of cycles
for removing the same amount of material in comparison with conventional abrasive
flow machining process [16]. When centrifugal force is added in the conventional
abrasive flow machining process, dynamic abrasive grains in the media are improved
[17]. CFAAFM produces better surface finishing in comparison with simple AFM
process after specific number of cycles [17]. Sushil et al. [18] finished Al/SiC MMCs
using abrasive flow machining and optimized the parameter for better results. The
results showed that extrusion pressure and material of workpiece have a significant
role in the material removal. Mali and Manna [19] optimized the cutting conditions
during the finishing of Al/15 wt% SiC MMC and stated that mesh size of abrasive par-
ticle is the most significant parameter in the material removal. Chen and Cheng [20]
made a model to identify the behaviour of the flowing media in different passageways
using CFD-ACE software and reported that helical passageways performed better
than the polygonal passageways. Marzban and Hemmati [21] developed abrasive
flow rotary machining process by using artificial neural network (ANN). The author
observed from the experiment that using spin motion along with the rotating work-
piece gives better MRR. Mohammadian et al. [22] explained that chemical-abrasive
flow machining can reduce the R, value by about 45% in the SLM-built IN 625 com-
ponents. Venkatesh et al. [23] used ultrasonic-assisted abrasive flow finishing for
bevel gears and found that abrasive particles in UAAFM remove the asperity peaks
of the work surface at a higher velocity in comparison with the conventional AFM.
Uhlmann [24] used a pragmatic modelling approach in AFM process for complex
shaped automotive parts and observed that the flow velocity and shear rate increase
the cutting rate but decrease the abrasive holding capacity. Seifu et al. [25] reported
that the velocity of the media is maximum at the centre, surface quality got worse
up to 20% and material removal reduces up to 30% during finishing.

2 Development of Hybrid Abrasive Flow Machining

From the literature, it was reported that the material removal of AFM process is less.
So, various researchers have hybridized this process with other non-conventional
techniques to improve the material removal. Various hybrid forms of AFM are dis-
cussed below.
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2.1 Magnetic Force-Assisted AFM Process

The concept was coined by Singh and Shan in 2002 [26]. The authors stated that when
magnetic field was applied along the full length of the workpiece, material removal
and surface finish improved drastically [26]. This process requires less number of
cycle for higher material removal. The researchers also observed the significant
improvement in the process when brass was used as the workpiece material with
higher magnetic flux density and low flow rate of medium.

This process uses magnetic abrasive particles (ferromagnetic particles sintered
with abrasives). When magnetic field is applied around the workpiece, then nor-
mal magnetic force causes abrasive to penetration inside the work surface. Maxi-
mum material removal was obtained at 0.4 T, after 0.6 T the material removal was
decreased, and also the applied magnetic field retains ferromagnetic abrasive parti-
cles in the gap to improve the contact region [26] (Fig. 1).

2.2 Centrifugal Force-Assisted AFM

The concept was developed by Walia et al. in 2006 [28]. In this arrangement,
researchers rotated different shapes of rods at the centre of media flow path for
finishing of workpiece. The abrasive laden media was rotated with the help of cen-
trifugal force-generating (CFG) rod by the action of centrifugal force which increased
intensity of abrasive particle action over the workpiece. The process can be described
as shown in Fig. 2. The key point of the process is that the direction of centrifugal
force on abrasive particle is normal to the axis of workpiece [29]. Erosion process is
responsible for material removal due to the contact of the abrasive particle with the
work surface [30].

Surface area of abrasives contacting inner work surface = 7 [D2 — (D —2d )2] /4

=7 (Dd — d?) (1)
Fig. 1 Magnetic Abrasive [l Media flow &
force-assisted AFM process : )
[27] Carbonyl iron - Newtonian
particles (CIPs)
Workpiece | Bingham
Magnetic flux — plastic

Electromagnetic -

ole y .
P i~ Newtonian
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2.3 Ultrasonic AFM
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13- Centrifugal force
generating rod assembly,

14- Intermediate gear,

15- Eye bolt

Ultrasonic AFM was developed by Sharma et al. [32]. In this process, high-frequency
and low-amplitude ultrasonic vibrations are provided to the workpiece perpendicular
to the media flow direction. The frequency used is in the range of 5-20 kHz, and
amplitude varies from 10 to 50 wm. This process uses piezo actuator and special
fixture arrangement to provide vibration. Relative velocity of abrasives is increased
due to ultrasonic vibration which hits the piece asperities [33]. Active grain density
increases as the velocity of the workpiece is greater than the velocity of the abrasive
particles. This arrangement can result in better cutting conditions and provides more
depth of penetrations which improves material removal and surface finish. Workpiece
vibrates at high frequency and experiences additional radial forces along with AFM

process in ultrasonic AFM (Fig. 3).



46 A. Bhardwaj et al.

LLimit switch

I Piezo actuator

iy =4 DCOFFSET

KC-N15 Amplifier Computer

Hydraulic
control unit  *

Fig. 3 Ultrasonic-assisted AFM process [34]

2.4 Drill Bit-Guided AFM

This method was developed by Sankar et al. in 2009 [35]. It is called drill bit-guided
AFM as it has drill bit placed in the media flow path that results in better finishing rate
and material removal. The media slug flows along a helical passage which creates
random mixing of abrasive particles in the medium. This reshuffling of abrasive
particles at outer region leads to interaction of more number of active grains with
work surface. DBG-AFF has high finishing rate in comparison with simple AFM.
The results showed that the material removal is directly proportional to the drill
diameter [35]. As the drill diameter decreases, material removal also decreases. This
machine uses circular fixture plate which restricts the flow of media in a cylindrical
region. Abrasive particles have shortest contact length due to which material removal
is not good, but in drill bit-guided AFM process fixture plate used is of twin slots
that assist aligning drill bit along the finishing zone. The abrasive and work surface
contact lengths become curved due to intermixing of media. This results in shearing
of more number of peaks which increases material removal (Fig. 4).

2.5 Rotational AFM

This process was developed by Sankar et al. in 2010 [36]. The process is similar to
CFAAFM, the only difference being that instead of the use of a rod to generate the
centrifugal force; the workpiece itself is rotated using a suitable set-up explained in
Fig. 5. The material removal for the rotational AFM is more as the rotation of work-
piece along with the extrusion pressure on the medium increases the contact length
between the work surface and the abrasive particles. It has five main components
which are machine structure, rotational set-up, tooling, hydraulic power pack and
medium [37]. The experimental results showed that the rotational AFM can produce
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Fig. 4 Cross-sectional front
view of tooling in DBG-AFF

process [35] R

Drill bit
Fodure plate
Fixture

Piston
Cyinger

Fixture plate
Medium

Slotin the
focture plate

44% more smoothness and 81.8% more material removal in comparison with AFF
process.

2.6 Electrochemical-Assisted AFM

This process was developed by Dabrowski in 2011, for the fine finishing of flat
surfaces [38, 39] and for cylindrical surface [40]. The name given to AFM with elec-
trochemical machining process is electrochemical-assisted abrasive flow machining
(ECA’FM). The process involves dissolution of anodic workpiece in the form of
atoms. The application of ECM is in micro-scale batteries or nanoscale machining
methods. The process of continuous improvement in micro scale parts, such as med-
ical implants, micro scale batteries and fuel cells, more attempts are being made to
use ECM for micromachining. Experimentally, it has found that the surface becomes
rough due to more material electrolyte dissolution, resulting in deep scratches on
surface. At 10 V, 87.43% improvement in R, was obtained for brass material [40].
The workpiece with R, value of 4.02 pm leads to final R, of 0.49 pum (Fig. 6).
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2.7 Helical AFM

This hybridization of abrasive flow machining includes the combined effects of axial,
radial and centrifugal force which is produced by the helical profile in the media flow
path. Brar et al. [42] introduced helical abrasive flow machining in 2012 and stated
that helical AFM process improves the R, up to 2 pm. The experimental set-up
includes drill bit having a helical profile co-axially with workpiece. The abrasive
media was forced to flow in space provided between the workpiece and the profile
which corresponds to increase in dynamic abrasive grains. The experimental obser-
vation showed that extrusion helical profile contributes to 78.89% and number of
cycle is contributing to 6.70% in the material removal. Walia et al. [43, 44] rotated
different shaped rods and drill bit in the media flow path and found 10 to 2.35 times
improvement in material removal; also, it was observed that helical AFM showed
2.66 times improvement in material removal in comparison with the simple AFM
process (Fig. 7).

2.8 Centrifugal-Magnetic Force-Assisted AFM

This process was developed by Singh et al. in 2015 [45]. The fixture consists of three
parts which includes different shaped CFG rods for the application of centrifugal
force with required arrangements for providing magnetic field. The adjustment is so
made that the magnetic field is applied to the full length of workpiece. When DC
supply is given to the workpiece, magnetic field is produced on the work surface

Fig. 7 Model of helical
AFM [44] Standard Helical

Drill-bit

Hollow Cylindrical
Work-piece

Abrasives Laden Putty

T

Extrusion Pressure
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Fig. 8 Centrifugal-magnetic force-assisted AFM [45]

that attracts the abrasive particles towards its inner surface, thus resulting in more
material removal. The range of magnetic force developed is 0-0.6 T with 60 rpm of
CFG rod. Taguchi utility method was used for optimization, and maximum utility
function was obtained at 0.3 T magnetic field [45] (Fig. 8).

2.9 Hpybrid Electrochemical and Centrifugal Force-Assisted
Abrasive Flow Machining

This process was developed by Vaishya et al. in 2015 [46]. This process clubs elec-
trochemical process and CFAAFM process. This process uses nylon fixture which
is made up of three parts consisting of CFG rod within it. It is held by retainer and
fasteners. Extrusion pressure is kept low up to 6 N/mm? to prevent damaging of thin
component. Power supply was taken in the range of 0-30 V. The polymeric media
was made by adding KI to produce the ECM effect. EC2A?FM set-up is shown in
Fig. 9. Clubbing of rotating CFG rod and the ECM process reduces 70-80% of the
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Table 1 Comparison of hybrid forms of abrasive flow machining
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Authors and title
of papers

Research work

Parameters

Results

Tzeng et al. [7],
2007

Wire EDM was used to
fabricate a complex
micro-channel

Abrasive particle size,
abrasive particle
concentration in the
media, machining time
and extrusion pressure
of media

Surface roughness of
media using coarse
abrasive particle is less
in comparison with
media with fine
abrasive particle

Tzeng et al. [8],
2007

Use of ANOVA
method to optimize
parameters in finishing
of micro-slit (SUS304)
using AFM

Size of abrasive
particle, abrasive
concentration,
machining time and
extrusion pressure of
media

Tool marks were
visible at higher value
of extrusion pressure.
The surface finish was
better at 50%
concentration and

30 min machining time

Wan et al. [9],
2014

Plotting of variation of
slip line velocity and
wall shear stress
against different
extrusion pressures for
two different cross
sections.

Introduction of
zero-order and
first-order
methodology for the
variation of cross
sections

If the variation in cross
section is less, then
zero-order
methodology can be
used.

When there is
significant change in
the cross section then
first-order
methodology can be
used

Venkatesh et al.
[34], 2015

A three-dimensional
model was developed

Pressure of media,
fluid velocity profile,

Change in vibration
amplitude significantly

to simulate the temperature affects the wall shear
UAAFM process distributions stress
Fu et al. [47], Three different types of | Media pressure, MRR increases with

2016

drill bits were used and
optimized

amount of cycle, type
of rod

three start bit types for
CI

Uhlmann et al.
[48], 2016

AFM process was used
to polish blisk blade
surfaces

A new fixture with
guide blocks is
proposed.

In the absence of guide
blocks, roughness of
straight blade surface
decreases

Seifu et al. [25],
2016

Application of abrasive
flow machining for
intersecting holes, fuel
rails and feed lines
with high aspect ratios.
Relation between edge
rounding and abrasive
media temperature

Abrasive-to-media
ratio, abrasive grain
size, number of cycles

Flow velocity and
shear rates improve the
cutting rate but also
reduce the grain
holding capability.
Results hold good for
the machining of
ceramics materials

(continued)
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Authors and title | Research work Parameters Results
of papers
Mohammadian Combination of Flow of abrasive Reduction in the R,

et al. [22], 2018

chemical and abrasive
flow polishing on
interior surface of
tabular IN625 designed
for aerospace industry

particle suspended in
water.

Flow of chemical
solution without
abrasive.

The flow of abrasive
particle suspended in
chemical solutions

value by about 45% for
a built orientation of
15° and by 20% for a
built orientation of
135°.

In combined
chemical-abrasive flow
action, the polishing
time reduces from 3 to
1 h for a given R,
improvement from
17.4 pm (as-built) to
14.2 pm

Wang et al. [49],
2014

Use of different types
of helical cores using

variable parameters to
finish circular holes

Helical passageway
performs better than
circular passageways in
reducing RIR

Chen and Cheng
[20], 2014

Presented a model for
studying motion of
media in different
passageways using
CFD-ACE software

Strain rate deviation
decreases from 72 to
40% on using helical
passageway in
comparison with
square passageway.
Uniformity of the
polygon holes was
improved by helical
passageway

Venkatesh et al.

Ultrasonic variant of

Ultrasonic frequency,

Surface roughness was

[23], 2015 AFM was used on the media pressure, time, improved.
bevel gears. media flow rate The peaks were
CFD technique was scratched at the higher
used for the simulation velocity, thus
enhancing the
efficiency of the
process
Sushil et al. SiC composite material | Amount of cycles, Extrusion pressure was
[18], 2015 was machined. extrusion pressure, the most significant

Microstructure analysis
was performed using
SEM and XRD

percentage of oil in the
media, concentration of
abrasive

parameter for MR.
SEM results showed
surface defects were
removed by using
AFM process

(continued)
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Authors and title | Research work Parameters Results

of papers

Mali and Manna | AFM process was used | Abrasive mess size, Abrasive particle size
[19],2010 to finish conventionally | amount of cycle, media | was the significant

machined cylindrical
surface of Al/15 wt per
cent step MMC
workpiece

pressure, abrasive
concentration,
viscosity of media

parameter for MR

Marzban and
Hemmati [21],
2017

Stirring and rotation of
workpiece.
Comparison between
ANN and AFM

Speed, pressure, initial
roughness,
concentration, time

Stirring was done
instead of reciprocation
for optimum utilization
of abrasive media.
Rotation of workpiece
with the spin motion
increases MR

Walia et al. [30],
2008

Determination of
surface morphology,
surface micro-hardness

Media pressure,
abrasive size, media
flow rate, concentration
of abrasive (by weight),
polymer-to-gel ratio
(by weight), amount of
cycles

CFG rod increased
productivity.
CFAAFM does not
affect the surface
micro-layer

Walia et al. [31], | Introduction of rotating CFG rod increased

2006 CFG rod for productivity.
performance Resultant pressure was
improvement. maximum at inlet and
FEM analysis on minimum at outlet.
non-Newtonian Velocity was maximum
visco-elastic fluid near the CFG rod

Brar et al. [44], Helical abrasive flow Helical drill bit, Result showed MR

2013 machining was number of cycle, improved 2.5 times the
proposed extrusion pressure, MR obtained in the

media flow rate

general process.
Drill bit contributed to
89.74% in MR

Jain et al. [50],
1999

Prediction of radial
stresses on workpiece
surface.

Model for material
removal

Size of abrasive
particles, extrusion
pressure, workpiece
hardness, size of
workpiece

Velocity increases with
piston pressure.

Piston pressure
increases with
reduction ratio.
Normal stress on the
work surface increases
with reduction ratio

(continued)
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Authors and title
of papers

Research work

Parameters

Results

Petri et al. [51],
1998

Neuristic search
algorithms which avoid
extrapolation of neural
network.

Validation with various
test pieces

Proposed model is
effective.

Model can also be used
for predicting
alternative parameters
in the absence of
certain type of media

Brar et al. [52],
2011

Taguchi method used
for optimization
Design was based on
Lo OA array
Selection of optimum
parameter based on
S/N ratio

Abrasive-to-media
ratio, extrusion
pressure, amount of
cycles

Abrasive-to-media
ratio shows highest
contribution to MR

Singh and Shan
[26], 2002

Introduction of
magnetic field around
the workpiece

Magnetic flux density
(M

Amount of cycle

Flow volume of media

Surface roughness
decreases with high
magnetic flux density
but MR increases

Jain and Jain
[53], 2000

A backpropagation
neural network was
used

Abrasive mesh size =
100-240

Abrasive conc. =
33-45%
Piston velocity
40-85 cm/min

Optimization process
can be performed on
observation of
experimental
information

Jain and Jain
[10], 2004

Simulation model for
active grain density
determination and
correlation with
experimental results

Abrasive type = silicon
carbide

Work hardness =

2177 MPa

Media cylinder
diameter = 80 mm

Abrasive grain density
increases with abrasive
mesh size.

Abrasive grain density
increases with
concentration of
abrasive particles

Gorona et al.
[11], 2006

Presented a theoretical
model for calculation
of forces on single
abrasive grain

Workpiece
material—mild steel
Abrasive = SiC
Abrasive grain mesh
size = 80-220
Medium velocity =
0.098-1.94 mm/s
Pressure =

0.4-0.8 kg/mm?
Initial roughness =
0.7-0.9 pm

AFM results showed
that axial force and
radial force
significantly affect
material deformation

(continued)
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Authors and title
of papers

Research work

Parameters

Results

Wang and Weng
[54], 2007

Development of
cost-effective abrasive
media for enhancement
of R, in WEDM
surface

Medium = P-Silicone,
A-Silicone
Workpiece = mild
steel (SKD 11)
Abrasive = SiC
(24-330 mesh)
Abrasive conc. =
33-71%

Hydraulic pressure =
500 Psi

Abrasive weight =
600 g

At high concentration
media, surface
roughness was
minimum according to
the experimental result

Wang and Lee
[55], 2009

Development of
abrasive media with
silicone gel for
ensuring mixing of
ferromagnetic particles
and abrasives

Workpiece = SKD-11
SiC mesh =
2000-8000

SiC weight =5-10 g
SG weight =5-15¢g
Current = 1-3 A

Silicone gel does not
stick to work surface
due to its semi-solid
nature and deformable
properties; besides due
to its flexible nature, it
wraps around the
workpiece.

An excellent surface
roughness reduction
was achieved with high
mesh of SiC or SG (it
decreased from 0.25 to
0.042 pm in 30 min by
800 mesh SiC)

Kar et al. [56],
2009

Development of a
visco-elastic
carrier-based media
characterized through
rheological properties
for fine finishing in
AFM

Abrasive = SiC
Abrasive mesh size =
80-1200

Processing oil =
naphthenic oil
Workpiece =
aluminium, EN8

Use of mixture of butyl
rubber, silicon carbide,
naphthenic oil as media
showed better
performance in
comparison with
natural rubber-based
media

Walia et al. [17],
2009

A CFG rod is used in
the media flow path to
generate centrifugal
force

CFG rod speed =
0-70 rpm

Extrusion pressure =
20-34 bar

No. of cycles = 3
Abrasive = Al;O3
Grit size =

100-250 pm

CFAAFM gives better
surface finish
compared to
conventional AFM
after a certain number
of cycles

(continued)
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Authors and title | Research work Parameters Results

of papers

Kenda et al. Effects of the process Media viscosity = High tensile stresses in
[12], 2011 parameters on surface 2650 Pa-s the work surface were

roughness and residual
stresses

Abrasive mesh size =
80

Machining time =
0.5h

generated by EDM.

A high compressive
stress was observed,
and the surface
integrity was improved
with the application of
AFM

Bin et al. [57],
2012

Development of new
nozzle abrasive flow
machining tool

The control system
improved the needle
flow coefficient to 38%
and controlled the flow
variation within 1%

range
Béhre et al. [58], | The goal was to Medium: EM24640 The machined AISI
2012 improve surface quality | Abrasive: Al,O3 4140 workpieces

and reduce stress
concentrations at bore
intersections

Size: 300-600 pm

significantly improve
surface values R, and
R, after 15 cycles.
Greater surface finish
is achieved by higher
piston pressure.
Linear relationship of
axial force with
passage length and
piston pressure

Uhlmann et al.

Modelling of

Abrasive mass fraction:

The model was

[59], 2013 abrasive-laden media 33-67% applicable to every
in AFM Abrasive: silicon AFM media having a
carbide different viscosity,
Size: 185 pm dia. grain size, mass
fraction
Yang and Sha A predictive model was | Abrasive size: 25 um The RBF neural
[60], 2014 developed with RBF Abrasive network having high

neural network

concentration: 0.1
Processing pressure:
4 MPa

nonlinear approach is
useful in relating
processing effect and
the input parameters

(continued)
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Authors and title | Research work Parameters Results

of papers

Kenda et al. Energy consumption Media viscosity: Using AFMmm,
[61],2014 analysis was done to 2650 Pa-s fatigue life of plastic

compare AFM and
novel upgraded AFM
with movable mandrel,
i.e. AFMmm

Abrasive mesh: 80
Abrasive conc.: 57%
Abrasive material:
boron carbide

gears prolonged for
125%.

AFMmm generated
cambered shape with
maximum convexity of
5 wm; besides, finished
surface

Swat et al. [62],
2014

An optimized process
control is proposed by
combining different
levels of piston
pressure in one
machining procedure

Highly viscous
EM24640 medium
density: 1.9 g/cm?
Abrasive: Al,O3
Grain size:
300-600 wm

AFM machining with
40 bar piston pressure
leads to lower surface
roughness.

Less pressure increases
the machining time per
cycle

Sooraj and Response surface Workpiece: hardened Axial pressure with a
Radhakrishnan methodology was steel 440C 58HRC magnitude of 0.38 MPa
[63],2014 applied to investigate Abrasive grain size: and cutting velocity
the effect of axial 10-250 with a magnitude of
pressure, grain size of | Axial pressure: 1-5 bar | 12 m/min gave
elastic abrasives on optimum processing
surface finish condition with abrasive
grain size of 23 pum
Chen and Cheng | Analytical model was Abrasive: SiC Performance of helical
[20], 2014 developed to Mesh size: 100 passageway is better

understand the abrasive
media motion in
different passageways
using CFD-ACE
software

Weight %: 50

than polygon
passageway after 5
cycles of polishing

Ibrahim et al.
[64], 2014

L-18 mixed orthogonal
array was used.
Optimization of
process parameters

Workpiece: Al alloy
Abrasive conc.: 25%
Grain size: 355 pm
Extrusion pressure:
8 MPa

Number of cycle: 40

The optimum condition
for maximum material
removal is 140 mm
stroke, 8 MPa pressure,
40 cycles, 25%
abrasive concentration
and 355 pm grain size.
The optimum condition
for minimum surface
roughness is 40 mm
stroke, 8 MPa pressure,
40 cycles, 75%
abrasive concentration
and 355 pum grain size

(continued)
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of papers
Kenda et al. Polishing of gear tool Workpiece: AISI H11 The marks of
[65], 2014 using AFM Abrasive: SiC pre-machining process
Mesh size: 80 of WEDM were
Polishing time: 240 s completely removed,
after AFM
Jang et al. [66], | Hard materials like Permanent magnet = This process increased
2010 glassy carbon (GC) are | neodymium—iron alloy | the MRR and surface
polished using MR (Nd-Fe) finish
fluids Flux density = 0.1-0.2

T

MR fluid = DI
water-based suspension
of CI particles (42%)
Dia. of particles =

0.5-2 pm
Electrolyte = NaOH
(pH 12.4)
Voltage =1V
Paul and Study of process Voltage = 50-70 V Optimum value
Hiremath [67], parameters of ECDM Electrolytic obtained was 60 V,
2013 on MRR for concentration (% wt.) 30% electrolyte
borosilicate glass. =20-30 concentration.
As MRR is nonlinear, MRR increases with
RSM is used for electrolytic
process parameter concentration.
optimization TWR decreases with
increase in
concentration
Brar et al. [40], Two processes ECM Voltage = 0-15V ECAZFM process
2012 and AFM are Salt molal requires less extrusion
combined. concentration = cycles.
Taguchi method of 0.75-1.25 M The optimal MR was
optimization was used | Dia. of cathode rod = 18.02 mg
3.3-5.2 mm

Pressure = 3—-7 MPa
Abrasive grain size =
100-200 mesh

(continued)
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Authors and title | Research work Parameters Results
of papers
Vaishya et al. A study was Voltage: 0-25 V With the help of
[46], 2015 undertaken to explore Molal concentration: rotating CFG rod,
the novel way of 0.75-1.25 surface finish obtained
integrating abrasive Rotational speed: was in the range of
flow machining with 0-50 RPM 0.7-0.8 pm.
electrochemical Enhancement in
machining, and the material removal was
effect of parameters obtained by high
like voltage, RPM, salt pressure
molal concentration on
surface roughness and
material removal was
studied
Singh and Shan | Magnetic field was Fixture = nylon The slope of the curve
[26], 2002 applied along the full Ferromagnetic shows that the material

length of workpiece.
Material removal and
R, value were

particles (40%)
Abrasives = 45%
Al O3, 15% Si; O3

removal is more as
compared to R, by
using magnetic field in

improved by applying | Poke and yoke material | the finishing process.
magnetic field in the = M.S. (0.25% Si) Reduced amount of
AFM process Coil = copper wire cycle is required for
(dia. 1.21 mm) same MR
Turns = 1500
Flux density = 0.9 T
Singh et al. [68], | The paper reported the | Extrusion pressure = Magnetic-assisted

2013

mixed factorial design
experimental study to
understand the MR and
wear behaviour

15 bar

Media flow rate =

450 cm?/min

Abrasive conc. = 1.5:1
(by wt.)

Abrasive = Al,O3
(355 wm)

AFM increased MR for
non-ferromagnetic
workpieces.

The surface roughness
of aluminium was not
much improved by
magnetic field as
compared to brass

Jayswal et al.
[69], 2005

The paper deals with
investigation of MAF
process.

Use of FEM for the
evaluation of magnetic
field distribution on
work surface

Magnetic flux =0.8 T
No. of turns = 3000
Workpiece = SUS304
stainless steel
Hardness = 5.5 GPa
Abrasive = Al,O3
(dia. 5 wm)

Iron particles = 70%

Due to the edge effect,
normal magnetic force
is higher near the edge
of magnetic pole

(continued)
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Authors and title
of papers

Research work

Parameters

Results

El-Taweel [70],
2008

In the paper,
combination of
electrochemical turning
(ECT) and magnetic
abrasive finishing
(MAF) was used that
improved MRR and Ra

Tool = brass

Voltage = 8§-24 V
Electrolytic pressure =
0.4 MPa

Electrolyte = 20%
Na;NO3

Magnetic abrasives =
Al;O3 (1.5 wm) + steel
(150 pum)

Surface quality is less
than 0.15 pm

Das et al. [71],
2008

Calculation of normal
force on the application
of magnetic field in
AFM

Abrasives = SiC (800
mesh)

Visco-plastic base
medium = 20 wt%
AP3 grease and 80
wt% paraffin

Current results in
reduction in surface
roughness

Yamaguchi et al.
[72], 2012

Uncoated carbide tool
surfaces were finished
using MAF process

Steel grits: 700 pm
dia.,,0.3-05¢g

Iron particles:
44-105 pm
Lubricant: barrelling
compound

Experiments showed
that for films with ¢ >
40 nm the ratio of DC
to optical conductivity
was 13, which lead to
sheet transmittance and
resistance as 80% and
110 €, respectively

Amineh et al.

MAF process was used

Voltage: 110 V

MAF process removed

[73], 2013 to remove the recast Pulse off time: 35 s the recast layer
layer produced by Servo: 30 V produced by WEDM
WECDM Magnetic abrasive without any
powder: carbon steel micro-crack
grit
Mesh size: 60-120
Lubricant: SAE 40 oil
90.1 ml
Lee et al. [74], Enhanced the polishing | Weight of steel Two-dimensional
2013 efficiency of magnetic | particles: 1-2 g VAMAF helped in
abrasive finishing SiC:1-3 g increasing polishing
(MAF) by providing Machining fluid: 1-3 g | efficiency and surface
vibration SiC particle mesh size: | quality.

1000 (18 pm)-8000
(1 pm)

Steel grit: 50

(0.3 mm)-120
(0.125 mm)

Dense intersecting
machining paths were
formed that contributed
to better precision

(continued)
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Authors and title
of papers

Research work

Parameters

Results

Judal and
Yadava [75],
2014

Distribution of
magnetic field between
magnetic poles is
calculated using FEM
techniques

Current to
electromagnet =
0.5-25T

Electrolytic current =
0.5-25T

Electrolyte = 20%
dilute Na,NO3

No. of turns = 2000
Unbounded magnetic
abrasives
Ferromagnetic particles
= steel grit (180 pm)
Abrasives = SiC

(10 wm)

Magnetic flux =0.85 T

Developed magnetic
field causes the normal
and tangential cutting
forces at the edge of
magnetic poles

Mishra et al.
[76], 2014

Transient thermal
analysis of workpiece
was done to predict
temperature rise due to
magnetic flux

Current in coil:
0.45-091 A
Number of turns: 480
Volume ratio of iron:
43-70

Magnetic flux density
was found to be
0.10-0.223 T for the
coil current in the
range of 0.45-0.91 A.
The maximum rise in
temperature occurred
at 450 rpm rotation of
electromagnet and 0.23
T magnetic flux

Das et al. [77],
2015

Calculation of stress
developed during
polishing using 2D
computational fluid
dynamics

The value of axial
force is higher than the
reaction force.
Simulation model
confirms that abrasive
grains cut the
roughness peak along
the straight-line path

Walia et al. [15],
2008

Developed a
mathematical model
for calculation of
dynamically active
abrasive particle in
AFM and centrifugal
force-assisted AFM

Extrusion pressure =
40 bar

Flow rate of media =
215 cm3/min
Abrasive particle size
=150 pm
Abrasive-to-media
conc. = 50% (by wt.)

The amount of
dynamically active
grains in the media
increases due to
centrifugal effect

(continued)



62

Table 1 (continued)

A. Bhardwaj et al.

Authors and title
of papers

Research work

Parameters

Results

Sankar et al.
[37], 2009

Experimental study on
R-AFF was conducted

Workpiece = Al alloy,
Al alloy/SiC (10%), Al
alloy/SiC (15%)
Medium = low
molecular weight soft
styrene butadiene
polymer (SBP) +
processing oil =
hydrocarbon oil
Abrasives = SiC (220
mesh size)

Abrasives = 66.67
wt%

Processing oil =
2.5-17.5 wt%

Fort-four percentage
improvement in
roughness and 82%
more MR are produced
by R-AFM compared
to AFM.

Rotating workpiece
results in the existence
of tangential force
which assists axial and
radial forces; hence,
resultant force shears
the workpiece surface
peaks easily

Sankar et al.
[35], 2009

In the paper, the
concept of medium
rotation has been
introduced to achieve

Workpiece = AISI
1040, AISI 4340

The abrasive traverse
path is larger in
DBG-AFF than that in
AFF, which results in

high MR and better higher finishing rate
finishing
Das et al. [78], The study showed that | Magnetic flux =02 T Atomic force and SEM
2012 combination of magnet | MRP fluid = mixture images show

and rotational speed
contributed to
improvement in surface
roughness

of CIP of CS grade
(diameter = 18 pwm) +
SiC abrasives with base
medium of paraffin oil
(48 vol.%) + AP3
grease (12 vol.%)
Hydraulic pressure =
32.5-42.5 bar

cross-hatch marks
which results in
increase of oil retention
capabilities.

The efficiency of
R-MRAFF process is
more than the MRAFF
in terms of surface
roughness

Uhlmann [24],
2009

Developed a model for
ceramic materials

Advanced ceramic
materials

Modelling result shows
improvement in the
response

Wang et al. [79],
2009

Determines polishing
methods for complex
holes

Used a silicone gel
which would not stick
to the workpiece
during AFM

‘Walia et al. [80],
2006

Introduction of
centrifugal
force-generating (CFG)
rod inside the work
passage to improve
material removal

Shape and rotational
speed of CFG rod
Extrusion pressure
Abrasive girt size
Number of process
cycle

Seventy to eighty
percentage increase in
MR.

Shapes of CFG showed
decreasing order of
CFG spline, square,
rectangle, triangle
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Anode Electrode Upper media Cylinder

9 Cathode Electrode

Work piece — Fixture

Fig. 9 EC?A%FM set-up [46]

machining time and is operated at low extrusion pressure. The result also showed
that surface finish obtained was in the range of 0.5-0.6 R, [46].

Table 1 shows various developments in abrasive flow machining which is
explained.

3 Conclusion

AFM process is an emerging technique which is capable of providing surface finish up
to nano-level and replaces the conventional manufacturing processes. AFM provides
an appropriate method to produce mirror-like surface finish in hard to reach surface.
Many researchers have done a lot of work in AFM, but still there is gap for the
development of more hybrid AFM processes to enhance the material removal and
surface finish with lesser time and cost. The major limitation of AFM is low MR,
which can be rectified by developing various hybrids of AFM. There is a scope of
further research in the variants, hybrids and in the abrasive media to make the process
efficient and cost effectives that result in achieving high material removal and better
surface finish.
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Analysis of Green Supply Chain m
Management Enablers in FMCG Sector L
Using Integrated ISM and MICMAC

Approach

Prabhakar Vivek and Jha Sanjay Kumar

Abstract The objective of this paper is to identify and model the relationship
amongst various green supply chain management (GSCM) enablers encountered
while implementing GSCM practices in fast-moving consumer goods (FMCG) indus-
try. 11 key enablers were identified and Interpretive Structure Modelling (ISM) is
used to construct a model describing mutual relationship amongst various enablers.
Matriced’ Impacts Croisés Multiplication Appliquée 4 un Classement (MICMAC)
analysis is conducted to give results regarding driving and dependence power of
enablers. The results of this study can be considered by the top management while
formulating strategies for implementation of GSCM practices in their respective
organization.

Keywords Interpretive structural modelling - MICMAC - Green supply chain
management *+ GSCM enablers

1 Introduction

During present times, organizations need to adopt an environmentally conscious
approach in their business framework to sustain themselves. Supply chain of an
organization forms the backbone of a business, starting from extraction of material
up till delivery of goods to customer and in the process, producing large amount of
waste and harmfully affecting the environment [1].

GSCM involves implementing a greener approach in all supply chain actions
starting from green purchasing up to retrieval of the recyclable scrap back to the
organization [2]. The sudden focus towards GSCM implementation is driven due
to increased profit value, higher market shares and customer goodwill it brings [3].
GSCM practices and implementation demands that the manufacturers, customer
and suppliers work together so as to design an environmentally sound supply chain
structure [4].
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Diabat and Govindan [5] used ISM MICMAC analysis to rank barriers of GSCM,
and it was established that government regulations and reverse logistics were amongst
the chief barriers identified. Dube and Gawande [6] used a combination of ISM
and Fuzzy MICMAC approach to model the enablers for GSCM implementation.
Malviya et al. [7] used fuzzy ANP technique to identify the best strategy for sustain-
able supply chain implementation. Sari [8] combined VIKOR and AHP technique
under fuzzy environment to develop a novel framework for GSCM implementation.

2 Problem Description

There are four firms selected for this study that are leading manufacturers of FMCG
products in India. Five experts from academician and four from industry, working in
the field of GSCM are selected to provide consultation and opinions on the importance
of drivers identified in the study. After rigorous literature survey and comments from
the expert panel, 11 drivers were selected for the study.

3 ISM Methodology and Model Development

ISM can be defined as a learning technique used to obtain a structure showcasing
various indirect and direct relationships existing between different factors. The model
developed using ISM can be used by an individual or a group to obtain a map of the
complex interrelationship existing between various factors of a complex problem.

