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Preface

This International Conference on Advances in Materials and Manufacturing
Engineering (ICAMME-2019) held in the School of Mechanical Engineering inside
the beautiful campus of KIIT Deemed to be University, Bhubaneswar, Odisha,
India, during 15–17 March 2019. With the pure flame of education, visionary
educationalist Dr. Achyuta Samanta established KIIT Deemed to be University,
formerly Kalinga Institute of Industrial Technology, which is a co-educational
autonomous university located at Bhubaneswar in the eastern state of Odisha, India.
It was established in 1992 as an Industrial Training Institution which was developed
to KIIT Deemed to be University in 2004. It was one of the youngest institutions to
be awarded the Deemed University status in India and then the University status in
2004 and is recognized by Limca Book of Records. All the academic programmes
are accredited by NAAC of UGC and NBA as per Washington Accord of AICTE,
which are benchmarks of excellence. NAAC (government agency to evaluate
universities) has awarded KIIT the highest grade of “A” with a CGPA of 3.36/4.
KIIT Deemed to be University recently achieved the tag of Institution of Eminence
(IoE) by MHRD, Government of India. The School of Mechanical Engineering,
established in the year 1997, produces graduates who can meet the rapidly changing
needs of the industry which demand new skills. Current consultancy and research
and development areas of the school include residual stresses in fusion-welded
structure, surface finish optimization by high-pressure impingement cooling and
CAD modelling. Material processing technology, cleaner manufacturing technol-
ogy, renewable energy, automotive engineering and quality engineering and man-
agement are the other areas of interest. Research and development efforts of the
school are supported by bodies like ARDB, BRNS, AICTE and DST, Government
of India.

The International Conference on Advances in Materials and Manufacturing
Engineering (ICAMME-2019) provided an ideal platform and brought together the
researchers, scientists, engineers, industrial experts, scholars and students to share
and widen their knowledge on theoretical, numerical and experimental develop-
ments in the fields of processing, manufacturing and characterization of materials.
This conference offered excellent opportunities for the participants to have a direct
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exchange of ideas and experiences, to mine potential research problems and to forge
research relations alongside finding partners for future collaborations. The confer-
ence has invited eminent speakers from the industry and academia for delivering
keynote lectures and plenary talks. Given the gamut of engineering challenges
pertaining to mechanical engineering and materials that the modern society is
currently faced with, a holistic effort involving and transcending various disciplines
of mechanical engineering is essential. ICAMME proceedings spans over created
50 topical tracks, which are well balanced in content and manageable in terms of
number of contributions and create an adequate discussion space for trendy topics.
There were 80 oral presentations and about 40 poster presentations by participants
which brought great opportunity to share their recent research work knowledge
among each other graciously.

Efforts taken by peer reviewers contributed to improve the quality of manu-
scripts, provided constructive critical comments, improvements and corrections to
the authors are gratefully appreciated. We are very much grateful to the
International/National Advisory Committee, session chairs, student volunteers and
administrative assistants from the institute management who selflessly contributed
to the success of this conference. Also, we are thankful to all the authors who
submitted papers, because of which the conference became a history of success. It
was the quality of their presentations and their passion to communicate with the
other participants that really made this conference a great success.

Last but not least, we are thankful for the enormous support of Springer for
supporting us in every step of our journey towards success. Their cooperation was
not only the strength but also an inspiration for the organizers.

Edited by:

Prof. Purna Chandra Mishra
Prof. Leijun Li
Prof. Dilip Kumar Pratihar
Prof. Suman Chakraborty

Bhubaneswar, India Prof. (Dr.) Purna Chandra Mishra
Conference Co-chair-ICAMME 2019

pcmishrafme@kiit.ac.in
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Fused Deposition Modelling
and Parametric Optimization
of ABS-M30

Hemant Cherkia, Sasmita Kar, Sudhansu Sekhar Singh
and Ashutosh Satpathy

Abstract In the current development of generative manufacturing industries, 3D
printing technologies have a significant impact in the production of complex geom-
etry with least time and the absence of human intercession, tools, fixtures and dies.
Presently in engineering application, fused deposition modelling (FDM) has better
demand in additive manufacturing. The improvement in design quality andmanufac-
turing in FDM is based on the proper selection of principal operational parameters.
This paper experimentally describes the influence of stereotypical operational vari-
ables, i.e. layer thickness, raster angle, raster width, part build orientation and their
reciprocation on the precision of change in length, width, thickness, hole diameter
and angle orientation of test part of acrylonitrile butadiene styrene-M30 (ABS-M30)
after generated by FDM approach. It was profound that shrinkage predominates
along the diameter of hole but an increase in dimension of length, width, thickness
and angle of inclination is more than the thirst value of the fabricated specimen.
The most favourable parametric combination is followed to optimize the precise
responses just as a change in length, width, thickness, hole diameter and angle orien-
tation of build part by using a parametric design of Taguchi’s L9 orthogonal array. As
Taguchi’s methodology is not much satisfactory for steady optimal factor amalga-
mation of each response Grey-Taguchi methods used to investigate the influence of
FDM parameters on multi-performance characteristics, combining all the responses
into a single response. The correlative effect of significant factors is determined by
Analysis of Variance (ANOVA). Finally, the ANOVA on Grey relational grade indi-
cates layer thickness, part build orientation and raster width which are significant.
Layer thickness is themost influencing factor for part build. The percentage errors are
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12.05, 4.55, 2.45, 3.4, 5.07 and 0.74 for change in length, width, thickness, diameter,
angle and Grey relational grade, respectively.

Keywords Fused deposition modelling (FDM) · 3D printing · Acrylonitrile
butadiene styrene-M30 (ABS-M30) · Analysis of Variance (ANOVA)

1 Introduction

FDM is one among the extrusion-based additive machining process. Most signifi-
cantly, the part build occurs by continuous heating and extruding the filament through
a small regulated nozzle. Both the semi-molten filaments are deposited for part and
support structure simultaneously according to the specific design of CAD model.
Mostly, it assigns with ABS thermoplastics and polymer composites also. Any criti-
cal complicated parts with precise dimension can be manufactured by FDM technol-
ogy for different field of application, i.e. medical science, robotics, electronic items,
aerospace models, investment casting moulds and patterns. CADmodel is converted
to the format of stereolithography (STL) file, and the material deposition starts from
the outer periphery towards the inner zone by controlling the speed with temper-
ature of nozzle. Gradually, the subsequent layers are generated till the completion
of the build part by controlling the process parameters. Fused deposition modelling
(FDM) operation is based on Taguchi design of experiments to optimize the number
of experiments, followed by ANOVA analysis and Grey relation analysis, respec-
tively, to determine the relative influence of factors with effect of FDM parameters
in a single response rather than individual response for dimensional precision. The
important operation parameters such as density of layer, direction of parts, raster
angle and raster width depend upon length, width, thickness of the ABSP 400 parts
which are assembled by FDMmethod. The contraction prevailed along the direction
of the length andwidth, whereas the thickness increased from the desired value of the
fabricated part is defined by Padhi et al. [1]. Kaveh et al. investigated that optimized
printing parameters (PPs) of fabricated part had insignificant internal cavity having
least deviation in part dimensions, hole dimension and thickness [2]. Sahu et al. pro-
posed that the dimensional precision of ABSP 400 parts is manufactured by FDM
techniques and conducted the minimum experiments with Taguchi philosophy and
further focused on single and multi-performance characteristics of responses [3].

Mahapatra and Sood proposed that they adoptedBayesian regularization to collect
optimum network architecture due to its ability to fix sum of network constants not
according to the consideration of network size and trained ANN model using Lev-
enberg–Marquardt algorithm [4]. Sood et al. studied that the process parameters that
are affecting the compressive stress significantly affect the test specimen geometry.
They used quantum-behaved particle swarm optimization (QPSO) to obtain opti-
mal parameters [5]. Equbal et al. focused on the five important process parameters of
FDMprocesswhich is depending upon the tensile, flexural and impact strength of test
specimen. They used bacterial foraging technique [6]. Senthilkumaran et al. studied
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the five effective process parameter interaction calculated by Taguchi’s L27 orthogo-
nal array [7]. Panda et al. defined the impact of build orientation effect, thickness of
layer and feed rate on the mechanical achievement of 3D printed PLA samples with
a low cost. Mechanical response of the printed specimens is obtained by tensile and
three-point bending tests [8]. According to Sood et al., the distortion data obtained
by SL processed part is simulated by finite element method. Two significant factors
liable for part in accuracy were volumetric shrinkage and curl distortion [9]. Taguchi
method defined that the raster thickness width depends upon the layer of distortion,
and the measured dimensions are presented by the LOM, FDM and SLS process [10,
11]. According to Companelli et al., the surface roughness is significantly affected
by thickness and orientation of ABSP 400 plastic layer which is produced by an
FDM 1650 machine [12]. Chacon et al. observed that the part orientation and part
alignment depend upon the direction of the deposition [13].

2 Critical Literature Review

The immense review of the performance characteristics of FDM process is elab-
orately discussed, and the critical evaluation of significant research findings are
explained. The poor surface finish leads least attention in FDM technology and
which can be improved by controlling different parameters for dimensional preci-
sion [14–17]. It is concluded that for the different dimensional part generation or
any critical contour, the significance of influencing factor combination varies and
accordingly change in process parameters occurs. It also found after each perfor-
mance response parameter is giving different results so to overcome this problem
different optimization techniques are adopted [18, 19]. Mechanical performance
development is another point which can be improved by specific control of extru-
sion temperature, design and inclination angle of nozzle, ambient temperature, etc
[20, 21]. Though many researchers have tried to optimize the parameters to obtain
dimensional accuracy from the enervative review of the literature, less attention has
been paid for optimizing the inclination angle of test specimen if any. So there is an
opportunity to optimize the process parameters by introducing the inclination angle
for a standard specimen having one central hole with specific diameter. The design
of the experiment is done based on Taguchi methodology to minimize the number
of experiments as it is robust design technology [22].

3 Experimental Methodology

The FDM process is stipulated here due to its least cost and ease of manufacturing
with less time andwithout the influence of laser in the academic field of research. The
experiment is done by FDM process because in this process, high strength, isotropic,
tailored properties of multi-materials parts are produced which can be directly used
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for making functional prototype also uniform fine-grained microstructure is pro-
duced. In the FDM process ABSP 400 used as the specimen, it contains 90–100%
ABS resin, (0–2%) mineral oil, (0–2%) tallow and (0–2%) wax. ABS is manufac-
tured by polymerization of styrene and acrylonitrile in process of poly-butadiene
(Table 1).

Fused depositionmodelling (FDM)methodmostly influenced by the input param-
eters which are used in this process are part orientation, layer thickness, raster angle
and raster width to find the measuring process parameters length (L), width (W ),
thickness (T ), diameter (D) and inclination angle (θ ). In this experiment, two types
of input parameters are used: one is fixed parameter and another is control parameter
which are defined in Tables 2 and 3. The input parameters and their levels are rep-
resented in Table 3. Fixed parameters depend upon specific FDM machine set-up.
The part build generation is along the vertical direction z-axis, as x- and y-axis are
horizontally placed on build platform.

The experimental study for four control parameters mostly necessitates 81 (34)
experiments in classicalDOEbut similar statistical result can be obtained by adopting
Taguchi DOE methods. Considering four factors with 3-level, there are 8 degrees of
freedom, and a suitable orthogonal array L9 (34) is established. The designed array
builds up with four columns for assigning factors and nine rows designating the
trial or experiment conditions. The L9 orthogonal array can contain a maximum no.
of four factors and each factor at three levels. The experimental set-up having four

Table 1 Mechanical
properties of ABSP 400
material

Mechanical
properties

Unit Extruded Moulded

Density g/cm3 0.350–1.26 1.02–1.17

Rockwell
hardness

HRC 90.0–121 68.00–115

UTS MPa 27.00–52.00 28.00–49.00

Yield strength MPa 20.0–62.0 13.00–65.00

Modulus of
elasticity

GPa 1.52–6.10 1.00–2.65

Elongation
yield

%
(percentage)

0.620–30.0 1.70–6.00

Table 2 Fixed parameters Parameter Value Unit

Style of part fill Perimeter/style –

Width of counter 0.4064 mm

Style of interior part Normal solid –

Visible surface Normal raster –

Shrink factor in XY and Z 1.0038 –

Air gap of perimeter/raster 0 mm
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Table 3 Control parameters
and their level

Parameters Symbols Levels

1 2 3

Thickness of
layer

A 0.127 0.178 0.254

Orientation B 0 15 30

Raster angle C 0 30 60

Raster width D 0.4064 0.4654 0.5064

factors without any interactions, then factors can be placed arbitrarily in any column.
Therefore, in this case layer thickness (A) is assigned to first column, orientation (B)
is assigned to column 2, raster angle (C) is assigned to column 3 and raster width (D)
is assigned to column 4. After fabricating the model (ABS-M30) by Fortus 400mc
machine set-up, the measurement of each dimension is obtained. Horizontal, vertical
andhole dimensions aremeasured usingMitutoyodigitalVernier calliper having least
count of 0.01 mmwhere external and internal distances can be precisely determined.
Internal jaws are used for measuring internal dimensions of holes and cavities, i.e.
length (L), width (W ) and thickness (T ). For measuring hole diameter (d), internal
jaws are adjusted carefully until they touch the internal surface of hole. Angle of
inclination of the specimen is measured by optical profile projector, an optical device
with enlarge image. It contains a light source, condenser lens, projection lens and
screen. A beam of light from the light source is passed through the condenser lens and
projection lens and falls on the screen. The work piece will be placed in between the
light source and condenser lens. A shadow image of the work piece will be created,
while the work piece is placed (Figs. 1 and 2, Table 4).

Fig. 1 Enlarged views of specimen on optical profile projector screen
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Fig. 2 Fabrication of FDM processed part

Table 4 L9 OA (S/N ratio)

No of exp Aspects S/N ratio

A B C D �L �W �T �D �θ

1 1 1 1 1 22.3078 32.6404 16.4781 20.9151 7.3508

2 1 2 1 2 26.6198 23.9673 11.9261 13.4188 13.4732

3 1 3 1 3 22.6939 33.9794 15.5630 12.2759 10.2289

4 2 1 2 2 23.9673 21.9382 15.2223 18.9128 12.2878

5 2 2 2 3 13.8358 22.6939 11.0568 13.6945 11.2767

6 2 3 2 1 12.6404 23.9673 9.9879 12.0411 13.4324

7 3 1 3 3 16.2872 17.0774 12.2759 9.0363 11.1191

8 3 2 3 1 20.5992 19.7151 11.1608 10.1727 5.1927

9 3 3 3 2 13.9794 17.2867 8.8739 10.6527 1.1004

Relative change in dimensions of the measuring process parameters is calculated
as per the following equation

�X = |X − XCAD| (1)

In Taguchi methodology, the significant use of S/N ratio is to find
the required values of differences between the performance charac-
teristics. The inspection of S/N ratio is based on three categories:
(i) the lower the better, (ii) the higher the better and (iii) the more nominal
the better. Objective of experiment plan is to reduce the relative change in length
(�L), width (�W ), thickness (�T ), diameter (�D) and angle (�θ ) as small as
possible. Therefore, “smaller the better” quality characteristic is considered. For
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“smaller the better” quality characteristic, S/N ratio (η) is expressed by Eq. (2) [23].

[S/N ]SB = −10log(MSDSB) (2)

where MSDSB = [y1+ 2y2+ 2y3+ 2 . . . yn2]/n

4 Grey Relational Analysis

Grey relational analysis (GRA) is an impacting measurement method in Grey theory
that analyses uncertain relations among factors and interactions in a given system.The
aim is to determine the optimum factor setting to satisfy all the five performance char-
acteristics simultaneously. It is actually a measurement of the absolute value of the
data difference between sequences, and it could be used to measure the approximate
correlation between sequences. The Taguchi method is best suited for optimization
of a single performance characteristic, whereas Grey-based Taguchi (Grey-Taguchi)
combines all performance characteristics (objectives) considered in the study into a
single value that can be used as the single characteristic in optimization problems. In
Grey relational analysis (GRA), the experimental results of responses are normalized
at first in the range between 0 and 1 due to different measurement units.

5 Analysis of Variance (ANOVA)

The analysis of data is done by usingMinitabR17 software at 95% level of confidence
value and the relation between the factors are resolved by the ANOVA technique.
This technique is used to analyse the difference between group mean also used
apportioning the variance of an output to a different input. The total degrees of
freedom of four parameters and each contain three levels of eight which is equivalent
to the experimental DF. The ANOVA results of�L,�W,�T,�D and�θ are shown
in Tables 5, 6, 7 and 8, respectively, and also using this value, main effect plots are
prepared which show the minimizing response and S/N ratio.

6 Results and Discussions

In this section, there will be an analysis result obtained from the experiment done
through FDM process, and all the resulting values show that there is a shrinkage
occur in diameter of hole, but length,width, thickness and angle of inclination value is
consistently greater than themodel value those prepared byCADsoftware. Shrinkage
along the diameter of hole may be obtained due to the progress of closer stresses
in material deposition time. To minimize this error of part dimension, Grey-Taguchi
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Table 5 ANOVA table for �L (change in length)

Sources DF Sum of squares Variance F-value P-value P (%)

A 2 97.72 48.86 3.88 0.025 46.72

B 2 35.07 17.54 1.39 0.418 16.76

C* 25.21 12.60

D 2 51.15 25.57 2.03 0.330 24.45

Error 2 25.21 12.60 12.05

Total 8 209.15

*Signifies the pulled out parameter based on Grey Taguchi method

Table 6 ANOVA table for �W (change in width)

Sources DF Sum of squares Variance F-value P-value P (%)

A 2 225.24 112.618 17.02 0.056 77.47

B* 13.24 6.618

C 2 32.28 16.140 2.44 0.291 11.10

D 2 19.97 9.987 1.51 0.399 6.86

Error 2 13.24 6.618 4.5

Total 8 290.72

*Signifies the pulled out parameter based on Grey Taguchi method

Table 7 ANOVA table for �T (change in thickness)

Sources DF Sum of squares Variance F-value P-value P (%)

A 2 23.425 11.7123 16.95 0.056 41.58

B 2 20.888 10.4440 15.11 0.062 37.07

C* 1.382 0.6912

D 2 10.638 5.3191 7.70 0.115 18.88

Error 2 1.382 0.6912 2.45

Total 8 56.333

*Signifies the pulled out parameter based on Grey Taguchi method

Table 8 ANOVA table for �D (change in diameter)

Sources DF Sum of squares Variance F-value P-value P (%)

A 2 55.89 27.944 3.8 0.205 43.99

B 2 36.94 18.471 2.56 0.281 29.07

C 14.46 7.202

D 2 19.81 9.903 1.38 0.421 15.59

Error 2 14.40 7.202 11.33

Total 8 127.04
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Table 9 ANOVA table for �θ (change in inclination angle)

Sources DF Sum of squares Variance F-value P-value P (%)

A 2 67.218 33.690 9.53 0.095 48.33

B* 7.051 3.525

C 2 8.690 4.345 1.23 0.448 6.24

D 2 56.097 28.049 7.96 0.112 40.34

Error 2 7.051 3.525 5.07

Total 8 139.056

*Signifies the pulled out parameter based on Grey Taguchi method

method is used because this is an effective method for determining the effectiveness
of experimental design by relating the effect of the input parameters with that to the
output parameters. Taguchi method uses a statistical tool to measure performance
known as signal-to-noise ratio (S/N). S/N ratio consists of both mean and variability
of performance characteristics. Themain objective of this paper is to reduce the value
of change in length (�L), width (�W ), thickness (�T ), diameter (�D) and angle
(�θ ), and those things are discussed.

Tables 5, 6, 7, 8 and 9 show the observed significant factors for different responses
are different.

7 Main Effect Plot for S/N Ratios

These plots are shown the relation between input of FDM parameter and signal-to-
noise ratio which obtain by the help of Minitab software. It responses mean for each
factor level connected by a line and indicates the response in a different way with
varying levels and factors independently (Figs. 3, 4, 5, 6 and 7).

From the plot, the most significant factors of combination on process parameters
are obtained A, B, D for �L, A, C, D for �W, A, B, D for �T and �D, A, C, D for
�θ , respectively.

8 Grey Relational Analysis for Dimensional Accuracy

For improvement in part dimensional accuracy, Grey-Taguchi method is used. In
Grey-Taguchi method, the five input parameters are �L, �W, �T, �D and �θ , and
smaller is the better type response which is considered. It represents a combination
of all the response into a single response (Fig. 8).

Exclusive experimental investigation was carried out using Taguchi’s method
for different responses individually. Grey relational optimization was to find the
significant factors affecting FDM processed part at different levels, and ANOVA
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Fig. 3 Main effect plot for S/N ratios (�L)

Fig. 4 Main effect plot for S/N ratios (�W )
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Fig. 5 Main effect plot for S/N ratios (�T )

Fig. 6 Main effect plot for S/N ratios (�D)
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Fig. 7 Main effect plot for S/N ratios (�θ)

Fig. 8 Effects of FDM parameters on the multi-performance characteristics
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Table 10 Contribution percentage

Factors Contribution (%)

�L �W �T �D �θ Grey relational grade

Layer thickness (A) 46.72 77.47 41.58 43.99 48.33 70.08

Orientation (B) 16.76 – 37.07 29.07 – 16.66

Raster angle (C) – 11.10 – 6.24 –

Raster width (D) 24.45 6.86 18.88 15.59 40.34 12.49

Error (%) 12.05 4.55 2.45 3.4 5.07 0.74

was calculated to predict the percentage contribution of different factors at different
levels. The percentage error for the difference in length, width, thickness and angle by
Grey relational analysis is obtained: 12.05, 4.55, 2.45, 3.4, 5.07 and0.74, respectively.
This result shows that all the responses are combining into a single response using
Grey-Taguchimethod. It ismore effective than considering the responses individually
by the Taguchi method (Table 10).