3.1 Structural Self-interaction Matrix

After extensive literature review, 11 most relevant enablers were identified for the
study namely Government Rules and Regulations (GRR), Top Management Commit-
ment (TMC), Reverse Logistics (RL), Financial Support (FS), Adoption of Cleaner
Technology (ACT), Global Competitiveness (GC), Global Competitiveness (GC),
Society and Public Pressure (SPP), Green Manufacturing (GM), Green Purchasing
(GP), Supplier Involvement (SI) and Environmental Training (ET) and these enablers
were further revaluated by the expert panel consisting of four experts from academic
and four from industry well versed with GSCM practices and their implementation
in the FMCG industry. The same expert panel was asked to give comments on the
interrelationship existing amongst the enablers so as to develop a contextual rela-
tionship matrix shown in Table 1. Following annotations have been used in the SSIM
matrix to represent the various interrelationships amongst the enablers (i represents
row and j represents column):
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Table 1 Structural self-interaction matrix

11 10 9 8 7 6 5 4 3 2
1 GRR |V \" \Y \Y \Y \Y \Y \Y (0] \Y \Y
2 T™MC | O X \" \" \" A \' O \' \"
3 RL v A X X v A (6] v A
4 FS (0] A \'% \'% \'% A \% v
5 ACT |V A X X \' (@) \"
6 GC |O (0] A A A (0]
7 SPP | O v v v (0]
8 GM |V A A A
9 GP A A
10 SI v
11 ET -
V GSCME i helps achieving GSCME j
A GSCME helps achieving i
X GSCME i and j help achieving each other
O GSCME i andj are not related.

3.2 Initial Reachability Matrix

SSIM obtained in the previous steps is further converted into binary matrix known
as initial reachability matrix (Table 2). This is achieved by substituting the symbols
V, A, X and O into 1 and 0, i.e. if enabler i effects j, input 1 and if it does not, input
0 in the corresponding column. After we have obtained initial reachability matrix,
we check for its transitivity. After application of transitivity rule, the final matrix is
obtained in Table 3.

3.3 Level Partitions

After obtaining the final matrix, antecedent set as well as reachability set for each
enabler was found out. Reachability set included the enabler itself as well as other
enablers it is helping to achieve also antecedent set included the enabler itself as
well as other enablers which are helping to achieve the given enabler. After that,
the intersection of these sets is identified for each enabler. Those enablers for which
the intersection set and the reachability set are identical are placed at top level of
the hierarchy. Top-level enablers do not help achieving any other enabler. After
identifying the top-level enabler, they are eliminated for the further analysis hereby
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Table 2 Reachability matrix
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Enablers TMC|RL | ECL | MD |IT EPM| AS | SCI | RTC | FC | LNS | Driving power
TMC (1) 1 1 1 la 1 1 1 1 1 1 1 11
RL(2) 0 1 1 1 la 1 0 1 1 1 la 9
ECL (3) 0 0 1 0 1 la 0 1 1 0 1 6
MD (4) 0 0 1 1 1 1 0 1 1 0 0 6
IT (5) 0 0 la 0 1 1 0 1 1 0 1 6
EPM (6) 0 0 0 0 0 1 0 0 0 0 0 1
AS (7) 0 1 1 1 1 la 1 la 1 1 la 10
SCI (8) 0 0 0 0 la 1 0 1 la 0 1 5
RTC (9) 0 0 1 0 1 1 0 1 1 0 0 5
FC (10) 0 1 la 1 1 la 0 1 1 1 1 9
LNS (11) 0 0 la 0 1 la 0 la 1 0 1 6
Dependence power 1 4 9 5 10 11 2 10 10 4 8

Table 3 Final reachability matrix

Enablers | Reachability set Antecedent set Intersection| Level
GRRs 1,2,3,4,5,6,7,8,9, 10, 1 1 I
11

T™C 2,3,4,5,6,8,9,10 1,2,7,10 2,10 111

RL 3,5,6,8,9,11 1,2,3,4,5,7,9,10, 11 3,5,9,11 |V

FS 3,4,5,6,8,9 1,2,3,4,5,7,8,9,10,11 |4 v

GC 3,5,6,8,9,11 1,2,3,4,5,6,7,8,9,10, |3,5,9,11 |V
11

SPP 6 1,2,3,4,5,6,7,8,9,10, |6 VI
11

ACT 2,3,4,5,6,7,8,9,10,11 |1,7 7 1II

GM 5,6,8,9,11 1,2,3,4,5,7,8,9,10,11 |5,8,9,11 | VI

GP 3,5,6,8,9 1,2,3,4,5,7,8,9,10,11 |3,5,8,9 | VI

SI 2,3,4,5,6,8,9,10, 11 1,2,7,10 2,10 111

ECT 3,5,6,8,9,11 1,2,3,5,7,8,10, 11 3,5,8,11 |IV

completing the first iteration shown in Table 3. Subsequent iterations were done after
which final reachability matrix is obtained as shown in Table 3.

3.4 Building the ISM Mode

The final reachability matrix is then used to obtain the final structured model. The
blocks in the final model indicate the enablers with the arrow from I to j indicating
that enabler I lead to enabler j. For the final step, the transitivity associated with the
model is removed to obtain the final ISM model shown in Fig. 1.
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Fig. 1 Final ISM model
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3.5 ISM Model Formulation for GSCM Drivers

The final ISM model developed is depicted in Fig. 1. ‘Global Competitiveness’ is
the top-level enabler and ‘Government Rules and Regulations’ stands as the bottom
level barrier in the final structure followed by ‘Society and Public Pressure’. The
enablers at the bottom portion influence those at the upper portion of the model and
hold greater significance. ISM model can be used to understand interrelationship
amongst enablers and its result is further used as input for MICMAC analysis.

3.6 MICMAC Analysis

MICMAC analysis is conducted to identify the driving as well as dependence powers
for the variables and is based upon the matrix multiplication properties. After doing
the MICMAC analysis, the various enablers can be classified into four categories
depending upon their driving and dependence power.
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Dependence Power

Fig. 2 Driving dependence power diagram and MICMAC analysis

From the results of Table 1, the driving and dependence power for various enablers
are calculated which is further used to draw the driving dependence power diagram
shown in Fig. 2.

4 Results and Discussions

Results from ISM model and MICMAC analysis dictate that GRR and SPP are the key
enablers that drive GSCM implementation and if pursued will form the way for other
enablers. GC forms the topmost level; thus, it is the weakest enabler. Management
need not focus on GC because it will be taken care of by other enablers once they
are pursued. TMC and SI are codependent and driven by societal pressure and are
two of the key enablers for GSCM which in turn affect other enablers such as ET,
FS and RL.

The MICMAC analysis revealed that RL (3), ACT (5) and ET (11) are Linkage
Enabler which refers to enablers with high driving dependence power which implies
that these enablers have high driving as well as dependence power. These enablers
are most unstable in nature and can disrupt the whole model, hence, most vital to the
system. Enablers GC (6), GM (8) and GP (9) namely are dependent enablers with
strong dependence and weak driving power with no effect on the structure. SI (1), FS
(2), SPP (4), GRR (7) and TMC (10) are the independent enablers with strong driving
and weak dependence power. These enablers drive other enablers and hence play a
key role in GSCM implementation. No enablers were found the occupy quadrant I,
i.e., autonomous enablers category.
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5 Conclusion and Future Scope

GSCM implementation can be a complex task, especially if a number of variables
are involved with complex interrelationship existing amongst them. Therefore, it is
imperative for a firm to identify which enablers are of the most vital importance
and should be pursued first. Also the complex relationship amongst the enablers
has to be adequately explained. For this purpose, an ISM model was developed
after identifying the chief 11 enablers involved in GSCM implementation in FMCG
sector using past literature research. The ISM model clearly showcases the various
relationships and hierarchy of the enablers in a lucid and well-defined manner. It can
be concluded that the enablers ‘Government Rules and Regulations’ and ‘Societal
Public Pressure’ are the key enablers and form the bottommost level in ISM. Thus,
these enablers should be approached first while implementing GSCM.

Further MICMAC analysis was conducted for the enablers obtained to classify
enablers into four categories based on their driving and dependence power. The
results of the analysis indicated that no autonomous enablers were identified for the
study. Furthermore, three enablers fall in linkage category, five in independent and
three in dependent enabler category.

The following study can be used for various managerial implications while imple-
menting GSCM in existing supply chain of FMCG industry. Furthermore, it acts as
a blueprint for future studies to be conducted in the FMCG sector regarding GSCM
studies. Extension of the work can be further carried out by conducting Structural
Equation Modelling (SEM), to validate the model. Hypothesis testing can also be
carried out for validation purposes.
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Abstract The research work investigates the application of semi-solid metal pro-
cessing (SSMP) to predict the deformation behavior of semi-solid A356-5TiB, nano-
in situ composites. The semi-solid forging of A356-5TiB, in situ composites was
carried out in three steps. In the first step, cooling slope (CS) casting setup was
developed to generate the non-dendritic feedstock of the composites for subsequent
thixoforging. In the second step, differential thermal analysis was used to estimate the
semi-solid temperature range in order to achieve partial remelting temperatures and
solid fraction profiles of the composites. In the final step, the non-dendritic feedstock
of the composites was thixoforged with different % reductions ranging from 30 to
50%. It is noted that the semi-solid A356-5TiB, nano-in situ composites with 40%
deformation attained the ultimate tensile strength (UTS) of 318 MPa, in peak aged
condition which is about 110.6% compared to gravity-cast alloy. This is attributed
due to the presence of nano-TiB, particles in the semi-solid forged A356-5TiB,
in situ composite, which clearly indicates the influence of semi-solid forging on the
deformation behavior and tensile properties of composites.
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1 Introduction

Lightweight metal matrix composites (MMCs) are considered as a potential material
for automotive, aerospace, and other engineering applications [1]. The ductility of the
matrices deteriorates with the addition of ceramic particles like SiC and Al,O3 due to
their tendency to crack during mechanical loading and relatively high reinforcement
concentration in the matrix. However, it is crucial to achieve a uniform distribution
of nano-particles through the matrix and good bonding between the matrix and nano-
particles in order to maximize composite mechanical properties [2, 3]. Deepak Kumar
et al. [4] reported that TiB, is a promising candidate owing to its high strength,
hardness, and ability to form a strong interfacial bond with Al matrix. Thus, such
difficulties can be overcome by the addition of in situ formed TiB, particulates in
the alloy [5].

Thixoforming is one of the routes of semi-solid metal processing (SSMP) [6].
This involves forming metallic alloys and composites in the semi-solid state. The
key step in thixoforming is to generate a feedstock material having non-dendritic
or nearly globular microstructure [7, 8]. In thixoforming, one of the emerging rheo-
casting processes for generation of non-dendritic feedstock is the cooling slope (CS)
casting process [9, 10]. Thixoforming in the semi-solid state of commercial alloys
and MMC:s has received significant attention in recent years [11]. The tensile defor-
mation behavior plays a vital role in deciding upon the suitability of a material for
structural applications [12]. Among the various thixoforming routes, forging has sub-
stantial potential to generate sufficient plastic deformation and for the improvement
of hardness and tensile properties [13]. Dodangeh et al. [14] have studied the plastic
deformation behavior in multi-directional forgings for Al-Si alloys and suggested
that severe strain can be imposed on rheoforged parts compared to conventional
cast parts. Tahamtan et al. [15] investigated thixoforging properties of A356 alloy
and reported the enhancement in mechanical properties of thixoforged alloys com-
pared to rheo-cast and gravity-cast counter parts. Comparing the tensile properties
of rheo-cast and gravity-cast parts with their corresponding thixoforged parts is of
considerable interest. Based on the extensive literature survey suggests that, no infor-
mation is available on the tensile deformation behavior of Al alloy-based nano-in situ
composites subjected to thixoforming. Therefore, the present investigation is under-
taken to study the tensile deformation behavior of thixoformed A356-5 wt% TiB,
nano-in situ composites.

2 Materials and Methods

2.1 Fabrication of Nano-In Situ Composites

In the present work, a commercial A356 aluminum casting alloy which is widely used
for semi-solid forming was used for the fabrication of nano-in situ TiB, composites.
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TiB, particulates which were formed by in situ route were used as reinforcements
for strengthening the Al-based alloy. The A356-5TiB, nano-in situ composite was
fabricated by mixed salt route. At a reaction temperature of 800 °C, the halide salts,
K,TiFs and KBF,, undergo an exothermic reaction with molten Al-7Si alloy and
form titanium diboride (TiB;) particles in the melt. The details of the synthesis of
the nano-in situ composites have been described previously [3, 4].

2.2 Semi-solid Forging

The semi-solid forging was carried using an 80-ton hydraulic press (Flowmech Engi-
neers Private Limited, India, Model No. HP-50) on both alloy and composite speci-
mens. The load applied was 150 kg/cm? at a ram speed 20 mm/s. A schematic illustra-
tion of the thixoforging press is shown in Fig. 1a. The specimens were independently
subjected between 30 and 50% forging. A silicone spray was used as a lubricant in
order to reduce the friction between semi-solid billets and the dies. Further, the
forming dies were preheated up to 200 °C to prevent the forged specimens from
cooling. The heating process was monitored using K-type thermocouples to control
the temperature fluctuation in the range of £2 °C. Once the desired temperature was
reached, and the thermocouple was extracted, the billet was thixoforged into the die.
The thixoforged alloy and composite samples were sectioned in lateral, transverse,
and longitudinal directions as illustrated in Fig. 1b. The gravity-cast alloys and com-
posite specimens have been designated as gravity-cast alloy (GCA) and gravity-cast
composite (GCC), respectively, while the thixoforged specimens were designated as
thixoforged alloy (TFA) and thixoforged composite (TFC), respectively.

Rheocast billet Thixoforged billets

Fig. 1 a Thixoforging press and b thixoforged billets
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2.3 Microstructural Characterization and Mechanical
Testing

Microstructural analyses were performed by optical microscopy and scanning elec-
tron microscope (SEM, Model: 40, Carl-Zeiss SMT, Germany) fitted with EDX
analysis. Vickers hardness (macro-) measurements were carried out at an indenta-
tion load of 5 kgf. For tensile testing, flat tensile specimens of 4 x 4 mm cross section
and gauge length of 16 mm were machined from the alloy and composites and tested
following ASTM E-8M standards.

3 Results and Discussion

3.1 Microstructures of Semi-solid Forged Samples

The morphologies of A356 alloy processed by conventional casting having a dendritic
structure are shown in Fig. 2a, while that processed via semi-solid forging typically
consists of mixture of rosettes and nearly spherical grains as shown in Fig. 2b.
Moreover, in the thixoformed samples shown in Fig. 2b the Si particles are uniformly
distributed as compared to gravity-cast alloy. The decrease in the size of Si particles is
more significant in the thixoformed composite as shown in Fig. 2b. The spheroidized
Si particles are evident, and this is due to thermal modification. This is quite evident
from micrographs in Fig. 2c which reveals the nano-TiB, particles in the size range
0.1-0.5 pwm which are distributed uniformly in the thixoforged composite along the
grain boundaries of a-Al. The EDX analysis shown in Fig. 2d confirms the presence of
Ti and B atoms and its segregation to inter-dendritic regions of the semi-solid forged
composite, and the corresponding EDX mapping of Al Si, Ti, and B is presented in
Fig. 3a—d. Thus, the minute TiB, particles refine the eutectic silicon and influence
the tensile properties of thixoformed composites.

3.2 Stress—Strain Behavior

The typical true stress—true strain curves of gravity-cast alloy (GCA) and that of
thixoforged alloys (TFA) and composites (TFC) are presented in Fig. 4. It can be
seen from true stress—true strain curves that the yield strength and ultimate tensile
strength increase in the order: gravity-cast samples < thixoforged alloy < thixoforged
composite. The flow curves of thixoformed alloy and composites were found to be
higher indicating that thixoforging process has a significant impact on flow behavior
as compared to the gravity-cast counter parts. Further, the trend increased after the
T6 treatment in the composites.
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Fig. 2 FESEM micrographs of a gravity-cast alloy, b thixoforged composites (TFC), ¢ nano-TiB;
network in TFC, and d EDX analysis of bulk TFC

3.3 Tensile Properties

The tensile properties of the alloy and composites under study in gravity-cast and
thixoforged conditions, before and after T6 treatment, are presented in Fig. 5.

From Fig. 5, it indicates that the tensile properties are significantly higher for the
thixoforged alloys and composites compared to the gravity-cast counter parts. The
% increase in yield strength and UTS for thixoforged alloy is found to be 43 and
36% higher, respectively, compared to the gravity-cast alloy. It is noted that the %
elongation increased by 36.5% in the thixoforged alloy. This is attributed to plastic
deformation caused during thixoforging which resulted in globular morphology of Si
particles. The tensile properties steadily increased, with the addition of TiB, particles
in the matrix. Moreover, the thixoforged composite (TFC) has shown a 40% increase
in UTS compared to GCA and the % elongation of TFC is 12.73 which is 41% higher
than the GCA. The thixoforged composite after T6 treatment has resulted in 110%
increase in UTS compared to the GCA and at the same time maintaining the ductility
values at 10.2. This can be attributed to combined effect of the thermal modification
during T6 treatment and thixoforming which resulted in globular morphology of Si.
In addition, the presence of nano-TiB, particles throughout the matrix causes grain
refinement of a-Al.
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Fig. 3 EDS elemental mapping of semi-solid forged A356-5TiB2 in situ composite. a Al, b Si,

c¢Ti,andd B
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4 Conclusions

The present investigation deals with the tensile deformation behavior of semi-solid
forged A356-5 wt% TiB, nano-in situ composite. The following conclusions can be
summarized from the present study:

e The stress—strain curves of thixoformed alloy and composites were found to be
higher indicating that thixoforging process has a significant impact on flow behav-
ior as compared to gravity-cast counter parts.

e The yield strength and tensile strength of thixoforged alloy after T6 treatment
increased to 121.6 and 106%, respectively, compared to gravity-cast alloy.

e The thixoforged composite attained the highest UTS of 318 MPa which is 110.6%
higher than the gravity-cast alloy. This is attributed due to combined effect of T6
treatment and thixoforming which resulted in globular morphology of Si.

e The tensile strength of thixoformed composite is found to be significantly higher
than of gravity-cast alloy due to the presence of nano-TiB, particles.
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Abstract Owing to its mechanical and metallurgical properties, AISI D2 is exten-
sively used as tool steel in die-making industry. Typical shapes and intricate die
cavities along with its high hardness make conventional operations of machining
unsuitable and uneconomical for machining of AISI D2 steel. Electrical discharge
machining (EDM) is an appropriate process for machining of such high-strength
tool steels. Therefore, this study was carried out to characterize and optimize the
process parameters of die-sinking EDM for material removal rate (MRR) and tool
wear rate (TWR) in machining of AISI D2 tool steel. Discharge current, gap volt-
age, pulse-on-time, and tool material were taken as process parameters. Taguchi’s
orthogonal array approach coupled with analysis of variance is applied to design
the experiments and analyze the relationship between process parameters and pro-
cess outcomes. Methodology developed in this study assists in adjusting machining
parameters for desired outcomes. Moreover, the process parameters can be utilized
to economically manufacture the quality die tools.

Keywords Electrical discharge machining (EDM) + Metal removal rate (MRR) -
Tool wear rate (TWR) + Tool steel + Signal-to-noise ratio (S/N)

1 Introduction

Due to its excellent mechanical and metallurgical properties, D2 steel finds a wide
application in highly stressed cutting and punching tools for thin sheets, profile rolls,
drawing and deep drawing tools [1]. This steel finds difficulty in the machining stage

H. Payal (X))
Department of Mechanical Engineering, Sharda University, Greater Noida 201310, India
e-mail: himanshupayal @rediffmail.com

S. K. Sharma
Department of Mechanical Engineering, Thapar Institute of Engineering and
Technology, Patiala 147004, Punjab, India

Aakash - Ashish kumar - Avinash kumar - Himanshu
MPAE Division, Netaji Subhas Institute of Technology, New Delhi 110078, India

© Springer Nature Singapore Pte Ltd. 2019 85
K. Shanker et al. (eds.), Advances in Industrial and Production Engineering, Lecture
Notes in Mechanical Engineering, https://doi.org/10.1007/978-981-13-6412-9_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6412-9_8&domain=pdf
mailto:himanshupayal@rediffmail.com
https://doi.org/10.1007/978-981-13-6412-9_8

86 H. Payal et al.

due to its high wear strength properties. In order to generate typical shapes and
intricate cavities in this steel by conventional processes, it is a difficult task. Hence,
EDM is one of the substitute methods to machine this alloy. EDM is one of the
most popular non-conventional material removal processes for the manufacturing
sectors like aerospace, automotive, nuclear, and medical and die—mold production.
The EDM process is thermoelectric process in which material removal takes place by
the erosion effect of recurring spark generated between workpiece and tool immersed
in dielectric media. The recurring spark causes the ionization of dielectric medium.
The process involves the temperature of around 8000—12000 °C which is generated
by the discharge energy at the point of spark which is enough to melt and vaporize
the material from the workpiece and tool electrode [2]. The main advantage of EDM
process is that physical and metallurgical properties of workpiece do not hamper the
machining due to non-contact between tool and workpiece.

EDM has become one of the widely established non-conventional processes in
many manufacturing industries because of the specialty of maintaining high precision
accuracy. A considerable amount of work has been done by various researchers in
the past in order to improve the significant output performance measures like MRR,
TWR, and surface roughness (SR). However, the full potential of this process is not
explored completely because of the stochastic and conflicting nature of this process
which involves different variables. The prediction ability of the MRR and TWR
while machining D2 tool steel has been studied by various researchers. Prabhu and
Vinayagam [3] studied the surface characteristics like SR, micro-cracks of D2 steel
workpiece. They have used the properties of single-wall carbon nanotube which is
mixed in the dielectric fluid for the analysis of performance measures. Singh et al. [4]
did areview on the D2 steel material by considering various EDM parameters such as
discharge current, pulse-on-time, pulse-off-time, gap voltage which directly affects
the surface roughness. Again, Prabhu and Vinayagam [5] conducted an experimental
investigation on EDM for D2 tool steel by taking copper as an electrode material.
Jadhav et al. [6] studied the effects of discharge current, pulse-on-time, pulse-off-
time on EDM process by taking D2 tool steel as an electrode material. Gupta et al.
[7] did the optimization of the various responses such as MRR, TWR, and overcut
(OC) by taking AISI D2 tool steel as workpiece. Shivade and Shinde [8] reported an
experimental investigation on wire EDM for D3 tool steel. They have used Taguchi
technique as single objective with GRA as multi-objective technique. Kansal et al. [9]
studied the effects of adding silicon powder mix into the dielectric fluid, while doing
EDM of tool steel and significant improvement in machining rate were observed
after the addition of silicon powder.

However, enormous studies were carried out to enhance the machining ability of
EDM process, and investigations exploring the process performance of die-sinking
EDM of die steels with different electrode materials along with other process parame-
ters are reported meagerly in the literature. Therefore, this experimental investigation
is carried out with an objective to explore the effect of different electrode materials
along with other process parameters of die-sinking EDM on the process performance
in terms of MRR and TWR during machining of AISI D2 tool steel.
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2 Experimentation

Mechanical properties and chemical composition of AISI D2 tool steel are shown
in Tables 1 and 2, respectively. Experiments have been carried out on Elektra 5535
PS die-sinking EDM shown in which the Z-axis is servo controlled and X- and Y-
axes are manually controlled (refer Fig. 1a). From the reported literature and trial
experiments, process parameters are chosen as discharge current, gap voltage, pulse-
on-time, and tool material. The working range of input parameters and the levels
taken are shown in Table 3. For deciding the level, some exploratory experiments
were conducted in the given range of input parameters. In this work, experiments
have been designed according to Taguchi’s Lo (3*) orthogonal array as shown in
Table 4. The electrodes selected for this work are aluminum, copper, and brass, as
shown in Fig. 1b. The diameter of all the electrodes is 12 mm. To attain the stable
machining conditions, a study of 10 min or 0.5 mm depth of cut (whichever earlier)
is taken during experimentations. The machined surfaces of the D2 tool steel using
different electrode materials are shown in Fig. 2.

MRR/TWR is evaluated by measuring the loss in weight of the work-
piece/electrode before machining and after machining divided by the density of
workpiece/electrode into machining time. The initial and final weights of the work-
piece are measured on electronic balance having a resolution of 0.0001 g. MRR and
TWR are calculated by the following equation.

MRR or TWR (mm?/min)

Reduction in weight of work piece or electrode

g
mm?

6]

- density of work piece or electrode (

) x machining time (min)

Table 1 Mechanical Rockwell hardness 56 HRC

properties of D2 material
Poisson’s ratio 0.20-0.30
Elastic modulus 190-210 GPa
Density 7.7 glem?

Table 2' .Chemical ' Elements C Cr W

composition of D2 material
% Contribution |2-2.35 11-13 1.0
Elements Mn Mo P
% Contribution | 0.6 0.0 0.03
Elements Si S \%
% Contribution | 0.6 0.03 1.1




(b)
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Aluminium

Fig. 1 a Setup for die-sinking EDM and b EDM electrodes of different materials

Table 3 Machining

: Input Symbol | Unit Level 1 Level 2 |Level 3

parameters and their levels

parame-

ter

Discharge |14 A 8 12 16

current

Gap Vg \% 40 50 60

voltage

Pulse- Ton s 50 75 100

on-time

Tool T™m - Aluminum| Copper | Brass

material

3 Results and Discussion

3.1 Material Removal Rate

Based on the ANOVA analysis of results, a significant relationship between process
parameters and performance measures is observed. ANOVA results for MRR are
shown in Table 5. Discharge current is found to be the most influential parameter
having highest contribution (59.72%) followed by pulse-on-time (15.2%) on MRR
value. It can be clearly seen in Fig. 3a that with increase in discharge current there
is a significant increase in MRR value. This phenomenon is due to the fact that
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Table 4 Designed experiments

Exp. |I4 V¢ |Ton |Tm |MRR(mm*/min) [S/N | TWR (mm?/min) | S/N
no

1 1 1 1 1 336 324 | 145 3.66
2 1 2 2 2 476 6.09 | 0.157 30.96
3 1 3 3 3 3.39 3.15 |2.18 0.79
4 2 1 2 3 5.04 630 | 275 ~1.71
5 2 2 3 1 5.64 7.65 | 1.77 244
6 2 3 1 2 447 543 098 7.82
7 3 1 3 2 125 14.69 | 145 3.92
8 3 2 1 3 6.24 8.50 |3.08 —2.55
9 3 3 2 1 7.13 9.55 |2.30 0.18

(b)

Fig. 2 Machined surfaces using electrode of a copper, b brass, ¢ aluminum

increase in discharge current increases the spark energy between the electrode and
the workpiece. High spark energy increases the temperature that ultimately leads to
higher MRR. However, this effect leads to larger overcut and causes higher MRR.
Hence, the influence and significance of discharge current are greater on MRR.
Figure 3b depicts the graph of MRR vs pulse-on-time. The pulse-on-time basically
indicates the duration of current flow allowed per cycle. Hence, the material removal
mechanism is directly proportional to the amount of energy supplied during this
period. Therefore, it is the second most influencing factor after discharge current in
deciding MRR.
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Table 5 Results of ANOVA analysis for MRR

H. Payal et al.

Source DF SS M.S F P Percentage contribution
Discharge current (I3) |2 37.39 |18.7 4.45 0.065 |59.72
Gap voltage (V) 2 6.29 3.14 10.33 0.728 |10.04
Pulse-on-time (7o) 2 9.54 477 10.54 0.609 |15.23
Tool material (T'n) 2 9.38 4.69 |0.53 0.614 | 14.98
Total 1.738
(a) (b) 75 -
&l /. 70 ///'
y .
o B85 //
E 7 E ///
= E | P
ME acl / ﬂE 6.0 ///
= g E i
% o _-/ E 55 4 //
= - z L
— 50 -
ol - = -
45
3 T v T v T M T T v T T v T T ad T T
8 10 12 14 16 50 80 To B0 a0 100

Discharge current (A) Pulse-on-time (us)

Fig. 3 a MRR versus discharge current and b MRR versus pulse-on-time for D2 material

3.2 Tool Wear Rate

Based on the results of ANOVA analysis listed in Table 6, it can be concluded that
tool material is the most significant parameter to affect TWR having contribution to
66.2% followed by discharge current which has 18.8% contribution while deciding
the TWR during operation. TWR in case of machining with Al electrode is highest
among all electrode materials (refer Fig. 4a). Minimum values of TWR are observed
while machining with brass electrode. This happens due to the fact that melting point
of aluminum among the other two electrodes, i.e., brass and copper, is very much
low. The other factor is that density of aluminum is also very low as compared to
other electrode materials. In Fig. 4b, graph indicates that with increase in discharge
current value there is an increase in TWR. This occurred because increased value of
discharge current has produced high spark energy resulting in more material removal
from the tool as well as from the workpiece.
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Table 6 Results of ANOVA analysis for TWR
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Source DF SS M.S F P Percentage contribution
Discharge peak current 2 0.327 |0.164 |0.70 |0.535 |18.8
(q)
Gap voltage (V) 2 0.11 0.056 |0.21 0.820 |6.38
Pulse-on-time (7 op) 2 0.141 |0.070 |0.26 |0.776 |8.11
Tool material (Tv) 2 1.158 |0.579 |6.00 |0.037 |66.62
Total 1.738
(@) 20 (b)
24 4
18 4 ™ 22 4 - <
\\\\ P ~
T 16 4 N T 20 4 2%
GE 14 4 nE & //’F
x @ 164 //
ey 14 4 P
s P
1.0 4 S 124 "
A cu Br H 10 12 14 15
Tool Material Discharge current (A)

Fig. 4 a TWR vs tool material and b TWR vs discharge current during die-sinking EDM on AISI
D2 steel

4 Conclusion

In this study, the parameter characterization of die-sinking EDM on D2 tool steel was
done and their influence on MRR and TWR is analyzed. Pulse-on-time, discharge
current, tool material, and gap voltage were taken as process parameters, and process
performance was measured in terms of MRR and TWR. From the findings of this
experimental investigation, valuable conclusions were drawn. In case of MRR, the
most significant process parameter is discharge current followed by pulse-on-time
during die-sinking EDM of AISI D2 steel. On the other hand, for TWR the tool
material is the significant factor followed by discharge current. It was seen from the
experiments that brass electrode material has shown the lowest TWR followed by
copper. Therefore, results of this experimental investigation can be utilized by the
die-manufacturing industry for desired outcome.
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Optimization of Quality and Productivity | m)
of Wire EDM by Using Lg Orthogonal L
Array

Shailesh Kumar Dewangan, Prakash Kumar and Sanjay Kumar Jha

Abstract Quality and productivity are two essential facets developed in present
competitive global market. In the present study, wire EDM process of AISI P20
tool steel optimized the quality as well as productivity simultaneously. MRR in the
terms of productivity, this can be maximized and overcut in terms of quality that
can be minimized. This study highlights AIST P20 tool steel of best combination
of machining parameter setting with Taguchi design of experimental technique, of
WIRE EDM. The selected input parameters are pulse-on time (7,), wire feed (f)
and pulse-off time (T .¢). The objective of this paper is to achieve the maximum
MRR and the minimum overcut. They used copper wire of 0.25 mm diameter as
a tool, and dielectric fluid was used in distilled water,; Lo orthogonal array based
on Taguchi design has been used. These two responses (MRR and overcut) have
been converted into signal quality characteristics for optimal process environment
(optimum input parameters setting). Principal component analysis (PCA) combined
with grey relational analysis (GRA) with Taguchi design of experiment techniques
has been used to solve the problem.

Keywords Lo orthogonal array - Principal component - Grey relational analysis -
AISI P20 tool steel + Wire EDM

1 Introduction

In today’s fastest development of machine-driven industry, the demands for alloy
materials and other type of steel material they have good hardness and impact resis-
tance are increasing. Nevertheless, some materials are challenging to be machined by
conventional methods. Hence, non-conventional machining methods including ECM,
electrical discharging machine and abrasive jet machining are applied to machine
such as difficult-to-machine tools and materials. Moreover, it has been used in wide
applications such as railways, bridges and suspension system [1-4].
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However, wire EDM is a continuous process in which electrode they can be made
of thin brass or tungsten and copper with diameter 0.05-0.35 mm, which is capable
of machining for very small corner radii [2]. The wire undergoes tension using a
device so reducing the trend of producing inaccurate parts. During the process of
wire EDM, the material is eroded from wire zone, and there is no contact between
the tool (wire) and workpiece; it can be controlled by servo controller eliminating
the mechanical stresses during machining.

Durairaj et al. [3] have described the multi-optimization techniques by grey rela-
tional analysis and optimized the machining parameters in wire EDM for SS304
material. The main objective is to optimize the kerf width and the best surface qual-
ity. Sreenivasa et al. [4] established the influence of various process parameters of
wire EDM such as pulse-on time, pulse-off time, peak voltage, pulse current, wire
speed and wire tension on the responses are material removal rate (MRR), surface
roughness (Ra), width of cut, wire wear ratio and surface integrity factors. Saravanan
etal. [5] used Titanium Grade 2 alloy for machining of wire EDM and also optimized
the machining parameters with the help of Taguchi strategy. Ishfaq et al. [6] used
stainless-clad steel for machining of wire EDM and also optimized machining param-
eters setting. Other researchers did wire EDM and EDM process for optimization of
different machining parameters [7, 8].

In the available literature, a number of gaps have been perceived in machining of
wire EDM. Most of the scholars have investigated influence of process parameters
on the different response measures of wire EDM. Literature review exposes that the
researchers have carried out most of the work on wire EDM developments, observ-
ing and controlling but partial work has been reported on optimization of process
variables with multi-objective optimization. The effect of machining parameters on
AISI P20 tool steel has not been fully explored using wire EDM with copper wire
as electrode.

2 Experimentation

The present work conducted an Electronica MAXICUT 734 Wire Electric Discharge
Machine, with the workpiece dimension of 10 mm x 1 mm square block, and copper
wire tool material individual was used having 0.25 mm diameter. Distilled water is
used as dielectric fluid to accomplish the experiment. Side flushing system is used
for the sparking zone.

The total three machining parameters are selected as variables, and other factors
are kept constant (such as dielectric fluid pressure, cutting speed, servo voltage, servo
feed, wire speed, wire tension and cutting length). The factors have three levels along
Ly orthogonal array have been selected with Taguchi design that are presented in
Table 1.

The calculation of material removal rate has been done by weight loss method
with the help of electronic balance weight machine. This electronic balance weight
machine has maximum capacity of 300 g, and accurateness is 0.1 mg. Overcut was
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Table 1 Input parameters

and their levels

95

Machining Symbol | Unit Levels

parameter Ist 2nd 3rd
Pulse-on Ton s 112 118 124
time

Wire feed F mm/min 6 9 12
Pulse-off T oft s 20 30 40
time

measured by using Toolmaker microscope. The design of experiment with observed
MRR and overcut value is shown in Table 2 (Fig. 1).

Table 2 Experimental observed value

Run No. Ton (I18) F (mm/min) | T (4S) MRR (mm>/min) | OC (mm)
1 112 6 20 2.3524 0.050
2 112 9 30 3.6990 0.060
3 112 12 40 4.1077 0.066
4 118 30 4.3135 0.040
5 118 40 5.7362 0.045
6 118 12 20 6.8456 0.048
7 124 40 7.0920 0.030
8 124 20 8.1400 0.036
9 124 12 30 8.8865 0.039

Fig. 1 Wire electric discharge machining with tool and workpiece
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3 Results and Discussion

In this section, the impact of process parameters on the responses like material
removal rate and overcut of AISI P20 tool steel was described. And also discussed
which parameters are most influencing factors for increasing the quality and produc-
tivity in the form of overcut and material removal rate.

3.1 Impact of Process Parameters of MRR and Overcut

The histogram plot for MRR versus input factors such as pulse-on time, wire feed
and pulse-off time is shown in Fig. 2. According to this graph, pulse-on time has
better impact on MRR as compared to pulse-off time and wire feed, in which MRR
increases with increases on T,,. MRR representing the 7, is the most significant
factor during machining of AISIT P20 tool steel.

Figure 3 indicates the overcut (OC) against pulse-on time, wire feed and
pulse-off time, respectively. When the T increases OC when T, increases OC
decreases, when F increases OC has slightly increases similarly, when T o increases,
OC increasing. This analysis clearly indicates that the factors Ty are directly

10 7
-~ A ~c ~ A
=2 8 = = 575
= £ 5 g
% 6 "= = 57
E g4 g
= 4 =3 = 565
e
2 & 56
2 -1 2
0 0 555
112 118 124 6 9 12 20 30 40
Pulse on Tme (jis) Wire Feed (mm/min) Pulse off time (us)
Fig. 2 Impact of process parameter versus MRR
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‘E’ 0.04 E’ D'Ufl “E’ 0.046
S 003 G 003 S 0085
T 0.02 ¥ 002 g
© po1 < 0.01 O 0.044
0 5 0 > 0.043
112 118 124 G 9 12 20 30 40
Pluse on Tme (ps) Wire Feed (mmumn/min) Pluse off time (us)

Fig. 3 Impact of process parameters versus OC
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proportional to OC and the value of T, is maximum influencing of OC, and also
wire feed of copper wire tool is significant effect.

3.2 Multi-objective Optimization Using PCA-Based GRA
Analysis

All the experimental values (Table 2) have been converted to the optimal quality
performance index (OQPI). The OQPI value is obtained using hybrid multi objective
optimization techniques that is PCA based grey relation analysis. Calculation of
PCA-based GRA analysis the following stages is given below.

Converting the MRR and OC to S/N ratio.

Converted SN ratio of MRR and OC is to find principal component scores (PCS).
Normalized principal component scores.

After normalized data finding GRC using principal component score.
Calculating optimal quality performance index (OQPI).

All experimental run to finding MRR and Overcut is higher-the-better and
lower-the-better conditions has been chosen. The maximum value of MRR is
8.8865 mm?/min, and minimum value of overcut is 0.030 mm. In order to avoid
complexity, in computing S/N ratio. The S/N ratio for MRR and OC is represented
in Egs. (1) and (2) correspondingly.

1 n

;i = —10log| — 2 1

nij og[n;y, } )
1 n

nij = —1010g[; > y?] ©)
i=1

whereas n;; represents the S/N ratios ith experiment and jth result (MRR and OC),
and y; is observe resulted value of MRR and OC. In this calculation for all nine
experiments, n is kept as one because there is no repeated number of experiments.
After calculating the S/N ratio, the second step is computing principal component
score by using Eq. (3).

PCS;; = annii +apnip + - -+ + agjn;;j €)]

whereas af, +ajy + - + alzi = 1. The a1, aj, . . . aj; are the elements of eigenvector.
The calculated eigenvalue with respective eigenvector is represented in Table 3. Then
the next step to normalizing all PCS data in this equation:

PCS;; — PCSMIn
Xy = : L )
pCSMax _ pcgmin
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Table 3 Eigenvalue .and their Variable Eigenvectors Eigenvalue | Proportion
correspondence matrix
PC1 PC2
SN-MRR | 0.707 —0.707 1.6202 0.81
SN-OC 0.707 0.707 0.3798 0.19

Table 4 Design of optimal quality performance index

Sr. No. SN-MRR | SN-OC PCS-1 PCS-2 GRC1 GRC2 OQPI

7.4302 |26.0206 |23.6497 |13.1434 |0.3333 1.0000 0.4600
11.3617 | 24.4370 |25.3097 9.2442  |0.3752 0.4597 0.3913
12.2720 | 23.6091 |25.3680 8.0153 | 0.3769 0.3928 0.3799
12.6967 | 27.9588 |28.7434 |10.7903 |0.5070 0.5851 0.5218
15.1726 | 26.9357 | 29.7706 8.3166 | 0.5665 0.4074 0.5363
16.7082 | 26.3752 |30.4600 6.8345 |0.6150 0.3447 0.5636
17.0154 |30.4576 |33.5634 9.5036 | 1.0000 0.4769 0.9006
18.2125 |28.8739 |33.2901 7.5376 | 0.9477 0.3718 0.8383
18.9746 | 28.1787 |33.3374 6.5073 | 0.9564 0.3333 0.8380

NeRiNe IR I e N Y R R N O S

whereas X;; is the normalized data with ith experiment expending /th principal com-
ponent score. And PCS;; are normalized data. Eigenvalue and their correspondence
matrix are given in Table 3.

After normalizing, then calculate the grey relational coefficient of normalized
PCS data with the help of Eq. (5).

Amin + ¢ Amax

GRC;; =
! Ajj + ¢ Amax

®)

whereas A;; = |1 — Xj;|; in this equation GRC;; of ith experiment using jth result
(MRR and OC), Apax and Api, are the global maximum and global minimum val-
ues for corresponding values, correspondingly. The distinguishing coefficient (¢)
range is 0—1; this is clearly designated by Dewangan and Biswas [9]. In computing
grey relation coefficient value for both response, then finding the optimal quality
performance index by using Eq. (6).

1 n
OQPI = ~ ; Wi (6)

whereas w; is the proportion of variance that is associated with Table 3. The magnitude
of OQPIreplicates that optimal quality performance index value. That value is higher-
the-better quality characteristics. In all the nine experimental runs the OQPI was
calculated and is presented in Table 4.
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Fig. 4 Influence plots for OQPI

4 Exploration of OQPI

Optimal quality performance index value is higher-the-better quality characteristics
means high value of OQPI (run no 7, value 0.9006) which represent better quality and
productivity for this machining parameters setting. According to the graph (Fig. 4)
of influence plot for OQPI to knowing the optimal setting of machining parameters
that is 7oy is 124 s, F is 6 mm/min and 7 of is 20 ps. which would simultaneously
ensure better quality in terms of minimum value of overcut and better productivity
in terms of maximum value for MRR.

5 Conclusions

Based on the above experimental examination, MRR representing the T, is the
essential factor during machining of AISI P20 tool steel, whereas the factor 7 o is
directly proportional to OC and the value of T, is maximum influencing of OC.

The modern research work develops hybrid multi-response optimization tech-
nique using PCA-based grey relational analysis for simultaneously optimizing the
MRR and OC in wire EDM. The optimal wire EDM parameter setting was found to
be as follows: T, is 124 s, F is 6 mm/min, and T is 20 ws, which would simul-
taneously ensure better quality in terms of minimum value of overcut and better
productivity in terms of maximum value for MRR.
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Sintering of Tool Inserts

Akshay Chandras® and Chandrakant Sonawane

Abstract Sintering is a popular technique, where powder compacts are heated in
a furnace to impart strength and integrity. Usually, sintering process is a one of the
essential stage followed during powder metallurgy along with powder production
and powder compaction. Sintering process is multistage and carried out in a partial
vacuum with the controlled atmosphere to achieve required metallurgical properties.
To make a product completely pore-free and dense, hot isostatic pressing (HIP), a
secondary powder metallurgy operation is necessary. In hot isostatic pressing, argon
gas is used as the pressure medium and isostatically applied to the sintered part with
the pressure around 100 bar with a temperature range of 500-2000 °C. Although
the hot isostatic pressing is a well-established technology, the understanding of local
details like the internal gas flow and heat flux inside the furnace will help to improve
the process itself as well as to reduce the rejection rate of the sintered inserts. In
this paper, numerical simulation of hot isostatic pressing is presented. As the process
involves unsteady flow through porous felt as well as graphite cylinders, transient
analysis of argon flow inside the horizontal vacuum sintering furnace is simulated.
The argon gas is passed into the furnace through an inlet at the mass flow rate of 300
L/h. The simulation is carried out for 1200 s with a time step of 0.01. Numerical results
show the local temperature; pressure and flow conditions attained and eventually used
for further process improvement particularly in the central zone of the furnace.

Keywords Sintering - Hot isostatic pressing - Inserts + Numerical simulation *
Powder compacts + Porosity modeling

1 Introduction

Sintering is the process of consolidating loose aggregate of powder or a green compact
of the desired composition under controlled conditions of temperature, pressure, and
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Loose powder

Intermediate stage

Fig. 1 Refinement of microstructural changes in powder compacts during sintering process

time. The process can be broken down into three stages which mainly contributes to
the refinement of microstructural changes in powder compacts, refer Fig. 1. In the
first stage, necks are formed at the contact points between the powder particles and
irregularly shaped pores are interconnected to each other. Then during intermediate
stage, neck growth occurs, and pore channels gain a cylindrical shape. In the final
stage, pores become isolated and no longer interconnected. The porosity of sintered
part does not change and remain even after sintering. It has been observed that these
pores remained in sintered part, and these are the main cause of poor strength and
density of the sintered part.

Hence, after sintering, it is recommended to apply hot isostatic pressing, in which
isostatic pressure applied to the sintered product at elevated temperature simultane-
ously. The hot isostatic pressing cycle consists of two phases; in first phase, pressure
is increased up to the peak value in certain time, and then during the second phase,
the pressure inside the horizontal vacuum sintering furnace is maintained constant
for some time. Temperature is high throughout these phases. Hot isostatic pressing
consolidates the powders to higher densities and thus make sintered parts pore-free.
Because of advantages of hot isostatic pressing, it is combined with sintering process,
and the combined process is called as sinter-hot isostatic pressing.

Although the hot isostatic pressing is a well-established technology, the under-
standing of local details like the internal gas flow and heat flux inside the sintering
furnace will help to improve the process itself as well as to reduce the rejection
rate of the sintered inserts. Numbers of researchers have studied the hot isostatic
pressing numerically. Maniere et al. [1] carried simulation of sintering to predict the
temperature distribution and densification of large size gears under various operat-
ing conditions. They developed the fluid dynamics thermo-mechanical model and
concluded that homogeneity of the heating of large and complex samples depends
on the duration of the heating and on the dimensions of the sample. Cheng et al. [2]
proposed gaseous fuel segregation method which injects measured methane (in the
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furnace) to improve the heat distribution imbalance to enhance the heat pattern and
sinter strength. Fu et al. [3] used CFD modeling to find out the effects of several
factors on blast furnace processing as well as to visualize and observe the processes
occurring inside of blast furnace and generated a detailed numerical data.

Yuan et al. [4] studied the various furnace atmosphere which is suitable for sinter-
ing operation. Furnace atmosphere depends on the characteristics of the materials and
the properties desired in the sintered product. They studied the flow of gas involved
in sintering furnace process and found that a surface over which flow is continu-
ous, more porosity was developed. They also concluded that, as separation distance
between green compacts increases, the gas flow field is also found to be increased
in between samples kept adjacent to each other. Al-Hazmi et al. [5] studied various
parameters affecting mechanical properties and microstructure of sintered part. They
had carried out both experimental and CFD simulation of sintering process. Their
analysis shows that mechanical properties were enhanced with an increase in pres-
sure and temperature, but it also highlighted that there was no significant effect on
the microstructure of the sintered part material. Cai et al. [6] investigated the effect
asynchronous and simultaneous loading on the surface qualities, microstructure, and
mechanical properties of titanium alloy Ti6A14V parts. The surface roughness of
asynchronous load processed parts had lower value over simultaneous load processed
parts.

Xu et al. [7] investigated the effect of pressure and temperature on microstructure,
density, and mechanical properties of HIP’ed powder parts. They analyzed the parts,
hipped at different operating conditions using response surface methodology and
found that HIP’ing at 800 °C and 120 MPa can impart best tensile strength. But to
eliminate metallurgical defects and to achieve better microstructure and mechanical
properties, the optimized temperature range proposed was 900-940 °C and pressure
over 100 MPa for holding time of 3 h. Janajreh et al. [8] carried out a numerical
simulation of the water vapor flow in a full-scale flashing chamber of an operational
MSF desalination plant. They had utilized Ergun’s equation and empirical correlation
of Svendsen to find pressure drop. Remigiusz et al. [9] studied the relationship
between the porous material resistance coefficients and heat sink dimensions. They
developed an approximation function that will allow the resistance coefficients to
be calculated without the need of performing time-consuming calculations. They
modeled heat sink as a simpler porous block to save computational time. Based
on the results of the numerical analysis, they propose an approximation function
for dimensions of the heat sink and resistance coefficients. Guhan et al. [10] used
ANSYS CFX software to investigate gas flow analysis to optimize the geometry of
existing exhaust system. Pressure drop and flow distribution were analyzed for the
exhaust system.

From above review, it can be seen that numerical analysis mainly using ANSYS
Fluent software is popular as well as powerful computational fluid dynamics (CFD)
tool for simulating fluid flows and heat transfer for complex flow like hot isostatic
pressing. Computational fluid dynamics (CFD) helps us to visualize the process
occurring in a furnace to design better like hot isostatic pressing furnaces. Due to the
intricate design and elevated temperature and pressure inside the sintering furnace,
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where measuring equipment cannot be installed, hence use of CFD numerical tool
is justified.

In this paper, numerical simulation of hot isostatic pressing is presented. The
unsteady flow through the porous felt and graphite cylinders present inside the sin-
tering furnace is simulated. Various operating pressure, as well as the temperature
inside the furnace, is numerically predicted. The objective of this work is to model
reliable CFD simulation of gas flow occurring in the HIP furnace and obtain intri-
cate details occurring inside the furnace with possible visualization of minute local
details.

2 Problem Under Consideration: Horizontal Vacuum
Sintering Furnace

The problem under consideration is the sinter-hot isostatic pressing (sinter-HIP).
This process is used to process powder metallurgical materials cemented carbides.
To produce powder metallurgical parts, additives such as paraffin, PEG is added to
powders and then the powder is pressed into near net shape before sintering.

In hot isostatic pressing, all the outlets are closed, and gas is pumped into the
furnace. This causes pressure development in the furnace. Gas is passed for 20 min,
and hence pressure rises to 90-100 bar (approx). Temperature is elevated to 1500 °C.

Additional steps of cooling the sintered parts in a sintering furnace and then
transferring to a separate HIP furnace for heating and densification are eliminated.
And hence two processes of sintering and HIP are combined which eliminated the
need for a separate HIP furnace. This saved energy, labor cost, and material handling.

Figure 2 shows the horizontal vacuum sintering furnace, considered for simula-
tion. The geometry is created in Siemens NX software. Horizontal vacuum sintering
furnace consists of muffle, felt, heating coil assembly, and casing.

Muffle: Material of muffle is graphite. Argon passes through porous walls of
muffle. Muffle covers the part to be hipped, and hence ensures the clean environment
is developed around parts.

Felt: It is a thermal shield which is made of a material which has low thermal
conductivity and low specific heat. It permits rapid heating and cooling of furnaces
which reduces cycle time.

Figure 3 shows the cross-section view of horizontal vacuum sintering furnace
heating coil locations. These induction heaters generate the heat which is transferred
to muffle heat zone by convection and radiation. Initially, up to 400 °C temperature,
heat is transferred by means of convection but after 400 °C the heat is transferred
majorly by radiation.

Figure 4 shows the charging system on which various products generally called as
green parts carbide tool in the present case are placed. The charging system consists
of racks and spacers. These are made of a material which shows increased strength
at rising temperature and excellent resistance to embrittlement. Spacers are placed to
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Fig. 2 A cross-sectional
view of horizontal vacuum
sintering furnace

Fumace casing

Fig. 3 Horizontal vacuum
sintering furnace

Heating coils

maintain space between racks. Compacted parts which are also called as green parts
are arranged on racks in a systematic manner, so gas passes over every green part.
At a time, a number of small parts can be processed in one process cycle because of
the charging system. Figure 5 shows the three-dimensional view of furnace loaded
with green parts arranged on the charging system.
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Fig. 4 Charging system

Fig. 5 Furnace loaded with 7
green parts using the
charging system

3 Numerical Method

Simulating by considering the three-dimensional model, as shown in Fig. 5, could
become very complex and computationally expensive. So, it is being modeled in a
2D approach. Geometry is further simplified by removing solid domains as it will
not have an impact on the flow. If solid domains are considered, a number of mesh
elements increase, hence increasing computational time. Figure 6 shows the 2D
geometry considered for current simulation.

Figure 7 shows the mesh generated using ANSYS Meshing software. The shared
topology option is used, which allows continuous mesh generation across common
regions where bodies touch each other. The structured mesh is generated at every
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Felt Muffle

Fig. 6 two-dimensional geometry of horizontal vacuum sintering furnace

region of geometry. The mesh contains total 99,830 number of nodes with 91,949
number of quad mesh elements. The mesh has a maximum skewness of 0.2531 and
minimum orthogonal quality of 0.9224. Hence, mesh is sufficient to capture all the
physics of the sintering process. It is important to have fine mesh at critical regions
such as inlet, gaps, and holes. Hence mesh is refined using a local mesh sizing option
named as face sizing.

To simulate the hot isostatic pressing (HIP) process, gas (argon) is continuously
passed into the furnace through the inlet. A compression phenomenon by argon gas is
time-dependent for which the transient simulation is the appropriate approach. Effect
of gravitational acceleration may impact the flow of gas, so it is considered during
simulation. An arrangement of heating coils is asymmetric. Simulation is carried out
considering two heating coils generate the heat.

For obtaining the numerical solution, pressure-velocity coupling: PISO is used
with transient simulation conditions. For pressure, density as well as momentum
equation discretization, second-order upwind method is adopted. For transient for-
mulation, first order implicit time stepping is utilized. The flow inside the furnace
is turbulent hence a realizable K—epsilon turbulent model is applied. The K—epsilon
turbulent model has robustness, economy, and reasonable accuracy for a wide range
of turbulent flows.
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Fig. 7 Mesh generated for horizontal vacuum sintering furnace domain

During the HIP process, muffle and felt are closed using lids. Muffle (and felt)
walls are porous in nature. So in cell-zone conditions, muffle walls are defined as a
fluid domain. In Fluent, to define porous nature, two other inputs are required, i.e.,
viscous coefficient and inertia coefficient.

Defining viscous and inertia coefficients: Viscous and inertia coefficients are cal-
culated from experimental pressure drop values. Experimental data in the form of
pressure drop across porous media against the velocity of argon entering porous
media is used to calculate the coefficients. Porous media are modeled by the combi-
nation of a momentum source term to the standard fluid flow equations. The source
term is composed of two parts: a viscous loss and an inertial loss.

The source term is composed of two parts: a viscous loss and an inertial loss

1
Si = —(E'Ui + Cz—pvvi>
o 2

where « is the permeability and C, is the inertia resistance factor. p is the viscosity
of the fluid. Darcy’s law for porous media: In laminar flows through porous media,
the pressure drop is proportional to velocity. The constant C; can be zero.

Pressure drop, Vp = EUiAn
o
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where é is viscous coefficient, the v; velocity component in the corresponding direc-
tion, and An is the thickness of the medium.

As discussed earlier, for calculating viscous coefficient, graph of experimental
pressure drop across the porous region and experimental velocity of gas entering
porous region is required. The experimental value of the pressure drop across muffle
is 16 millibar. Velocity value of argon gas is not available hence it is derived from the
general formula of mass flow rate. The value of the viscous coefficient for muffle:
57,399,103; viscous coefficient for felt: 18,759,526.3219.

As per as various boundary conditions are concerns: At a furnace, inlet mass flow
rate of 300 L/h or 0.1161 kg/s is supplied. A mass flow inlet is used as it is more
important to match a prescribed mass flow rate than to match the total pressure of
the fluid. Walls formed at the boundaries of the porous domain are converted into
the interior. Interior boundary conditions allow fluid to flow into the porous domain.
Also, an ideal gas density model is used, where the value of operating density is kept
zero. For heating coils: In 3D model, there are nine heating coils, but in 2D model,
only two coils are considered, which has heat generation rate of 10 W/m?.

4 Results and Discussion

The unsteady simulation of hot isostatic pressing is carried for 20 min or 1200 s
with a time step of 0.01. Hence, total numbers of time steps are 120,000 and it is
allowed to carry maximum 20 iterations for each step. Care is taken that the residual
for continuity, X and Y velocity, K and epsilon is dropped below 0.001 whereas for
energy the residual drop below 10e° value.

Pressure distribution: Figs. 8 and 9 show the pressure distribution inside the sin-
tering furnace at 900th and 1200th seconds time level. It is seen that argon gas is
getting compressed at the bottom of the furnace during initial time level. In the sim-
ulation, it is observed that pressure drop across the top muffle wall is different from
bottom muffle wall, i.e., pressure drop across the top muffle wall is 2.9 millibar;
pressure drop across the bottom muffle wall is 4.6 millibar. This pressure drop val-
ues reduce over a time. At time 1200th second the pressure drop across top muffle
wall: 1.5 millibar and pressure drop across bottom muffle wall: 4 millibar. In actual
furnace apparatus, the pressure drop across muffle walls is 1.6—16 millibar. Hence, it
can be seen that the mean simulation values are matching well with actual conditions.

Velocity distribution: Fig. 10 shows the velocity distribution across the furnace at
10th seconds time level. Figure 11 shows the enlarged view of velocity at inlet of the
furnace. It is observed that gas is not flowing through all the holes of inlet manifold.
It is observed that gas passing through the first adjacent hole is blocking the flow
coming from next hole. Initially, the direction of gas passing through upper and lower
felt is toward muffle. Means from upper felt, gas is flowing in downward direction,
i.e., toward muffle and through lower felt, gas is flowing in upward direction, i.e.,
toward muffle.
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Fig. 11 Detailed view of 1

Figure 12 shows the velocity distribution after 30th second time level. After a
30th second, gas is filled in the space available inside the porous felt. Hence, it is
coming out from top felt wall. Figure 13 shows the enlarged view of velocity and
turbulence generated at charging system. It is seen that turbulence is generated inside
the muffle. Change in gas velocity is observed near inserts and charging system as
the gas flows through narrow area.

After 15 minutes of gas filling, turbulence is seen in the inlet manifold. Figure 14
shows the turbulence at inlet manifold. Back-flow phenomena are observed in the
inlet manifold as the furnace is filled with gas. Table 1 shows the pressure developed
inside the furnace at various time intervals.
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Fig. 14 Turbulence at the inlet manifold

Table 1 Pressure development inside the furnace

Time Maximum pressure, Pressure drop across Pressure drop across
Pyax (bar) top muffle wall, bottom muffle wall,
APy (millibar) APpMm (millibar)
900th seconds 75.01 2.9 4.6
1200th seconds 99.2323 1.5 4

Temperature distribution: Fig. 15 shows the temperature distribution obtained at
1200th second time level. Elevated temperature value is detected inside the muffle.
Heat is transferred to muffle region by convection until furnace reaches a 400 °C
temperature. After that, the heat is transfer mainly by radiation. Highest temperature
reached is 680 °C (953 K) which located at the central region of the charging system.

5 Conclusion

In this paper, numerical simulation of the hot isostatic pressing process carried out
in the horizontal vacuum sintering furnace is presented. The unsteady simulations
exactly mimic the actual hot isostatic pressing process for the 1200 s. The pres-
sure, velocity, and temperature distribution are presented here. Due to the intricate
conditions of high pressure and high temperature, it is not possible to have such
minute details via experimentation, hence CFD simulations are justified as well as
recommended.
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From CFD simulation, it has been observed that, initially, argon gas is getting
compressed at the bottom of the furnace. Then over a time whole furnace fills up
with gas. After filling the space available inside the felt, gas comes out from the
upper felt wall region. Eventually, the gas reaches near inlet manifold and blocks the
path of flow. The pressure drop from the lower wall of the muffle is more than the
upper wall, whereas, the simulated average pressure drop is matching closely with
the actually measured one. The slight variation in pressure is because of the lack
of more pressure point reading in actual practice. Also, it is worth to mention that,
the gas once entered the muffle is not coming out of it and pressurizing the sintered
compacts evenly. Rotational motion of gas is observed inside the muffle. The highest
temperature of 680 °C is observed inside the charging system. Hence, we can charge
the various sizes (small to large) of inserts according to this temperature distribution.
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Abstract The hydrophobicity of the nano-coating developed with TiO, and
Si0,-TiO, nanoparticles in organic binder is investigated, where polyurethane was
taken as model binder. Core SiO;, nanoparticles have been synthesized using Sto-
ber method with average particle size of 92 nm. TiO, and nano-core@shell have
been prepared using peptization process. Particle sizes were measured as 75 nm
for TiO, and 144 nm for core-shell nanoparticles which were prepared using pep-
tization process. In this process, hydrophobic titania was produced at 70 °C. Here,
Si0,-TiO, core—shell nanoparticle was synthesized because core silica improves the
mechanical strength and shell TiO, on core silica provides the hydrophobicity of the
coating surface. Characterization of these nanoparticles was performed by UV-vis
spectrophotometer, dynamic light scattering (DLS), scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FTIR) and XRD. The coating for-
mulations were developed with the aforementioned nanoparticles separately and
concentration of nanoparticles was varied from 1 to 6 wt%. The best performance in
terms of hydrophobicity was obtained with 4 wt% of the concentration of nanoparti-
cles in polyurethane-coating system. In this work, prepared coatings were applied on
glass substrate (20 x 20 x 10 mm) using a brush, dried in oven at 80 °C for 15 min,
on drying, 100-pwm-thick film was obtained. Static contact angle of water droplet on
these dried films was measured and obtained as 129° for PU film-containing TiO,
nanoparticle and 133.3° for PU film with SiO,-TiO, core @shell nanoparticle.

Keywords SiO,-TiO, core @shell nanoparticles - Polyurethane + Nano-coating -
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1 Introduction

TiO; is the promising material to use as a semiconductor having excellent photo-
chemical stability with minimal effort. Well-dispersed nano-TiO, with very fine sizes
is promising in numerous applications, for example, adsorbents, pigments, catalytic
supports, paints, coating, floor covering, roofing material, cosmetics and automo-
tive products [1-4]. In these cases, when the particle size is decreased enormously
in nanoscale, because of the substantial surface-to-volume proportion, some novel
optical properties can be enhanced [5]. It was typically discovered that distinctive
courses frequently create diverse outcomes [6—8]. Along these lines, it is important
to think in detail about the strategies which may affect nano-titania and its properties.
The property of self-cleaning has been outstanding with regards to shared impact
between photocatalysis and hydrophobicity. The photocatalytic impact disintegrates
natural substances that interact with the surface and keeps them away from building
up. The hydrophobic property makes the cleaning more efficient when water moves
over the surface. This gathers the clean particles, makes the surface simple and quick
dry and counteracts unfortunate water streaking at first glance [9]. Nano-titania is
a standout among the most broadly utilized materials in applications such as self-
cleaning, because of its thermal stability and photocatalytic properties. [10-13]. By
increasing the property of hydrophobicity and reducing the wettability characteristics
of a surface, water can improve the cleanness of the surface because it depends on
surface microstructure, surface chemical composition and surface geometry. Many
researchers have worked upon to increase the hydrophobicity of thin nano-TiO,
films. As shown in Fig. 1, the hydrophobicity can be improved in different types of
polymeric coatings by adding nanoparticles in the formulations. [10, 12—-18].
Si0,-TiO, nanoparticles of core@shell structure have been set up to consoli-
date mechanical properties/hardness of silica nanoparticles and hydrophobicity of
nano-TiO,. Nanoparticles of core—shell constitute a novel class of materials with
assortment of utilization in synthetically balancing out colloidal particles, catalysis,
planning of bioconjugates [19]. These particles can be incorporated utilizing metals,

Fig.1 Schematic diagram
showing the self-cleaning Nano-Coating

phenomena on hydrophobic
: ¢ Water drop takes
l @ up dirt particles

surface

Surface
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semiconductors, protectors, metal oxides, composites, colors and even biomolecules
as center or shell. A simple approach to get ready silica—titania core @shell materials
is Stober strategy where the TiO, sol and SiO, sol can be arranged separately and
blended to acquire nano-core @shell development [20, 21]; however, this technique
does not give hydrophobic surface.

In this study, nano-TiO, and SiO,-TiO, nanoparticles of core@shell struc-
ture have been prepared by peptization method for the development of hydrophobic
coating in polyurethane (PU) binder. Polyurethane (PU) coating system has sev-
eral applications. Polyurethane coatings can make better product’s appearance and
increase its lifespan. PU adhesives provide another advantage of strong bonding and
provide tighter seals. PU elastomers are lighter than metal; they can be molded into
almost any shape. In addition, it offers superior stress recovery and provides resistant
against environmental conditions.

2 Experimental Study

2.1 Materials

Titanium tetra-isopropoxide and tetraethyl orthosilicate were obtained from Sigma
Aldrich Chemicals Pvt. Ltd, India. NH4OH was acquired from Qualikems Fine
Chemical Pvt. Ltd, India. Ethanol was acquired from Merck Limited, India. Nitric
acid was purchased from fisher Scientific (India). Polyurethane was obtained from
Dalton Chemicals Pvt. Ltd (India).

Instruments The instruments used are as follows: UV 1800 Shimadzu UV spec-
trophotometer, Malvern instruments-Zetasizer Nano S-90, Shimadzu 8400 spec-
trophotometer, and Bruker D8 Focus XRD.

2.2 Methods

Preparation of SiO, nanoparticles through Stober process TEOS (8 ml) was
utilized as a precursor for preparing nano-silica by blending this in 35 ml and
100 ml of DI water and ethanol, respectively. This mixture was stirred for 40 min
and NH4OH was included drop-wise in this solution for keeping up pH at 10 and
after that kept for 1 d and centrifuged it at 8000 rpm for 10-15 min. Material was
dried overnight at 100 °C in oven after centrifugation and calcinated at 650 °C for
2 h.

Synthesis of nano-TiO, through peptization process. Inpreparation of nano-TiO,
by peptization process, 2 ml of TTIP was added to DI water (50 ml) under blending
condition. White suspension was formed, after that coagulated titanium oxide was
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precipitated. Nitric acid (1 ml) was added to the titania gel. From that point onward,
the precipitate was mixed for 4 h at 70 °C temperature. Following 4 h mixing, entire
material was dried in oven at 70 °C for overnight.

Synthesis of nano-Si0,-TiO; core-shell nanoparticles through peptization pro-
cess. For the synthesis of SiO,-TiO; nanoparticles, same methodology was taken
as depicted in preparation of TiO, nanoparticle using peptization method in the
presence of SiO; nanoparticle (2 gm) prepared through Stober method (Fig. 2).

Coating development and measurement of contact angle. Coating formulations
were developed with SiO;, TiO,, and SiO,-TiO, nanoparticles separately in PU
binder system. In this coating formulation, different concentrations of nanoparticle
were used from 1 to 6 wt%. These coatings were applied on a glass slide (20 x 20
x 10 mm) using paintbrush. After that, films were dried in oven for 15-20 min at
100 °C. The thickness of the dried film was measured around 100 wm. Goniometric
measurements were carried out to measure the static contact angle of water droplet
on these coated substrates using custom built-in goniometer.

Characterization. Particle size measurement was performed by Malvern
instruments-Zetasizer Nano S-90 (DLS). UV-vis analysis was carried out through
spectrophotometer (Shimadzu UV-1800). XRD analysis was performed by X-ray
diffractometer (Bruker D8 Focus). Scanning electron microscopy of PU-based coat-
ings on glass slide developed with SiO, and SiO,-TiO; core—shell nanoparticles was
analyzed by Zeiss scanning electron microscope and element identification of these
samples was performed by Bruker EDX.

Fig. 2 Flow chart for i

Si0,-TiO; core—shell Titanium tetra-isopropoxide (2 mL) was added to 50 mL
nanoparticles preparation of distilled water under stirring condition.
procedure -

2 gm of silica nanoparticle was added in above solution
under continuous stirring.

1 ml of 70 % nitric acid was added in this and stirred for
4 hours at 70°C.

After this whole material was centrifuged at 8000 rpm
for 10-15 mins and dried at 702C for overnight.
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3 Results and Discussion

Average particle size of core—shell nanoparticles was measured as 144 nm on 92 nm
of nano-silica. Results demonstrates that thin layer of TiO, (26 nm) was formulated
on center material silica as shown in Fig. 3. UV-vis study was carried out in the
wavelength range of 200-700 nm, and absorbance peak was obtained at 310 nm
for both in TiO, and SiO,-TiO, nanoparticles. As appeared in Fig. 4, result con-
firms the thin covered layer of TiO, on center SiO, and furthermore development of
nanoparticles of core—shell structure.

Figure 5 shows the XRD patterns of the prepared samples. Results confirm the
nano Si0,-TiO, core-shell formation with one broad peak i.e. amorphous nature
appeared at 26 = 15°1i.e. (hkl = 100) for silica nanoparticles and other sharp peaksi.e.
crystalline nature available at 26 = 25°, 46°, 55° and (hkl = 110,211,220) for titania
nanoparticles with respect to individual XRD analysis of silica and titania nanopar-
ticles.

Figure 6 shows the FTIR spectra of SiO,, TiO,, and SiO, @TiO, core—shell
nanoparticles. In the spectra of nano-SiO,, band obtained at 1070 cm™! corresponds
to asymmetric stretching vibration of Si—-O-Si bond, whereas 3300 and 1640 cm™!
bands have appeared for H-O—H stretching and bending of absorbed water. Another
peak obtained at 910 cm ™' corresponds to Si-OH bond. In case of Si0,-TiO, spec-
tra, along with the peaks of nano-silica, a band at around 950 cm~! was appeared
for Si—-O-Ti bond which supports a layer of TiO, formation on core SiO,. SEM
and EDX studies were completed for created coatings in polyurethane (PU) with
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Fig. 3 DLS graph: a nano-SiO;, b nano-TiO», ¢ nano-SiO,-TiO, nanoparticles of core—shell struc-
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Fig. 6 Spectroscopy of SiO-TiO; nanoparticles of core—shell with individual SiO, and TiO»
nanoparticles

Si0,-TiO, nanoparticles at 20 kV and 500x magnification which are shown in
Fig. 7. EDX investigations were done for elemental analysis in created coatings
which is appeared in Fig. 7c.

Contact angle measurements were performed for coating system developed in
PU on glass slide with SiO,, TiO,, and SiO,-TiO, core—shell nanoparticles con-
taining nanoparticle concentration of 1-6 wt%. Custom built-in goniometer was
used to measure the contact angle of water droplet on these coated substrates. A
10 1 DI water droplet was dispensed using micropipette on these coated substrates.
High-resolution images of water droplet were captured using high-speed camera
(Phantom LAB3al0), mounted with macrolens (Nikon AF-S VR). Further, these
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Fig. 7 a SEM analysis of SiO,-TiO, core—shell in PU coating, b—¢ EDX of same coating formu-
lation

high-resolution images were processed using commercially available ImageJ soft-
ware and contact angle (0), i.e., the angle between the solid-liquid interfaces was
measured for various substrates as shown in Figs. 8 and 9. The goniometric mea-
surement results show that the hydrophobicity improves from 80° to 133.3° for the
coating materials and it was observed that surface exhibits superior hydrophobic
properties at 4 wt% concentration of nanoparticles in PU. Polyurethane-coated sur-
face developed with TiO, nanoparticle at 4 wt% concentration shows contact angle
of 129° and the contact angle was measured as 133.3° on coating with silica—titania
core—shell nanoparticle with same concentration of nanoparticle.
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Fig. 8 High-resolution images on various coating substrates: a pure polyurethane coating,
b polyurethane-coating system with SiO» nanoparticles 1 wt%, ¢ polyurethane-coating system
with SiO; nanoparticles 4 wt% d polyurethane-coating system with SiO, nanoparticles 6 wt%

(i (a) (b) (ii) (a) (b)

| !
(c)

6=120.2*

(e)
e

Fig.9 Water droplet on polyurethane-coating system with (i)TiO> nanoparticles and (ii)
Si0,-TiO; core—shell nanoparticles with a 1 wt%, b 2 wt%, ¢ 3 wt%, d 4 wt%, e 5 wt%, and
f 6 wt%
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4 Conclusion

Si0,, TiO,, and SiO,-TiO, core—shell nanoparticles were prepared successfully by
Stober method and peptization method. Polyurethane-based coatings were developed
with all prepared nanoparticles at various concentrations of nanoparticles from 1
to 6 wt%. Goniometric measurements were performed for all the polyurethane-
based coatings. Results of the experimental study conclude that the coating surface
formulated with SiO,-TiO, core—shell nanoparticle in polyurethane (PU) at 4 wt%
shows superior hydrophobic properties.
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of Super-Hydrophobic Surfaces: oo
A Review
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Abstract Nature has many biological structures with water repellency phenomena
depicting super-hydrophobicity which are observed in various plants, insects, and
animals. The advancements in the broad area of biomimetics provide scope toward
development and fabrication of nanotextured surfaces. With biological design, repli-
cating adaptation and derivation from various natural environments which is referred
to as “biomimetics.” Related to exceptional properties of super-hydrophobicity,
researchers have recently developed and fabricated biomimetic nanotextured super-
hydrophobic materials. Surface modification to prepare chemical and physical tex-
tured super-hydrophobic metallic surfaces with standard protocols so that repeatable
and well-characterized surfaces can be obtained with a high contact angle, low con-
tact angle hysteresis, bounce, and proper roll-off rate. A review-based approach is
provided in this paper with developments in surface modification and fabrication of
super-hydrophobic materials by various nanotextured processes.