9 Conclusions

In this current work, the FDM technique was used to fabricate acrylonitrile butadiene
styrene (ABS-M30) parts. The process parameters were optimized at a common level
setting using Grey-based Taguchi with DOE of Taguchi’s philosophy to obtain the
minimum changes in length, width, hole diameter, angle of orientation and thickness
from the desired values simultaneously. Based on experimental studies carried out
for optimization of the FDM process parameters, some of the important findings are
obtained.

The height of the part considered in this work at maximum orientation of 30
will be 13.031 mm. If it is sliced with minimum thickness of 0.127 mm, a total
of 102.60 slices will be required by simple arithmetic. It is found that shrinkage
is dominant along the diameter of hole and of test part whereas the length, width,
thickness and angle orientation are always more than the desired value. Ultimately,
thickness of layer 0.255 mm, orientation of part 30°, raster angle of 30° and raster
width of 0.4046 mm are optimal factor settings for developing all characteristics of
performance concurrently. The contribution of layer thickness is more compared to
all other measured constants for governing the change in dimension of FDM built
part. Effect of process parameters on dimensional accuracy is studied on flat and
circular profiles only.



14 H. Cherkia et al.

References

1. Padhi, S.K., Sahu, R.K., Mahapatra, S.S., Das, H.C., Sood, A.K., Patro, B., Mondal, A.K.:
Optimization of fused deposition modeling process parameters using a fuzzy inference system
coupled with Taguchi philosophy. Adv. Manuf. 5(3), 231–242 (2017)

2. Kaveh, M., Etefagh, A.H., Badrossamay, M.: Optimization of the printing parameters affecting
dimensional accuracy and internal cavity for HIPS material used in fused deposition modeling
processes. J. Mater. Process. Technol. 226, 280–286 (2015)

3. Sahu, R.K., Mahapatra, S.S., Sood, A.K.: A study on dimensional accuracy of fused deposition
modelling (FDM) processed parts using fuzzy logic. J.Manuf. Sci. Prod. 13(3), 183–197 (2013)

4. Mahapatra, S.S., Sood, A.K.: Bayesian regularization-based Levenberg–Marquardt neural
model combined with BFOA for improving surface finish of FDM processed part. Int. J. Adv.
Manuf. Technol. 60, 1223–1235 (2012)

5. Sood, A.K., Ohdar, R.K.,Mahapatra, S.S.: Experimental investigation and empirical modelling
of FDM process for compressive strength improvement. J. Adv. Res. 3, 81–90 (2012)

6. Equbal, A., Sood, A.K., Toppo, V., Ohdar, R.K., Mahapatra, S.S.: Prediction and analysis of
sliding wear performance of fused deposition modelling-processed ABS plastic parts. J. Eng.
Tribol. 224, 70–80 (2010)

7. Senthilkumaran, K., Pandey, P.M., Rao, P.V.M.: Influence of building strategies on the accuracy
of parts in selective laser sintering. Mater. Des. 30, 2946–2954 (2009)

8. Panda, S.K., Padhee, S., Sood, A.K., Mahapatra, S.S.: Optimization of fused deposition mod-
elling (FDM) process parameters using bacterial foraging technique. Intell. Inf. Manage. 1,
89–97 (2009)

9. Sood, A.K., Ohdar, R.K., Mahapatra, S.S.: Parametric appraisal of fused deposition modelling
process using the grey Taguchi method. J. Eng. Manuf. 224 (2009)

10. Wang, R.J., Wang, L., Zhao, L., Liu, Z.: Influence of process parameters on part shrinkage in
SLS. Int. J. Adv. Manuf. Technol. 33, 498–504 (2007)

11. Pandey, P., Raghunath, N.: Improving accuracy through shrinkage modelling by using Taguchi
method in selective laser sintering. Int. J. Mach. Tools Manuf. 47, 985–995 (2007)

12. Campanelli, S.L., Cardano, G., Giannoccaro, R., Ludovic, A.D., Bohez, E.L.J.: Statistical
analysis of stereolithographic process to improve the accuracy. Comput. Aided Des. 39(1),
80–86 (2007)

13. Chacon, J.M., Caminero, M.A., Garcıa-Plaza, E., Nunez, P.J.: Additive manufacturing of
PLA structures using fused deposition modelling: effect of process parameters on mechanical
properties and their optimal selection. Mater. Des. 124, 143–157 (2007)

14. Nizam, A., Gopal, R.N., Naing, L., Hakim, A.B., Samsudin, A.R.: Dimensional accuracy of
the skull models produced by rapid prototyping technology using stereo lithography apparatus.
Arch. Orofac. Sci. 32, 60–66 (2006)

15. Zhu, H.H., Lu, L., Fuh, J.Y.H.: Study on shrinkage behavior of direct laser sintering metallic
powder. Proc. Inst. Mech. Eng. J. Eng. Manuf. 220, 183–190 (2006)

16. Huang, Y., Lan, H.: Dynamic reverse compensation to increase the accuracy of the rapid
prototyping system. J. Mater. Process. Technol. 167, 167–176 (2005)

17. Lehtihet, E., Tong, K., Joshi, S.: Software compensation of rapid prototyping machines. Precis.
Eng. 28, 280–292 (2004)

18. Xu, F., Wong, Y.S., Loh, H.T.: Toward generic models for comparative rapid prototyping and
manufacturing. J. Manuf. Syst. 19, 283–296 (2000)

19. Zhou, J., Herscovici, D., Chen, C.C.: Parametric process optimization to improve the accuracy
of rapid prototyped stereo lithography parts. Int. J. Mach. Tools Manuf. 40, 363–379 (2000)

20. Vasudevarao, B., Natarajan, D.P., Razdan, A., Mark, H.: Sensitivity of RP surface finish to
process parameter variation. In: Solid Free Form Fabrication Proceedings, pp. 252–258. The
University of Texas, Austin (2000)

21. Es-Said, O.S., Foyos, J., Noorani, R.,Mendelson,M.,Marloth, R., Pregger, B.A.: Effect of layer
orientation on mechanical properties of rapid prototyped samples. Mater. Manuf. Processes
15(1), 107–122 (2000)



Fused Deposition Modelling and Parametric Optimization of ABS-M30 15

22. Dao, Q., Frimodig, J.C., Le, H.N., Li, X., Putnam, S.B., Golda, K., Foyos, J., Noorani, R.,
Fritz, B.: Calculation of shrinkage compensation factors for rapid prototyping (FDM 1650).
Comput. Appl. Eng. Educ. 7(3), 186–195 (1999)

23. Anitha, R., Arunachalam, S., Radhakrishnan, P.: Critical parameters influencing the quality of
prototypes in fused deposition modelling. J. Mater. Process. Technol. 118, 385–388 (2001)



Performance of Laminated Composite
Turbomachinery Blades Using Finite
Element Method with Delamination

Sai Mouli Makineni, P. V. Satyanarayana Yalamachili, P. Phani Prasanthi,
K. Sivaji Babu and M. Mounika

Abstract The aim of the present study is to analyze the composite twisted blades
with pre-existed cracks as these are the key parts in the power unit such as turboma-
chinery. The composite 16-layered twisted blade is analyzed by varying the twisting
angle (θ), stacking sequence [0/90/90/0]2s, [0/45/-45/0]2s, [0/60/-60/0]2s and type of
composite lamina (glass/epoxy, Kevlar/epoxy and carbon AS4/epoxy) in the lami-
nate. The structural performance of the composite twisted blade with the presence
of debond at the center of the composite laminate is explored with finite element
method. The changes in the structural response of the composite blade in terms of
deformations, and normal and shear stresses are evaluated. The FE models are val-
idated with published results. The present work is used for the effective design of
turbomachinery blades with pre-existed cracks.

Keywords Composite blades · Finite element method · Normal and shear
stresses · ANSYS

1 Introduction

Fiber-reinforced composite laminates are widely used in aircraft, aerospace, turbines
and in other industries as a main load carrying member. These composite material
behavior will be decreased by some defects such as matrix cracking, delamination
between the laminas of the laminate and hygrothermal stresses [1–6]. Delamination
means separation of laminas from the laminate due to the concentration of high
interfacial stress between the laminas. Delamination within the composite structure

S. M. Makineni · P. V. Satyanarayana Yalamachili · P. Phani Prasanthi (B) · K. Sivaji Babu ·
M. Mounika
Department of Mechanical Engineering, Prasad.V. Potluri Siddhartha Institute of Technology,
Vijayawada, Kanuru, India
e-mail: pprasanthi.parvathaneni@gmail.com; saimouli121@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
L. Li et al. (eds.), Advances in Materials and Manufacturing Engineering, Lecture Notes
in Mechanical Engineering, https://doi.org/10.1007/978-981-15-1307-7_2

17

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1307-7_2&domain=pdf
mailto:pprasanthi.parvathaneni@gmail.com
mailto:saimouli121@gmail.com
https://doi.org/10.1007/978-981-15-1307-7_2


18 S. M. Makineni et al.

is not clearly visible or hardly visible to the normal inspectionmethods.With existing
powerful non-destructive methods, one can visualize the location of delamination
in the laminate [7]. Delamination in the composite laminate increases the stress
concentration factor and reduces the overall performance in terms of strength and
stiffness [8].

On the other side, composite twisted plates are used in turbine blades, compressor
blades, marine propellers and helicopter blades, and it is required to understand the
stresses, deformation of these blades with flaws such as delamination and voids.
Analysis of twisted plates with delamination has been studied extensively by many
researchers. Analysis of thin rectangular plates under tension and twisting load was
studied by Crispino and Benson [9]. Kar andNeogy [10] were studied the pre-twisted
tapered and rotated cantilever beam to explore the effect of thermal gradient on the
strength of the structure. The progress in the delamination with the local buckling of
composite plates was studied using three-dimensional finite element methods [11].

A composite laminate is modeled using finite element method to understand the
interaction of each layer of the laminate [12]. The dynamic behavior of a composite
helicopter blade with crack was simulated by using extended finite element method.
Natural frequency along with their mode shapes of the cracked composite blade is
analyzed [13]. A thin ribbon flexible helicopter rotor blade is analyzed using Euler–
Bernoulli beam theory, and the static and dynamic aeroelastic behavior is evaluated
[14].

The one-dimensional beam analysis is replaced by a three-dimensional model
using ANSYS with the application of static force. The authors identified [15] the
ways to strengthen the structural performance of the three-dimensional rotor blade.
The velocity gradient and probability of air vortexes in the rotor case are studied by
selecting an arc-shaped rotor blade [16].

Two different positions of the mixed flow pump impeller blades (forward and
trapezoidal) in the meridional annulus are studied to highlight the Von Misses stress
distribution among different blade positions [17]. The fluid–structure interaction
analysis of the blade, structural design loads and the blade structure was studied
using the finite element method [18]. A numerical simulation of two types of axial
composite impellers studied for fatigue life using finite element method and fluid
dynamic method and using suitable experiments [19, 20]. From the above observa-
tions, it is observed that the finite element method is an effective tool to address the
composite twisted plate subjected to different loads.

The objective of the present work is to identify the overall deformations and
stresses of the twisted composite plate with delamination. The effect of stacking
sequence, type of lamina in the laminate and influence of twisting angle on the
overall performance of composite blade are identified.
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2 Twisted Composite Laminate Blades with a Delamination

The composite twisted blade with a dimension of 100 mm × 100 mm is modeled
by varying the twisting angle from 10° to 40°. The twisted composite blade with
dimensions is shown in Fig. 1a. Finite element model of twisted plate with twisting
angle of 30° is shown in Fig. 1b. The composite plate is made with unidirectional
fiber-reinforced composite laminas of 16 layers with different layups with different
materials. The material properties of each ply are given in Table 1.

The laminate is made with carbon/epoxy laminas. Each layer in a laminate is
maintained to a thickness of 0.125 mm [22]. The composite twisted plate is made of
16 plies and these layers are arranged in XY plane with different stacking sequences
such as [0/90/90/0]2s, [0/45/-45/0]2s and [0/60/-60/0]2s. The thickness of each ply is
0.125 mm. The composite plate is fixed at one end and a uniform pressure load of

Fig. 1 a Composite twisted plate with debond, b geometry and finite element model of twisted
composite laminate (θ = 300)
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Table 1 Material properties of a ply of S-glass/epoxy, Kevlar/epoxy and carbon/epoxy
unidirectional layer of thickness 0.125 mm at fiber volume fraction 50% [21]

Name of the property S-glass/epoxy Kevlar/epoxy Carbon/epoxy

Longitudinal elastic modulus (Ez) [GPa] 45 75 140

Transverse elastic modulus (Ex) or (Ey)
[GPa]

11 5.5 10.3

In plane shear modulus (GXY) [GPa] 4.5 2.2 7

Major poisson’s ratio 0.29 0.34 0.27

Minor poisson’s ratio 0.06 0.02 0.02

1 MPa is applied at the opposite end of the fixed support. The boundary conditions
of a twisted blade are shown in Fig. 1b. The twisting angle of composite laminate
varies from 10° to 40° with an interval of 10°. A delamination of 20 mm× 20 mm is
created at the geometric center of the plate and in between the 8th and 9th layer of
the laminate.

The objective of the present work is to study the effect of delamination of com-
posite twisted plate on deformation, stresses by varying the twisting angle of the
blade, stacking sequence, type of material using finite element method.

3 Fe Modeling of the Twisted Composite Blade
with Embedded Delamination

Finite element-based software ANSYS has been used to evaluate the deformations
and stresses of the delaminated composite blade. These stresses are responsible for
the growth and propagation of the embedded delamination. The three-dimensional
FEmesh of the twisted platewith the number of layers is shown inFig. 1b. The twisted
plate is modeled based on assumptions that the cross-section of the blade is constant
and the material behavior is elastic. The composite plate is twisted with respect to the
XY plane. Four key points are generated in ANSYS software; for example, first key
point position is (0, 0), second key point location is (100, 0) and third and fourth key
points are determined based on the twisting angle. These key points are connected
through line option, and later, these lines are connected to generate area and the area
is extruded in Z-direction. A 20-node layered volume element designated as SOLID
191 has been used to generate finite element mesh. Using the material properties in
Table 1, the analysis is performed.

The mesh density of the finite elements has been increased (other than through-
thickness direction, Z-direction) to ensure the convergence of the solution. SOLID
191 elements with 16 layers are generated, and each layer thickness is maintained at
0.125 mm. For the total layers, the thickness of the blade becomes 2 mm (16*0.125).
This is indicated in Fig. 1b. The delamination of 20 mm is located at the geometric
center and in between 8th and 9th ply of the laminate. To simulate the delamination,
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Fig. 2 a Variation of peel stresses, b variation of shear stresses

TARGET 170 and CONTACT 191 element with a contact algorithm of augment and
contact behavior of standard were used [22].

3.1 Validation of Finite Element Procedure

The present finite element models are validated with the published results [22]. The
authors studied an adhesive-strap lap joint with delamination of 10 mm using three-
dimensional finite element method and evaluated peel stresses and shear stresses at
the interface. Using the same data, the variation of peel stresses and shear stresses is
computed using finite element-based software ANSYS and results are presented in
Fig. 2a, b, which show close agreement between the published results and present
results.

4 Results and Discussion

Variation of twisted composite blade overall deformationUX ,UY andUZ inX-,Y- and
Z-directions, respectively, and maximum normal stresses (σ X , σ Y and σ Z directions)
and interlaminar shear stresses in the τXY, τYZ and τXZ planes are evaluated from
the simulated models.

(a) Deformation in X-direction (UX ) (Fig. 3).

1. The magnitude of deformation decreases with increase in twisting angle of
the composite laminate.

2. The magnitude of this deformation is less for [0/90/90/0]2s layup, compared
to other stacking arrangements, because the transverse stiffness is increased
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Fig. 3 UX with respect to θ

by arranging the fiber parallel to the transverse direction of the laminate
(Y-direction).

(b) Deformation in Y-direction (UY ) and Z-direction (UZ ) (Figs. 4 and 5).

1. The magnitude of deformation in Y-direction (UY ) is less compared to X-
directional deformation (UX ). The pressure load is applied to the blade in
X-direction; as a result, the resulting deformationwill bemore inX-direction
(UX ), and compared to X- and Y-directional deformations, the Z-directional

Fig. 4 UY with respect to θ

Fig. 5 Variation of
deformation in Z-direction
with respect to θ
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deformation is less (Uz). The composite laminate is prepared by arranging
layers in XY plane, and in the through-thickness direction (Z-direction), the
deformation is less.

(c) Normal stresses in X-direction (σ X ) (Figs. 6).

1. The composite plate is fixed at one end and a uniform pressure of 1 MPa is
applied to the other end of the plate. Due to this condition, the stresses are
more in direction parallel to loading.

2. Magnitude ofσ X increaseswith the increase in twisting angle of the compos-
ite plate. The stress developed in the composite is more with [0/60/60/0]2s
stacking sequence.

3. The minimum magnitude of these stresses is observed for [0/45/-45/0]2s
layup. The delamination at the center of the plate increases the shearing
effect. These effects will be decreased by arranging the laminate in [0/45/-
45/0]2s stacking sequence.

(d) Normal stresses in Y- and Z-direction (σ Y ) (Figs. 8 and 10).

1. Magnitude of σ Y and σ Z increases with the increase in twisting angle of the
composite plate.

2. Compared to normal directional stresses in X-direction, normal stress in Y-
and Z-directions is less. The stress developed in the composite is more in
σ Y with [0/90/90/0]2s stacking sequence.

(e) Shear stresses (τXY, τYZ and τXZ) (Figs. 7, 9 and 11).

1. Compared to normal stresses, the magnitude of shear stresses is less with
delamination.

2. Slight increment in theses stresses is observed with twisting angle of the
plate.

Fig. 6 Variation of σX w.r.t
(θ)
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Fig. 7 Variation of τXY w.r.t
(θ)

Fig. 8 Variation of σ Y w.r.t
(θ)

Fig. 9 Variation of τYZ w.r.t
(θ)
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Fig. 10 Variation of σ Z w.r.t
(θ)

Fig. 11 Variation of iXZ
w.r.t (θ)

3. The influence of fiber stacking sequence has insignificant effect on shear
stress of the composite plate with delamination.

(f) Normal stress (σ X ) for different materials (Fig. 12).

1. From the above results, it is observed that the normal stress σ x magnitude
is very high due to delamination for [0/60/-60/0]2s stacking sequence. The
effect of material on the delamination is studied by selecting Kevlar/epoxy
and AS4-carbon/epoxy composite for same stacking sequence.

2. It is observed that the AS4-carbon/epoxy laminate showed good response
to withstand high normal stress (σ X ). Kevlar/epoxy performance is very
less in the same point of view. Compared to glass/epoxy, the Kevlar/epoxy
composite has high longitudinal strength, butKevlar/epoxy composite trans-
verse modulus is very less compared to other two laminates (glass/epoxy
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Fig. 12 Variation of σX with respect to (θ) and material

and AS4-carbon/epoxy). Because of this reason, the normal stress (σ X ) is
very high for Kevlar/epoxy composite.

5 Conclusion

Three-dimensional finite element method is used to explore the twisted composite
blade behavior in the presence of debond by varying the stacking sequence and the
type of laminas in the laminate. The following conclusions are obtained from the
present method.

• The magnitude of compressive deformations in X-direction (UX ) is more than
other directional deformations (UY and UZ ) for various twisting angles under
considered boundary conditions.

• The composite plate shows less deformation in Z-direction (UZ ) than other
directional deformations (UX and UY ).

• Themagnitude of normal stress (σ X ) ismore compared to other directional stresses,
and these stresses are increasingwith increase in the twisting angle of the composite
blade. Care should be takenwhile selecting a twisting angle of the composite blade
in this regard.

• The selection of stacking sequence is one of the important aspects in the design of
twisted composite blades. From the present work, it is observed that [0/60/-60/0]2s
layup showed very higher stresses (σ X ) than other stacking sequences considered
for the study.

• The effect of material on the (σ X ) for [0/60/-60/0]2s is studied. From these studies,
it is observed that the normal stress (σ X ) is very high for Kevlar/epoxy composite.
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Numerical Simulation of Back-Extrusion
Process

Ch. Bhanu Vardhan and K. Prakash Marimuthu

Abstract Finite element analysis has long been used to research the underlying
phenomenon in different processes. It has helped researches to study the different
processes in the microscopic level. The present work is a study on the back-extrusion
process using finite element analysis using commercially available software. In the
back-extrusion process, the workpiece undergoes large deformation. Large deforma-
tion subsequently affects the performance of the components when they are put into
working condition. The aim of the present work is to determine the stress and strain
distribution in the workpiece that undergoes back extrusion. Commercially available
software Abaqus has been used in the analysis. A 2D axisymmetric model has been
developed to do the studies. The results obtained are promising and can be used for
further research.