Keywords Super-hydrophobic - Water repellence - Contact angle - Contact angle
hysteresis + Nanotextured fabrication + Roll-off rate
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Ow Droplet contact angle in Wenzel state

D. K. Sharma (X)) - R. Kumar - D. K. Avasthi

Amity Institute of Nanotechnology, AUUP, Noida 201313,
Uttar Pradesh, India

e-mail: deepaksharmananotech@gmail.com

V. Baghel - B. S. Sikarwar
Department of Mechanical Engineering, AUUP, Noida,
Uttar Pradesh, India

© Springer Nature Singapore Pte Ltd. 2019 127
K. Shanker et al. (eds.), Advances in Industrial and Production Engineering, Lecture
Notes in Mechanical Engineering, https://doi.org/10.1007/978-981-13-6412-9_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6412-9_12&domain=pdf
mailto:deepaksharmananotech@gmail.com
https://doi.org/10.1007/978-981-13-6412-9_12

128 D. K. Sharma et al.

Droplet contact angle in Cassie state
Contact angle

Surface tension

G Properties at the solid—gas interface

L Properties at the solid-liquid interface
LG Properties at the liquid—gas interface
WCA Water contact angle

o

N UK DD

1 Introduction

In nature, there are many surfaces and materials with a wider area of interest for
researchers having unique properties with distinct wettability governed by surface
free energy and morphology [1]. However, surface hydrophobicity depending on sur-
face texture is controlled by contact angle (CA) of liquid droplets on these surfaces
described by Wenzel [2], Cassie and Baxter [3] states. Many biologically diverse
plants and animals depict the properties of being hydrophobic in nature. In rele-
vance to previous literature [4], lotus leaves in nature provides a self-cleaning and
phenomenon of super-hydrophobicity termed as “lotus effect” governed by hier-
archical roughness on their leaf surface. Thus, nature has inspired us to fabricate
various biomimetic metallic surfaces with special wettability properties [5] impor-
tant for widespread industrial applications. Physical and chemical textured metallic
surfaces have both combinations of micro-nano surface roughness and chemical com-
position providing water repellency on impinging surfaces with bounce and proper
rolling [6]. There have been two generic methods that can be used to modify the
hydrophobicity of these metallic substrates. Firstly physical texturing alters the sur-
face topography/roughness or its patterning and the second chemical texturing in
terms of chemical grafting or adsorbing molecules which enhances the surface wet-
ting characteristics. Recent research paper provides an overview for preparation and
nanotexturing of super-hydrophobic metallic surfaces. Numerous methods for craft-
ing super-hydrophobic surfaces have been dealt upon with techniques simple and
cost-effective, however, involving multiple stepwise procedures and diverse condi-
tions. Recently, various procedures for measurement of surface roughness and alter-
ing hydrophobicity have been studied for these metallic surfaces. In literatures previ-
ous methods of surface treatment such as electrochemical deposition, wet chemical
reaction, casting method, immersion method, ion beam implantation and plasma
coating has been reported for fabricating super-hydrophobic surfaces [7, 8].

As reported in the literature [9], altering the morphology of metallic surfaces
by creating roughness in form of nano/microscale pillars, dimples, and channels
are durable in the phase-change process. However, creating a nanoscale structured
roughness on the surface is a difficult and expensive task [10]. This review focuses
on recent developments in fabrication of super-hydrophobic metallic surfaces viable
for water harvesting from the humid air via dew formation which is reliable solution
for water shortage world wide [11, 12]. Wide area of this review is divided into
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three different sections. First part provides a brief introduction of super-hydrophobic
surfaces. The second part provides theoretical background and experimental synthe-
sis significant to wettability of metallic surfaces. The third part provides complete
overview and direct towards the fabrication of super-hydrophobic metallic surfaces.

2 Theory and Experimental Synthesis

This approach deals with quantifying the hydrophobicity of surfaces by the contact
angle of a liquid drop on a flat homogenous surface where 6 represents the contact
angle and is represented by Young’s equation for contact angle analysis as provided
in the equation below.

Ysv — Vsl
Vv

(D

cosby =

where vy, Vs, and yjy are the interfacial tensions of the solid—vapor, solid-liquid,
and the liquid—vapor interface, respectively, in Fig. la.

In Wenzel state [2] the liquid drop fills the rough grooves on the surface shown
in Fig. 1b, where the liquid drop forms a contact angle on the rough surface is given
by 6,, and r represents surface roughness factor with the difference between states
from solid to gas as well as solid to liquid.

YsG — ¥YsL
YLG

cos By = = rcosfy 2)

In Cassie—Baxter state [3], the liquid drop sits on the vapor filled composite surface
as provided in the equation below.

cosfc = ¢y cosBy, + Pacosby»
€08 Oc = s cos O + (1 — ¢ps) cos 180° = ¢scosh — 1 + ¢ 3)

(a) (b)

(c)

Fig. 1 a Contact angle and liquid droplet on the surface in Young’s equation. b Liquid droplet on
the surface in Wenzel’s state. ¢ The wetting behavior of a liquid droplet on the rough solid surface:
Cassie’s state
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The Cassie-Baxter Eq. (3) can be elaborated in terms of the figure provided below
which has contact angle, 6. of two different phases which are phase 1 and phase 2.

In the preparation of super-hydrophobic surfaces, recently many physical and
chemical texturing methods are reviewed. In relevance to these metallic surfaces,
widespread use of aluminum and copper surfaces in industrial applications hav-
ing a high thermal conductivity which is 6-7 times greater than that of stainless
steel are used recently. It has been observed that the copper surface gets easily oxi-
dized when exposed to moist environmental conditions and forms a nanoscale CuO
layer [5] and aluminum oxide Al,O3 [6]. This inspires us to completely review
these methods which will help us to evaluate surface morphology, roughness, and
super-hydrophobicity in a much simple, acclaimed, and cost-effective manner for
preparation of nanotextured super-hydrophobic metallic surfaces in terms of water
potability and regeneration.

2.1 Physical and Chemical Texturing

The bare copper plates with 95% purity and 2 mm thickness are marked as having a
dimension of 10 x 10 mm. The oxide layers are removed from plates by using #1000
and #6000 grid emery papers and surface finishing was done for 10 min with each grid
emery paper. Cut ten pieces of 10 x 10 mm copper plates using a metal cutter or hand
grinder machine which thus, induces surface roughness [5]. Similarly, bare aluminum
plates with 95% purity and 1.5 mm thickness are marked having a dimension of 10
x 10 mm dimension. The oxide layer from plates are removed by using #800 and
#1000 grid emery papers using sander machine and surface finishing was done for
10 min with each grid emery paper [6]. Physical texturing is an efficient process
for removing surface imperfection. These metallic surfaces after physical texturing
need to be chemical textured with microfabrication coating techniques to enhance the
surface topography. Experiments described in the table below providing the various
micro coating methods used for surface modification of metallic surfaces (Table 1).

2.1.1 Electrochemical Deposition

The surface preparation of copper surfaces by electrochemical deposition by Huang
et al. [19] prepared various copper super-hydrophobic surfaces. Uniform cut and
polished copper plates vertically immersed in the dilute concentration of ethanolic
stearic acid applied with a voltage in terms of direct current. This turned the anodic
copper surface super-hydrophobic after electric discharge is passed having WCA of
153° and contact angle hysteresis of 2°. The increment in water contact angle and the
reduction in contact angle hysteresis at 3 hours can be described to the concurrence of
the miniaturized scale nanostructured surface morphology and lower surface energy
together diminishing the fondness of water toward the surface (Fig. 2).
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Table 1 Micro coating methods available to modify the wettability of metallic surfaces

Texturing method Chemical Reported Fabrication
composition of the wettability methods
top of the surface
Additive Pure copper,
aluminum
Oxide Super-hydrophilic MAND process,
(10°-30°)
NA Anodization +
Annealing
Super- Heating in
hydrophilic/Super- air/Annealing
hydrophobic
(0°-153°)
Super-hydrophilic Alkali-assisted
(0°) oxidation
Super- Oxidation
hydrophilic—Super- | (NH4OH)
hydrophobic W.
(0°-140°)
Hydroxide NA Anodization
Silane Super-hydrophobic | Hydroxylation +
C.B. (140°-160°) FAS17
Fluorocarbon Super-hydrophobic | Alkali-assisted
C.B. (170°) Oxidation + Thiol
[13] deposition
(HDFT)
Subtractive Pure copper Hydrophobic— Chemical etching

Super-hydrophobic
W. (90°-150°)

[14]

Oxide

Hydroxide

Silane

Fluorocarbon Super-hydrophobic | Etching + Thiol
C.B. (171°) deposition (HDFT)

[15]

Subtractive then Additive

Pure copper,
aluminum, bronze

Oxide

Super-hydrophobic
C.B. (160°)

Chemical Etching +
Oxidation
(NH4OH)

Hydroxide

Silane

Fluorocarbon

(continued)
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Table 1 (continued)
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Texturing method

Chemical
composition of the
top of the surface

Reported
wettability

Fabrication
methods

None Pure copper,

aluminum,

Oxide Super-hydrophilic POSS-Silica
(0°-10°)/Super- nanoparticles
hydrophobic WCA | [16-18]
(90°-160°)
Super-hydrophilic CuO,
0° Al,Ozdeposition

Hydroxide

Silane

Fluorocarbon

NA

n-Alkanethiol
deposition

2.1.2 Wet Chemical Reaction

The copper wafer was etched by HNO3 in the presence of cetyltrimethyl ammonium
bromide (CTAB) by Pan et al. [20] and ultrasonicated. The increase in water contact
angle with the increase in time of chemical etching with HNO3; and CTAB with
ultrasonication led to the formation of uniform nano-microstructures as shown in
Fig. 3d on the surface of the copper wafer with water CA 155 % 2° and sliding less

than 5°.
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Fig. 2 a Plot showing time duration in terms of contact angle and b plot showing variation time

versus contact angle hysteresis [19]
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Fig. 3 Surface morphological images shown by SEM with etching duration of is 20 min [20]

2.1.3 Sol-gel Dip Coated

A originally modified alcosol is prepared with methyltrimethoxysilane (MTMS) by
Parale et al. [21] used for the deposition on a different metal substrate. The coating
sol has a molar ratio of MTMS: MeOH: H,O constant at 1: 5.63: 1.58, respectively
with PMMA 7 wt% and 0.5 M NH4F as a catalyst where PMMA bonds with the CHj3
to achieve super-hydrophobicity with nanostructured silica network on the substrate
surface which is responsible for gelation. These substrates annealed at 150 °C for
3 h led to the removal of residual solvent. The contact angle measurement showed
an angle above 150° with the presence of super-hydrophobicity [21] (Fig. 4).

2.1.4 Immersion Coated

This experimental method is much less time consuming and requires reagents
in an effective manner. As per the proposed work in this paper by Kong et al.
[22], a novel approach for the fabrication of super-hydrophobic copper foil
substrate is been reported with sliced crystalline preparation using a solution-
immersion coating method with sodium hydroxide, cupric nitrate, and 1H,1H,2H,2H-
perflurodecyltriethoxysilane (FAS-17). Figure 5 shows scanning electron microscope
images which provide an improved contact angle with fluorinated silane bonding with
uniform micro-nanostructures and higher water contact angle.

In this work, Varshney et al. [23] have prepared super-hydrophobic coating self-
cleaning for polished aluminum, Al surfaces. The Al surfaces were chemically etched
in a mixture of HCl and HNO; and further, the samples were treated in lauric
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Fig. 4 FESEM image of the silica film prepared on a aluminum substrate, b bronze substrate, and
¢ copper substrate. Images reprinted [21]

acid. Analysis showed morphological changes on surface properties of Al surfaces
with super-hydrophobic Al substrate having micropits or microgrooves on the rough
treated substrate and having WCA 170 £ 3.9° (Fig. 6).

2.1.5 Ion Irradiation/Implantation

In the field of material science, energetic ions play a vital role. Effect of ion beam
implantation on the materials broadly depends on ion energy, fluence, and ion species.
Surface modification in terms of hydrophobicity and super-hydrophobicity is avail-
able from ion implanters with low energy ions as per Avasthi [24] with a range up
to few hundred keV. The ion beam implantation-based material modification has the
interaction of the ion with material which is the deciding factor. As per Do et al.
[25] aluminum alloy surfaces were irradiated by nitrogen and argon ions. Contact
angle analysis, SEM, AFM, and X-ray diffraction where performed for surface char-
acterization. The contact angle increased due to surface composition and surface
roughness changes in terms of argon ion beam rather than nitrogen ion as shown
in Fig. 7. The ion beam irradiation for synthesis and modification of nanomaterials
with ions of different energies from few keV to hundreds of MeV always attracts the
interests of material scientists as per Avasthi et al. [26]. Formation of metallic sub-
strates with surface diffusion and ion beam sputtering as per Singh et al. [27]. Study
of various low surface energy ion beam irradiation effects shows changes in surface
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Fig. 5 SEM images of (a)
a Cuy0 and b slice-like
Cu-OH crystalline bondings
[23]

137.5+2.7°

Fig. 6 SEM images of a bare Al, b chemically etched, and ¢ super-hydrophobic Al surfaces [23]
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(i) Ar fon implanted surface

(i) N ion implanted surface

Fig. 7 Ionimplanted AFM images of polished aluminum alloy surfaces (i) N ion implanted surface
(i1) Ar ion implanted surface [25]

morphology of substrates with super-hydrophilic films altered to highly hydrophobic
in nature [28, 29].

2.1.6 Plasma Coated

Plasma treatment generally deals with ionized gas constituting 99% of the universe.
Plasma generation is initiated with large energy applied to a gas. The literature on the
plasma etching for altering surface morphological is very limited. However, some
of the international researcher communities have reported in their studies that the
energy of plasma ion can be easily tuned to make surface nanopatterning which
is generally provided by an electrical source. Plasma etching provides stability
and longevity to chemically functionalized fluorinated copper surfaces exhibiting
micro/nanoscale roughness [30, 31]. Plasma technology takes advantage of highly
reactive plasma species to modify the functionality of various substrates. Recent
enchantments in plasma treatment in terms of preparation of super-hydrophobic sur-
faces have acquired a recent area of innovation and interest as per Jafari et al. [32].
Low-temperature plasma is useful for surface etching and cleaning. It provides effec-
tive surface modification of the polystyrene (PS) substrate as per Dhayal et al. [33].
Design of 3D integrated circuits is a recent area of demand in the development of
miniaturized electrical circuits, electronic components with its dependence on cop-
per interconnections having wide area of demand as to avoid corrosion in these
copper interconnections a super-hydrophobic coating was prepared by Vilaro et al.
[32] and used plasma etching with functionalized fluorinated copper surfaces showed
micro/nanoscale roughness with super-hydrophobic coating having WCA 163° and
low contact angle hysteresis 1° (Fig. 8a, b).
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3 Conclusions and Outlook

The super-hydrophobic surfaces exhibit distinct properties which are biologically
acclaimed in nature. This review paper deals with primary metal substrates, namely,
copper, aluminum, and common heat transfer engineering materials. Surface mod-
ification of these metallic surfaces by chemical and physical texturing methods
help us with various standard protocols providing well-characterized surfaces which
are repeatable in nature. These surfaces due to its properties of super-hydrophobicity
will alter wettability, in general, with the formation of special patterns of the right
scale textured for water harvesting applications. Fabrication of super-hydrophobic
surfaces requires a large extent of applications with a proper approach toward theoret-
ical models with advanced stable surface fabrication and synthesis techniques in rela-
tionship to surface composition, structure, and durability of these super-hydrophobic
surfaces. Further, large-scale cost-effective production and price incurred toward
raw materials are also an area of concern. Development of super-hydrophobic self-
cleaning surfaces has distinct importance in various applications like paints of boats
with anti-biofouling properties, antennas, and windows with anti-sticking of snow,
windshields of automobiles with self-cleaning properties, microfluidics, refining
of metal surfaces, textiles with stain resistant properties, buildings with dust-free
coatings, architectural anti-soiling coatings, etc. Hence, it provides a great area of
research-oriented interest and challenge for material scientists to fabricate super-
hydrophobic surfaces by nanotexturing processes in terms of permanent or semi-
permanent super-hydrophobic surfaces with widespread commercial implementa-
tions.
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Conceptual Analysis of Reliability Aspect | M)
for Various Process Industries: A Critical o
Review

Gaurav Sharma® and Puran Chandra Tewari

Abstract The reliability field has gone through fruition development and burst
through during previous four decades. The current paper reflects a historical outlook
of momentous expansion and methodically spells out the contributions in reliability
field since its commencement. The paper additionally looks into the significance and
advancement of a range of numerical methods for the analysis of reliability, diagram-
matical models, logical, and other reliability tools that had fashioned the appearance
of reliability concept. Higher productivity and maximum profitability have nowadays
become very essential for the processing industries to ensure their survival. To meet
this challenge, all the systems and subsystems of these industries should have high
reliability and availability. If the manufacturing systems are of improved quality and
are having higher availability levels, this will definitely lead to enhancement of pro-
ductivity and hence profitability. It has been realized that reliability and availability
have great importance in all the processing industries and complex plants. Reliabil-
ity concept is of great importance at design stage, development stage, procurement
stage, operation stage, and maintenance stage. The study has been undertaken by
many researchers for recognizing the performance behavior of systems in various
process industries. A critical review has been conducted to present the brief overview
of performance behavior and optimization of different systems related to various pro-
cess industries. Lastly, the paper emphasizes the restrictions with on-hand methods
for analysis of reliability and make out a small number of latent openings for more
research.
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1 Introduction

For the improvement in quality as well as quantity of curriculum concerned with man-
ufacturing segment, real focus is required on the operational management. Excellent
performance based on qualitative and quantitative production is the key to success for
a process plant or processing industry. However, due to poor design, use of wrong
manufacturing techniques, and poor maintenance policies, these systems undergo
random failures. It leads to loss of prestige and sometimes threat to national security
also. Therefore, to survive in the global market, the quality of industrial systems must
be good, operation wise as well as performance wise. This can only be achieved by
maintaining these systems failure free for long durations. This will, in turn, provide
higher system availability. Therefore, all the related activities must be well organized
and coordinated so as to ensure optimum utilization of men, machine, material, and
supporting resources. If the manufacturing systems are of improved quality and are
having high availability level, this will definitely lead to enhancement of productivity.

During the last four decades, the concept of availability of systems has been devel-
oped. In late 1940s and early 1950s, reliability engineering appeared on the scene.
Military aircraft manufacturing is one of the fields in which reliability engineering
has been focused for several years. Transportation sector is one other area where
the reliability found major success. The concept of reliability has also shown a sig-
nificant impact in space programs. The observers also realized that the success rate
of space launching projects is now increasing in a spectacular manner. Presently, it
has become the concern for all those who are working in the industries. Availability
concept has greater worth in modern industries. The role of reliability and avail-
ability is significant at all stages starting from design and development to operation,
procurement, and maintenance.

The systems and subsystems of process industries are very large and complex
generally. The arrangement of these systems/subsystems may be in the series or may
be in parallel or a combination of these two is also possible. For the process plant
to operate in most efficient and most economic manner, it becomes vital that all
the systems/subsystems should run without failures for prolonged hours under the
specified conditions of working in the industry. Therefore, in order to achieve the
above, there should be proper and effective utilization of SMs (man, method, machine,
material, money) in the process industries. A proper coordination and organization
of all these resources are also required to develop optimum strategies to meet the
production targets. It increases production volume and hence profitability of the
industry concerned. This will lead to increase in production volumes and profitability
of the industry in a noticeable manner.
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2 Conceptual Analysis of Reliability Aspect

Ouhbi and Limnious [1] presented the reliability and availability analysis of a turbo-
generator. They observed the set of data in a real situation of engineering. This data
was provided by Electricite de France. They used this set of data and performed the
modeling for the rotor using semi-Markov approach. This model was used further
for reliability and availability estimation.

Khobare et al. [2] presented the analysis of reliability for microcomputer circuit
modules and the control systems. These control systems are of great importance for
safety purpose of nuclear power plants. They developed a model of fault tree for
comparator system. The comparator system taken by them was programmable and
integrated. They tried to establish the quantitative values of reliability for standard-
ized hardware modules of microcomputer circuit and for C and I systems.

Yang et al. [3] applied genetic algorithm to the issue related to the reliability
allocation for a typical water reactor under pressure. They stated that defining the
real objective function is the basic problem for reliability allocation. They suggested
that the cost involved for the improvement and/or degradation of the system must
be included in the process of reliability allocation in order to optimize the system
reliability.

Ni and Zhang [4] established a new method of analysis of fatigue reliability under
two-stage loading. They used the probabilistic Miner’s rule for carrying out this
analysis. Large eight samples of testing data were used. Experimental verification
was then done for two-stage cyclic loading, i.e., high—low and low—high.

Cizelj et al. [5] developed a Bayesian approach-based method that clearly con-
tains linguistic and numerical information for the assessment of failure rate. Generic
database was used to select prior distribution selected, while theory of fuzzy set was
used for the assessment of likelihood. Fuzzy inference system was used to develop
a model that shows the influence of operating conditions on failure rate of the com-
ponents.

Arulmozhi et al. [6] provided a method of calculating the system reliability of
K-out-of-N systems with the help of an expression and algorithm. They stated the
expression provided by them was fast and easy to implement. The algorithm given
was memory efficient, and the efficiency of computation can also be considerably
improved by using this expression.

Ebrahimi [7] introduced a technique for the assessment of reliability of a system
that mainly uses the failure rate data. They also emphasized on a process which
evaluates reliability of the system having components that are highly reliable for
which the collection of failure data is very difficult. Failure time as well as reliability
of system can be expressed in terms of numerous explanatory variables using this
method.

Ramirez-Marquez et al. [8] worked on a multi-state series—parallel having binary
component from which different levels of multi-state performance can be attained.
They proposed that there should be a proper supply of different levels of demand
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during the operation period of the system. This will lead to multi-state character of
that system, and also, new method of solution will provide different benefits.

Ramirez-Marquez et al. [9] used Monte Carlo simulation technique for the esti-
mation of reliability of a network having multiple states. They dealt with the problem
involving Multi-state-two-terminal reliability calculation. In their study, the issues
concerned with the computing the reliability on the basis of minimal cut with multi-
state vectors had been conferred.

AlSalamah et al. [10] dealt with reliability of the pumping station for cooling of
sea water that pumps the water of sea to the refineries and petro-chemical industries in
Kuwait country. In the insensitive operating environment and in the absence of other
substitute sources of water, the higher value of reliability is essential for pumping
system.

Levitin [11] suggested a method for evaluation of reliability and the performance
parameters for systems having multiple states with exposed failures. It is a modi-
fication of the generalized reliability block diagram method. The proposed method
allows the performance of complicated multi-state-series—parallel system having
exposed failures that are to be achieved by applying a recursive approach which is a
straightforward.

Lyonnet and Toscano [12] concluded that many reliability models are useful at
the time of designing and these models are based on the analysis of lifetime data.
But these are not of much use during the operational phases because the conditions
at operational phases are changing constantly. These models are not prepared for
estimation of reliability of systems under dynamic conditions of operations. So, they
proposed a dynamic model for reliability that was able to consider the history of
running process.

Khanduja et al. [13] discussed about the study of bleaching system of a paper
industry. They studied the steady-state behavior of the bleaching system. Mainte-
nance planning was the other area of their study on the same system. For this, a
mathematical model was developed for the system using Markov birth—death tech-
nique and probabilistic approach. On this basis, they derived an expression for the
steady-state availability. On the basis of available maintenance data, they explicate
that how the availability of the system get affected with the performance of each
working unit.

Kajal et al. [14] developed a decision support system for a butter oil unit of the
dairy plant. The Markov process was applied to develop differential equation related
to the transition diagram. The solution using normalizing conditions was made for
expanding the expression for availability under steady state. The performance of
butter oil unit can be measured in terms of this availability.

Kumar and Tewari [15] applied Markov birth—death process and developed a
mathematical model for one of the systems of fertilizer plant. Using probabilistic
approach, the differential equations connected with the transition diagram of CO,
cooling system were developed. After doing the analysis of availability, they applied
genetic algorithm technique to optimize the performance of CO, cooling system.

Garg and Sharma [16] worked on complex and repairable system of a process
industry using uncertain data. Membership functions of reliability indices of this
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system were determined by using a very new PSOBLT technique. Utilization of in-
hand information and use of uncertain data were done in calculating the reliability
indices. Providing the compressed search freedom for each reliability index was the
major benefit of this technique.

Wang et al. [17] analyzed the reliability and availability of building cooling, heat-
ing and power system. The state-space method technique combined with probabilistic
approach of Markov model was applied for analyzing the reliabilities. The reliability
of all three energy forms involving heat, cool, and electric form was analyzed. The
failure and repair rates, availability and mean time between failures were figured out
and analyzed for both redundant and the non-redundant building cooling, heating,
and power system.

Doostparast et al. [18] applied simulated annealing technique for developing a
model for planning the maintenance, periodically. The model was developed for
feeding unit in a sugar plant, and it was based on reliability. The purpose of this
work was to reduce the overall maintenance cost to a minimum level. Further, they
developed decision support system for the same system which was used for deciding
the maintenance priority level of various subsystem of the feeding system.

Hou et al. [19] introduced the application of random set theory for assessment of
availability of the systems. They suggested that pseudo-system observations can be
directly constructed from the observations of components. They did not use the prob-
abilities of failures by observing each component. Systems undergoing rare failures
were selected for analysis of availability. Operations that were characterized in the
framework of random set were applied for obtaining the upper bound, lower bound,
and also the confidence intervals of the availability of the system. No assumption
was done regarding previous distribution of failures of the components.

Sabouhi et al. [20] developed the model for reliability and analyzed the availability
of combined cycle power plants. Firstly, they develop the reliability models for both
the gas turbine and steam turbine power plants. By doing this, they get the input for
evaluating the reliability of combined cycle power plants. After that, the sensitivity
indices oriented with reliability were given for identifying the critical components of
the plant in order to decide the strategies for maintenance which were efficient and
effective. Steam turbine power plants were found to be comparatively more reliable
than gas turbine power plants and combined cycle power plants.

Kumar and Tewari [21] presented the analysis of performance and its optimization
for carbonated soft drink glass bottle filling system at a beverage plant by applying
particle swarm optimization method. This system has mainly seven subsystems that
are arranged in series arrangement. Exponential distribution was considered for the
possible failures as well as repairs. Mathematical model was then made by using
Markov approach (MA).

Kumar [22] proposed the simulated annealing technique for the redundancy opti-
misation of a power plant that was coal fired. They carried out a balanced integration
of operational availability, thermal performance, and the cost analysis module of the
power plant for achieving profitable funds investment in thermal power plant.

Wang et al. [23] proposed a novel model of reliability for a system having mul-
tiple states, with performance sharing. The multi-state system comprises N number
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of multi-state units that are linked in series configuration. Every unit has random
performance level and has a random demand as well. If the level of performance of
any unit becomes more than its requirement, the excess performance can be passed
on to its neighboring units via halfway transmitters. Every transmitter is having a
random level of capacity, and only, a restricted value of performance transmission is
possible. For evaluation of reliability value, an algorithm that works on the basis of
universal generating function was developed through their work.

Panchal et al. [24] proposed a framework that was based on fuzzy methodology
and was able to analyze the failure of a transmission unit of a commercial vehicle.
Identification of critical components of system was done using risk priority number
and through failure mode and effect analysis. The results were helpful in intelligent
decision making of components that are risky.

3 Conclusions and Future Scope

In modern years, there is a great enhancement of automation and the necessity for
better cost-effectiveness in the industries. This has drawn the attention of process
industries toward the fact that the maintenance services are the integral part of the
production system and these cannot be considered just as a supporting service. After
the study of obtainable literature, it is clear that there is no stiff system that can
be universally applied in the process industries for accommodating every condition
related to maintenance. Therefore, design and development of a proper maintenance
system must be done that will outfit the necessity of that particular industry. The
analysis of behavior of the systems and maintenance planning in a scientific manner
would be helpful for keeping the equipments/systems available for extended duration
of time.

Proper application of reliability, availability as well as maintainability techniques
can help to overcome most of the above-mentioned problems. Conducting an avail-
ability assessment of the system helps in optimizing the inherent performance of the
system. The availability assessment identifies those components of the system which
have maximum contribution to most of the downtimes. It also helps to determine the
outcomes of design changes on the performance of the system in a cost-effective
way. Continuous monitoring technique and proper maintenance planning of equip-
ment/system in an industry by introducing precautionary measures and diagnosis
methods are the various technologies or approaches which cope with these prob-
lems. Proper maintenance decisions also affect the reliability of industrial systems,
their availability, lifespan, and lifecycle cost. These can all be quantified, predicted,
and evaluated. An outlook of key developments and the role in the area of reliability
presented in the present paper would definitely identify some latent openings for
further research in the sector of reliability engineering.
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Estimation of Hardness During Heat )
Treatment of EN8 and C25 Steels i

Sachin V. Bagali, Maruti, N. R. Abhaya Simha, M. P. Sushanth,
T. S. Prasanna Kumar and V. Krishna

Abstract The hardness of EN8 and C25 steels during Jominy-type end-quench test
was numerically estimated. The cooling curve near the quenched end of the specimen
was used to estimate the heat flux during quenching. Heat transfer in the specimen
during quenching was modeled as a 2D axisymmetric heat conduction coupled with
austenite decomposition. The relevant equations were solved inversely for the heat
flux with cooling data as input. The microstructure distribution within the specimen
was computed, and a hardness model was developed based on microstructure distri-
bution. The measured hardness values were compared with the estimated hardness
values. The predicted and experimentally determined hardness along the length of
the specimen has been shown to be in good agreement within =3 HRC/HRB.

Keywords Hardness prediction of steels + Jominy end-quench test - Maynier’s
equation - Inverse heat conduction * Cooling curve - Heat flux

1 Introduction

Steel is a very widely used material in engineering that can be imparted with varying
microstructures by varying heat treatment. Alternate solutions are required as tra-
ditional methods used to determine hardness of steels are usually time-consuming
and are expensive to carry out in laboratories. The Jominy-type end quench is a
test used to measure the hardness of steels. It involves heating the test specimen
(26 mm diameter and 75 mm length) to its austenitizing temperature (above 850 °C)
and end quenching the specimen with water which induces the formation of dif-
ferent microstructures. Hardness is measured along the length of the specimen at
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determined locations. Hardness decreases as we move away from the quenched end
due to the formation of different microstructures depending on the cooling rate.

Nunura et al. [1] presented a correlation between cooling rate, microstructure, and
mechanical properties of Jominy end-quenched AISI 1045 steel; the experiment was
mainly focused on heating and quenching the steel to different austenitizing tempera-
tures. Mehmet Cakir and Abdullah Ozsoy [2] investigated the correlation between the
thermal properties and hardenability of Jominy bars quenched with air—water mixture
for AISI 1050 steel. The results of water-quenched and water—air-quenched steels
were compared at different pressures. Song et al. [3] worked on improving the nonlin-
ear mathematical model for simulating Jominy end-quench curves. Narazaki et al. [4]
used the inverse heat method for evaluating the heat transfer coefficient for the quench
end and validated it with a simulated model. Taher Ghrib et al. [5] used photo-thermal
detection to obtain a correlation between hardness and the determined thermal prop-
erties. The Jominy hardness profile by training an artificial neural network with 4000
examples was obtained by Vermeulen [6]. A relation between magnetic Barkhausen
noise and hardness for Jominy quench tests was obtained at low excitation frequency
range by Franco et al. [7]. Prasanna Kumar [8] worked on nonlinear inverse heat
transfer, coupled with austenite phase transformation, microstructure development,
and hardness estimation on mathematical models during quenching of plain carbon
steels. A numerical study based on two-dimensional estimation of a convective heat
transfer coefficient during Jominy end-quench test was carried out by Le Masson
et al [9].

In this study, cylindrical specimens of C25 and EN8§ were machined and ther-
mocouples were fixed. Time—temperature data were captured with the help of data
acquisition system during end quenching. The surface temperatures and heat-flux
values of the specimens were estimated through inverse analysis using the temper-
ature data as input. Also the volume fractions of the microstructure were computed
using TmmFE [13]. Empirical formulas developed by Maynier et al. [16] along with
rule of mixtures were modified to estimate hardness of specimen at different loca-
tions. The estimated hardness was compared with measured hardness and found to
be within 23HRC/HRB.

2 Experimental Method

2.1 Specimen Preparation

Cylindrical specimens of C25 and ENS steels (chemical compositions mentioned
in Table 1) of diameter 26 mm and length 75 mm were used. Four thermocouples
were placed at specified locations as shown in Fig. 1. Bores of 1.3 mm were drilled
at a depths of 17.5, 45, 65, and 71 mm to place the thermocouples. The first three
thermocouples are placed at 8.5 mm and the fourth one at 7.5 mm measured radially
from the center. The top end of the hole is drilled to 5 mm in diameter and 8 mm in



Estimation of Hardness During Heat Treatment of ENS ... 151

Table 1 Chemical composition of C25 and EN8
Steel |C Si Mn |Ni Cr Mo |Cu |V B N S P

C25 025 |04 05 |0 0 0 0 0 0 0 0.045 |0.045

EN8 0446 |0.187 [0.74 |0 0 0 0 0 0 0 0.033 |0.022

length and counterbored with the 3.3 mm diameter and 5 mm length to facilitate the
use of collets to secure the position of thermocouples.

2.2 Experimental Setup

The apparatus consists of a tubular furnace to heat the specimen to its austenitizing
temperature, a quenchant sump, a pump with a flow-regulating valve and a tank to
maintain pressure head which feeds a nozzle to create a steady water jet as shown in
Fig. 2.

2.3 Experimental Procedure

The specimen is initially heated to its austenitizing temperature (850 °C) inside the
furnace in an inert atmosphere maintained by supplying nitrogen gas at a positive
pressure to avoid surface scaling. It is maintained at the same temperature for fifteen
minutes to ensure soaking. The quench probe is then lowered to 1 in. above the
nozzle which quenches the circular flat end of the specimen with a jet, which in this
case is a water jet as shown in Fig. 3. Cooling curves are obtained at the specified
thermocouple locations using the data acquisition (DAQ) system with a time interval
of 0.5 s. After cooling, the specimen was cut at the thermocouple locations and the
hardness was measured at multiple points along the cross sections of the specimen
using Rockwell hardness tester.

3 Inverse Heat Conduction Model

The unknown heat-flux transients at the quenched surface of the probes were esti-
mated from the measured temperature at selected interior points during quench-
ing using an inverse method. The serial inverse heat conduction algorithm devel-
oped by Prasanna Kumar [10] was used to estimate the heat-flux components at
the probe—quenchant interface. The algorithm is capable of computing the multiple
heat fluxes in a serial manner as opposed to simultaneous estimation. The complete
mathematical model and its implementation details of the serial inverse algorithm
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for heat-flux estimation in multiple segments have been discussed elsewhere [10-13]
and is briefly summarized in this section in regard to the quenching problem. The
equation that governs the 2D transient heat conduction within the solution domain
in the (r, z) coordinate system can be expressed as follows:

=~

0 oT (r, z,t) N 0 k8T(r,z,t)
or ar 0z 0z

With the following initial condition:

N——"

aT (r, z,t)
C—
ot

(D
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Fig. 3 Photograph of end
quenching

T(r,z) = Tyoax att =0

and the following boundary condition (unknown):

oT oT
—kl —n,+—n; )| =q(r,z,1)
or 0z

The Eq. (1) with the unknown boundary condition at the bottom (Fig. 1) of the
specimen was solved by FEM to obtain the converged heat-flux values at every time
step. Simultaneously, austenite decomposition was modeled based on the temperature
distribution at the end of each time steps. The InverseSolver module of TmmFE
software [13] was used to solve the equation.