Keywords Back extrusion · Stress and strain analysis · Finite element analysis

1 Introduction

Forming is a manufacturing process of making use of suitable stresses which cause
plastic deformation to produce desired shapes or components. The essence of forming
is abruptly increasing mechanical advantages though it is a tedious job. Analysis
software programs like Abaqus and Ansys have reduced the cost of experimenting
with all kinds of forming or any other processes. It is well known that the materials,
which undergo high plastic deformation, produce better results in properties like
improved grain, structure, strength and so on [1]. By extrusion methods, different
shapes like cylinders and shafts are produced with better outputs than other methods.
However, friction between die and workpiece improves the grain structure [2] and
density of the material. It is also claimed that friction between the die and plunger
can also change the flow parameters and properties of the material present between
them [3, 4]. Strain hardening improves the strength of the workpiece and porosity
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of the workpiece can be completely eliminated [5]. The cylindrical die helps in
compaction of metal in confined space. Performance of the component improves
after extrusion while there is a compromise with surface finish leading to surface
defects like cracking and piping [6]; however, they have good weldability, excellent
corrosion resistance and relatively good cold formability.

Extrusion is a compressive deformation process in which material is squeezed
through an orifice in order to obtain a reduction in cross section of the material.
Whereas back extrusion is a process in which a plunger moves against the material
in the die, this makes the material in the die to move in the opposite direction to the
plunger from the left-out region between die and plunger as shown in the figure. The
authors in this paper tried to study the stresses involved after the extrusion process
using a finite element model. The chosen thematic medium was dynamic, explicit
step [7, 8].

2 Finite Element Model

The software used for this analysis is Abaqus 6.13 because it is basically designed to
study the behaviour of solids and structures in a smooth and accurate manner under
externally applied loads [9].

Adding to the earlier mentioned points, thismodel is designed as a 2D axisymmet-
ric. The approximate global size of the mesh is 1.0 with maximum deviation factor
of 0.1. The model has meshed with CAX3T elements. A linear triangular mesh has
been used as a mesh type with standard size as mentioned above. The chosen mesh
is so fine that the mesh does not distort during the extrusion process. Figure 1 shows
the meshed model of the complete assembly in a 2D view, and Fig. 2 shows the
constraints and loading regions. A 270-degree revolved model is shown in Fig. 3.
The dimensions that were considered to make the model are shown in Fig. 4.

The properties which are used in the analysis were taken from Abaqus Simulia
library [10], and they are provided in Tables 1 and 2.

3 Loads on Work and Boundary Conditions

Amount of load on the work depends on the type of loading and the type of material
which includes flowability of the work. In this simulation, regardless of the amount
of force required for the extrusion to happen, boundary condition velocity term has
been included so as to analyse the number of stresses induced in the material using
von Mises stress theory. The outer boundary of the die is grounded, and the plunger
moves towards the inner diameter of the die with the uniform velocity of 30 mm/s.
The bottom surface of the material has been constrained to move as shown in Fig. 2
for effective extrusion to happen and to avoid slip between die and material. The
extrusion happens between the die and the plunger.
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Fig. 1 Meshed model

4 Simulation Results

The results are shown below for the given boundary conditions. The stress analysis
and strain analysis are done for the considered plunging rate of 30 mm/s. Figure 5
shows the workpiece before, and Fig. 6 shows the workpiece after the extrusion.

4.1 Stress Analysis

This shows the plastic stress distribution thought out the workpiece. It is observed
that the stress values vary from 18.88 to 32.5 MPa as shown in Fig. 7.
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Fig. 2 Finite element
boundary conditions

4.2 Strain Analysis

Figure 8 shows the strain values at different points in the form of bands after the
extrusion process is complete. It is noted that the maximum value of the strain is
20.48. It also shows that elongation happened only in the region between the plunger
and the work and there was no significant amount of strain values on the outer surface
of the material.

5 Conclusion

A 2D axisymmetric model of the back-extrusion process was modelled using com-
mercially available software. The aim of the present work was to analyse the stresses
and strain in the aluminium back-extrusion process. The maximum plastic stress
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Fig. 3 Revolved model

recorded was 32.5 MPa in the simulated results. The presented results are prelim-
inary with respect to the application of heat and stir friction processes, and further
study will be continued in the future.
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Fig. 4 Dimensions involved in the model (in mm)

Table 1 Material properties
of aluminium

Parameter Value

Density 2672 kg/m3

Young’s modulus 68.0 GPa

Poisons ratio 0.33

Specific heat 0.9 J/g K

Table 2 Stress values versus
plastic strain

Plastic stress (MPa) Plastic strain

27.0 0

31.0 0.25

32.5 0.5
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Fig. 5 Workpiece before
extrusion

Fig. 6 Workpiece after
extrusion
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Fig. 7 von Mises stress
distribution in the extruded
tube

Fig. 8 Variation of strain
values on the workpiece
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Effect of Two Different Dielectrics
on the Machining Performance and Their
Parametric Optimization Through
Response Surface Methodology

Deepak Kumar , Shakti Kumar , Dheeraj Kumar
and Nirmal Kumar Singh

Abstract The present experimental work addresses a comparative analysis of
machining performance in two different dielectrics fluid, i.e., EDM oil and deionized
water onNimonic (gradeC-263) alloy. The performancemeasures specificallyMRR,
TWR, and SR were analyzed and optimized through response surface methodol-
ogy. Furthermore, regression models were established to study the inter-relationship
between the input variables and performance outcomes. Different values for the TON

(20, 60 and 100 µs), duty factor (0.2, 0.5, 0.8), and Ip (4, 10, 16 A) were selected to
perform the experiments. The experimental results revealed the fact that the machin-
ing condition significantly influenced the MRR, TWR, and SR. The competency of
the developed model has been verified through analysis of variance (ANOVA). The
outcomes of the analysis of variance indicate that the proposed regression models
are well suited. Meanwhile, the predicted results were validated by performing a
confirmation test, and error was found within the acceptable level.

Keywords Die-sink EDM · Nimonic alloy · EDM oil · Deionized water ·
Response surface methodology (RSM) · ANOVA · Surface topography

1 Introduction

Nowadays, due to a drastic increase in the application of superalloys such as Nimonic
alloys, Inconel, titanium alloys, DC 53 die steel, SKD11 [1–3], etc. a comparative
study of processing these superalloys is an active field for research [4]. These super-
alloys are coming in the category of difficult to cut material and poses superior phys-
ical and mechanical properties, for example, high oxidation resistance and corrosive
resistance at high temperature and pressure compared to other materials. Nimonic
C-263 superalloy is a very concerned material [5, 6] among these and poses a wide
area of implementation in avionics industries, biomedical implants, gas turbine, and
automotive engines [7, 8].
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Fig. 1 Pictorial representation of experimental setup along with their key components

2 Method and Materials

2.1 Experimental Setup and Material Used

The present experimental works were completed on ZNC EDM (SPARKONIX-
ENC35) machine setup as illustrated in Fig. 1. A Nimonic alloy (grade C-263) of
size 94mm× 50mm× 5mmplatewas selected asworkpiecematerial. A copper tool
of diameter 10 mm (cylindrical shape) and length 60 mm with a rectangular cross-
section (13 mm × 6 mm) was used as tool electrode. The tool material poses high
melting (1080 °C) and boiling point with greater thermal conductivity (385W/m K).
A separate small container along with auxiliary pump was installed for the effective
utilization of dielectric fluid and for better flushing. A set of first 15 data were col-
lected using plane EDM oil while another 15 data were collected by using deionized
water. Servo control with self-retractionmechanismwas used to retain an appropriate
gap between the tool and the workpiece.

2.2 Design of Experiment

In the present work, a Box–Behnken method based on RSMmodeling approach was
implemented for the design of the experiment. It comprises 2k or 2k−1 factorial points,
while ‘k’ denotes the total number of factors. This experimental design contains a
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total of 15 combinations along with 8 corner points, 1 center point, and 6 star points.
Three parameters with three levels were considered for experimental design.

3 Response Surface Modeling

Response surface regression (EDMoil):MRRversus current, duty factor, pulse-
on time

MRR (EDMoil) = −15.8 + 6.88 Ip + 1.368 τ + 0.871 Ton − 0.1436 Ip ∗ Ip
− 0.00586 τ ∗ τ − 0.00072 Ton ∗ Ton + 0.0007 Ip ∗ τ

− 0.04008 Ip ∗ Ton − 0.00542 τ ∗ Ton (1)

TWR (EDMoil) = −7.62 + 1.859 Ip + 0.0467 τ + 0.1053 Ton − 0.0580 Ip ∗ Ip
+ 0.000350 τ ∗ τ − 0.000533 Ton ∗ Ton − 0.00087 Ip ∗ τ

+ 0.00275 Ip ∗ Ton − 0.000650 τ ∗ Ton (2)

SR (EDMoil) = 1.38 + 0.606 Ip − 0.0328 τ + 0.0670 Ton − 0.01883 Ip ∗ Ip
− 0.000059 τ ∗ τ − 0.000375 Ton ∗ Ton + 0.001670 Ip ∗ τ

− 0.001670 Ip ∗ Ton + 0.000548 τ ∗ Ton (3)

Response surface regression (deionized water): MRR versus current, duty
factor, pulse-on time

MRR2 (deionizedwater) = −49.2 + 3.56 Ip + 0.856 τ + 0.851 Ton
− 0.1793 Ip ∗ Ip − 0.00660 τ ∗ τ − 0.00164 Ton ∗ Ton
+ 0.0599 Ip ∗ τ − 0.0236 Ip ∗ Ton − 0.00606 τ ∗ Ton

(4)

TWR2 (deionizedwater) = −9.42 + 2.2332 Ip + 0.122 τ + 0.661 Ton
− 0.0622 Ip ∗ Ip + 0.00108 τ ∗ τ − 0.000537 Ton ∗ Ton
− 0.01480 Ip ∗ τ + 0.00532 Ip ∗ Ton − 0.000298 τ ∗ Ton

(5)

SR2 (deionizedwater) = −1.156 + 0.2255 Ip + 0.0395 τ + 0.0540 Ton
− 0.00058 Ip ∗ Ip − 0.000237 τ ∗ τ − 0.000290 Ton ∗ Ton
− 0.001790 Ip ∗ τ − 0.001020 Ip ∗ Ton + 0.000225 τ ∗ Ton

(6)
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4 Results and Discussion

4.1 Impact of Process Variables on MRR

MRR is one which is highly related to machining efficiency. The amount of deviation
in the MRR was predicted by the parameter R2 and is clarified by the input factors.
R2 = 93.30% in case of EDM oil and R2 = 81.21% in case of deionized water reveal
that the model is capable to predict the response with their corresponding accuracy.
Figure 2 illustrates the normal probability graph for MRR in case of (a) EDM oil and
(b) deionized water and influence of current, duty factor, and pulse-on time on MRR
in case of (c) EDM oil and (d) deionized water. With the increase of current from 4 to
16 A, the discharge energy increases. Due to this sufficient energy, material removal
of the Nimonic alloy was found more; consequently, MRR was found to be more in
EDM oil as compared to deionized water. This was due to the fact that the fire point
of EDM oil is less, so it deionizes quickly which leads to higher discharge energy
and causes more material removal rate. Whereas in deionized water, the fire point
was more, so it deionizes at a slower rate which leads to low discharge energy, and
as a result, low MRR was found. Similarly, the same pattern was found in case of
duty factor. In the case of deionized water, as pulse-on time rises from 20 to 100 µs,
MRR increases, and the slope becomes steeper.
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Fig. 2 Normal probability graph for MRR in case of a EDM oil and b deionized water, and
influence of current, duty factor, and pulse-on time on MRR in case of c EDM oil and d deionized
water
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Fig. 3 Normal probability plot for TWR in case of a EDM oil and b deionized water and influence
of current, duty factor, and pulse-on time on TWR in case of c EDM oil and d deionized water

4.2 Impact of Process Variables on TWR

TWR helps to define the machining efficiency in any EDM system. R2 = 93.57% in
case of EDM oil and R2 = 81.96% in case of deionized water reveal that the model
is capable to predict the response and their corresponding accuracy. It was perceived
that by raising the value of all three parameters, surface roughness increases. Normal
probability plot for TWR in case of (a) EDM oil and (b) deionized water is displayed
in Fig. 3. TWR is found to bemore in the case of deionizedwater due to the formation
of some compounds.

4.3 Impact of Process Variables on SR

Surface roughness defines the durability and functionality of the surface in the actual
area of work. In the present experimental work, the effort was made to investigate the
impact of process variables on the machining outputs via response surface method-
ology (RSM) with two critical dielectrics, i.e., EDM oil and deionized water. R2 =
94.52% in case of EDM oil and R2 = 92.06% in case of deionized water reveal that
the model is capable to predict the response with high accuracy. It was perceived that
by raising the value of all three parameters, surface roughness increases due to crater
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Fig. 4 Normal probability plot for SR in a EDMoil and b deionized water and influence of current,
duty factor, and pulse-on time on SR in case of c EDM oil and d deionized water

formation. The better surface was seen in the case of deionized water due to better
flushing condition and a broader gap between electrodes. SR is majorly influenced
by all the three factors peak current, pulse-on time, and pulse-off time. Figure 4 illus-
trates the normal probability graph for SR in (a) EDM oil and (b) deionized water
and effect of current, duty factor, and pulse-on time on SR in case of (c) EDM oil
and (d) deionized water. In order to attain a better surface finish, set peak current and
pulse-on time at low levels.

4.4 Surface Topography

Conducting the experiment on various parameters to set up the lower surface rough-
ness images is obtained at a magnification of (10× and 20×) as presented in Fig. 5. In
the inspected images, holes and cracks were found more in EDM oil whereas lesser
holes and cracks are perceived in deionized water. In EDM oil, the SR obtained was
more showing uneven deposition of molten material. It had been justified that the
material removal was less irregular and micro-cracks and micro-holes were fewer in
number as compared to EDM oil.
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Fig. 5 Optical images of the finished surface in case of a EDM oil and b deionized water at 10×
and 20× magnification

4.5 Optimization and Analysis of the Process Parameters

The variation in the output parameters such as surface roughness, tool wear rate,
and material removal rate with respect to the variation in current, pulse-on time, and
duty factor is shown in Fig. 6. The figure shows the minimum surface roughness
and wear rate and maximum MRR trends. Meanwhile, Fig. 7 shows optimization
through RSM. The optimum input parameter with EDM oil is found to be current
4.11 A, duty factor 80%, and pulse on time 31.313 µs, and optimum output values
are 3.9 µm, 6.2 mm3/min, and 90.13 mm3/min (SR, TWR, and MRR). In case of
deionized water, current 16.0 A, duty factor 80%, and pulse-on time 20 µs were the
optimum condition while optimum output values were 2.6 µm, 12.0 mm3/min, and
63.9 mm3/min (SR, TWR, and MRR).

5 Conclusions

The machining of Nimonic C-263 using two different dielectrics (EDM oil and
deionized water) has been successfully examined. The major conclusions drawn
from the above investigation are as follows.

1. The developed regression models were well suited with the experimental data
having confidence level approx. 95%. The statistical investigation of experimen-
tal data results indicate the significant influence of process variables on MRR,
TWR, and SR.MRR increases with rising in pulse-on time, duty factor, and peak
current; however, the current was the most influential parameter as compared to
other two. Maximum and Minimum values of MRR obtained were 115.45 and
68.28 mg/min in case of EDM oil and 66.6 and 65.2857 mg/min in case of deion-
ized water. MRR was found to be more in EDM oil as compared to deionized
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Fig. 6 Surface plot of the response output with input parameter in a EDM oil and b deionized
water

water. This may be due to the fire point of EDM oil which is less, so it deion-
izes quickly which leads to higher discharge energy and causes more material
removal rate.

2. TWR significantly influences themachining efficiency.Maximum andMinimum
values of TWRobtained are 15.87 and 3.66mg/min in case of EDMoil and 14.32
and 2.66 mg/min in case of deionized water. TWR was found a little bit more in
case of deionized water as compared to EDM oil.
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Fig. 7 Optimization plot of a EDM oil and b deionized water

3. SRwas majorly affected by the factors peak current, pulse-on time, and pulse-off
time during machining of Nimonic alloy. Maximum and Minimum values of SR
obtainedwere 9.6504 and 3.968µm in case of EDMoil and 4.551 and 1.9556µm
in the case of deionized water. Better SR was obtained in case of deionized water
compared to EDM oil.

4. If the material removal rate is concerned, then EDM oil is more preferred than
deionized water while deionized water is more preferred as dielectric than EDM
oil in case of surface alloying.
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Optimized Path Planning
for Three-Wheeled Autonomous Robot
Using Teaching–Learning-Based
Optimization Technique

Abhishek K. Kashyap and Anish Pandey

Abstract Path planning is a leading topic in the field of the wheeled robot (WR).
Three basic characteristic path planning should havewhen theWR is traveling toward
the goal: (1) obtain information about the givenworking space conditions, (2) location
of itself, and (3) optimize the decision to reach the target. The current research paper
focuses on obtaining an efficient and robust technique to guide the WR. Teaching–
learning-basedoptimization technique is the centerpiece of the present researchwork.
Fitness function has been presented to optimize the path planning and reaching
target. Parameters selected for the proposed technique are (1) distance between robot,
start point, goal, and obstacles and (2) turning angle while avoiding obstacles. The
technique is examined in various environments with the different level of difficulties.
The WR efficiently reaches the target by avoiding collision with the obstacles. In
addition, the proposed technique is comparedwith the previously used technique. The
obtained simulated results justified that the teaching–learning-based optimization
technique selects better travel path and have shorter travel length.

Keywords Wheeled robot · Path planning · Obstacle avoidance ·
Teaching–learning-based optimization · Static obstacles

1 Introduction

To obtain an efficacious path planning, researchers put the deep attention on navi-
gational strategies. Path planning is defined as obtaining an optimal path to guide
the WR from the start point to the target by avoiding collision with the obstacles.
Path planning becomes a broad topic for researchers. Figure 1 describes the wheeled
robot embedded with an efficient and robust technique gives us optimum, short-
est, and collision-free path planning. Algabri et al. [1] have used particle swarm
optimization (PSO) to optimize the fuzzy logic controller by adjusting the member-
ship function automatically. Real Khepera III platform was the main focus, and the
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Fig. 1 Result of best technique on implementation in the wheeled robot

proposed technique was compared with it. Liu et al. [2] outlined the genetic fuzzy
controller. Authors implemented a genetic algorithm so that enhanced parameters of
membership function and scaling factor can be obtained. The neuro-fuzzy technique
has been proposed in [3] for the path planning of autonomous mobile robot (AMR).
Weighing factor is determined to minimize the count of fuzzy rules. Korkmaz and
Durdu [4] have concluded that A* and PRM technique is efficient in terms of travel
length and elapsed time, respectively. Lu and Gong [5] experimented in an unknown
environment with AMR embedded with PSO. They implemented PSO to obtain the
best path, but it lacks in modifying the control parameters. Li and Chen [6] have care-
fully used a five-order polynomial to design smooth trajectory based on PSO and
adaptive neural network control. Parhi et al. [7] have simulated and experimented
the theory to find the behavior of swarm intelligence techniques. Using the proposed
technique, authors try to obtain the optimized path for autonomous wheeled robot.

2 Kinematics of Wheeled Robot

Kinematics defines the geometry of motion. It describes the initial conditions and
portrays the positions of theWR. Steering of theWR is retrieved by utilizing various
conditions, which are listed below in equations. Different property of wheels should
be attained; these are (1) non-deformable, (2) pure rolling (v = 0 at contact points),
and (3) no slip, skid, or slide. a is the radius of wheels; x is the distance between
powered wheels. R is the point which is used to estimate the position and motion
of the WR. It is pointed at the intersection of the axis of the powered wheel and a
straight line passing through the center of mass of the system. Figure 2 describes
the schematic diagram of the WR in (X0, Y 0) plane. (XN, YN, α) is the location and
the orientation of the WR. The axes (X0, Y 0) indicate inertial global reference frame
with origin O. α is the angular difference between the global and reference frames.
The global reference frame is denoted by point R on the robot chassis specified by
coordinates (X, Y ). Center of mass is represented by C.

Description of kinematic model is shown by following equations:
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Fig. 2 Schematic diagram
of wheeled robot in X0–Y0
plane

ẋ = (Wl + Wr) cosα/2 (1)

ẏ = (Wl + Wr) sin α/2 (2)

α̇ = (Wl − Wr)/b (3)

where Wl = velocity of the left wheel, Wr = velocity of the right wheel, and b =
track width between two wheels.

Following conditions are used for the orientation of the WR:

1. Wl = Wr, Robot travel straight.
2. Wl < Wr, Robot turns left.
3. Wl > Wr, Robot turns right.

3 Navigational Algorithm

Teaching–learning-based optimization technique is the centerpiece of this research
paper. It is applied to optimize the path planning for an autonomous, obtain a shortest
and collision-free path. TLBO is a nature-based technique that depends upon the
teaching and learning skill of teacher and learner, respectively. The ability of the
teacher to teach decides the strength of optimized result because at last teacher (best
learner) is described as the best solution. TLBO optimizes the problem for two times
in a single run, one after teacher phase and second after the learner phase. This process
optimizes the path planning of the robot better than other optimization technique [9]
and provides the shortest and collision-free path.