A cylindrical axisymmetric FE model was created and discretized using a mesh
of 1200 elements (4-node quadratic) for a total of 1281 nodes. Convective heat flux
of 100 W/m?K and radiative emissivity of 0.8 was assigned to the lateral bound-
aries. Figure 1 shows the finite element (FE) mesh of the specimen. Material proper-
ties data (density, thermal conductivity, specific heat, latent heat, and enthalpy) and
time—temperature transformation (TTT) diagram data (as shown in Fig. 4) obtained
from JMatPro software [15] for C25 and ENS8 steels were assigned to the finite
element model.
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(a)

Fig.4 TTT diagram a C25 and b EN8
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4 Results and Discussion
4.1 Experimental Data

The temperatures were recorded at four thermocouple locations (T1, T2, T3, and T4).
Cooling rates were seen to decrease from T1 to T4. The hardness was measured using
the Rockwell hardness B-scale (HRB) for C25 steel and Rockwell hardness C-scale
(HRC) for ENS steel. The average hardness was calculated from readings across the
cross section. The variation in error between the simulated and experimental cooling

curves of C25 and ENS as time progresses is found to be less than 2% as shown in
Fig. 5.

4.2 Hardness Calculation

Using the Maynier equation (Egs. 2, 3, and 4), hardness of different phase bands
was calculated using the chemical composition of the steels (Table 1). Maynier’s

mixture rule [14] was modified as in Eq. (5) to determine the Vickers hardness at the
said thermocouple locations.
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HV,, = 127 +949C + 27Si + 11Mn + 8Ni + 16Cr + 21 log (Vr) 2)

HV, = =323 + 185C + 330Si + 153Mn + 65Ni + 144Cr
+ 191 Mo + (89 + 53C — 55Si — 22Mn
— 10Ni — 20Cr — 33Mo) log (Vr) 3)

HV;—p = 42 +223C + 53Si + 30Mn + 126Ni + 7Cr + 19Mo
+(10 — 19Si + 4Ni + 8Cr + 130V) log (Vr) @)

HV = 095X, * HV, + 0.8 X, * HV, + 0.9 % (Xf + Xp) * HVi—p 5
where HV,, HV,, and HV¢_;, are Vickers hardness values for martensite, bainite,

and ferrite—pearlite mixture, respectively. Xy, Xy, Xr, and X, are volume fractions
of martensite, bainite, and ferrite and pearlite phases, respectively, predicted by
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InverseSolver. Vr is the cooling rate at 700 °C per hour (Vr calculation at T3 location
is shown in Fig. 6).

Vickers hardness values obtained from Eq. (5) were converted to the Rockwell
hardness scale and compared with experimental results. Figure 7 shows the compar-
ison of experimental hardness and predicted hardness of the C25 and EN8 steels.

5 Summary and Conclusion

In this paper, the hardness of C25 and EN8 steels was estimated during end quenching.
A 2D axisymmetric heat conduction coupled with austenite decomposition model
was used to obtain the volume fractions of microstructure distribution. Maynier’s
equation was modified to predict the hardness at specific locations and compared
with experimental results which were found to be in good agreement.

Further analysis can be carried out by applying the modified Maynier equation
obtained in this literature with other composition of steels and compared it with
experimental results.
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Service Quality in Indian SMEs: )
Developing a Dual Directional Scale oo
at Supplier—-Manufacturer Dyad

Surjit Kumar Gandhi, Anish Sachdeva and Ajay Gupta

Abstract This paper investigates the role played by service quality at supplier—man-
ufacturer dyad in small-medium manufacturing units and presents a model to estab-
lish that contribution of both the supplier and manufacturer towards service quality
leads to satisfaction followed by loyalty. The research process for this study comprises
a literature survey in conjunction with exploratory interviews with practitioners, and
a structured interview schedule conducted with 120 respondents working in differ-
ent small-medium manufacturing units in North India. SME has been employed for
analysing the data thus collected. The paper has developed dual directional scales to
evaluate service quality at supplier—manufacturer dyad and has also tested a set of
four propositions. A model showing linkages of manufacturer (manufacturing unit’s)
service quality with supplier unit’s service quality leading to satisfaction and loy-
alty is finally developed. The model is empirically tested and is found to be fit. This
study would be of interest to SME managers particularly engaged in ‘purchase’ func-
tion and researchers working on inter-firm supply chains in such units. This study
recommends forming strong collaborative relationships with suppliers to achieve a
win-win situation.

Keywords Service quality - SMEs - Service quality factors - Supplier - EFA -
CFA - SEM

1 Introduction

The fierce competition of today’s marketplace is forcing small- and medium-sized
enterprises (SMEs) to reshape their strategies in order to curtail overall cost and
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cut down inefficiencies. Therefore, there is a growing recognition of building and
nurturing relationships with supply chain partners for improvements in profitability,
serviceability and reduced costs across the supply chain [1]. Purchasing is the ultimate
goldmine for success for manufacturing enterprises. Because of the mutual benefits
they offer, partnerships or strategic alliances between suppliers and manufacturers
(i.e. buyers) have emerged as a popular business trend and are being looked upon as
the wave of the future [2].

Managing suppliers is critical to adding value in the supply chain since this func-
tion has both internal and external customers [3]. Supplier (external) service quality,
SSQ, implies the attitude and demeanour exhibited by staff of the supplier unit in ful-
filling the requisitions made by manufacturing unit and what value they place upon
continuing the relationship with the unit. On the other hand, manufacturer (inter-
nal) service quality, MSQ, implies how efficiently the purchase, inventory and store
officials of manufacturing unit facilitate the functioning of its suppliers and what
attitudes they hold towards the seller unit [4].

Supplier partnership deals with the long-term relationship between the manufac-
turing unit and its suppliers, and includes make/buy decisions and managing sourcing
function. Small-medium manufacturing units prefer to have few reliable suppliers,
and therefore tend to reduce the pool of suppliers, and many-a-times rely on a sole
source. In an attempt to regain their competitiveness, these units should adopt the
Japanese keiretsu system of manufacturers and suppliers working in lockstep [5]. For
supply chain effectiveness, manufacturers and suppliers need to keep costs across the
supply chain low so that they result in lower market prices and higher margins. This
is akin to gainsharing arrangements wherein everyone who contributes to greater
profitability is rewarded.

The inter-firm linkages between the suppliers and small-medium manufacturing
units could relate to product, process, service and market, and through these linkages,
itis expected that the suppliers will provide necessary support to SMEs and contribute
to the process of creating appropriate technologies. In this backdrop, the present
research work has been undertaken [6].

The major challenge for SME:s is to understand the role of each member in the
supply chain and in the entire delivery system, and to focus upon the immediate
customer in the chain to the ultimate customer. By delivering the superior value
to ultimate consumers, the chain as a whole achieves the objective of differential
advantage. This enhances the performance of the chain as a whole as well as delivers
results to the individual members of the chain [7].

SME sector in India, once shielded by the government policies of reservation,
quota and licence, etc., is facing a number of challenges to survive due to global-
ization [8]. In order to gain the competitive edge, such units should slowly make
transition from their total offering as a manufacturer dealing with tangibles only
and must include services, and finally, outgrow into relationship-based offerings
[9]. Studies on Indian SMEs are largely confined to competitive priorities, manu-
facturing strategies, capacity building, and innovation trends. However, the ‘service
dominance perspective’ that establishes the importance of intangible aspects such as
service quality has been largely unexplored [10].
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Researchers argue that service quality has a strong positive impact on customer
satisfaction. A number of empirical studies indicate a positive influence of SQ on
‘customer loyalty’ too. Service quality is also linked to behavioural outcomes as
word of mouth, complaint, recommending and switching [11-13].

In this paper, a focused review of literature was made to develop an instrument
for conducting a questionnaire survey. Application of EFA, CFA and SEM brings
out a model to answer these questions.

2 Literature Review

Collaboration is a set of management levers that enables cost savings through transfer
of best practices, improves effectiveness of decision making through sharing of opin-
ion, induces innovation through cross-pollination of ideas and enhances capacity of
collective action [14]. Since much of the value addition occurs in the upstream stages
(i.e. supply function) of the supply chain, manufacturers need to manage business-
to-business relationships (B2B) with their suppliers. Coordination, collaboration,
commitment, communication, trust, flexibility, dependence, joint engineering and
information technology-based integration are possible if partners are contributing
equal value [15]. To manage collaborative relationships, it is critical to measure
performance on service quality scales. Feedbacks on customer requirements, capa-
bilities of the manufacturing unit and its suppliers, and ongoing collaborations are
vital as they reveal the inner working of collaborative processes [16].

Though the performance of supplier firms is quite a well-researched area in lit-
erature, empirical researches on the application of service quality determinants at
supplier—manufacturer interface are nascent. Thus, there is a major scope for visual-
izing the attributes of supplier and manufacturer service quality, which also justifies
need of developing a model to establish their linkages with satisfaction and loyalty.
Various issues related to relationship management in supply chain with respect to
the supply function are enlisted in Table 1.

Table 1 Relationship issues

. Type Bilateral
at the supplier—manufacturer P
dyad Characteristics Strength, closeness, physical
proximity
Dimensions Coordination, collaboration,

commitment, trust, communication,
flexibility, dependence

Development Strategic/operational alignment

Infrastructure Partner selection intangible criteria,
tangible criteria

Information exchange Information systems, knowledge
transfer
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PZB in their pioneering work identified five components of service quality, viz.
reliability, assurance, tangibles, empathy and responsiveness. These five dimensions
used to evaluate service quality are called SERVQUAL dimensions [17]. Carr pointed
a major weakness of SERVQUAL scale by arguing that it overlooks equity theory
for selection of SQ determinants, though it is well established that SME suppliers as
well as manufacturers do evaluate service by way of ‘fairness’ is often evaluated in
business encounters [18]. The hybrid scale comprising FAIRSERY, in conjunction
with SERVQUAL, is considered suitable for this study, since its outcome parameters
are satisfaction and loyalty intensions. An interview schedule is structured on the
basis of five determinants (RATER) of PZB’s SERVQUAL scale and draws one
determinant, viz. ‘Systematic Fairness (F)’ from Carr’s FAIRSERV model. Thus,
using features of both the existing scales, an attempt has been made to bring out a
new metric, namely RATERF scale in this study.

3 Research Methodology

Figure 1 represents the sequence followed for determining factors of MSQ and SSQ,
followed by establishing their linkages with satisfaction and loyalty.

The questionnaire was generated using with a focus on purchase—supply-related
issues using newly constructed RATERF scale. The questionnaire was refined after
focus group discussion with five managers working in different SMEs and three
academicians with work published in similar areas.

The questionnaire thus emerged comprised four sections as follows:

e Section A comprises 21 items related to service quality offered by the manufacturer
towards supplier (MSQ) and one question to directly obtain overall manufacturer
service quality (OMSQ).

e Section B consists of 24 items related to service quality delivered by supplier
(SSQ) and one question to directly obtain overall supplier service quality (OSSQ).

e Section C consists of two outcome variables, viz. satisfaction (mapped by two
items) and loyalty (mapped by three items).

e Section D focuses on gathering the demographic information.

The data was collected from prospective SMEs engaged in one or other manufac-
turing activity, and having personal rapport with researchers. Prior to making personal
visits for conduct of interview(s), respondent units were mailed cover letter along
with questionnaire stating the objective of survey. The CEOs of units directed the
researcher to important functionaries to collect the responses. Most of the responses
were got filled-in through interview schedule manner where respondent was sitting
with researcher at the time of filling the response sheet. However, in a few cases (14
nos.), after having a brief session with the researcher, the respondents required few
days to fill the questionnaire and returned response sheet to the researcher during
the subsequent visits. The objective of making personal visits to the units was to
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Fig. 1 Flow chart of research methodology adopted for measurement and modelling of service
quality at supplier—-manufacturer interface

increase the response rate besides getting quality information. This approach has
been endorsed by several other researchers in contemporary studies [11-13].

The method of snowball sampling was used to execute this survey. The respon-
dents were top executives of supplier firms working for small-medium manufacturing
units located in North India. Respondents were asked to respond their opinions of SQ
that was being offered to them (and delivered by them) by manufacturing units (sup-
plier unit) on Likert scale ranging from 1 (Strongly disagree) to 5 (Strongly agree).
The researcher visited 165 units in all but, however, was able to obtain responses from
120 units. The response rate (73%) is still considered quite satisfactory. Most of the
respondents were top functionaries like proprietors themselves, managing directors,
plant heads, works managers, general managers, sales managers, logistics in-charge,
shift engineers, HoDs and sections heads, etc.



166 S. K. Gandhi et al.

4 Data Analysis

Since the factors of the scale along with indicators of MSQ and SSQ are synthesized
from similar works reported in the SQ literature, it is essential to check the scales
for reliability, EFA and CFA.

4.1 Reliability Analysis

The reliability of both MSQ and SSQ scales was analysed using Cronbach’s alpha
coefficient using IBM SPSS v21, and the output is shown below in Table 2.

4.2 Exploratory Factor Analysis (EFA)

EFA is a multivariate statistical technique commonly used to explore the dimension-
ality of a measurement. The main objective of using EFA in this paper is to group the
factors into various subgroups for making further analysis simpler. However, prior to
that, Bartlett’s test is used to assess the suitability of conducting factor analysis. To
check whether the sample size is adequate or not, Kaiser-Meyer—Olkin (KMO) test
of sample adequacy (N = 120, in this case) and significance value was performed.
The value of KMO greater than 0.6 with the value for significance less than 0.005
indicates that data size is sufficient for grouping the various relevant factors. The
result of Bartlett’s test and the KMO value are depicted in Table 3.

The results being significant thus indicate the suitability for factor analysis. Appli-
cation of EFA resulted in the extraction of five factors each for MSQ and SSQ scales,
explaining 74.802 and 73.301% of the variance, respectively. Output of EFA obtained
using SPSS v21 is presented in Tables 4 and 5.

Table 2 Reliability analysis of items in MSQ and SSQ scales

Service quality measurement | MSQ items (n = 21) SSQ items (n = 24)
Value of « 0.926 0.897
Finding Quite Good [19]
Table 3 KMO and Bartlett’s .
test of sphericity Scale at manufacturer—supplier dyad MSQ SSQ
KMO measure for sampling adequacy 0.888 0.880
Bartlett’s test of Approx. chi-square | 2101 2221
Sig. 0.000 0.000
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Table 4 Communalities, factor structure and loadings for items of MSQ
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S. No. Factors and associated items Communalities | Factor
loadings
Assurance
1. Long-term collaborative relationship 0.859 0.879
2. Purchase orders are timely and accurate 0.851 0.881
3. Has modern and adequate physical facilities | 0.851 0.882
4. Possesses right tools and equipment 0.821 0.890
5. Terms and conditions are fair with supplier | 0.735 0.822
6. Confidentiality in transactions 0.698 0.699
Communication
7. Honest in providing information/data 0.792 0.854
8. Pays attention to suppliers’ views 0.540 0.667
9. Shares information related to inventory 0.647 0.756
10. Inform changes in manufacturing schedule | 0.760 0.833
11. Prompt feedback about quality of products | 0.816 0.853
12. Have latest IT infrastructure 0.635 0.761
Alignment
13. Flexible approach in dealing with suppliers | 0.693 0.736
14. Shares company’s future plans 0.819 0.820
15. Equitable sharing of responsibilities 0.803 0.811
16. Shares knowledge/training/innovation base | 0.863 0.852
17. Based at convenient location 0.865 0.869
Responsiveness
18. Willingness to share supplier problems 0.698 0.814
19. Supplier’s queries are solved promptly 0.604 0.735
20. Respect and positive attitude for supplier 0.730 0.828
21. Values convenience of suppliers 0.630 0.714

As shown in above Table 4, the extracted factors were named as: Assurance,
Communication, Alignment and Responsiveness. All the items have significant com-
munalities (more than 0.50) and significant factor loadings (more than 0.55) [19].
Internal reliability of the items of the various factors of the MSQ scale is also exam-
ined using the Cronbach alpha coefficient and ranges from 81.4 to 94.7% and hence
is acceptable [20].

Likewise on the SSQ scale in Table 5, the five factors were named as: Credibil-
ity, Relationship, Alignment, Understanding and Dependability. All the items have
significant communalities and factor loadings. The reliability score for each factor
ranges from 83.6 to 95.1% and hence is acceptable.
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Table 5 Communalities, factor structure and loadings for items of SSQ
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S. No. Factors and associated items Communalities | Factor
loadings
Credibility
1. Supplier has strong market reputation 0.859 0.879
2. Supplier has financial strength 0.851 0.881
3. Flexibility to change product design 0.851 0.882
4. Has required knowledge/expertise/skills 0.821 0.890
5. Competent and technically sound employees | 0.735 0.822
6. Supplier is innovative in operations 0.698 0.699
7. Supplier has latest IT infrastructure
Relationship
8. Long-term relationship with your unit 0.677 0.622
9. Flexible terms and conditions 0.736 0.702
10. Supplier has willingness to serve your unit 0.645 0.646
11. Supplier’s employees are polite and courteous | 0.689 0.698
12. Supplier is fair in dealings with your unit 0.720 0.700
13. Terms and conditions with your unit are fair 0.763 0.686
Alignment
14. Right tools/equipment/technology 0.712 0.812
15. Supplier has modern and certified facilities 0.775 0.859
16. Supplier is easily approachable 0.695 0.815
17. Quick solutions to failures/complaints 0.706 0.884
Understanding
18. Understands requirements of your unit 0.689 0.778
19. Supplier values your convenience 0.726 0.827
20. Shares work-related information 0.682 0.801
21. Honest in providing information/access 0.646 0.753
Dependability
22. Right quality and quantity in right time 0.848 0.857
23. Charges minimum price for supplies 0.812 0.849
24, Maintains confidentiality in operations 0.766 0.836

4.3 Confirmatory Factor Analysis (CFA)

CFA is undertaken to further purify the scales for measuring MSQ and SSQ. CFA
model is run using SPSS AMOS v21, for four individual factors describing MSQ
scale and five factors describing SSQ scale, with respective items. Table 6 shows the
key model fit indices for the individual factors.
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Table 6 Key fit indices for measurement model of MSQ and SSQ scales

Factors Cmin/df GFI NFI CFI RMSEA
Assurance 1.346 0.982 0.991 0.998 0.054
Communication | 1.337 0.970 0.978 0.994 0.053
Alignment 0.760 0.990 0.994 1.000 0.000
Responsiveness | 0.367 0.997 0.995 1.000 0.000
Credibility 0.496 0.987 0.994 1.000 0.000
Relationship 0.968 0.982 1.000 1.000 0.000
Alignment 3.232 0.974 0.972 0.980 0.037
Understanding 0.529 0.996 0.994 1.000 0.000
Dependability - 1.000 1.000 1.000 -

Since all the GFI values are greater than 0.9, the validation of individual factors
of CFA models is established [20].

4.3.1 CFA Matrix Purification for MSQ and SSQ Scales

For purification of MSQ scale, three iteration runs of CFA were performed to yield
acceptable values of key GFIs. During this process, 5 items out of initial 21 items
were deleted due to low explained variance. The five items were:

the manufacturing unit maintains confidentiality in transactions;

the unit possesses the latest information technology infrastructure;

the unit pays attention to suppliers’ views in dealings;

the unit has equitable sharing of responsibilities with the supplier firm; and
the unit is based at convenient and approachable location.

M

Likewise during purification of SSQ scale, five iterations of CFA were undertaken
and during this process, one dimension, viz. Alignment, completely disappeared. In
total, 11 out of initial 24 items were removed owing to low variance. The deleted
items were:

the supplier has financial strength

the supplier has required knowledge/expertise/skills
the supplier firm has latest infrastructure;

the supplier has willingness to serve your unit

the supplier is fair in dealings with your unit

terms and conditions with the unit are reasonable
the supplier uses right tools/equipment/technology
the supplier has modern and certified facilities

the supplier is easily approachable

the supplier has quick solutions to failures/complaints
the supplier maintains confidentiality in operations

._.
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5 Conceptual Model and Analysis

Since this study aims at examining the impact of (a) Manufacturer service quality

on Supplier service quality, and (b) Supplier service quality on Satisfaction, and

Loyalty, the conceptual structural model for this relationship is depicted in Fig. 2.
where

v: Path Coefficient from MSQ — SSQ

B1, B2, B3: Path Coefficients from SSQ — Satisfaction; Satisfaction — Loyalty,
SSQ — Loyalty, respectively

1, 8, C3: Residual error in measurement of SSQ, Satisfaction, and Loyalty

The following four testable hypotheses were formulated:

Proposition 1: MSQ is a source of SSQ.

Proposition 2: Supplier service quality is a source of Satisfaction.
Proposition 3: Satisfaction is a source of Loyalty.

Proposition 4: Supplier service quality is a source of Loyalty.

The hypotheses developed for testing these relationships are enumerated in
Table 7.

Figure 3 depicts the pictorial representation of various path estimates of the model
using AMOS v21.

Various path estimates among latent variables of the model are depicted in Table 8.
The positive signs of the parameters represent that paths between the latent variables
are in line with hypothesized relationships.

i &

SSQ >

staction

MSQ Loyalty

Fig. 2 Conceptual structural model
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Table 7 Null and alternative

hypotheses formulated for
testing relationships
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S. No. Null hypothesis (Ho) Alternative hypothesis
(Ha)
H, Ho1: Path coefficient y | Hpl: MSQ is positively
is not significantly linked to SSQ
different form O
H Hp2: Path coefficient Ha2: SSQ is positively
B1 is not significantly linked to Satisfaction
different from O
Hj3 Hj3: Path coefficient Ha3: Satisfaction from
B> is not significantly the supplier is
different from 0 positively linked to
Loyalty
Hy Ho4: Path coefficient H,4: SSQ is positively
B3 is not significantly linked to Loyalty
different from O
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Path Estimate ¢ value* Conclusion
MSQ to SSQ 0.50 4.241 Supported
SSQ to satisfaction 0.54 6.178 Supported
SSQ to loyalty 0.52 3.568 Supported
Satisfaction to loyalty |0.42 3.770 Supported

*—1.96 <t < 1.96 indicate that parameter is not significantly dif-
ferent from zero at 5% level of significance
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6 Conclusions

The present study was intended to study (a) Service quality offered by the manufac-
turing unit (MSQ) towards facilitation of working of its supplier; (b) Supplier service
quality (SSQ) delivered by supplier; and (c) the relationship of these constructs, i.e.
MSQ and SSQ with satisfaction and loyalty measures. The attributes identified and
propositions tested by this research can help practitioners and researchers in further
appreciating the SQ issues relating to the purchase—supply function in manufacturing
SME:s. This paper also comes out with a set of four hypotheses as enumerated in
previous section at supplier—manufacturer interface. Some of the typical benefits of
the proposed scales are as follows:

i. The proposed structure fills the gaps that exist in the conceptualization of ser-
vice quality issues related to purchasing and supply functions in small-medium
enterprises of emerging economies like India. The study brings out useful deter-
minants (four each) to measure both MSQ and SSQ. The mean scores obtained
on individual questionnaire items call attention of managers to strengthen the
week areas.

ii. The MSQ and SSQ scales thus developed can also be utilized as diagnostic
tools which can be used as benchmarks to identify excellent/poor performance
of different functions within a single buyer/supplier unit. Further improvements
shown by the departments/subunits can be compared from period to period.

iii. The study also derived linkages between MSQ and SSQ with satisfaction and
loyalty based on structural equation modelling. Operations improve process and
design quality, reduce waste, fine-tune internal processes and develop synchro-
nized linkages with suppliers and distributors, and thereby achieve operational
efficiencies. By way of cost reduction and increase in product and service reli-
ability, these operational efficiencies improve the attractiveness of the products
and services. In the market, improved service quality enhances satisfaction and
loyalty of suppliers, and lures them away from competitors who are perceived
low in service quality.

iv. Thus, to achieve loyalty, it is vital for supply chain stakeholders to coordinate,
synchronize and integrate their activities to produce desired outputs by incor-
porating service quality initiatives.

However, these findings can be extended to add distributor, retailer and end user’s
perspective. Traditionally, SQ-driven operations have been set aside by managers in
such units with a wrong prejudice that transaction-specific opportunistic approach
may work best for SMEs. In the supply of raw materials, the quality of service is a
major factor in competition. This may be more relevant in the SME clusters where
manufacturers produce intrinsically similar products [21]. This study demonstrates
that high service quality is increasingly important as a tool which is used by the
supplier towards their manufacturers. The service quality provided by the supplier
and manufacturer to each other helps in establishing close relationships which are
important in creating mutual commitment and understanding. Various empirical stud-
ies on the supply function demonstrate that satisfaction is derived from relationships
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between the supplier and the manufacturer. The findings of this study are in line those
of other scholars who report that satisfaction results from satisfaction with products
and services and satisfaction with various facets of the manufacturing organization
(i.e. manufacturers) such as financial or social aspects [22].

In order to compete globally, SME units need to benchmark themselves against
quality standards and practices of small manufacturers in countries such as USA, the
European Union and Japan. Nevertheless, in their quest for excellence, these units
should evolve at a fast pace, and shift from rigid traditional structure to more respon-
sive and customer-centric business models, replacing vertical business process with
horizontal business processes so as to increase organizational and process flexibility,
and sharing information with their stakeholders and coordinate processes leading to
effective and timely decision making and responsiveness to customer needs.

In a nutshell, the honest sharing of operational information, integrating supply
chain strategy, promptness in handling queries or failures, meeting deadlines, main-
taining secrecy in dealings, flexibility in terms and conditions as per requirements,
and preference for long-term collaborative relationship are few attributes that need
to be incorporated at various supplier—manufacturer dyad of the supply chain.

At this point, it is essential to offer a caveat that some scholars have suggested
that SME managers, instead of building relationships with suppliers, still adhere to
practices such as competition between suppliers to drive down prices, and weeding
out suppliers who do not provide competitive prices. In the case of logistics-based
services, there is often a dichotomy in what manufacturers say that they consider as
desirable (relationship with supplier), and what they actually practice (transaction-
specific behaviour). However, this dichotomy has so far not been resolved in this
study.
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Parametric Investigation into Alumina
Nanopowder Mixed EDM of Inconel 825 e
Alloy Using RSM

Deepti Ranjan Sahu, Amit Kumar, Biplab Kumar Roy and Amitava Mandal

Abstract Nanopowder mixed electrical discharge machining (NPMEDM) is a
recent development in the non-traditional machining process. In this process, addi-
tion of powder into dielectric increases the spark gap between the electrodes result-
ing in more number of low intense sparks. Therefore, both the material removal
rate (MRR) and surface finish improve. The present work investigates the effect
of Al,O3 nanopowder mixed EDM oil on various responses like MRR and surface
roughness (SR). The Al,O3 nanopowder is mixed with EDM oil at a concentra-
tion of 0.5 g/L. Pulse duration (T,,), peak current (IP) and gap voltage (GV) are
taken as the process parameters. The experiment is designed using response surface
methodology (RSM), where two sets of experiments have been conducted using two
different dielectric conditions (i.e. EDM oil and powder mixed in EDM oil). Analy-
sis of variance (ANOVA) shows that all the three selected parameters are significant
for MRR and SR. The study shows that there is considerable increase in MRR and
reduction in SR after mixing Al,O3; nanopowder in EDM oil. Using field emission
scanning electron microscope (FESEM), a detailed study on the surface integrity of
the machined surface has been carried out. It has been found that NPMEDM reduced
microcracks, microholes, uneven deposit and recast layer thickness of the machined
surface to a great extent.

Keywords NPMEDM - RSM - FESEM - MRR - Surface texture

1 Introduction

Currently in many of the applications, superalloys or other materials are mostly
used. Inconel 825 is such a nickel based superalloy. Even at very high temperature,
it has very good mechanical and chemical properties. They have good resistance to
corrosion and oxidation. Because of these properties, they find prominent application
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in aerospace industries, food processing industries, chemical and nuclear industries,
components of furnace, moulds and dies, heat-treated tools and die steels [1, 2].
But poor thermal conductivity, high hardness and work hardening behaviour are
some of its properties that make machining of these materials a challenging job. In
conventional machining process, particles of the Inconel 825 workpiece sample get
adhered to the tool yielding poor quality surface. Also low rate of material removal,
difficulty in generating complex profiles, rapid tool wear, tool life reduction due to
heat generation during machining Inconel 825 are some other issues in conventional
machining process [1, 2]. Hence, electrical discharge machining (EDM) being a
non-contact type thermo-electric process is an alternate method of machining such
materials. In this process, a very small gap is maintained between the workpiece and
tool electrode while keeping both of them submerged in the dielectric fluid. Very
high temperature is generated by the produced sparks which removes material by
melting and vaporization [1, 3].

Powder mixed electrical discharge machining (PMEDM) is a variation of EDM
process. By adding powder in the dielectric, the overall resistance of the dielectric
gets reduced. Therefore, the spark takes place from a higher distance, thereby increas-
ing the spark gap. Apart from this, mixing powder in dielectric helps in widening the
spark channel and increasing the number of discharges. This in turn yields better sur-
face finish and dimensional accuracy as compared to conventional EDM [4]. Erden
and Bilgin [5] are credited for inception of the research work using powder mixed
dielectric. Shalini et al. investigated the effect of low voltage-current, pulse duration,
high voltage-current, flushing pressure and pulse off time on MRR, tool wear rate
(TWR) and SR by adding Al,O3 nanopowder in EDM oil while machining Al-SiC
MMC using copper tool on EDM. Box—behnken design was used for designing the
experiment. The study revealed that addition of nanopowder increased the MRR and
reduced the surface roughness [6]. Talla et al. analysed the effect of adding graphite
powder in dielectric fluid while machining Inconel 625 on EDM. A reduction in
crater size, crack density, microhardness, tensile stress and recast layer thickness
has been observed [7]. Elsiti et al. mixed maghemite nanopowder in the dielectric
while machining CoCrMo on micro-EDM for studying MRR, TWR, taper and over-
cut and obtained satisfactory result [8]. Karunakaran et al. studied the influence of
mixing nanopowders of 5 nm size in the dielectric fluid while machining Inconel 800
nickel based superalloy on EDM. Aluminium, silicon and multiwalled carbon nano
tube powders were taken as the powder for NPMEDM. Considerable improvement in
the responses was observed for all the powders but multiwalled carbon nano tube was
found to be most effective [9]. Gopalakannan et al. while machining aluminium based
metal matrix nanocomposite reinforced with nano sized SiC particles on EDM found
that MRR became maximum at high value of pulse on time and peak current. Voltage
was insignificant for TWR. With rise in pulse current, pulse on and pulse off time,
TWR was found to increase. Surface roughness also increased with rise in pulse on
time and pulse current [10]. Mohanty et al. in their study, found that for MRR and
SR peak current and pulse on time were significant. High MRR was obtained at high
values of pulse on time and peak current, and low surface roughness was obtained at
low value of peak current and pulse on time. Accuracy and precision of the cut was
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high at low values of pulse on time and peak current [11]. Jeykrishnan et al. studied
the influence of various process parameters on surface roughness while machining
Inconel 825 on EDM. The study revealed that for surface roughness current was
the most influencing factor followed by pulse on time [12]. Amit et al. studied the
influence of peak current, pulse on time and gap voltage on MRR and surface rough-
ness by mixing Al,O3; nanopowder in deionized water while machining Inconel 825
using copper tool. Considerable increment in MRR and SR has been found in case
of NPMEDM as compared to the conventional EDM. The pulse train captured by
them confirmed low arcing in case of NPMEDM as compared to conventional EDM
[13].

From past literatures, it has been seen that the various combinations of powder and
dielectric fluid have different effects on the response parameters. Again depending
upon the properties of the workpiece material, the responses may vary. In this regard,
the powder mixed dielectric needs to be explored further. Hence, in the present study,
a parametric study of machining Inconel 825 using Al,O3; nanopowder mixed EDM
has been carried out.

2 Experimentation

For the current study, Inconel 825 is taken as the workpiece material and copper as
the tool electrode. High electrical conductivity of tool electrode helps in yielding
high MRR. Because of high electrical conductivity copper has been taken as the
tool electrode. Al,O3; nanopowder mixed in EDM oil is taken as the dielectric fluid.
Following Box—behnken approach of response surface method (RSM), an experiment
can be designed with less number of trials. Hence, the experiment has been designed
using Box—behnken approach. T,,, IP, GV are taken as the input parameters. The
duty factor has been kept constant at 8. The bypass current, spark time and flushing
pressure are also kept as constant. MRR, TWR and surface roughness are taken as
the responses for the study.

Mathematically
Wi — We
MRR = —— ' (1)
Ty
I —T;
TWR = 2)
m
where

T+ = Final weight of tool (mg),
T; = Initial weight of tool (mg),
T'» = Machining time (minute),
W = Final weight of workpiece (mg),
W; = Initial weight of workpiece (mg).
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Fig. 2 Workpiece and tool

The machining was carried out by using ZNC/EDM35 set-up of Sparkonix make.
For determining the MRR, TWR the weight of workpiece and tool before and after
machining has been measured by using weighing machine of sartorius make of model
no. BSA4202S-CW which is significant up to 4 digit. Surface roughness has been
measured by using surface roughness tester SJ-210 of mitutoyo make. For keeping
the Al,O3; nanopowder in suspended condition and ensuring proper flushing at the
machining zone, a submersible pump has been used. Surface texture has been studied
using FESEM. In one set, 15 experiments have been carried out without mixing the
powder followed by another set of experiments, in which 15 experiments were carried
out by mixing Al,O3; nanopowder in the dielectric fluid. The experimental set-up
image is presented in Fig. 1. Work piece and tool images are presented in Fig. 2.

3 Results and Discussion

From the pilot experiment, it has been noticed that there is not much variation in
TWR for both conventional as well as NPMEDM. Even in some cases, the TWR
value is zero. The values of process parameters and the responses for different trials
are presented in Table 1.
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Expt. Input factors Responses
No. Conventional EDM | Al,O; NPMEDM
1P (A) Ton GV (V) MRR SR (um) | MRR SR (jum)
(Coded (mg/min) (mg/min)
value)
1 2 10 30 8.13 2.14 9 2
2 8 10 30 60 3.66 66.36 3.1712
3 2 70 30 26 4.02 24 3.832
4 8 70 30 83 7.04 99 7.8
5 2 40 10 23 3.648 38 4.3
6 8 40 10 125 6.42 135 7.5794
7 2 40 50 18 3.51 24.67 33
8 8 40 50 90 4914 90 7.1006
9 5 10 10 34 3.455 50 4.2188
10 5 70 10 70 6.1 80 7.5376
11 5 10 50 22 3.01 30 32
12 5 70 50 35 6.2 77 6.8182
13 5 40 30 108 5.56 130 6.198
14 5 40 30 105 5.202 132 6.203
15 5 40 30 102 5.59 135 6.001

3.1 Analysis of Variance

Analysis of variance has been conducted for MRR and SR in conventional EDM
as well as NPMEDM. In case of conventional EDM for MRR, P value for IP, T,,
and GV are 0.000, 0.030 and 0.034, respectively, indicating that all the considered
input parameters are significant. IP is the most significant parameter for MRR. For
SR, P value for IP, Ty, and GV are 0.000, 0.000 and 0.047 indicating that all the
input parameters are significant. IP and T,, are the most significant parameters for
SR. Similarly in case of NPMEDM for MRR, P value for IP, Ty, and GV are 0.000,
0.004 and 0.022, respectively, indicating that all the considered input parameters are
significant. IP is the most significant parameter for MRR. For SR, P value for IP,
Ton and GV are 0.000, 0.000 and 0.018 indicating that all the input parameters are
significant. IP and T,, are the most significant parameters for SR.
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Fig. 3 Variation of MRR in conventional EDM

3.2 Variation of MRR

From Figs. 3 and 4, it is shown that both in conventional and Al,O; NPMEDM, the
observed trend of variation of MRR is similar. With the increase in pulse duration,
initially MRR increases up to a certain value and then decreases. This may be because
of the fact that with the increase in pulse duration availability of energy for melting
and evaporation increases leading to higher MRR [4]. But with the rise in pulse
duration the pulse off time is reducing accordingly, since the duty factor is held
constant. So after a specific value of pulse on time, pulse off time may not be adequate
for removal of the debris leading to reduction in MRR. With the rise in peak current
in both conventional as well as NPMEDM, MRR has been found to increase first
and then decrease. Increase in MRR is justified because as the peak current increases
discharge energy also increases. But after, a specific value of peak current MRR was
found to decrease. Process instability at very high value of peak current may be the
reason behind this. The surface plot depicts that with the rise in gap voltage, MRR first
increases then decreases. As the gap voltage increases, the spark gap increases. This
makes the spark less intense causing a reduction in MRR. So reduction in MRR with
increase in gap voltage is justified. But the initial increment in MRR with increase in

gap voltage is unusual and may be due to the interaction effect between other process
parameters.
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Fig. 4 Variation of MRR in Al,03 NPMEDM
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3.3 Variation of SR

The surface plots shown in Figs. 5 and 6 depict that with rise in peak current as well
as pulse duration, surface roughness increases. This is obvious because with the rise
in peak current or pulse duration the available discharge energy also increases. This
produces craters of larger size leading to higher surface roughness. But with increase
in gap voltage, surface roughness has been found to decrease. This may be due to the
fact that with rise in gap voltage the spark becomes less intense. So small and shallow
craters are formed leading to a smoother surface with lower surface roughness [14].