Rao et al. [8] have proposedTLBO, and in this paper, it is inserted in path planning.
Researchers observed the behavior of learning the skill of learner from teachers and
other learner and proposed this technique. Implemented technique mainly contains
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two phases: One is teacher phase described in Fig. 3a, and second is the learner
phase described in Fig. 3b. Teacher phase represents the first optimization of skill
of leaner, in which learner observed and grabs the knowledge of the teacher. In the
second phase, i.e., learner phase, learners interact among themselves and further
optimize their skills. Figure 4 shows the steps for obtaining the optimized path.
Fitness function of TLBO:
Optimization of any technique very much depends upon its selected fitness function.
Therefore, the fitness function of any technique should be decided precisely. TLBO
mainly revolves around the ability to gain knowledge by the learner, and it decreases
the path length by optimizing the turning angle of the WR. Therefore, two fitness
functions which are picked for TLBO technique are:

(1) The distance between wheeled robot, start point, target, and obstacles:

The command given to the WR is to move in Euclidean distance. TLBO embedded
WR always follows the same path to reach the target until any obstacles come in
between its path. When such things occur, the WR takes a turn with the sufficient
and optimum angle and again follows the same shortest path.

f1 =
√

(Tarm − m(i))2 + (Tarn − n(i))2 (4)

where f1 is the first fitness function of the proposed technique. Coordinate of the
start point in ith iteration is (m(i), n(i)), and coordinate of the target is given by
(Tarm, Tarn).

Fig. 3 Representation of different phases

Fig. 4 Steps to obtain an optimized path
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(2) Turning angle while avoiding obstacles:

Turning angle should not be too less that; it fails to avoid the collision. In addition,
it should not be too large that it increases the path length. It should be selected after
many iterations so that it satisfies the need of the problem. Optimality of the solution
depends upon the optimality of the turning angle, and it is represented as follow:

f2 =
{
optimum(i), x < safe distance
tan−1 y(i)

x(i) , x ≥ safe distance
(5)

where f2 is the second fitness function of the proposed technique. optimum(i) is
the best turning angle when the WR comes in front of obstacles. (x(i), y(i)) is the
coordinate of the WR at ith iteration.

4 Simulation Results

MATLABgraphical user interphase (GUI) has been taken into consideration to obtain
the simulation results. Three different types of environments have been considered to
find out the stableness of the proposed technique. Environments have one obstacle,
two obstacles, and multi-obstacles which have been preferred as shown in Figs. 5,
6, and 7. The complexity of the environment is gradually increased to retrieve the
strength of TLBO technique. In each environment, WR embedded with TLBO tech-
nique is reaching the target by avoiding the obstacles. In every environment, sufficient

Fig. 5 Application of TLBO
technique in environment
having one obstacle
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Fig. 6 Application of TLBO
technique in environment
having two obstacles

Fig. 7 Application of TLBO
technique in environment
having many obstacles

numbers of iterations are carried out, and it is about 10–30, and sometimes it reaches
up to 40, depending upon the complexity of the environments. A sufficient number
of iterations results in optimum path selection by avoiding the collision with the
obstacles. Figure 5 makes evident that WR reached the target by avoiding the single
pentagon-shaped obstacle. In the process, 12 iterations were carried out to obtain the
optimized result. Sometimes the WR reached the target without avoiding collision
with the obstacle, reached the target, avoided the obstacle, but the travel length is
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high. Finally, after 12 iterations, following result has been obtained which is opti-
mum. In Fig. 6,WR is simulated in the environment having two obstacles, one having
pentagon shape and other triangular shape. The complexity of this environment is in
more than the previous environment because of the shape and number of obstacles.
As the complexity is increased, subsequently the number of iterations to obtain the
optimum result has been increased. 23 iterations were carried out, and different prob-
lems arise in each run. Different results have been gathered, and the optimum result
is selected as shown in Fig. 6. Now, the complexity of the environment is tossed to
the top, so that the stability, effectuality, robustness, and efficiency of the technique
can be gathered. Multiple obstacles having different shape increased the difficulty
to the peak. After 28 iterations, we picked the best result which is completing all
the need of the WR as shown in Fig. 7. So finally, it can be understood from the
results (Figs. 5, 6, and 7) the selected technique is robust and efficient enough to
successfully work in any environment.

5 Comparison with Previously Opted Technique

Performing simulation experiment of any technique in the various environment is
not enough to claim that it is best. It should give some evident that it is better
by comparing it with previously implemented techniques. The current technique is
comparedwith previously opted technique to find out the response in the environment
selected by them. To get the best possible result, the previously designed environment
is replicated. In addition, during replication, it is strictly taken care to obtain the
best possible result. Deepak and Parhi [9] observed the result as shown in Fig. 8a
after implementing PSO technique. Figure 8b is describing the best result which is
obtained by embedding the TLBO technique. It took more number of iteration to
improve the result. At last, the result we obtained is far better than the previously

Fig. 8 a Route selected by PSO technique [9]. b Route selected by currently proposed TLBO
technique
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Table 1 Results gathered
from Fig. 8a and b

Figure no. Travel path length (cm) No. of iteration

8a
675.2 20

8b
623.78 25

used technique. Table 1 is sufficient to find out the best technique. Travel length in
the current technique is lesser than the travel length obtained in previously opted
technique. It is effortlessly winning the race of obtaining the shortest travel length.

6 Conclusion

The current paper is making evident of the shortest path length after selecting TLBO
technique. The current technique is demonstrated in the various environment by
gradually increasing the difficulty. Every time the current technique comes out as
the winner with the optimum and best possible result. The technique is extremely
robust and efficient that irrespective of the complexity of the environment, it provides
the best possible results. The current technique is compared with the previously
opted technique, and the result is favorable. TLBO reached the target by traveling
the shortest path. Finally, it can be accepted the TLBO technique can work in any
environment and give the optimized result. It is also better than the previously opted
technique in their selected environment. Future studies could investigate themutation
of TLBO with different algorithms to obtain more efficient results.
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An Efficient Robotic Manipulator
Trajectory Planning Using Modified
Firefly Algorithm

Pradip Kumar Sahu, Gunji Bala Murali, Bijaya Kumar Khamari,
Surya Narayan Panda and Bibhuti Bhusan Biswal

Abstract Anovelmodified firefly algorithm (MFA) for optimal and accurate robotic
trajectory planning has been proposed in this paper. In order to demonstrate the
entire trajectory planning problem, an industrial 4-DOF SCARA robot manipulator
has been chosen. An error function which is a combination of both error in posi-
tion and error in orientation coordinates is defined as total objective function for
the trajectory optimization assignment. In order to accomplish an efficient optimal
trajectory, the best cost of the error objective fitness function, algorithm convergence
speed, the error in positions and orientations are chosen as performance parameters.
The objective function has been executed using bat algorithm (BA), cuckoo-search
algorithm (CS), firefly algorithm (FA), artificial bee colony (ABC) algorithm and
the proposed MFA. The effectiveness of the proposed MFA is validated by carrying
out a comparative review of the acquired trajectory results from the MFA against the
other considered existing algorithms. The ranks of the algorithms have been eval-
uated by conducting Friedman test for the mean solutions of error in positions and
orientation. The comparative study of the implemented algorithms shows that MFA
executes superior to the other algorithms with less computational effort for the same
boundary conditions.
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Keywords Manipulator trajectory planning · Optimization · Heuristic
optimization methods ·Modified firefly algorithm (MFA) · Graphical simulation ·
Motion analysis

1 Introduction

Robots are greatly being engaged for various applications in so many fields due to its
flexibility, repeatability, preciseness and accuracy of performing the assigned task.
The application areamostly includes the industrial robotmanipulator operations such
as assembly, machining, spray painting, machine loading/unloading, welding, mate-
rial handling, etc. The smoothness and accuracy of the assigned trajectory to perform
the whole operation affects the final end product preciseness and accuracy. So, in the
context of trajectory planning and robot motion planning, the execution time must
be minimized in order to increase total productivity. In order to acquire smooth and
accurate manipulation of the considered manipulators for the intended task, its joints
parameters or variables also must be optimized. The trajectory planning problem of
robot manipulators involves inverse kinematics (IK) problems which result in mul-
tiple solutions and that has to be optimized. And this nature multiple solutions make
the mathematical computation more complex and difficult. The current generation
researchers mostly implement the metaheuristic techniques and algorithms for faster
execution of trajectory planning problem. In the following sections, some of the
earlier conducted research works have been highlighted.

Ayyıldız and Çetinkaya [1] have employed the heuristic algorithms such as GA,
GSA, PSO and quantum particle swarm optimization (QPSO) algorithm for a fab-
ricated 4-DOF serial manipulator trajectory optimization problem. Gigras et al. [2]
have implemented the artificial bee colony (ABC) algorithmandPSO to solve the path
planning problem of a robot. Kazem et al. [3] have accomplished the motion plan-
ning of a serial 3R robot manipulator by using the GA. Savsani et al. [4] conducted
the same optimization performed by Kazem et al. [3] using teaching–learning-based
optimization (TLBO) and ABC. In an extended and comprehensive research of the
previous work, Savsani et al. [5] have been implemented seven heuristic techniques
such asFA,BA,TLBO,CS,ABC, biogeography-based optimization (BBO) andGSA
so as to compute the optimal solution of the 3R manipulator trajectory. The com-
parative assessment of trajectory results of all algorithms reveals that TLBO, ABC
and CS trajectory results perform superior to the other adopted methods. Aghajarian
and Kiani [6] have used an adaptive neuro-fuzzy inference system (ANFIS) model
for the optimal trajectory planning problem of a PUMA 560 manipulator. Rokbani
et al. [7] have applied FA to solve trajectory optimization assignment of a revolute
manipulator. Sahu et al. [8] have adopted BA, FA, TLBO and PSO for optimal trajec-
tory planning of a SCARAmanipulator. Their results of simulation show that TLBO
method performance is better than other algorithms.

This paper proposes a novel method for the robotic manipulator trajectory plan-
ning and optimization problem using a modified firefly algorithm (MFA). In earlier
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works, the orientation error function has not been considered in the total objective
fitness function of the algorithm. In this paper, the orientation error function of the
roboticmanipulator has been included in the total objective function as the orientation
of manipulator end-effector is as important as its position.

2 Problem Definition and Objective Function

The main aim of the IK-based trajectory planning assignment is to generate an
efficient and optimal trajectory by considering best cost, minimum error in posi-
tions and orientations as the performance parameters. The trajectory planning
using metaheuristic optimization methods is accomplished with a 4-DOF SCARA
manipulator.