MRR for NPMEDM in most of the trials is higher than that that of conventional
EDM. Though in case of NPMEDM better SR was obtained, but in some trials SR
in conventional EDM was better than that in NPMEDM. So to reach at a precise
conclusion optimum machining conditions for MRR and SR were determined using
response surface method. Confirmation tests were carried out at these optimum con-
ditions. MRR and SR at the obtained optimum conditions are presented in Table 2.

From the optimum responses, it is clear that MRR obtained in case of NPMEDM
is 18.6% higher than that of conventional EDM. SR in case of NPMEDM is 10.19%
better than that in case of conventional EDM.

L e |
8.00 5000
e,

500 3000
IP (A) 2001000 GV (V)

Fig. 6 Variation of SR in Al,03 NPMEDM
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Table 2 Responses at optimum condition

At optimum 1P (A) Ton (Coded GV (V) MRR SR (obtained)
condition value) (obtained) (pum)
(mg/min)

For MRR in 8 16 21 156 -
conventional
EDM

For MRR in 7 14 24 185 -
Al,O3

NPMEDM
For SR in 2 5 22 - 2.903

conventional
EDM

For SR in 2 5 30 - 2.607
AlL,O3
NPMEDM

3.4 Study of Surface Texture

From the FESEM images (Fig. 7), it is evident that the recast layer formed in case of
Al,O3 NPMEDM is thinner than that in case of conventional EDM. In conventional
EDM because of low spark gap, the material melted is not cleared off the spark
gap properly and gets deposited as the recast layer (RL). By addition of Al,O3
nanopowder, the spark gap increases. This makes the flushing more effective causing
easy removal of debris. So, the materials which would have solidified forming the
recast layer is cleared off the spark gap easily. Hence, very less amount of material
gets deposited leading to a thinner recast layer as compared to conventional EDM.
From the FESEM images (Fig. 8), it is evident that the surface texture on the
machined surface in case of Al,O; NPMEDM is better than that in case of conven-
tional EDM. This may be because of the fact that by addition of nanopowder in the

1091y
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Fig. 7 FESEM image for recast layer thickness
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Fig. 8 FESEM image for surface texture

dielectric fluid the discharge gap increases. This makes the spark less intense which
leads to formation of smaller craters, microcracks and microholes yielding a better
machined surface.

4 Conclusion

From the comparative study conducted on conventional EDM and Al,O; NPMEDM
while machining Inconel 825, the following conclusions are drawn.

MRR in case of NPMEDM has been found to be 18.69% higher than that in case
of conventional EDM at optimum condition.

Surface quality of the machined surface in case of NPMEDM is better than that in
case of conventional EDM. SR in NPMEDM has been found to be 10.19% lower than
that in case of conventional EDM. Reduction in recast layer thickness, microcracks
and micropits confirms improvement in the surface texture of the machined surface
in case of NPMEDM as compared to that in case of conventional EDM.

For MRR in conventional EDM as well as NPMEDM, IP has been found to be the
most influencing parameter followed by T,,. For surface roughness in conventional
EDM as well as NPMEDM, IP and T,, have been found to be equally significant.

Tool wear rate is not much affected in both conventional EDM as well as Al,O5
NPMEDM.
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Prashant Kumar Singh ® and Prabir Sarkar

Abstract Producing eco-friendly products has become the need of the present due to
the alarming conditions of global warming issues and depletion of natural resources.
These issues have forced the industries to adopt the eco-design strategies in their
production processes. Eco-design approaches are used by the designers to deal with
these issues not only in the development of eco-friendly products but also in the
development of sustainable buildings, eco-industrial parks and services. Efficient
integration of the eco-design approaches in product development is still under ques-
tion due to the uncertainties involved in the eco-design methods. This study provides
an insight into the various eco-design methods and tools available for developing
eco-friendly products. Different challenges and barriers to the implementation of
eco-design have also been reported in this study. Further, the uncertainties associ-
ated with the implementation of the eco-design methods are discussed.

Keywords Eco-design + Product development - Uncertainty - Product life cycle

1 Introduction

Depleting natural resources across the world and increasing global warming issues
are the serious concerns for the governments and environmental agencies. Global
Footprint Network estimated the ecological footprints for over 200 nations in 2013
and found that the rate at which natural resources are being utilized is 1.6 times more
than the rate at which they are renewed. Eco-design is a concept that attempts to
lead the world toward a sustainable future. This concept is assumed to be originated
from an idea that was developed at the beginning of the 1970s. Meadows et al. [1]
suggested in 1972 that the current behavior of global world will lead this world to an
unavoidable situation and a collapse might occur within a century. They believed that
this collapse would be caused mainly due to the depletion of natural resources. They
also urged the designers to take responsibility and to play an active role in avoiding
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this situation by using the concept of ecological and social design. In the 1980s, the
industries and the research institutions were more focused and dedicated to discussing
the concepts of low impact designs for achieving sustainable development. But in
the 1990s, the eco-design started to draw the attention and gain support from society,
researchers and governments across the world. In the meantime, several manuals
were released by the institutes and some regulations by the governments. Central
Americabecame the first part of the world where the eco-design program was initiated
and known as “Ecodisefio CentroAmerica.” Most of the countries of USA, Japan,
Australia and Europe started the implementation of eco-design concepts in the last
decade of twentieth century. However, these concepts were hardly implemented in the
developing countries of Africa, Asia and Latin America. Therefore, some research
activities and programs were organized in these countries by the Delft University of
Technology as a part of Design for Sustainability programme [2].

The Biofore Company defines eco-design as “design and produce products respon-
sibly to be safe and sustainable, and ensure that, whenever possible, the end of prod-
ucts’ life cycle is the birth of something new.” Eco-design considers the entire life
cycle of a product from cradle to grave and tries to minimize the environmental impact
caused by each phase of the product life cycle. These life cycle phases include extrac-
tion of raw material, production, distribution, use and end of life. The importance of
the integration of eco-design principles has been realized by the researchers [3, 4]
in the early stages of the product development process as most of the key decisions
are made in these stages only. The cost of changing the design keeps on increasing
as we move further during the product development. Therefore, it becomes crucial
for the designers to take all the decisions related to design alteration during the ini-
tial phases of product development. These initial phases are the conceptual design
and detailed design phases of the products. Karlsson and Luttropp [5] suggested a
linguistic map that represents the economic and ecological aspects of eco-design, as
shown in Fig. 1.

Various definitions of eco-design given by different researchers are listed in
Table 1.

Fig. 1 Linguistic map of
“eco-design” [5] Eco (logy)

S
- Eco design
./
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Author Definition Ref.
Platcheck “Eco-design is a holistic view in that, starting from the moment we [6]
know the environmental problems and its causes, we begin to
influence the conception, the materials selection, the production, the
use, the reuse, the recycling and final disposition of industrial
products”
Bhamra “Eco-design is understood to be the systematic integration of [7]
environmental considerations into the design process across the
product life cycle, from cradle to grave”
Alonso “Eco-design is an approach that integrates environmental criteria in | [8]
the design of products and services, to get the reduction of
environmental impacts they produce, taking into account all stages
of their life cycle”
Borchardt | “Eco-design is a set of Project practices oriented to the creation of [9]
etal. eco-efficient products and processes”
Wimmer “Eco-design is how to integrate environmental considerations into [10]
et al. product design and development”
Pigosso “Eco-design is a proactive approach of environmental management | [11]
etal. that aims to reduce the total environmental impact of products”
Plouffe “Eco-design means taking simultaneously into account the [12]
etal. environmental impacts in the selection of raw materials, the
manufacturing process, the storage and transportation phase, usage,
and final disposal”
IHOBE “Eco-design means that the environment is taken into account when | [13]

making decisions during the product development process as an
additional factor that traditionally has been taken into account”

2 Eco-design Methods/Tools

A significant number of eco-design methods and tools have been developed by the
researchers and designers to be employed in industries to measure the environmental
load of the products during its whole life cycle. Most commonly used eco-design
methods with their different categories are given in Table 2.

Brezet and Van Hemel [3] suggested some eco-design strategies represented by
seven spokes of a wheel which is known as the eco-design strategy wheel, as shown
in Fig. 2. These strategies are associated with the different phases of the product
life cycles and are classified at three levels of the products, viz., component level,
structure level and system level. Eco-design strategy wheel is also termed as Life
cycle Design Strategy (LiDS) wheel [14]. In Fig. 2, @ sign represents the concept of
developing a new product. It always leads to a novel approach to providing services.
One example is the elimination of the surface post by e-mail services.
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Table 2 Eco-design methods/tools
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Category

Method/tool

Description

Framework

Tool for environmentally
sound product innovation
(TESPI)

Guides business-related
strategies to determine the
features of greener products

Sustainability assessment
framework and tool (SAFT)

Provides cross-disciplinary
evaluation to identify
concerns from multiple
criteria

Checklists and guidelines

Screening life cycle

Evaluates the effects of

modeling (SLCM) promising product concepts
by creating life cycle
scenarios

DfE matrix Provides scores to a product

to track the improvements in
its life cycle impact

MET-matrix (material,
energy and toxicity)

Helps to identify the
environmental load of the
materials, energy and
toxicity of products

Rating and ranking

ABC analysis Provides ranking to the
impacts caused by a product
LiDS wheel Lists out the strategies to

reduce the impacts of a
product life cycle

Electronic product
environmental assessment
tool (EPEAT)

Rates the life cycle issues to
suggest the design changes
for eco-labeling

Software and expert system

Autodesk eco-materials
advisor

Suggests the product design
changes by considering the
material properties

Solid works sustainability
package

Provides a measure of the
impacts of the 3D model

Eco-it Identifies the parts of the
products that cause the major
impacts

Analytical MIPS Indicates the resource

utilization by a product for
providing per unit of a
service

The eco-design indicator tool

Builds the life cycle profile
of a product for the
measurement of its impact

Trade-off modeling method
Carnahan-Thurston

Evaluates the designer’s
estimates for different design
alternatives of a product

(continued)
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Category Method/tool Description
Environmental design cost Provides a way to reduce the
cost of the products for better
environmental design
Comparison Philips fast five awareness Compares various product

concepts with a reference
product to formulate
strategies for reducing the
environmental impact

Econcept spiderweb

Choose the best design by
comparing the severity of the
impacts

Morphological box

Facilitates the eco-idea
generation for multiple
design concepts

PRODUCT SYSTEM LEVEL

7. Optimization of end-of-life system
Reuse of product
Remanufacturing/refurbishing
Recycling of materials

Safer incineration

6. Optimization of initial lifetime
Reliability and durability

Easier maintenance and repair
Modular product structure

Classic design

Strong product-user relation

5. Reduction of impact during user
Lower energy consumption

Cleaner energy source

Fewer consumables needed

Cleaner consumables

No waste of energy/consumables

PRODUCT STRUCTURE LEVEL

4. Optimization of distribution system

Less/cleaner/reusable packaging
Energy-efficient transport mode
Energy-efficient logistics

@ New Concept Development*
Demateralization
Shared use of the product

Integration of functions
Functional optimization
of product (components)

Fig. 2 Eco-design strategy wheel [3]

PRODUCT COMPONENT LEVEL

1. Selection of low-impact materials
Cleaner materials

Renewable materials

Lower energy content materials
Recycled materials

Recyclable materials

2. Reduction of materials usage
Reduction in weight
Reduction in (transport) volume

3. Optimization of production techniques
Alternative production techniques

Fewer production steps

Lower/cleaner energy consumption

Less production waste

Fewer/cleaner production consumables

Priorities for the new product

Existing product

3 Barriers and Challenges in the Implementation
of Eco-design Methods/Tools

There are some noticeable barriers and challenges which are associated with the
eco-design tools and methods. These barriers are not only related to the structures
of these tools but also to their implementation in the companies. These barriers can

be summarized as follows:
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i. The specific knowledge required which is not only related to the usage of the
tool but also to the awareness of the environmental issues so that the obtained
results can be easily interpreted to propose the correct solutions [15].

ii. Some tools require a significant amount of time and data for the assessment of
the products [16].

iii. In case of small- and medium-scale industries, there is a limitation of financial
and personnel resources [17].

iv. Most of the tools are not able to handle the trade-off situations required by the
products and production processes [18].

v. There is a significant difference between the academic methods and actual
requirement of the industries and the designers [19].

Dekoninck et al. [20] identified and categorized the challenges that are faced by
the companies during the implementation of eco-design approaches.

4 Uncertainties in Eco-design Methods

Uncertainties are associated with the different eco-design methods. The literature on
eco-design suggests that most of the uncertainties occur during the life cycle assess-
ment of the products. Huang et al. [21] proposed a model to measure the uncertainties
in the manufacturing and post-use phases of product life cycle. This model facilitates
the eco-friendly material selection for products. Yu et al. [22] observed that there is a
significant difference between the predicted and estimated life cycle inventory (LCI)
values of the products at the end of life phase. A novel method based on the sensitiv-
ity coefficients was developed and validated for analyzing the uncertainties in LCI
data. Kota and Chakrabarti [23] proposed that the uncertainty in the development of
a product can be categorized into three parts, viz., product structure, life cycle phases
and data quality. They developed a method for estimating these uncertainties by the
assessment of the mismatch between the required and available information about
the life cycle of the product in each category. In some cases, there might be some
uncertainty in the measurement of the CO, equivalent for electricity consumption
using LCI database. It may happen because the technologies for producing electricity
are improving continuously and require a frequent update in LCI database.

5 Conclusion

This study shows that although the researchers have proposed a significant number
of eco-design approaches and tools, still companies are facing difficulties in the
effective implementation of these methods. It happens as there are some barriers in
the implementations of these methods. These barriers include specific knowledge
about the tools, awareness of the environmental issues, time-consuming efforts and
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limited financial and personnel resources in small- and medium-scale industries.
Also, some uncertainties are associated with the product life cycles that make it
difficult to predict the impacts during the initial design. Therefore, there is a need
to modify the existing methods or develop new methods that are easy to implement
with significant effectiveness.
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Plumbene: A New 2D-Material )
Resembling Graphene i

D. K. Das and S. K. Singh

Abstract Over two decades, two-dimensional materials attracted the attention of
researches due to their superior mechanical and thermal properties. Plumbene, the
new two-dimensional material, is a single layer of lead atoms hexagonally arranged
like honeycomb structure. It already has the application as a topological insulator. In
this paper, we will compare between structure and properties of graphene, silicene,
and plumbene for the application of plumbene in batteries, machine manufacturing,
shipbuilding, etc.

Keywords Graphene - Silicene - Plumbene - Nanomaterials

1 Introduction

Due to unique properties, nanomaterials found immense applications in diverse fields.
The causes of their unique properties are their unique structures. The only 2D nano-
material, an allotrope of carbon, graphene is discovered by Andre Geim and Kon-
stantin Novoselov in 2004 [1, 2]. It is hexagonally arranged sp>-hybridized carbon
atom structure [3]. It is designated as the ‘mother’ [4] of all graphitic carbon mate-
rials by some researchers as it is essentially being the building block for graphite
(stacked graphene sheets with C—C bond distance of 1.41 A and interlayer distance
3.35 A held together by strong van der Waals forces) and carbon nanotubes (effec-
tively ‘rolled-up’ graphene sheets). Graphene has very good mechanical, electrical,
and thermal transport properties for which it can be used in electronics industries.
But the band gap in graphene is very less (Fig. 1).

Silicene is a single atomic layer of silicon (Si) resembling graphene in hexagonal
honeycomb-like structure [5, 6]. Interatomic distance between two silicon atoms in
silicene, distance between two atomic layers, and buckling heights are 3.82, 2.248,
and 0.44 A, respectively [7, 8]. Silicon atoms in silicene possess both sp? and sp*
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hybridizations. Silicene due to enhanced transport properties than existing silicon is
preferred for electronics industries. It also has band gap more than graphene.

Plumbene also possesses buckled honeycomb structure resembling graphene
and silicene. The lattice constant of plumbene is 4.93 A, and the nearest neigh-
bor atoms’ Pb—Pb bond distance in plumbene is 3.00 A [9, 10]. The Pb—Pb bond
angle in plumbene is 108.34° [9] which results in buckled structure of plumbene.
m—m overlapping is also observed in plumbene-like graphene but weaker in nature
than graphene due to longer bond length. Overlapping between o and 7 orbitals
in plumbene is enhanced due to its buckled configuration, and thus the, system is
stabilized [9]. Very high band gap is observed in plumbene and hence can be an ideal
material for topological insulator. It can also have applications in batteries, machine
manufacturing, shipbuilding, etc., where lead is used till now.
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2 Comparison Between Properties of Graphene, Silicene,
and Plumbing

High remarkable charge-carrier mobility of 2000-5000 cm?/V s is found in graphene
[10]. Under optimal conditions, charge-carrier motilities in excess of 200,000 cm?/V s
[11-13] are also reported for graphene. Due to this highly permitting electron trans-
port property of graphene, it found applications in field effect transistors (FETSs)
which operate in very large frequencies of 100 GHz to terahertz range [14, 15].
Graphene has optical absorptive power of 2.3% [16] and a tremendously high opti-
cal transparency of up to 97.7% [17] for a monolayer. These properties of graphene
found its potential applications in holographic data storage devices [18] and trans-
parent electrodes in solar cells [19]. A high mechanical strength of Young’s modulus
of 1 TPa [20], thermal conductivity of 5000 W/m K [21], and exceptionally large
specific surface area of 2630 m?> g~! [22] are also observed in graphene.

In modern electronics industries, silicene has potential applications such as light-
emitting diodes (LEDs) and field effect transistors (FETs) [23]. Another advantage of
silicene is its edges are not affected by oxygen [24]. Young’s modulus and Poisson’s
ratio of silicene are 0.178 TPa and 0.34, respectively [25, 26]. Thermal conductivity
of silicene is 9.4 W/m K [8].

High band gaps are observed in plumbene which claims its promising applications
in topological phenomenon and high-temperature applications [27]. Few comparable
properties between graphene, silicene, and plumbene are presented in Table 1.

3 Conclusion and Future Work Direction

In Table 1, it is observed that band gap in plumbene is much higher than existing other
two-dimensional materials, graphene and silicene. Hence, they can have potential
applications such as topological insulators and high-temperature operations. Struc-
tural configurations also result in advantageous unique properties of plumbene than
graphene and silicene. Even it possesses superior properties than lead and can be
applied for the application in batteries, machine manufacturing, shipbuilding, etc.,
where convectional lead is used till now. Plumbene can also have applications in

Table 1 Comparison of few properties between graphene, silicene, and plumbene

Elements Mechanical properties Thermal Band gap
properties
Graphene 1 TPa (Young’s modulus) 5000 WmK | 1073 meV
Silicene 0.178 TPa (Young’s modulus) and 0.34 9.4 W/mK Accessible
(Poisson’s ratio)
Plumbene NA NA 1.34eV
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nuclear plants for power generations, preparation of plumbene-reinforced nanocom-
posites, etc. Plumbene can have predicted applications where conductivity is the
prime concern.

Mechanical and thermal properties of plumbene are not yet being reported. In our
future, we will work on mechanical and thermal properties of plumbene and evaluate
them.
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Study the Wear Behaviour of A15083-7% )
B4C Composite Fabricated by Stir ek
Casting Technique

Ram Singh ®, Malik Shadab, Ram Naresh Rai, Chiranjit Bhowmik
and Shankar Swarup Das

Abstract Aluminium composite significantly possesses better properties as com-
pared to unreinforced aluminium alloy such as high specific strength and higher
damping capacity. Metal matrix composite (MMC) is widely used in various indus-
tries because they are ductile in nature and light in weight. This paper presents an
investigation of the dry sliding wear behaviour of the A15083 composite produced
by stir casting technique with 7%B4C weight percentage and A15083. Evaluation of
wear rate was conducted by an advanced pin-on-disc tribotester at different loads
(30, 40, and 50 N) and different sliding speed (134, 200, and 267 RPM). Then,
the investigation from the result of scanning electron microscope (SEM) images of
worn surfaces shows that the wear resistance of the A15083 composite is higher than
Al5083. It is found that the damages of the surfaces at low load are less than at high
loads and also the damages of surfaces at low sliding distance are less than at high
sliding distance. The volume loss increases as the load increases, and similarly at the
same applied load, volume loss increases as the sliding distance increases.

Keywords Al5083 - MMC - B,C

1 Introduction

Aluminium alloy is extensively used in the modern industries because of its less den-
sity, high corrosion resistance, and high stiffness, but its application is restricted due
to poor wear resistance. In order to enhance the wear resistance of aluminium alloy,
the ceramic hard particle is used as the reinforced material. The material obtained
after adding of hard particle is known as aluminium composite. The wear resistance
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and mechanical properties of the aluminium composite are higher than the aluminium
matrix. Senthilkumar et al. [1] studied about the pure aluminium composite which
is synthesised by stir casting technique and the effect of reinforcement particle of
graphite and boron carbide where the wear test result shows that there is a reduction
in coefficient of friction and frictional force for 5%B4C. The wear rate decreases
with the increases in B4C percentage in a pure aluminium matrix. Aluminium alloy
is broadly used in various sectors such as automobile, aviation, marine, and defence
industries [2, 3]. Boron carbide is black in colour with metallic luster, and it is known
as third hardest material after diamond and cubic boron nitride [4]. Gopal et al. [5]
synthesized the A16061 composite reinforced with B4C at various weight percentages
by stir casting method, and he analysed the hardness, tensile strength.

Magnesium and silica are the major elements of A356 and B,C which are used as
reinforced particle and the composite shows that wear rate and wear volume decrease
as the weight percentage of hard particle increases [6]. Baradeswaran et al. [7] studied
the effect of B,C particle on Al7075 and found that the hardness, tensile strength,
compression strength, flexural strength, and wear resistance of the composite increase
with the increasing the volume fraction of hard particle. Harichandran et al. [§]
investigated the effect of micro- and nanoparticle of B4C on composite which is
synthesized by stir and ultrasonic cavitation-assisted stir casting and found that the
nanoparticles more than 6% lead to agglomeration and porosity into the casting
and also decrease the strength and ductility of the casting. The wear resistance of
nanoparticle composite is higher than the microparticle composite up to 8% of B4C.

Al-Qutab et al. [9] investigated the wear and coefficient of friction of aluminium
composite with alumina as a reinforcement particle of 10, 20, and 30%, and they
found that wear rate decreases with the increases in reinforcement particle. Praba-
garan et al. [10] studied the wear behaviour of Al6061, Al6061/B4C metal matrix,
and Al6061/B4C/Gr hybrid composite which are higher than the Al6061/B,C and
Al6061 matrix.

In this paper, an attempt has been made to test the wear rate and coefficient of
friction of the A15083/7%B,4C at different loads and distances. Then, the morphology
study of worn surfaces was done by thorough investigation of the images obtained
from SEM.

2 Experimental Description

The material used for the preparation of the specimen is A15083/7%B4C composite
which is prepared by stir casting technique. It was developed at 730 °C by an ex
situ technique in an induction furnace (see Fig. 1), A15083 of small pieces, 7%B4C
of 300 mesh size were used as raw materials. At first, A15083 of small pieces was
melted into a graphite crucible at a temperature of 650 °C, afterwards, B,C was added
with the speed of 1 gm/s into the molten melt at temperature of 650-700 °C, and by
the help of graphite stirrer, the molten mixture was continuously stirred for 10 min.
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Fig. 1 Induction furnace

Fig. 2 Wear testing set-up
(pin-on-disc)

Subsequently, the liquid mixture was poured into the metallic mould for carrying out
the specimen preparation for the wear test.

A dry sliding wear test was performed at room temperature using a pin-on-
disc wear testing machine as shown in Fig. 2 (DUCOM wear friction monitor,
model—TR20LE-MS5). The specimen of 6 mm diameter of the length of 40 mm was
used for the testing. For achieving the similar grade of surface roughness of each
specimen, every sample would follow the same polishing procedure. The polishing
process was performed in disc polisher machine with different grades of emery paper.
The disc plate which was used as counter plate for sliding is made of EN31 material
of hardness 62 HRC. Before starting the experiment, the disc must be polished with
emery paper and, at last, cleaned with acetone to remove the foreign particles. The
experiment was performed at a load (30, 40, and 50 N) and sliding distance of (1000,
2000, and 3000 m). After performing every experiment, the disc must be cleaned
before every experiment. The EDS of worn surface confirms the presence of B4C
(see in Fig. 3).
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Fig. 3 Worn surface of composite and corresponding EDS analysis

3 Result and Discussion

3.1 Effect of Normal Load

The effect of applied load on the wear rate of A15083/7%B4C composite and A15083
is shown in Fig. 4, and it is also shown in the graph that wear rate of the composite
and A15083 increases as the applied load increasing. This result follows Archard’s
law of wear, which states that wear rate increases with an increase of applied load.
As the applied load increases, the contact between the asperities of the tested pin and
counter-surface of disc increases which leads the deformation of the soft asperities.

The volumetric losses of specimen in the form of wear debris go on increasing
as the applied load increases, resulting in volumetric losses leading to more material
loss.

Volumetric loss (mm3) = 7r2xl

whereas r is radius of pin in mm and / is change in length of pin in mm.

The wear resistance of composite decreases as the load increases. At low applied
loads, few of the asperities may get deformed plastically or remain elastically
attached. This plastically deformed material gets detach from the specimen and fills
the valley of the specimen surface as well as disc. During the beginning of the load,
the harder asperities of the counter surface may dig the soft surface of the specimen.
This wear mechanism is known as abrasive wear.

The applied load affects the contact surface area between the specimen and its
counter surface, which in turn affect the quantity of generated frictional heat. After
40 N load, the wear loss for both the material decreases with an increase in the load.
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The wear losses are more stable and linear due to the generation of high frictional
heat leading to the oxidation of specimen surface and strain hardening.

Figure 5 shows the SEM images of worn surface of casted A15083/7%B,4C at a
load of (30, 40, and 50 N), sliding speed of 134 RPM, and sliding duration are 45 min
for the each and every applied load.

At low applied load, the worn surface of A15083 shows more deeper and bigger
groove on the worn surface. Small pits, adhesive wear, and micro-cutting were also
seen into the surface. On the other hand, it is observed that the worn surface of
composite shows smaller groove with lesser depth (presence of hard particle resist
the wear mechanism) at same experimental conditions and craters are also seen into
the worn surface. More debris are produced during sliding of specimen at low load
this happen due to the breaking of soft asperities of the matrix. During the increase of
load more frictional heat is generated and this causes the deformation of asperities.
Initially craters are developed due to delamination and cracking of surface. At higher
loads, the ploughing of hard particles takes place and this initiates the crack. The
material removal rate is higher at higher loads because material removal takes place
due to delamination as well as micro-cutting.

3.2 Effect of Sliding Distance

It is clear from Fig. 6 that wear losses increase with the increases of sliding distance.
At the beginning of the sliding distance up to the first 3.5 km, the material removal is
more gradually increases for both the material, but the material removal rate is high
for the A15083 as compared with the composite. The wear losses of the specimen
due to sliding distance are related to the actual contact between the asperities of the

Fig. 4 Effect of applied load
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Fig. 5 SEM micrographs of worn surface at sliding speed of 134 RPM and load of 30, 40, 50 N is
a,b,c for composite and d,e.f for A15083, respectively

Fig. 6 Effect of sliding 12
distance on wear losses
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specimen and sliding surface of the disc, asperities of specimen could not resist the
generated shear force, the asperities may get deformed and detached, and these are
mainly happened due the cutting action of the hard asperities of the disc.

These deformed and detached materials fill the valleys of asperities. The loose
debris which is present between the surface of specimen and disc during the sliding
of the specimen is the combination of fractured part of the asperities as well as the
hard particle of reinforcement which is pulled out during the sliding of specimen;
this loose debris acts as an abrasive medium and increases the wear losses. This wear
mechanism is known as abrasive wear.
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Fig. 7 SEM micrographs of worn surface at applied load 40 N and sliding distance of 2.2, 3.4, and
4.5 km are a,b,c for composite and d,e.f for A15083, respectively

After 3.5 km sliding distance, the removal of material from the specimen is more
linear. Because as the sliding distance increases, more frictional heat generated
between the contact surface, and this leads the adhesion of loose debris into the
disc which leads the stability and linearity into the wear losses.

Figure 7 shows the worn surface of casted A15083/7%B4C composite and A15083
at 40 N load and sliding distance of 2.2, 3.5, and 4.5 km, respectively. Above SEM
image shows the severity of worn. At lowest distance, the SEM images of A15083
shows deeper and continuous groove and ploughing of surface, whereas the discon-
tinuity in ditch and less deeper groove and ploughing are seen into the worn surface
of A15083 composite. The small craters and continuous groove are shown in SEM
images of sliding distance 2.2 km. Whereas the SEM images of sliding distance
of 3.5 and 4.5 km show deeper groove with deformed edges when compared with
smaller sliding distance, severe delamination of the worn surface of specimen is
clearly shown in the SEM images at higher sliding distance. The damages of surface
are more in A15083 when compared to A15083 composite because the hard particle
resists the wear of composite. At higher sliding distance, the generation of frictional
heat is high, and this leads the plastically deformation of edges of groove and cracks
are developed into the surfaces. The worn surfaces of both materials show the delam-
ination of subsurfaces at higher sliding distance. It is clear from the SEM images
that the abrasive and delamination wear are major at higher sliding distance.
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4 Conclusions

The wear losses of the composite and Al5083 are increasing with the increases of
sliding distance and normal load. The wear loss of composite and A15083 is more
gradually increasing as the sliding distance increasing up to 3.5 km (8.1489 and
9.8587 mm?, respectively) after that wear loss more uniform and stable (9.0536 and
10.9356 mm?, respectively) due to the adhesion of loose debris into the disc surface.

Whereas the wear losses of composite and A15083 (6.48 and 7.2992 mm?, respec-
tively) is increases more gradually as the load increases up to 40 N. After that, wear
loss increases more linear and stable (8.77 and 13.7795 mm?> respectively) due to
more frictional heat generated at higher load which lead the oxidation and strain
hardening the specimen surface.
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Abstract Electric discharge machining (EDM) is thermal erosion advanced machin-
ing process which is capable of machining very hard conductive materials that can-
not be machined by any other conventional machining processes. However, process
parameters used in EDM have a wide range and for achieving efficient machining
optimum selection of these parameters plays an important role. In the present study,
discharge current (7), pulse on and pulse off time were taken as process variables in
machining AISI 202 stainless steel using a copper alloy tool. This study aims to opti-
mize electrode wear rate, material removal rate, as well as surface roughness of work-
piece using response surface methodology (RSM) approach. The results obtained
after experimental procedure were analyzed by analysis of variance (ANOVA) tech-
nique. Regression equation for the EWR, MRR, and Ra was also generated. This
study also focuses on surface changes and crystalline changes that occur after EDM
process by using different characterization techniques. Atomic force microscopy
(AFM), scanning electron microscopy (SEM), and X-ray diffraction (XRD) tech-
niques have been used for studying the changes on materials after machining pro-
cess. Based on the experiment, it was found that discharge current and pulse on
time significantly affect the machining performance. The optimized electrode wear
rate and material removal rate obtained were having values 0.000155 mg/min and
0.048175 mg/min, respectively. This study can be helpful for selecting optimum pro-
cess parameters in machining of 202 stainless steel to achieve efficient machining.
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1 Introduction

Due to the limitation of conventional machining processes of not able to machine
hard materials need for advanced machining processes was there. Sparking between
two electrically conducting materials erodes some material from both materials this
fact was utilized for machining of metals and electric discharge machining was thus
invented. Electric discharge machining (EDM) a non-conventional thermo-electric
advanced manufacturing process in which the continuously occurring sparks between
tool and workpiece submerged in a dielectric fluid removes material from both the
electrodes [1]. Removal of material in EDM takes place due to the heat energy of
sparks. The thermal energy produced is a result of electric energy applied in this
process. Consequently, for an efficient machining operation, the electrical process
parameter needs to be optimized [2]. There is a huge requirement of components
made up of very hard and difficult to machine materials in automotive, aerospace,
electronics, optics, medical devices, and communications industries, machining these
materials by conventional method is not possible. EDM offers a better alternative to
machine these materials. During EDM process, there is always a small gap present
between tool and workpiece thus removing any possibilities of vibration or mechan-
ical stresses [3]. The main use of EDM is to produce dies for extrusion and forging
industries. Besides this precise machining and making very complicated shapes on
some difficult to machine materials can be done easily by EDM. EDM can also be
applied for machining heat treated materials, ceramics, composite materials, etc. [4].

Having a very wide range of applications and being used widely for manufacturing
various parts, there are some problems related to EDM machining. As the sparking
erodes material from both the electrodes so, the wear of the tool is a problem in this
process. Simultaneously, the material removal rate is also less. Research is going on
to optimize the machining process and to improve the performance of EDM process.
Material and fabrication cost of tool is also important as the cost of product man-
ufactured depends upon tool cost [5]. Commonly graphite or copper materials are
used in making tool for EDM but due to the problem of tool wear rate and material
removal research for developing tool materials having low tool wear is going on.
Many tool materials have been developed and tested. Khanra et al. investigated the
performance of a ZrB,—Cu as a tool material in EDM and found this material gives
less tool wear as compared to pure copper tool [6]. Lopez-Esteban et al. tried elec-
tric discharge machining of ceramics and concluded that finishing ceramic materials
into complex geometries with the tolerance required can be done easily by EDM
process [7]. Kiyak and Cakir examined machining parameters on surface roughness
in EDM of tool steel using pure copper tool and observed that surface roughness
of tool and workpiece was influenced by pulse duration and current, by increasing
them the roughness also gets increased [8]. Some authors developed ZrB,—CuNi tool
for EDM and described its applications [9]. Review of electric discharge machining
also shows that efforts are being made to lower the tool wear and increase material
removal in EDM process [10]. Fonesca and Marafona studied the effect of deioniza-
tion time on electric discharge machining performance and their study shows that
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material removal rate and tool wear rate get affected by the time needed to deionize
the dielectric [11]. Tang and Guo investigated parametric optimization of EDM on
stainless steel workpiece and concluded that discharge current and pulse on time as
influential parameters in machining process [12]. Tsai et al. studied Cr/Cu composite
electrode performance and found an increase in material removal but poor surface
finish is obtained when using this tool in negative polarity [13]. Lee and Tai described
a relationship between EDM parameters and surface crack formation using full fac-
torial design [14]. Statistical analysis of tool wear in EDM has also been done which
shows that on time and current were having significant effect on electric discharge
machining [15]. Haron et al. studied the copper and graphite electrode performance
in EDM process and found copper as a better tool for machining tool steel [16].
Hu et al. investigated material removal rate and surface damage in EDM of ceramic
material and according to them, melting and decomposition are the main material
removal mechanisms in EDM process [17]. Muttamara et al. described electrode
material effects on electric discharge machining of alumina [18].

From the literature review on EDM technology, we found that several efforts
have been made to lower the tool wear rate and increase the productivity of electric
discharge machining but not much work has been done in EDM of AISI 202 stainless
steel using Cu—Cr—Zr as tool electrode. Also, the application of RSM methodology in
the electric discharge machining of combination of these two materials has never been
attempted. So, in this research work authors are trying to fill this gap by analyzing the
effects of machining parameters in EDM of AISI 202 stainless steel and optimizing
the machining performance through RSM model. Changes on materials after electric
discharge machining have also been studied in this work.

2 Materials and Methods

2.1 Tool Material

Copper—chromium-zirconium (Cu—Cr—Zr) one of the copper alloys was used as tool
electrode material in this investigation. EDS image of its composition is shown in
Fig. 1a. Pure copper is soft and used for electrical purposes due to its high electrical
conductivity in comparison with its mechanical properties. Addition of zirconium
will add to its strength and increases its softening temperature to 300 °C and there
will be no effect on the conductivity of copper. So, a study on this copper alloy has
been done.
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Fig. 1 EDS image and chemical of composition of tool and workpiece materials

2.2 Workpiece Material

Workpiece material used for the present study was AISI 202 stainless steel. The
chemical composition and EDS analysis of the workpiece material are shown by
Fig. 1b. Stainless steel has been selected for this work as there is huge demand of
products manufactured by this material. Stainless steel is most important material
used in industries mainly because of its corrosion resistant property which is due to
high chromium content in it. Also due to its hygienic properties, it is used in making
utensils, medical instruments, etc.

2.3 Design of Experiments

This paper used response surface methodology approach for designing the experi-
ments. Collection of mathematical and statistical techniques used for modeling and
analysis of problems are provided by RSM. This technique reduces the number of
experiments without any reduction in accuracy [19]. A central composite design with
2% factorial has been designed where k is the number of variables. RSM approach
has been used to plan the experimentation, to analyze the results and to obtain a
second-order polynomial regression equation for EWR, MRR and R, [20]. The main
objective of this approach is to analyze the relationship between the response of
interest and the process parameters used in machining [21]. This methodology helps
in understanding how the change in applied process parameters affects the response.
Basic equation of response surface method is of the following form.

Where, Y is the response of our interest, e.g., MRR, EWR and R,. X; (1, 2 ...
n) are the quantitative variables and 8,, B;, Bi;, B, are the second order regression
coefficients. Table 1 gives the parameters used in the experiment, their units, symbols,
and the coded levels.
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Table 1 Level values of Parameters Unit Symbol | Level
process parameters
-1 0 1
Current A 1 5 7 9
Pulse on time | ps Ton 55 65 75
Pulse off time | us T oft 5 7 9

Fig. 2 Schematic view for
the EDM machining
operation

2.4 Experimental Procedure

During present investigation, Die sinking model electric discharge machining has
been used. Polarity of tool electrode used was straight and commercial grade EDM oil
as dielectric fluid for machining purpose has been used. Figure 2 shows the schematic
view of EDM machining operation. The workpieces were prepared by first cutting
them from stainless steel sheet and then grinding to make the both surface parallel
and tool electrodes were prepared in the form of cylindrical shape of 7 mm diameter.
As the number of parameters used is three so there are 20 numbers of experiments by
RSM method. Before and after the machining operation, the weight of tool electrode
and workpiece was taken and the time of machining was also noted so that further
calculation can be done using this data.

3 Characterization

In this experimental investigation, we have characterizes the tool and workpiece
surfaces with energy-dispersive X-ray spectroscopy (EDS), atomic force microscopy
(AFM), scanning electron microscopy (SEM), optical surface profiler (OSP), and
small angle X-Ray diffraction measurements (XRD), respectively.
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4 Results and Discussion

All the data collected during the experimentation was used to calculate the values
of tool wear rate and material removal rate. Surface roughness was measured by
optical surface profilometer. Table 2 gives the design layout of experiments and all
the calculated values of responses at different combination of process parameters.

After performing the experiments according to design of experiment, collecting
all data and calculating the responses search for optimal values of process parameters
has been done to achieve lowest electrode wear and surface roughness and highest
material removal rate in this process. Table 3 gives the values of parameters in which
optimum results were found.

Table 2 Design layout and experimental results

S. No. Coded factors Uncoded factors | Response variables
x |y |z |1 Ton | Toif | EWR MRR R, (um)
(mg/min) (mg/min)

1 -1 1 1 |5 75 |9 0.000165 0.00155 1.92
2 0 |—1 0 |7 55 |7 0.000204 0.01847 2.12
3 0 0o |-1 |7 65 |5 0.000175 0.013095 2.14
4 -1 |—-1 |-1 |5 55 |5 0.000163 0.00198 1.72
5 0 0 0 |7 65 |7 0.000179 0.012415 2.17
6 1 1 | -1 |9 75 |5 0.000521 0.0342 3.33
7 0 1 0 |7 75 |7 0.000273 0.00669 2.03
8 -1 1 |-1 |5 75 |5 0.000168 0.001495 1.71
9 0 0 0 |7 65 |7 0.000181 0.015095 2.19
10 1 0 0 |9 65 |7 0.000286 0.045095 3.12
11 0 0 0 |7 65 |7 0.000184 0.01382 2.21
12 -1 | -1 1 |5 55 |9 0.000155 0.001205 1.87
13 1 1 1 |9 75 |9 0.000413 0.00264 3.61
14 0 0 0 |7 65 |7 0.000187 0.013985 2.25
15 1 [=1 |=-1 |9 55 |5 0.000372 0.048175 2.50
16 0 0 1|7 65 |9 0.000215 0.013375 2.53
17 0 0 0 |7 65 |7 0.000188 0.01385 2.33
18 -1 0 0 |5 65 |7 0.000162 0.001665 1.88
19 1 -1 1|9 55 |9 0.000335 0.04203 2.72
20 0 0 0 |7 65 |7 0.000192 0.014535 241
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Table 3 Op tlmgl values of Process parameters | Value obtained
parameters obtained
EWR MRR R,
Current (A) 5 9 5
Pulse on time (s) | 65 75 75
Pulse off time (js) 7 9 5

4.1 Mathematical Modeling for Responses

Based on the basic response surface method equation effect of selected process
parameters that were current, pulse on and pulse off time have been evaluated.
The values of different constants in the basis equation have been evaluated using
MINITAB 17 software. Regression equations in uncoded units for electrode wear
rate, material removal rate, and surface roughness thus generated are shown below.

4.2 Analysis of Variance

The generated model is tested for its significance by analysis of variance (ANOVA).
F-value and P-value have been obtained for EWR, MRR and R,,. If the associated P-
value for the model is less than 0.05 (i.e., @ = 0.05) it means the model is statistically
significant. The R? is used as a measure of the goodness of fit and can be defined as
the ratio of variability explained by the model to the total variability in the actual data.
The more R? approaches unity, the better model fits the experimental data. The value
of 0.9509 was obtained for the R> which signifies that the model explains 95.09% of
the variability of EWR, whereas the adjusted R? (adj) is 90.66%. The model explains
95.05% of the variability of MRR, whereas the adjusted R* (adj) is 90.60%. Again,
the model has 96.68 and 93.63% of the variability of MRR for R and adjusted R?
(adj), respectively.

4.3 Parametric Influence of EDM on EWR

The effect of discharge current, pulse on and pulse off time on electrode wear rate is
discussed here. 3-D surface plot has been plotted using Statistica software with the
help of data used in during experimental work. Figure 3 shows influence of selected
parameters on electrode wear rate. From the results for all values of pulse on time,
if we increase discharge current then the electrode wear rate is also increasing the
reason behind this may be as the current value increases the energy of spark gets
increased and it erodes more material. It can be also noticed from Fig. 3a that for low
values of current as pulse on time increases EWR is not increasing that much but for
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‘mm

Fig. 3 a Surface graph showing influence of 7 and 7', on EWR. b Surface graph showing influence
of I and T off on EWR. ¢ Surface graph showing influence of Ty, and 7ot on EWR

higher values of current EWR is increasing for increasing pulse on time. Figure 3b
shows that EWR is not increasing for higher values of pulse off time at low current
settings but as the current increases the EWR increases rapidly. On the other hand,
EWR is seen decreasing a bit if pulse off time is increasing. Influence of pulse on
and pulse off time is shown by Fig. 3c for low value of pulse off time as pulse on
time increases EWR decreases but then it increases at higher values of pulse off time
as by increasing machining duration more material get removed and flushing of that
material takes place properly at high pulse off time.

4.4 Parametric Influence of EDM on MRR

From Fig. 4a—c, the influence of machining parameters on MRR can be studied. For
all the values of pulse on and pulse off time as the current increase material removal
rate increases slowly and then increases rapidly for high values of current due to
increase in energy of spark generated. While a decrease in MRR can be noticed
from these three graphs when pulse durations are increasing this is because when
we increase the pulse duration the plasma channel gets expanded and thus reducing
energy density of spark.

LA
f"&f"a“q
o

Fig. 4 a Surface graph showing influence of I and 7'y, on MRR. b Surface graph showing influence
of I and T off on MRR. ¢ Surface graph showing influence of Ty, and 7' off on MRR
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Fig. 5 a Surface graph showing influence of I and T, on R,. b Surface graph showing influence
of I and Toff on R, ¢ Surface graph showing influence of 7', and 7ot on R,

4.5 Parametric Influence of EDM on R,

Figure 5a, b shows that for all values of pulse on time and pulse off time the surface
roughness increases for increasing values of discharge current this may be because as
the current increases it will produce a stronger spark making the crater oh higher depth
on the work surface as a result the surface roughness increases. Surface roughness
also increases for increasing pulse on time and pulse off time.

4.6 Scanning Electron Microscopic Study

Effects of machining on the surface of tool and workpiece material were investigated
by doing scanning electron microscopic study. During the machining process, the
temperature of spark is very high due to which the material melts but between the
sparks when molten material is flushed away by the dielectric suddenly the tempera-
ture between tool and workpiece decreases. So, during the whole machining process,
the surface of both the materials faces various changes. Figure 6a—c shows the SEM
images of tool used at 5, 7, and 9 A, respectively. The SEM images of machined
workpiece surfaces at optimum values of process parameters for all the three current
settings are shown in Fig. 6d—f. This study shows that the surface after machining
has changed it has recast layer, globules of debris, pores, microcracks, and craters
because of high energy of sparks and subsequent quenching. Some microcracks can
be observed on the machined surface which is formed due to increase in residual
stresses, this increase in stresses is due to increase in non-homogeneities within
white layer. The molten metal which does not get flushed away and re-solidifies
forms this white layer.
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Fig. 6 SEM images of tool surface (a—c) and workpiece surface (d—f) after machining

4.7 Atomic Force Microscopic Study

AFM is one of the most widely used techniques for measuring, imaging, and manip-
ulating the required information at nanoscale level. 3-D surface profiles of electrode
and workpiece after electric discharge machining were taken. Surface roughness also
depends on the hardness of material to a great extent. Figure 7a shows AFM image
of tool that was used to machine at 5 A current and Fig. 7b, ¢ shows AFM image of
tool used at 7 and 9 A, respectively. These figures show that the machined surface of
tool used at high current setting is rougher than the tool used at lower current settings
because the roughness depends on discharge energy during machining. Figure 7d—f
shows AFM images of machined workpiece at optimal parameters, these figures
also show that roughness is increasing with increase in current. In this experiment,
we used a different combination of all the three parameters and images of best the
combination of parameters are shown here. It is observed that by optimizing these
parameters.

4.8 X-ray Diffraction Study

X-ray diffraction study of the top layer of both tool and workpiece before and after the
machining operation at three different current settings has been performed to study
the changes the materials undergo after the machining process. Figure 8a shows
XRD pattern of unmachined tool surface and Fig. 8b shows XRD patterns of tool
used to machine at 5, 7, and 9 A. From these figures, we can see that tool material
before machining has peaked with high intensity and as the current settings are
increasing peaks intensity is also decreasing. During machining process, the surface
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Fig. 7 AFM images of tool surface and workpiece surface after machining
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Fig. 8 a XRD patterns of tool before machining. b XRD pattern of tool after machining at different
current. ¢ XRD patterns of workpiece before and after machining

is subject to many physical processes and temperature changes because of this there
are microstructural changes in the material its grain size changes and change of
phases also takes place. As a result, change of intensities can be noticed in the XRD
patterns as grain size is indirectly proportional to the lattice strain. Figure 8c shows
XRD pattern of workpiece before and after machining at three different parameters
settings. In this figure also, the intensity is decreasing as the current value increased.
Slight shifting and broadening of peak can be observed, this may be because of a
very high-temperature generation because of change in phases during machining
operation.

5 Conclusion

In the present study, an attempt was made to investigate the effect of process parame-
ters on EDM of AISI stainless steel 202 using a copper alloy tool and thus optimizing
the parameters using the RSM approach. Following conclusions were drawn.
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Electrode wear rate (EWR), material removal rate (MRR) and surface roughness
all are greatly influenced by discharge current in this process. Pulse on and pulse
off time have a considerable effect on these responses.

Response surface methodology has been to form mathematical models. Regres-
sion equation of these models was generated and the interactive effect of process
parameters on machining performance can be seen by these equations.

SEM and XRD studies show that the machined surface of workpiece and the
tool surface both undergo some changes by this machining process. Because of
the material removal mechanism, recast layer was formed on the surface. Due to
many complex physical processes and high temperature changes occurring at the
surface materials also undergo change in phases.
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Abstract Polymer matrix composites (PMCs) are replacing traditional metals and
unfilled polymers due to their superior properties such as excellent strength/stiffness-
to-weight ratio with enhanced toughness and low cost. Friction stir welding (FSW)
is a new addition for joining of plastics and it has many advantages when compared
with traditional joining process. The aim of this work is to investigate the feasibility
of glass-filled Nylon 6 composites by FSW. Glass-filled Nylon 6 composites were
fabricated by an injection molding machine and joined by FSW process with H13 tool
steel with cylindrical pin profile. In order to study the mechanical and morphological
properties of FSWed sections of glass filled Nylon 6 composites, a full factorial design
of experiment was employed using the factors like tool rotational speed (400, 500
and 600 rpm), tool traverse speed (0.2, 0.3 and 0.4 mm/s) and tool tilt angle (0°, 1°
and 2°) having constant standoff distance 0.2 mm. Analysis of variance (ANOVA)
was used to find out the significance of process parameters (tool rotational speed,
tool traverse speed, and tool tilt angle) with the tensile strength, and percentage
elongation. The optimized result was achieved at a tool rotational speed of 600 rpm,
welding speed of 0.2 mm/s, and tilt angle of 2° with defect-free welds. It is observed
that joining of glass-filled Nylon 6 composites is feasible one with proper selection of
process parameters and tool rotational speed has a significant effect on weld strength
followed by tool traverse speed and tool tilt angle.
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1 Introduction

Nylon is high-performance, semi-crystalline thermoplastics with a number of attrac-
tive chemical, physical, and mechanical properties. Glass-filled Nylon 6 finds appli-
cation in a wide range of products that requires high-strength materials [1]. Recently,
the non-conventional joining processes such as high-speed laser welding, hot tool
welding, ultrasonic welding, friction welding, resistance welding, microwave weld-
ing, vibration welding, and induction welding were used to join plastics. The various
polymer joining methods for thermoplastics are shown in Fig. 1 [2, 3]. The most com-
monly used for joining of polymers is friction-based joining methods [4]. Friction
stir welding (FSW) is a non-melting welding technique for joining of thermoplastics
which can be substituted for other welding processes effectively [5]. So, a research
is required to find the influence of various welding parameters on joint strength. An
overview of the various factors influencing the quality of FSW is shown in Fig. 2 [6].

Nylon requires a low tool rotational speed and tool traverse speed for joining
by FSW due to its low-melt viscosity property [7, 8]. The frictional heat generated
between shoulder and workpiece is reduced by standoff distance, i.e., the gap between
tool shoulder and workpiece [9-11]. Thermoplastics have a low melting temperature,
a low hardness, a low thermal conductivity, and a very short solidification time with

Fig. 1 Polymer joining techniques for thermoplastics
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Fig. 2 Factors affecting friction stir welding

comparison to the metallic material. In case of FSW of polymer, the poor thermal
conductivity creates nonuniform temperature distribution which restricts heat from
advancing side to retreating side so mainly defects observed in retreating side [12, 13].
When using FSW to weld polymer materials, the main defects, such as pores, cracks,
cavity, and voids, occurred in the retreating side. These defects could be minimized,
even eliminated, by optimising process parameters [ 14]. The ultimate tensile strength
of friction-stir-welded specimens at extreme low tool rotational speed was found low
and defects, like crack, wormholes, or tunnel defects, observed in the retreating side
due to less heat generation while at extreme high rotational speed, tensile strength
was low due to more heating of tool and burns the materials [15, 16]. The ultimate
tensile strength decreases to a minimum value as the tool traverse speed increases.
This may be due to insufficient time duration for plasticization and proper mixing
of materials. At extreme low tool traverse speed tensile strength was found low,
nonuniform weld appearance was observed due to overheating in weld zone [16,
17]. The ultimate tensile strength of welded polymer increases with tool tilt angle
increases up to a certain limit. [15].

From the previous works, it can be noted that there are few publications con-
cerning FSW of polymer. The study of joining of glass-filled Nylon 6 by FSW is
still to be explored. In this study, the feasibility of joining glass-filled Nylon 6 by
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FSW is investigated for butt joint. In the present investigation, the primary method-
ology fabricates glass-filled Nylon 6 composites by using injection molding machine
and joined by FSW process. The tensile strength, percentage elongation, and joint
efficiency was carried out with three control factor such as tool rotational speed,
tool traverse speed, and tool tilt angle; each has three levels using L’27 orthogonal
arrays. Analysis of variance (ANOVA) was used to find out the significance of pro-
cess parameters (tensile strength and percentage elongation) with the tool rotational
speed, tool traverse speed, and tool tilt angle. Analyze the relationship between the
morphological and mechanical property of the joints by using SEM.

2 Experimental Procedures

2.1 Materials

The raw materials used for injection molding are commercially available glass-filled
Nylon 6 in the form of granules as shown in Fig. 3. Injection molding machine
(Modern plastic and equipment’s, Model-MPE-TLH-01) was used to fabricate the
glass-filled Nylon 6 (30 wt%) composite specimens for joined by FSW process. The
temperature is maintained at 240 °C for glass-filled Nylon 6, respectively. Sheet
materials used in this work consisted of 130 mm x 80 mm x 5 mm (length, width,
and thickness) glass-filled Nylon 6 composite sheets.

Fig. 3 Glass-filled Nylon 6
(granule form)

Glass Filled Nylon6
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2.2 Welding Procedure

FSW process was performed on a 3T friction stir welding machine Model No.
WSO005E made in Hartford, Taiwan. A non-consumable rotating tool of cylindri-
cal pin profile with a cylindrical shank was used. The FSW tool made of H13 tool
steel with a shoulder diameter of 18 mm, pin diameter 6 mm, and pin length 4.8 mm
was used in this study. The standoff distance between tool shoulder and top of the
workpiece was taken 0.2 mm as shown in Fig. 4.

2.3 Process Parameters for FSW Processed Glass-Filled
Nylon 6 Composites’ Joints

In this study, a 3* full factorial design of experiment was conducted to explore
the effects of processing parameters on the ultimate tensile strength and elongation
of welded samples. An ANOVA method was performed in order to determine the
significance of process parameters effects on weld strength [18]. After a large trial
and error experiments, the acceptable ranges of tool rotational speed, tool traverse
speed, and tool tilt angle were determined using weld appearance of the generated
weld joint. Figures 5 and 6 show two defected fabricated samples beyond the ranges
of selected parameters at high tool rotational speed and high traverse speed. The

welding process parameters and their ranges used for the experiment are shown in
Table 1.

Rotation speed <™

Traverse speed 4m

Stand off distance

Fig. 4 Schematic diagram of standoff distance [9]
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Fig. 5 Typical macrograph of weld crown at tool traverse speed of 0.6 mm/s, tool rotational speed

of 600 rpm, and tilt angle of 2°

Fig. 6 Typical macrograph of weld crown at tool rotational speed of 1000 rpm, tool traverse speed

0.2 mm/s, and tilt angle of 2°

Table 1 FSW process

parameters and their levels SI. No. | Welding

parameters

Units

Level 1

Level 2

Level 3

1 Tool
rotational
speed

rpm

400

500

600

2 Tool
traverse
speed

mm/s

0.2

0.3

0.4

3 Tool tilt
angle
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2.4 Tensile Strength of FSW Processed Glass-Filled Nylon 6
Composites’ Joints

The tensile test of the FSW of glass-filled Nylon 6 composites was carried out
according to ASTM D638 at ambient temperature using a computerized tensometer at
astrainrate of 0.5 mm/min and the constant gage length of 50 mm. The tensile strength
of the base material glass-filled Nylon 6 composites was found about 86.01 MPa and
the percent of elongation 13.68%, respectively.

3 Results and Discussion

FSW experimentation proposed to investigate the effect of processing parameters
on the mechanical strength of the weld joint. The results of tensile tests based on
proposed design welding process of welded samples are presented in Table 2. These
results were statistically analyzed by Minitab Version 17 software and main effect
diagram of each parameter’s effect on weld strength was obtained. In the following
sections, the obtained results were analyzed and the effects of each parameter on the
weld strength were discussed. The main effect plots for ultimate tensile strength and
elongation with respect to process parameters are shown in Figs. 7, 8§, 9, 10, 11, and
12.

3.1 Effect of Tool Rotational Speed on the Ultimate Tensile
Strength and Elongation

The effect of different tool rotational speed on the ultimate tensile strength and elon-
gation of glass-filled Nylon 6 composites joints by FSW is shown in Figs. 7 and 8.
Figure 7 shows that the ultimate tensile strength of glass-filled Nylon 6 composites
increases to a maximum value as the tool rotational speed increases from 400 to
600 rpm in steps of 100 rpm. At low rotational speeds, the heat generated by the
friction between the tool shoulder and the base material may be low. Under this con-
dition, the material transportation from the advancing side of the tool to the retreating
side of the tool may not occur sufficiently which end in the formation of joints with
lower strength. Low tool rotational speed leads to defects like crack, wormholes, or
tunnel defects observed in the retreating side due to less heat generation. In case
of excess tool rotational speed, weld material burns and plasticized materials are
expelled out from the weld area or stuck into the tool pin due to the lower melt
viscosity, which results in lower tensile strength. The obtained results of ultimate
tensile strength were also in correlation with the results [15, 16].

After the successful completion of tensile tests for all the welded samples, the
fractured specimens were measured for the change in length to calculate the %
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Table 2 Experimental results for tensile test
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Ex. No. Tool Tool Tool tilt Ultimate | Joint Elongation
rotational | traverse angle (°) tensile efficiency | (%)
speed speed strength (%)

(rpm) (mm/s) (MPa)

1 400 0.2 0 14.87 17.29 4.12

2 400 0.2 1 15.98 18.57 442

3 400 0.2 2 18.96 22.04 4.76

4 400 0.3 0 14.02 16.30 3.23

5 400 0.3 1 15.89 18.47 3.44

6 400 0.3 2 17.29 20.10 3.78

7 400 0.4 0 13.10 15.23 2.73

8 400 0.4 1 13.16 15.30 292

9 400 0.4 2 15.43 17.93 333

10 500 0.2 0 24.39 28.36 6.14

11 500 0.2 1 25.74 29.93 6.32

12 500 0.2 2 31.13 36.19 6.62

13 500 0.3 0 20.76 24.14 5.08

14 500 0.3 1 23.35 27.15 5.25

15 500 0.3 2 26.41 30.70 5.56

16 500 0.4 0 17.38 20.21 4.54

17 500 0.4 1 17.53 20.38 4.71

18 500 0.4 2 19.13 22.24 5.01

19 600 0.2 0 29.63 34.45 7.02

20 600 0.2 1 31.79 36.97 7.16

21 600 0.2 2 36.51 42.45 7.35

22 600 0.3 0 24.29 28.24 5.87

23 600 0.3 1 25.72 29.91 6.02

24 600 0.3 2 28.63 33.28 6.27

25 600 0.4 0 18.03 20.96 533

26 600 0.4 1 18.53 21.54 5.37

27 600 0.4 2 20.60 23.95 5.64

elongation. The friction-stir-welded plate shows lower elongation in comparison to
the base material for all the cases. This may be mainly attributed to the concentration
of high plastic strain within the TMAZ. The plastic deformation concentrated at
the transition zone between the weld nugget and base material. Figure 8 shows
that elongation of glass-filled Nylon 6 composites increased with the increase of
tool rotational speed. The obtained results of ultimate tensile strength were also in
correlation with the results [16].
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Fig. 7 Effect of tool 284
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3.2 Effect of Tool Traverse Speed on Ultimate Tensile
Strength and Elongation

The effect of different tool traverse speed on the ultimate tensile strength and elon-
gation of glass-filled Nylon 6 composites joints by FSW is shown in Figs. 9 and 10.
Figures 9 and 10 show that the ultimate tensile strength and elongation of glass-filled
Nylon 6 composites decrease to a minimum value as the tool traverse speed increases
from 0.2 to 0.4 mm/s. The tool traverse speed should be selected in such a way that
there should be sufficient amount of duration for the joints to be consolidated. The
tensile strength and elongation of friction-stir-welded specimens at high tool traverse
speed were found low and defects observed in retreating side of weld appearance,
and this may be due to not enough time to melt polymer, so weak mixing of material
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Fig. 9 Effect of tool traverse
speed on the tensile strength 26
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produce and low thermal conductivity of polymer heat generated non-uniformly as
shown in Fig. 5. With lower values of tool traverse speed (less than 0.2 mm/s), tensile
strength was found low and weld appearance observed non-uniform, and this may
be due to overheating of weld zone. The obtained results of ultimate tensile strength
were also in correlation with the results [15-17].
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3.3 Effect of Tool Tilt Angle on Ultimate Tensile Strength
and Elongation

The effect of different tool tilt angle on the ultimate tensile strength and elongation of
glass-filled Nylon 6 composites joints by FSW is shown in Figs. 11 and 12. Figures 11
and 12 show that the ultimate tensile strength and elongation of glass-filled Nylon
6 composites increase to a maximum value as the tool tilt angle increases from O to
2° (in steps of 1°). This may be mainly attributed to the edge of shoulder creates an
extra pressure and heat generation for proper mixing of weld material. The obtained
results of ultimate tensile strength were also in correlation with the results [15].

Fig. 11 Effect of tool tilt 25
angle on the tensile strength
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3.4 Analysis of Variance

On the basis of ANOVA, we observed that the contribution of tool rotational speed,
tool traverse speed, and the tool tilt angles are 50.80%, 31.05%, and 7.92% respec-
tively. For elongation, the tool rotational speed 71.15% has the most contribution on
the output followed by tool traverse speed 26.27% and tool tilt angle 2.30%.

3.5 Microstructural Studies

The scanning electron microscopy was used to analyze the relation between the mor-
phology and joint characteristics of glass-filled Nylon 6 composite. Typical macro-
and microstructure of maximum tensile strength and elongation of glass-filled Nylon
6 composite are shown in Fig. 13a—d, (a) weld crown, (b) weld seam, (c) SEM
microstructure of weld, and (d) fracture surface of weld. As Figs. 13 and 14 show the
friction-stir-welded specimens with the highest ultimate tensile strength and elonga-
tion and lowest ultimate tensile strength and elongation, it is obvious in a samples with
the optimized parameters highest ultimate tensile strength and elongation achieved at
tool rotational speed of 600 rpm, tool traverse speed of 0.2 mm/s, and tilt angle of 2°,
perfect surface quality with laminar flows uniform structure and free of defects such
as crack, porosity, and cavity as shown in Fig. 13c. Typical macro- and microstruc-
ture of minimum tensile strength and elongation of glass-filled Nylon 6 composite
are shown in Fig. 14a—d, (a) weld crown, (b) weld seam, (c) SEM microstructure of
weld, and (d) fracture surface of weld. The lowest tensile strength and elongation
at tool rotational speed 400 rpm, tool traverse speed 0.4 mm/s, and tool tilt angle
0°, a poor weld line with defects such as tunnel defects, crack, voids, and surface
deflection was created as shown in Fig. 14c. Porous sites were found at the weld
interface and discontinuity at the joint zone was observed due to improper flow of
the molten layer. This has led to weakening of joints. The presence of glass fibers
hindered diffusion of the polymer across the interface and lead to porous sites. The
microstructure of welded samples illustrated that laminar flow and uniform structure
resulted in high ultimate tensile strength and elongation while the presence of cracks
and voids resulted in low ultimate tensile strength and elongation.

A critical examination of the fracture surfaces revealed that most of the samples
with low UTS had an S-shape fracture surface, whereas some of the samples with
high UTS values had ductile fracture surface with necking region. Figures 13d and
14d show the images of the fractured specimen. Scanning electron microscope (SEM)
analysis was conducted for studying the fracture morphology of tensile specimens
with low UTS and brittle failure as shown in Fig. 14d. For Fig. 13d with maximum
UTS in weld joint, tiny cups and cone (dimple formation) were noticed all over the
sample which is representative of ductile fracture. The fracture occurred near the
boundary of TMAZ and NZ of advancing side of the welded joint for maximum
UTS and elongation. However, the fracture occurred in NZ at the retreating side
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Fig. 13 Typical macro- and microstructure of maximum tensile strength and elongation: a weld
crown, b weld seam, ¢ SEM microstructure of weld, and d fracture surface of weld

Fig. 14 Typical macro- and microstructure of minimum tensile strength and elongation: a weld
crown, b weld seam, ¢ SEM microstructure of weld, and d fracture surface of weld

for minimum UTS and elongation. Howeyver, tensile specimens of minimum weld
tensile strength and elongation broke up at the retreating side. The joint efficiency for
glass-filled Nylon 6 composites is shown in Table 2. Joint efficiency is calculated to
compare parent material ultimate tensile strength. In the entire test that was carried
on glass-filled Nylon 6 composites, the best parameter was at tool rotational speed
600 rpm, tool traverse speed 0.2 mm/s, and tool tilt angle 2° with no defect in
welding zone. Tensile test result showed that it reached the value of 42.45% of the
UTS compared to base material and joint efficiency was lowest (15.23%) at tool
rotational speed 400 rpm, tool traverse speed 0.4 mm/s, and tool tilt angle 0°.
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4

In

Conclusions

this experimental study, FSW of glass-filled Nylon 6 composite carried out at

varying tool rotational speed, tool traverse speed, and tool tilt angle, based on the
results in presented above; the following major conclusions are drawn:

The present work showed that successful fabrication of glass-filled Nylon 6 com-
posites using injection molding machine.

The study demonstrates that welding of glass-filled Nylon 6 is feasible and the
optimized result was achieved at a tool rotational speed of 600 rpm, tool traverse
speed of 0.2 mm/s, and tool tilt angle of 2° with defect-free welds.

The tensile strength and percentage elongation of glass-filled Nylon 6 composites
increase with an increase in tool rotational speed and tool tilt angle while the tensile
strength and percentage elongation of glass-filled Nylon 6 composites decrease
with increase tool traverse speed.

Tensile specimens of FSWed joint of maximum weld tensile strength and elon-
gation, fractures occurred in advancing side. However, the tensile specimens of
minimum weld tensile strength and elongation broke up at the retreating side.
The microstructure of welded samples illustrated that laminar flow and uniform
structure resulted in high ultimate tensile strength and elongation while the pres-
ence of cracks and voids resulted in low ultimate tensile strength and elongation.
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Numerical Simulation of Temperature
Distribution in Laser Welding of AISI L
316

Pramod Kumar and Amar Nath Sinha

Abstract A numerical simulation of temperature distribution of laser welding of
316L austenitic stainless steel has been investigated in the present research. A
three-dimensional Gaussian conical moving heat source has been implemented
in the present numerical simulation. ANSYS with certain modifications has been
used to account for thermomechanical analysis during laser welding. Temperature-
dependent thermal physical properties of 316L austenitic stainless steel have been
considered, which influence the temperature profile in the weldment. The tempera-
ture distribution was measured at different process parameters. The effect of laser
welding process parameters such as average beam power, welding speed, and laser
spot diameter on weld bead geometry has been studied. The temperature distribu-
tion obtained from the numerical results is in good agreement with the experimental
results. The shape of the weld pool profile obtained through numerical simulation is
in good agreement with the experimental results.

Keywords Laser welding - Numerical simulation - Temperature distribution *
Heat source

1 Introduction

Laser welding process is a high-power density welding. It is a widely growing tech-
nology due to its smooth, precise, and effective operation. Numerical simulation
method has been an evolution in this area because this technique can be used to
describe the physical phenomena during complex welding processes and can also
be used to optimize the laser welding process parameters. Laser welding is a non-
conventional welding process of joining wide range similar and dissimilar materi-
als. Laser welding has become an important area of research for many researchers
over the last decade and has been working to predict the temperature profile and
weld geometry during laser welding using analytical as well as numerical simulation
method. Rosenthal has developed an analytical method for solving temperature dis-
tribution of the welded joint considering point, line, or plane heat source. Rosenthal
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solutions give accurate results for peak temperature less than 20% of the melting
point [1]. Frewin and Scott have studied pulsed laser welding and developed three-
dimensional finite element model of heat flow using a subroutine in ANSYS APDL
[2]. Carmignani et al. [3] have investigated the residual stresses and strains in laser
welding of austenitic stainless steel 304L sheet of 10 mm thickness with maximum
laser beam power of 15 kW. Numerical simulation of temperature and stress field
developed during laser welding has been measured as a function of welding speed
using ABAQUS. Numerical simulation of laser beam welding process for keyhole
formation with transient thermal analysis has been studied by Tsirkas et al. [4]. Sab-
baghzadeh et al. [5] have studied the numerical simulation of pulsed laser welding
with the help of two different methods such as finite element method and finite
difference method for finding the temperature distribution and weld geometry. Bal-
asubramanian et al. [6] have calculated the temperature profile and weld geometry
(bead width and depth of penetration) using FEA code SYSWELD for different
process parameters of laser welding and compared the results obtained with exper-
imental. Bag et al. [7] studied the heat flow in laser spot welding with combined
effect of adaptively defined volumetric heat source and surface heat flux. Capric-
cioli and Frosi have studied thermal and mechanical simulation of TIG and laser
beam welding of INCONEL 625 and AISI 316 using birth and death technique in
ANSYS software package [8]. They have simulated the fusion zone of INCONEL
625 and AISI 316 during TIG and laser welding compared their numerical results
with experimental values. Belhadj et al. [9] have developed a three-dimensional FEM
model to simulate the temperature distribution and the weld bead geometry of mag-
nesium alloy in laser welding. Kim et al. [10] have studied the numerical simulation
of pulsed laser welding of 304L using finite element code to optimize the welding
conditions. Shanmugam et al. [11] have developed a FEM code using SYSWELD
to evaluate the transient temperature distribution and weld bead geometry in T-joint
laser welding of AISI304L of 1.6-mm-thick sheet considering the material properties
as temperature-dependent. Yilbas et al. [12] have studied the transient temperature
profile and the residual stresses induced in the low carbon mild steel of thickness
2 mm by developing a finite element model using finite element code ANSYS. They
have found that the temperature decreases first very rapidly and then gradually along
the thickness of the material. Casalino et al. [13] presented a finite element model to
predict the thermal aspect and weld bead shape in fiber laser welding of both similar
(Ti6Al4V) and dissimilar (AAS5754 aluminum alloy and T40 pure titanium sheet)
materials. Chukkan et al. [14] investigated laser beam welding using three different
sources.

The present investigation aims to study the effect of laser process parameters,
namely average beam power, welding speed, and laser spot size on temperature
distribution curve and weld geometry in laser welding of austenitic stainless steel
316L using finite element code ANSYS APDL for butt joint. Temperature-dependent
thermal—physical properties such as density, thermal conductivity, and specific heat
of 1.4-mm-thin sheet of 316L. were considered for the analysis purpose. A three-
dimensional Gaussian moving heat source with conical shape has been used in this
numerical simulation.
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2 Numerical Simulation

2.1 Heat Transfer Analysis

The basic governing equation of the three-dimensional heat conduction for transient
temperature is given as in Eq. 1 [1].

O T 0 (0T 0 (BTN 0 (0T o
c—+vpoc— = —|Ki— |+ —| K,— |+ — — X, ,
P TPy T ox \Max ) Ty \(Mray ) T e\ M yz

It has been assumed that laser beam follows the Gaussian heat-source distribu-
tion of conical shape moving with velocity v along the y-axis. Figure 1 shows the
schematic representation of laser welding system used in the present research work.

It has been found experimentally that 30.7% of the total power is lost and rest
69.3% power is absorbed by the workpiece in case of AISI 316L austenitic stainless
steel. It is assumed that of 69.3% of total power, 17.3% power is absorbed on the
top surface (Qquf), and rest 52% power is distributed inside the material in conical
shape (Qxeyhote)- The distribution of heat on the top surface is given by Eq. 2.
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where Qg is the heat power of the plane heat source (17.3%). It has been assumed
the simulation of keyhole is a cone, the Gaussian distribution of heat flux is given as
in Eq. 3.
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The total heat input given to the model is the combination of both surface and
volume heat-source models, which can be expressed as given by Eq. 4.

Qu(r.2) = Q(x, y) + Q(2) 4)

2.2 Finite Element Modeling

A three-dimensional transient analysis finite element model has been developed to
simulate the laser welding process using commercial ANSYS APDL 17.2 software
package. The finite element model used in the present simulation is designed for
50 mm x 25 mm x 1.4-mm-size sheet. The model developed is used to predict the
temperature profile, molten pool shape and peak temperature and the effect of laser
process parameters, namely average power, welding speed, and laser spot diameter.
The geometry of the weld structure is modeled using two types of elements: three-
dimensional volume elements with eight nodes (SOLID 70) and two-dimensional
element with four nodes (PLANE 55). Very fine meshing of small-size element is
done near weld line, and coarser mesh of increasing element size is done away from
the weld line as shown in Fig. 2. In the present simulation, several trails have been
done for obtaining optimum grid size with varying element size from 23,000 to
105,000. Mesh convergence test has been carried out and is found that the peak tem-
perature becomes independent of mesh density after 78,750 elements. The element
size near the weld line is 0.2 mm x 0.2 mm x 0.2 mm. There are total 82,530 nodes
and 78,750 elements in full part of the model.

The heat flux is applied on the element faces for simulating the moving heat source.
The moving heat source has been developed by using ANSYS APDL language
subroutine. For simplifying the finite element model, some of the basic considerations
have been made.

The following assumptions have been made in this model:

(a) The initial temperature of workpiece is taken as 40 °C.

Fig. 2 Mesh of the
geometry
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Table 1 Laser welding SI. No. Beam power Welding Spot diameter

process parameters W) speed (mm/s) | (mm)
1 125 3 0.60
2 225 3 0.60
3 325 3 0.60
4 425 3 0.60
5 125 5 0.60
6 225 5 0.60
7 325 5 0.60
8 425 5 0.60
9 425 5 0.75

(b) Thermophysical properties of the material such as density, specific heat and
thermal conductivity are considered as temperature-dependent [15].

(c) Radiation and convection heat loss from the surfaces of the workpiece are taken
into account.

(d) Combined radiation and convection are considered by using lumped heat transfer
coefficient [2].

(e) The physical phenomenon like viscous force, buoyancy force, convective melt
flow, and Marangoni effect are neglected.

The laser beam welding process parameters considered for the present numerical
simulation of temperature distribution are given in Table 1.

3 Experimental Method

To validate the numerical simulation of temperature distribution of austenitic stainless
steel of 1.4 mm thickness, Nd: YAG laser welding was performed on JK 600HP
Nd: YAG Laser with a maximum average laser power of 600 W and wavelength
of 1.06 wm. An argon gas with a flow rate of 6 L/min was used for shielding in
the experiment. Four K-type thermocouples with the temperature range between —
40 and 1250 °C were used for measuring the temperature distribution during laser
welding at four different locations (X) away from the weld line () X =3 mm, X =
6 mm and X = —6 mm and (d) X =9 mm with ¥ = 10 mm and Z = 1.2 mm, fixed
for all thermocouple positions. The temperature were recorded using Data Logger
Thermometer Centre 309 attached with PC interface. Thermal—physical properties,
namely thermal conductivity (W/m °C), density (kg/m?), and specific heat (J/kg °C),
are temperature-dependent which are illustrated in Table 2 [15]. The laser welding
of 316L for validating the numerical simulation results was carried out at 425 W
average beam power, 5 mm/s welding speed, and 0.75 mm laser spot diameter.
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Table 2 Thermo—physical properties of AISI 316L stainless steel

Temperature (°C) Density (kg/m?) Heat capacity (J/kg °C) | Thermal conductivity
(W/m °C)
0 7885.8624 498.528 13.5368
150 7706.13641 518.682 15.8933
300 7476.15568 538.782 18.24983
450 7195.920211 558.882 20.60633
600 6865.4300 578.982 22.96283
750 6484.68506 599.082 25.31933
900 6053.685377 619.182 27.67583
1050 5572.430956 639.282 30.03233
1200 5040.921797 659.382 32.38883
1350 4459.1579 679.482 34.74533

4 Results and Discussion

The temperature distribution are numerically computed using finite element code
ANYS APDL for varying average beam power, varying welding speed and laser
spot diameter. A series of numerical simulations over the range of laser welding
process parameters were performed as listed in Table 1. Figure 3 shows the transient
temperature distribution of laser welding of 316L SS at constant welding speed (3
and 5 mm/s) and laser spot diameter of 0.60 mm and for varying average power
(125425 W) along the weld line. Figure 4 shows the effect of peak temperature
distribution at constant welding speed (3 and 5 mm/s) and laser spot diameter of
0.60 mm and for varying average beam power away from the weld line. Figure 5a
and b show the variation of peak temperature along the thickness at constant speed
V =5 mm/s and beam power P = 425 W at two different laser spot diameters of
0.60 and 0.75 mm, respectively.

Figure 6 shows the 3-D temperature field distribution at constant welding speed
V = 5 mm/s, for varying average beam power (125-425 W). Figure 7 shows the
effect of laser beam power and welding speed on weld bead geometry at constant
laser spot size of 0.60 mm diameter. It has been observed that weld bead geome-
try profile changes with increasing average beam power and welding speed. It has
been also found that at very high heat input (beam power/welding speed) the weld
bead geometry changes nearly to H shaped. Temperature distribution results obtained
numerically were validated through experimentally, measured with K-type thermo-
couple fixed at different positions. Figure 8§ shows the comparison of numerical
simulation temperature distribution results with K-type thermocouples at different
positions (X) away from the weld line (¢) X = 3 mm, X = 6 mm, and X =9 mm and
(b) X = —6 mm.



Numerical Simulation of Temperature Distribution ... 243

(a) 5000 1 ——P=125W (b) 4000 4|~ P=125W|
4500 1 |[— p=225W ——P=225
1|—r=325wW 3500 {|——P=325
o 0 L rasw o —BW v sy
S 3500 A V=3mm/s s~ 3000 4 NN . g
~ . V10 - T— o X=0; Y=10 ; Z=0mm
5 X=0; Y=10 ; Z=0mm ©
sé 3000 A E 2500 4
£ 2500 £ 2000
2 2000 A =3
= £ 1500
2 1500 2
1000 1 1000 -
500 A 500 -
0 1 O T T T T T
0 9 0 1 2 3 4 5
Time (sec) Time (sec)

Fig. 3 Transient temperature distribution for varying average beam power at constant welding
speed along the weld line.a V =3 mm/s and b V = 5 mm/s
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Fig. 4 Peak temperature distribution for varying average beam power at constant welding speed
away from the weld line. a V = 3 mm/s and b V = 5 mm/s

5 Conclusions

The laser welding process parameters such as beam power, welding speed and spot
diameter and their effect on temperature profile, shape, and size of molten pool
and bead geometry have been investigated. The numerical simulated results were
validated with laser welding experimental value with good agreement. The following
conclusions can be made from the above investigation:

e The peak temperature increases with increase in average power at constant welding
speed.
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Fig. 5 Variation of peak temperature along the thickness at constant speed V = 5 mm/s and beam
power P = 425 W at a laser spot diameter of 0.60 mm, b laser spot diameter of 0.75 mm
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Fig. 8 Comparison of numerical simulation temperature distribution result with K-type thermo-
couples at different locations (X) away from the weld line. a X = 3 mm, X = 6 mm, and X =9 mm
and b X = —6 mm

e The maximum peak temperature measured along the weld line is 4278.91 °C at
welding speed of 3 mm/s and average beam power of 425 W and minimum peak
temperature is 1309 °C at welding speed of 5 mm/s and average power of 125 W.
The peak temperature decreases as we move away from the weld line.

The weld bead geometry becomes nearly H shaped at very high heat input.

The peak temperature measured experimentally with all four K-type thermocou-
ples with good agreement.
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Abstract Cuckoo search optimization (CSO) is an evolutionary, nature-inspired,
swarm intelligence meta-heuristic algorithm, which is compatible to optimize non-
polynomial combinatorial problems. It works based on the living style of cuckoos.
They have obligatory brood parasitism conduct. Basically, the CSO adopted the
process of egg emplacing and breeding of cuckoos. CSO algorithm begins with
initial population as if genetic algorithm, particle swarm optimization and other
evolutionary algorithms. Basically, the CSO works based on the cuckoos endeavor
to survive amid nests and societies. Due to this struggle, several cuckoos or eggs or
chicks demise and the lived cuckoos colonize toward healthier environment. So, the
process of “egg laying and breeding” starts again. The survival exertion of cuckoos
unites them to form a society which has similar fitness quality of each cuckoo. Hence,
this algorithm has been well known to solve complicated optimization problems.
Therefore, in the present work a novel approach, based on CSO algorithm, has been
framed to handle the flexible job shop scheduling problem. This problem belongs to
the typical class of production scheduling having various manufacturing flexibilities
as if the real-world manufacturing environment. Simulation is preferred as to compare
the mathematical formulation, because it imitates the performance near to a realistic
system. Quality function of CSO algorithm has been planned to determine through
ProModel® simulation software. The proposed algorithm handles multiple objectives
such as makespan, mean flow time and mean tardiness.
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1 Introduction

The manufacturing scheduling (also called as production scheduling and detailed
scheduling) plays the cardinal role in manufacturing industries [1, 2]. A manufac-
turing system always needs to modify its production schedule regularly in order to
satisfy the huge production orders, to reduce the cost of manufacturing, to adjust
the changes in the availability of resources and to enhance the production efficiency.
The scheduling problem has been categorized as per the shop configuration such as
single machine shop, parallel machine shop, open shop, close shop, flow shop and
job shop [2]. Among all shops, the job shop system has been known as a hardest class
of production scheduling due to its realistic nature. So, the deep study of job shop
manufacturing system yields important conclusions while solving a complicated
system of real nature. The job shop possesses non-polynomial hard characteristic. It
processes various jobs on a predefined number of machines, and each job has a pre-
defined sequence of operation [3]. This shop becomes more complex by considering
manufacturing flexibility. In fact, the flexibility is an important aspect for growth
of manufacturing industries. Today’s competitive market demands fast delivery of
products without compromising quality and price. In addition, the industries must
utilize the highly flexible machines, which are much capable to process a variety of
jobs. Therefore, the job shop must be configured to accommodate the changeable
schedules and flexible machines. This transformation of shop is called as flexible
job shop scheduling problem [1-3]. It can be defined as “the job shop in which any
job may be processed on any machine at any time for its operation.” This setup is
called as total flexible job shop scheduling environment which is practically infea-
sible. Another approach is the consideration of half or partial flexibility (may be
termed as random flexibility), in which a set of operation or an operation of any
job may have processed on a set of machines or a machine, because every machine
type has different level of manufacturing flexibility. This scenario is most adoptable
and realistic in present systems of manufacturing. Basically, the flexible job shop
scheduling problem can be divided into two subproblems, namely (a) allocation of
machines to the operation (i.e., called as resource assignment task) and (b) the selec-
tion of sequence of operations of jobs. The flexible job shop scheduling problem
has been solved for objectives, viz., makespan (maximum completion time of jobs),
tardiness of jobs, mean flow time of jobs and many more. However, the maximum
completion time of jobs (i.e., makespan) is the commonly used performance measure
for scheduling problems [4]. Plentiful research has been reported in the literature to
find optimized schedule for the flexible job shop manufacturing system, but there is
no efficient algorithm available so far. Meta-heuristics have been evidenced as most
suitable approaches to solve flexible job shop scheduling problem [4, 5].

Next section presents the literature on nature-inspired evolutionary algorithm for
flexible job shop scheduling problem as well as the contribution to CSO algorithm.
Subsequently, the problem formulation, methodology, experimentation setup and
conclusion are presented.
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2 Literature Review

2.1 Nature-Inspired Evolutionary Algorithms

Various engineering problems such as system design, electricity generation, trans-
missions and network operations, and wireless communication steering are dealt
with optimization process in order to find the minimum or maximum value of their
objective functions [1-5]. These optimization algorithms are tested and validated
for their accuracy based on the convergence rate and computation time consumed in
addition to the quality and precision of optimal solution [5, 6]. Various researchers
across the world are developing these revolutionary optimization algorithms based on
nature phenomena, termed as nature-inspired algorithms. Yang [7] proposed a novel
meta-heuristics algorithm which works based on echolocation behavior of bats. In
an organized space, the echolocation behaviors do not change due to the distance
to background target, while in case of unorganized space background, the bat will
react to the background targets. The boundary among these two spaces is distinct
by the changes in echolocation behavior of bats. Yang has provided the formulation
and implementation procedure, as well as compared the performance of bat algo-
rithm with particle swarm optimization and genetic algorithm. A latest review on
the particle swarm optimization (PSO) algorithm is given in [8]. It works on the
social behavior of fish schooling or bird flocking. PSO was developed by Eberhart
and Kennedy in 1995. Differential evolution (DE) algorithm was proposed by Storm
and Prince in 1997. DE word based on population evolution has various operators
such as selection, crossover and mutation. The ant colony optimization (ACO) was
proposed by Marco Dorigo in 1992. It works on the principle of searching food by
ants. Initially, ants walk randomly to find food and consequently return to colony
while leaving pheromone traces behind. Finally, other ants follow the same path
of pheromone traces. Similarly, the bee colony optimization (BCO) algorithm imi-
tates the food scavenging way of swarms of honeybees. It was developed by Pham
et al. [9]. Biogeography-based optimization (BBO) algorithm was proposed by Dan
Simon in 2008. It works based on the process of evolution of new species and their
emigration and/or immigration among islands. The complete review on each nature-
inspired optimization algorithms is given by X.S. Yang in his book “Nature-Inspired
Optimization Algorithms.”

2.2 Flexible Job Shop Scheduling and Meta-heuristics

The schedule (solution) of flexible job shop has been optimized using two methods,
viz., in first method, it is separated in two subproblems: One is operation sequence
problem, and another is assignment problem; in second method, it is solved as an
integrated problem. In the former method, one problem is solved after another in a
hierarchical way, which makes the problem simpler to deal by subdividing it into two
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sections. Brandimarte [1] presented the classified way of solution, in which oper-
ation sequence problem and machine assignment problem are resolved separately
by dispatching rules and tabu search method, respectively. Barnes and Chambers
[2] also proposed hierarchical method to solve flexible job shop scheduling problem
using tabu search method. Xia and Wu [10] proposed two nature-inspired algorithms,
namely simulated annealing algorithm for machine assignment problem and particle
swarm optimization algorithm for operation sequence problem for a multi-objective
flexible job shop scheduling problem.

On the other side, numerous researchers have proposed integrated approaches to
solve flexible job shop scheduling problem without subdivisions, which is a com-
plex way but produces good results. Kacem et al. [11] developed two integrated
approaches called “approach by localization” (AL) and “controlled genetic algo-
rithm” (CGA) that works in successive stages. They have considered partial and
total manufacturing flexibility as well as single and multi-objectives to solve two
hypothetical job shop scheduling problems. In AL, they solve resource allocation
problem and constructed an assignment model called “assignment schemata.” The
CGA is controlled by “assignment schemata’ model, and they applied genetic manip-
ulations to enhance the quality of solution. Ho et al. [12] proposed a model named
“LEarnable Genetic Architecture” (LEGA) in which the interaction amid machine
learning and evolutionary algorithm (genetic algorithm) is established to solve the
flexible job shop scheduling problem. They developed a “schemata learning module”
which pulls the information from earlier generation to enhance the excellence of off-
spring. The initial population is generated through dispatching rules. Gao et al. [13]
presented hybrid genetic algorithm having a local search method (called bottleneck
shifting), which is capable to adjust the neighborhood structure dynamically. They
solved the flexible job shop scheduling problem for minimum maximal machine
workload, minimum total machine workload and makespan. Zhang et al. [14] pro-
posed a hybrid “variable neighborhood genetic algorithm” (VNGA) to solve flexible
job shop scheduling problem, in which the initial population for genetic algorithm
is generated by variable neighborhood search algorithm to explore the local search
space in depth. Similarly, in Zhang et al. [15], the genetic algorithm is initialized by a
mix of different strategies, namely random selection, global selection and local selec-
tion to get the high-quality initial population, to accelerate the convergence speed of
algorithm and to improve the quality of the final solution. They considered makespan
performance measure to optimize the flexible job shop scheduling problem. Also,
Wang et al. [16] have applied a combination of immune and entropy principle in
genetic algorithm to maintain the diversity of population, to control the premature
convergence of algorithm and to control the selection pressure on similar chromo-
somes during optimization of a multi-objective flexible job shop scheduling problem.
They proposed the Pareto optimality to calculate fitness value of chromosomes. Rah-
mati and Zandieh [17] proposed an algorithm based on biogeography concept named
“biogeography-based optimization” (BBO) algorithm, which follows the migration
strategy of species. The evolving features of habitats due to the emigration and immi-
gration process is used to find the optimal solution for flexible job shop scheduling
problem. They considered critical workload and total workload of machine, as well
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as makespan to measure the performance of BBO algorithm, and compared with the
performance of genetic algorithm. Thammano and Phu-ang [18] proposed an “ar-
tificial bee colony” algorithm, in which initial population is generated through the
harmony search algorithm and dispatching rules, to solve flexible job shop schedul-
ing problem for makespan performance measure. Also, the local convergence is
prevented through the simulated annealing algorithm and search space was explored
by crossover operator. Nouiri et al. [ 19] presented particle swarm optimization (PSO)
algorithm to solve flexible job shop scheduling problem for minimization of maxi-
mum completion time of production from partial and full manufacturing flexibility
viewpoint. In, Nouiri et al. [20] extend the proposed algorithm for unforeseen situa-
tions, which is capable to make decision in real time. They used multi-agent-based
platform to make the algorithm intelligent. Zhou et al. [21] proposed a combination
of “cultural algorithm and particle swarm optimization” called CPSO, to optimize
maximum completion time of flexible job shop scheduling problem. Wang et al. [22]
proposed a “social spider algorithm” (SSA) to solve flexible job shop scheduling
problem. Phanden [23] proposed a parallel hybrid approach of genetic algorithm and
variable neighborhood search method based on multi-agent system. He used JADE
platform to set up communication among initialization agent, processing agent and
coordinating agent to find the optimal makespan for a job shop scheduling problem.
Sadiq and Hussein [24] proposed a swarm intelligence-based heuristic called “arti-
ficial fish swarm algorithm” (AFSA) which imitates the behaviors of cluster of fish
to solve flexible job shop scheduling problem. The performance of regular AFSA is
enhanced through “variable neighborhood descent” (VND) scheme. Xu et al. [25]
presented bat algorithm to solve dual flexible job shop scheduling problem having
flexibility in process selection and machine selection.

Cuckoo search optimization (CSO) algorithm was developed by X. S. Yang and
S. Deb in 2009. In 2011, Rajabioun [26] explored the CSO algorithm in depth.
Initially, the cuckoo’s eggs emplacing process united with Levy flights come into
existence to form the algorithm rather than the simple random isotropic walk. CSO
is nature-inspired biomimicry optimization algorithm which works on the basis of
brood reproductive scheme of cuckoo bird to enhance their inhabitants. Cuckoo is a
brutal and cunning species among bird breed. They secretly emplace the eggs in the
nest of other birds in order to spare themselves from nurturing tasks of growing the
offspring. They are trained for the trickery art every time during their reproductive
life span. In fact, they learned to copy the design and shade of the eggs of host
birds to cover their eggs from being noticed by host birds. Also, the cuckoos steal
the host eggs in order to arrange extra food and space for their chicks. The host
birds and cuckoos are continuously confronted with arm race. The host birds keep
learning the way to detect the fraud, and they either kick out the less matching
eggs or abandon the nest. Also, the cuckoo’s expertise themselves for imitation
skill, to make their eggs to looks identical with host eggs. The literature reveals
that the CSO is more effective as compared to other nature-inspired meta-heuristic
algorithms. De facto, other approaches such as DE, PSO, ACO and BCO are diverse
cases of CSO algorithm. Therefore, the performance of CSO is promising as to
compare with them. In terms of convergence rate, the CSO algorithm outperforms
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DE optimization algorithm in order to attain optimal result. Also, the CSO algorithm
performs computationally effectively as compared to PSO algorithm [27]. Thus,
the CSO algorithm has fascinated scholars to solve complicated problems of their
research interest.

Zheng and Zhou [28] presented a Gauss distribution-based cuckoo search (GCS)
algorithm in order to eradicate the low convergence rate of original CSO algorithm.
They revealed that GCS converges faster than original CSO, while testing on stan-
dard functions such as Rosenbrock, Griewank, Rastrigin, Ackley, Easom and Sphere.
Chandrasekaran and Simon [29] proposed fuzzy integrated CSO algorithm for sin-
gle and multiple objectives (i.e., fuel cost, reliability and emission level) of power
system scheduling problem. Burnwal and Deb [30] proposed CSO algorithm for the
flexible manufacturing system (FMS) scheduling problem to minimize the manufac-
turing delay penalty cost as well as to maximize the utilization of machines. They
considered FMS having sixteen machines and forty-three jobs, and they found that
CSO outperformed on GA and PSO. Zhou et al. [31] proposed a CSO algorithm with
multiple strategies such as greedy transformation, swap and inversion, as well as
walking one scheme in order to solve the graphics pixel problem. They considered a
case study of coloring map of China and found that proposed algorithm outperformed
the PSO algorithm in terms of less number of iterations and more corrections in the
rate of coloring. Ong [32] proposed adoptive cuckoo search algorithm (ACSA) for
unconstrained optimization problems. This algorithm can adjust the step size () per-
petually during the computation. They concluded that ACSA is converging promptly
with less number of iterations as compared to original CSO algorithm. Marichelvam
et al. [33] proposed CSO algorithm for flow shop scheduling problem of furniture
manufacturing company to minimize the makespan performance. Nguyena and Vo
[34] presented CSO algorithm for scheduling of short-term hydrothermal system in
order to optimize the cost of thermal generators. They modify the CSO to improve
the searchability by constructing dual groups of eggs, in which one (upper) group
holds eggs of low fitness value and another (abandoned) group embraces remaining
eggs. In order to improve the search speed, two eggs of the upper group exchange the
information regularly. Singh and Singh [35] proposed CSO algorithm having “as-
sorted individual enhancement strategy” to solve job shop scheduling problem for
makespan performance measure. Al-Obaidi and Hussein [36] proposed two improve-
ments in the original CSO algorithm, viz., (i) best neighborhood generation and (ii)
iterative Levy flights to solve the flexible job shop scheduling problem. They find
that proposed algorithms performed better than original CSO algorithm.

2.3 Summary of the Literature Review

All in all, the literature review clearly reveals the following points; (i) CSO algorithm
has been applied successfully to each domain of engineering since last decade. (ii)
CSO algorithm is a promising nature-inspired approach that yields better results as
compared to other evolutionary algorithms. (iii) Simulation-based CSO algorithm
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has not been explored yet. (iv) CSO algorithm has not been studied in depth to solve
flexible job shop scheduling problem. Thus, the present work presents a simulation-
based CSO algorithm, to solve flexible job shop scheduling problem.

3 Problem Formulation

3.1 Problem Statement

The element of a flexible job shop scheduling is jobs, machines, flexibility, assump-
tions (constraints) and objectives as well as hypothesis.

Job (J) = Ji, I, J5... J,

Here, (n) number of jobs to be scheduled and job (J;) have predefined number of
operations. O; is an operation of any job (J;).

Machine (M) = My, M>, M5 ... M,,

Here, (m) number of machines are available in a job shop and an individual
machine can process only one operation at any point of time.

Manufacturing flexibility plays a vital role to enhance the production rate of a
shop. Here, partial flexibility has been planned to configure a job shop. The concept
of full flexibility is not realistic, because a machine cannot process each type of
operation. In case of limited flexibility, an operation of a job can be executed on a
predefined group of machines.

The value of fitness function (nest) is calculated using simulation software
(ProModel®), and multiple performance measures such as makespan, mean tardi-
ness and mean flow time are planned to optimize for considered flexible job shop
scheduling problem.

3.2 Assumptions

The job shop is planned to configure in ProModel® simulation software. The real
configuration of a job shop is extremely complicated which increases the modeling
difficulties as well. So, to rationalize the modeling, the present work follows some
assumptions in line with earlier research, as given below [4, 5, 10].

e Jobs and machines are independent entities and available at zero time.
e Operation time is known in advance.
e Production quantity and transportation time are also predetermined.
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Shortest processing time is used as a dispatching rule in simulation.

First come first serve criterion is used for tie breaker in scheduling.

One machine can process one job’s operation at a time.

Arrival and departure locations are considered for production order execution.
Sequence of operation and manufacturing flexibility are known in advance.
The infinite buffer capacity is considered in front of each processing station.
Part preemption is forbidden.

3.3 Objectives

This paper proposed a framework of CSO algorithm to optimize the flexible job shop
scheduling problem. It involves the following objectives to attain:

(1) To apply the simulation function in the CSO algorithm, as the simulation yields
better performance of an actual manufacturing system as compared to a math-
ematical function;

(i) To propose algorithm will be capable to solve the flexible job shop scheduling
problem for the multiple objectives such as makespan, mean tardiness and
mean flow time;

(iii) To develop the model which is capable to handle any size of job shop having
varying production orders;

(iv) To access the performance of proposed design by comparing with the original
CSO as well as with other nature-inspired algorithms such as GA and PSO.

4 Cuckoo Search Optimization (CSO) Algorithm

Figure 1 shows the working process of CSO algorithm presented by Rajabioun [26].
The opening of the CSO algorithm is similar to the other evolutionary algorithms in
which initial population is generated randomly. Cuckoo delivers the eggs in the host
bird nest, and owing to the similarity of eggs the infiltrated eggs of cuckoo avail the
opportunity to develop by carrying of host birds. In order to make proper space in the
nest, the host bird kills some of their own eggs due to the lack of uniqueness among
eggs. So, the fitness quality (profit rate) of nest depends on the growth rate of eggs in
that vicinity. If the rate of survival of eggs is increasing, it means the fitness of that
locality is rising. Hence, when the strength of living eggs of cuckoos is increased
in the vicinity, it shows that the CSO algorithm is approaching near to convergence
(optimization).

The cuckoos are always in search of better vicinity to lay the eggs in order to
enhance the rate of survival of their eggs. When the eggs are matured, they built a
society and the habitats are formed within it. Then, the race of finding better habitats
starts in the society. This fight leads to immigration of cuckoos to start living near the
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Fig.1 Working procedure of cuckoos search [26]

beneficial habitats. Thus, a cuckoo is restricted to dual parameters: first, the counting
(strength) of eggs, and second, distance traveled to get the beneficial habitat. These
parameters calculate the “egg-laying radii,” i.e., laying of eggs randomly among the
available nests within this area. Hence, the process accomplished in an iterative way
until the good habitat is obtained and the population increases inside this area [26].

4.1 Generation of Initial Population and Process of Egg
Laying

The variables of optimization problems are obligatory with formation of array. For
instance, in genetic algorithm this arrangement is called as chromosome. In the
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present algorithm, this array is named as habitat which comprises of (I x number
of variables). That is, a habitat contains x;, x, x3 ...up to x4;. The CSO algorithm
evaluates the profit function of a habitat (x, xo, X3 .. X4), i.e., profit = F(x), x = (xy,
X2, X3 .. Xq). It shows that the CSO algorithm maximizes the profit function, but in
the present scheduling problem the objective function is to minimize the makespan
performance of flexible job shop. Therefore, the maximization problem turned into
minimization problem by considering the minus of cost [26].

The CSO algorithm is initialized by creating a matrix of size equal to the product
of number of variables and size of population taken. Theoretically, the eggs are
produced randomly in the habitats of inaugural cuckoos. A cuckoo delivers around
5-20 eggs. The eggs are preserved by each cuckoo according to this concept, as
high and low limiting values during the iterative process of evolution. Moreover,
the cuckoos deliver eggs inside a determined remoteness from their habitats. This
distance is termed as “egg-laying radius” (ELR). Hence, ELR of each cuckoo is
equal to the product of total number of eggs, eggs of current cuckoos as well as the
difference of upper and lower limit of variables [26].

Cuckoos emplace the eggs within the ELR in the nest of other birds. Once the
laying process is completed, the host bird finds the eggs which are not resembling with
her own eggs. These unlike eggs are thrown outside or killed by host bird. Normally,
10% of eggs are destroyed by the host bird which are considered as a smaller amount
of profit values having very less or no possibility of growth. In addition, only one
egg grows in one nest at a time, since after hatching process the chicks arise and host
bird pushes her own eggs out of the nest to accommodate her three times larger body
size as well as most of the food will be eaten by the cuckoo’s chicks. At the end, only
cuckoo’s chick left in the nest [26].

4.2 Immigration, Eradication and Convergence Process

Once the cuckoos are matured enough and ready for egg laying, they leave the
society and immigrate to healthier habitats in order to find the nests of host birds
having similar eggs as well as to ensure the additional sources of food availability.
Hence, the clusters of cuckoos are shaped in various zones. Every cluster strives to
migrate toward the society having best profit value. This best society is considered as
a goal which is to be attained by each cuckoo. To distinguish among various groups
of cuckoos, the clustering method is adopted. A range of three to five cuckoos has
been suggested for making a cluster. The “mean profit value” (MPV) is calculated
for each cluster, and the maximum value of MPV is considered as goal group. Hence,
the next habitat for immigrants (cuckoos) will be the best habitat of the goal group.
In addition, all cuckoos may not fly toward best habitat of a goal group and they
may deviate on any other ways. In other words, a cuckoo may fly “xx” amount of
distance (in percentage) to the goal group and deviates with “yy” radians. Cuckoo
search is explored through these parameters in every location. “xx” means a randomly
generated and uniformly distributed number between O and 1. “yy” is a deviation from
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goal habitat which is constrained between the angle of —30° and +30° to avoid the
local convergence. The new habitats are stated after immigrating all cuckoos to the
goal. After arriving, each cuckoo gives few eggs and further the ELR is calculated
for individual cuckoo. Subsequently, the process of egg laying starts again [26].

Cuckoos are eradicated in poor habitats due to the limitation of food, predator
killing and lack of suitable host’s nest for emplacing eggs. De facto, the equilibrium
of species (cuckoos) population always exists, therefore, a control number (say N)
which is always sustained with the maximum value to bound the maximum number
of live cuckoos. Hence, N number of cuckoos will survive that possesses good values
of profit, while others will be dead. The process works in a repetitive manner, and
subsequently, all cuckoos fly to a best habitat having full availability of food source
as well as resemblance of eggs to the host birds. This best habitat has minimum loss
of eggs and yields highest profit always. Hence, about 95% of cuckoos converge in
this best habitat which accomplishes the CSO algorithm [26].

5 Simulation-Based CSO and Random Walk

Three compartments of CSO algorithm have been proposed by Yang and Deb [37],
namely: (i) A set of solution is created by emplacing of cuckoos’ eggs in randomly
selected nest of host birds. Cuckoo delivers one egg at a time. (ii) The best solutions
(i-e., the nests with good quality eggs) are carried forward in subsequent iterations of
algorithm. (iii) The chances of discovering the foreigner eggs (i.e., cuckoos’ eggs) by
the host birds are varied either zero or one (i.e., either the host birds will destroy the
eggs as well as nest or they move to another location to build new nests). The adopted
methodology is called “simulation-based CSO algorithm” as shown in Fig. 2. The
CSO philosophy presented by Yang and Deb [37] has been utilized in the present
work.

Random walk strategy is divided into two categories, namely Lévy flights and Lévy
walks. The concept of Lévy flights has been used in various engineering domains. It
begins to express the photoconductivity of amorphous materials by physicists [38].
In Lévy flights, the span of a step is marked by the randomly selected direction
with probability distribution. The new solution (x“*) to ith cuckoo is generated
randomly using {x51)+ a @ Lévy (B)} [37]. The step size (o > 0) is decided as per the
scale of problems. Generally, « is considered as 1. “@” is considered for entry-wise
multiplication factor. The step span is generated from Lévy distribution {Lévy ~ u
= t7# (1 < B <3)} at random with infinite variance value. The successive steps of
a cuckoo embrace the evolution of random walk having power law distribution of
a step span using her heavy trail control. So, the fresh nests are constructed at new
locations by random walk and the fraction (p,) of poor nests is abandoned.
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Fig. 2 Simulation-based CSO algorithm
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6 Experimentation

Simulation-based CSO approach has been framed to solve flexible job shop
scheduling problem as discussed in the previous section. The CSO algorithm has
been updated to calculate the quality (profit) function of nests through the simula-
tion software. The simulation is preferred as to compare with mathematical function
because it is capable to model the system which resembles the real manufacturing
system, and also it is suitable to deliver the performance of modeled system better
than the conventional mathematical function of scheduling. Makespan, mean flow
time and mean tardiness considered the performance measures for the considered
flexible job shop manufacturing system.

It is planned to test the framed algorithm on the test bed problems of flexible
job shop scheduling available in the literature. Various small-, medium- and large-
size problems are given in the literature, viz., (i) a real production problem of size
10 machines and 8 jobs given in Wang et al. [39], (ii) a partial flexible job shop
scheduling problem of 8 jobs and 8 machines given by Kacem et al. [11] and (iii) ten
problem instances given by Brandimarte [1], in which number of job and machines
are varied from 10 to 30 and 6 to 15, respectively. These benchmark problems have
been solved by various researchers for different performance measures. Hence, the
proposed algorithm will be compared with other revolution algorithms such as GA,
PSO and ACO proposed by various researchers for makespan, mean tardiness and
mean flow time criterions.

The flexible job shop systems will be modeled and configured in the ProModel®
simulation software. A sample shop model is shown in Fig. 3. The production order
is processed as follows. All orders will be received at in-location. Initially, the jobs
will be loaded on machines or in the buffer/queue of machine according to the

Fig. 3 A sample flexible job shop modeled in ProModel® simulation software
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Fig. 4 Job flow pattern in a
planned flexible job shop
environment

R. K. Phanden et al.
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required ?

| Job completed ]
]

operation sequence for the first process. Accordingly, the process will be executed if
the machine is idle; otherwise, the job waits in the queue of machine. After completing
first operation, the job will travel to next station according to the predefined operation
sequence for the next operation. Thus, all jobs will move to different machines
according to operation sequence. At the end, the finished product will exit the shop
from out-location as shown in Fig. 4.

7 Conclusion

This paper presents a novel framework of simulation-based CSO algorithm for flex-
ible job shop scheduling problem. CSO has been recognized as a promising evo-
lutionary algorithm since its inception in 2009. The proposed framework is unique
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and promising to yield the better performance as compared to other meta-heuristic
approaches. This approach is framed to use the simulation software in order to sim-
ulate the flexible job shop manufacturing environment. It goes without saying that
simulation function gives real configuration of a system rather than a mathemati-
cal function. The presented architecture will be capable to handle various perfor-
mance measures such as makespan, mean flow time and mean tardiness as per the
requirement of production manager. However, the development of algorithm is under
process.
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