The kinematic diagram of a SCARA manipulator is presented in Fig. 1. The
SCARA manipulator end-effector forward kinematics position is obtained as given
in the following Eqs. (1–3);

Px = a1c1 + a2c12 (1)

Py = a1s1 + a2s12 (2)

Pz = −d3 − d4 (3)

The target point has been defined in terms of position coordinates and orientation
values. Let the position coordinates be (a, b, c). Similarly, the orientation values of

Fig. 1 Kinematic model
with DH parameters of Quest
SCARA robot manipulator
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ns vector say (d, e). Here, only ns vector is chosen for orientation control. Because
if we can compute the ns value, it indirectly provides the os and as value as all (n,
o, a) are function of θ1, θ2, d3 and θ4. In order to evaluate the optimal trajectory, a
combined error function of position and orientation between the computed value and
the desired value of the parameters is defined as the objective fitness function. The
error objective function for the position and orientation is determined by Eqs. (4)
and (5), respectively.

f1 =
√

(Px − a)2 + (Py − b)2 + (Pz − c)2 (4)

f2 =
√

(nx − d)2 + (ny − e)2 (5)

The total objective function ( f ) can be formulated by adding Eqs. (4) and (5),

f = w1 × f1 + w2 × f2 (6)

where weighing factor, w1 = w2 = 0.5 (equal weightage to end-effector position
and orientation).

Here, θ1, θ2, d3 and θ4 are the design variables for function optimizations by using
optimization algorithms. In order to find the IK solution through heuristic optimiza-
tion procedures, the sample population configuration for the objective function as
presented in Eq. (6) is given as,

S =
⎡
⎣

θ1,i θ2,i d3,i
. . . . . . . . .

θ1,n θ2,n d3,n

θ4,i

. . .

θ4,n

⎤
⎦ (7)

where S signifies the population configuration for the IK trajectory planning problem
and n defines size of the population (i = 1, 2, … n).

3 Proposed Modified Firefly Algorithm (MFA)

In the existing basic FA, the local best solution is attained through general random
search. The general random search often trapped the solution to local optima. In order
to avoid being trapped to local optima and refine/improve the solution accuracy,
adaptive random search algorithm has been implemented in the MFA instead of
general random search of the existing FA. The proposed modification in the MFA
avoids being confined to local optima and in so doing increases the solution accuracy.
The entire process of evaluating optimal solution for the defined trajectory planning
problem of 4-DOF SCARA robotic manipulator using the MFA optimization model
has been described in Fig. 2.
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Fig. 2 Flowchart for the optimal trajectory planning using the MFA

4 Results and Discussion

The comparison of best cost plot ofMFA algorithm against the other adopted existing
algorithms is presented in Fig. 3a. It can be observed from the figure that the MFA

Fig. 3 a Best cost plot with iteration, b error in X-positions obtained from all algorithms
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method is providing the best cost for the objective fitness functions for the current
optimization problem and the next best algorithm being the FA. The standard BA and
CS algorithm has the worst optimal fitness values as compared to other algorithms.
So, the proposed modification to basic FA by performing adaptive random search as
done in MFA efficiently enhances the MFA performance in terms of accuracy. The
improvement is due to the wider global search ability of MFA algorithm and also its
feature of avoiding local optima. The error in positions (X, Y and Z) in reaching the
target points obtained using different algorithms are represented in Figs. 3b and 4a,
b, respectively. It can be seen from the figures that least or minimum error is attained
with MFA. The CS, ABC and FA are providing higher error and thus become worst
performers.

The error in orientation values (nx, ny) attained through different algorithms has
been shown in Fig. 5a, b, respectively. These figures also reveal the capability of the
MFA in achieving least error in orientation values relative to other algorithms. On
the other hand, the CS and FA offer higher error in orientation values. Therefore,
the proposed MFA can be successfully employed for achieving optimal and accurate
solutions of robotic trajectory. The computational or execution time of all algorithms
for achieving the optimal trajectory solutions has been presented in Table 1. The table
shows that the computational time needed by MFA for execution of the current tra-
jectory optimization task is very less as compared to basic FA and ABC algorithms.

Fig. 4 Error in a Y-positions, b Z-positions obtained from all algorithms

Fig. 5 Error in a X-orientation, b Y-orientation value obtained from all algorithms
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Table 1 Friedman rank test result and computational time of the executed algorithms

Algorithms Rank Mean rank Friedman rank Computational time

MFA 1 1 10 1.22

ABC 4 6.6 66 2.21

BA 5 7.6 76 0.98

CS 3 6.3 63 1.25

FA 2 4.8 48 5.14

In the post-optimization analysis part, the Friedman rank test is conducted in Orig-
inPro 2016 software for MFA and other adopted algorithms with the results of 10
runs. The confidence interval is kept at α = 0.05 for the rank test. The Friedman rank
test result for the best fitness values of the employed algorithms along with MFA is
presented in Table 1.

It can be observed from Table 1 that the MFA is ranked 1st with Friedman rank
10 and mean rank 1 followed by FA and CS with 2nd and 3rd rank, respectively.
Hence, best results of trajectory optimization are achieved with the proposed MFA
algorithm.

5 Conclusions

This paper presents a new and efficient modified firefly algorithm (MFA) to solve
the optimal trajectory planning problem of a 4-DOF SCARA manipulator. A com-
bined objective function of error in position and orientation has been defined for the
optimization problem, and it has been executed with all the adopted algorithms, viz.
CS, BA, FA, ABC and the proposed MFA. The comparisons are established in terms
of performance parameters such as best cost, error in positions and orientations, and
the output results have been presented. The results of simulation confirm that MFA
is providing superior optimal trajectories with minimum error in positions and ori-
entations with minimum execution time. The Friedman rank test also confirms that
the MFA is ranked first among all algorithms. Therefore, the aforementioned evalua-
tion commends that an efficient, optimal, precise and accurate trajectory planning of
industrial robotic manipulator can be performed with the proposedMFA in less time.
In future work, the developed MFA will be employed for the trajectory planning of
higher DOF robots and also for the path planning of the mobile robots.
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2D Computational Fluid Dynamics
Analysis into Rotational
Magnetorheological Abrasive Flow
Finishing (R-MRAFF) Process

Atul Singh Rajput, Deokant Prasad, Arpan Kumar Mondal
and Dipankar Bose

Abstract Rotational magnetorheological abrasive flow finishing is a nano-finishing
technique used to finish hard and complex materials. By R-MRAFF, high grade
surface finish can be achieved with close tolerances and without damaging surface
topography. R-MRAFF works on the comparative movement among the magne-
torheological fluid, and the workpiece surface attends the high surface quality. This
article deals with the finite element analysis on behavior of magnetorheological fluid
on workpiece in the influence of the magnetic field. In this work, a 2D computational
fluid dynamics simulation in ANSYS FLUENT is performed to analyze the stresses
generated due to magnetorheological fluid on workpiece and effect of concentration
of carbonyl iron particles on surface roughness.

Keywords Nano-finishing · Magnetorheological fluid · R-MRAFF

1 Introduction

In rotational magnetorheological fluid flow finishing process with the help of magne-
torheological fluid (MR fluid) which works as a finishing material, surface finish up
to nano-level can be acquired [1]. Magnetorheological fluid is a non-Newtonian fluid
which is comprised of carbonyl iron particles (CIP), and carrier fluid abrasive changes
its viscosity when it comes under the influence of some external field and behaves as
Bingham fluid [2]. MR fluid forms a columnar structure in external magnetic field
as shown in Fig. 1. In this article, 2D computational fluid dynamics simulation in
ANSYS FLUENT is performed to analyze the velocity profile ofMR fluid to analyze
axial and radial stress generated by abrasive particles on the workpiece. By imple-
menting magnetohydrodynamics in ANSYS, magnetic field of magnitude 0.4 T is
applied. With the variation of composition of carbonyl iron particle in the MR fluid,
its effect on surface roughness is also determined. MR fluid consists of carbonyl iron
particles of size 18 µm, SiC is used as abrasive of diameter 19 µm, AP3 grease is
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Fig. 1 Rearrangement of carbonyl iron particles and abrasives a in absenteeism of magnetic field,
b in the occurrence of magnetic field

used as surfactant to improve the fluid stability, and rest are paraffin oil which is used
as carrier fluid.

2 Computational Flow Dynamics Simulation
of Magnetorheological Fluid Movement

The purpose of this segment is to analyze the fluid flow variation with change in
compositions of CIP by calculating the axial stresses and radial stresses due to the
impact of abrasive on surface of the workpiece with numerical analysis. Shear stress
of the Bingham fluid is defined as in Eq. (1) [4].

τ = τ 0 + ηD (1)

where τ0 is the yield shear stress and D is a tensor which denotes the rate of defor-
mation. Viscosity and shear stress of Bingham fluid K and τ0, respectively, is con-
tingent on the concentration of MR fluid and magnitude of magnetic field described
in Eqs. (2) and (3) [3].

K = −202.64 + 11.09A + 9.54B + 5C − 110.23D − 0.38AB

− 0.53AC + 19.23CD (2)

τ0 = −176.13 + 9.11A + 14.58B + 2.19C − 218.46D − 0.34AB

− 0.4AC − 0.57BC + 17.15CD + 0.39C2 + 170.42H 2 (3)

where A is concentration of CIP, B is concentration of SiC, C is concentration of
AP3 grease in MR fluid, and D is magnitude of magnetic field.

Magnetohydrodynamics is implemented in fluent to achieve the requiredmagnetic
field. The link among the external magnetic field and fluid stream field depends upon
the two basic concepts: the first one is the electric field produced due to themovement
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of electrons in conductive materials in the influence of some external magnetic field,
and the second one is Lorentz force produced by the electric and magnetic field.
From Ohm’s law and Maxwell’s equation, the induction equation can be derived as
in Eq. (4) [4].

∂B

∂t
+ (U · ∇)B = 1

μσ
∇2B + (B · ∇)U (4)

wheremagnetic field is defined byB, fluid velocity field is defined byU, andmagnetic
permeability and electric permittivity are defined by μ and σ , respectively.

Graphical illustration of the symmetrical flow domain is represented in figure
where the domain is divided into two zones: first one is zone 1, and the second one
is zone 2 as shown in Fig. 2.

In zone 1, external magnetic field is not applied, and hence, MR fluid behaved
like Newtonian fluid. In zone 2, magnetic field of magnitude 0.4 T is applied and its
viscosity and yield shear stress are defined as Eqs. (2) and (3) which are calculated
in Table 1. As in the experimental setup, the back and forth motion of piston is
controlled by crank of diameter 120 mm; hence, the velocity of MR fluid varies in
the cosine form. To justify the velocity of MR fluid, a UDF is developed.

Modeling of surface texture is carried out after investigating the surface roughness
profile data obtained from the surface irregularity evaluating device. Ra value of the
surface roughness was found to be 0.6 µm. It is considered that the diameter of the
abrasive particle is greater than the gap between the two successive crests of surface

Fig. 2 Schematic diagram of flow domain (all dimensions are in mm)

Table 1 Properties of MR fluid with different compositions

CIP (%
VOL)

SiC (%
VOL)

Magnetic
field (T)

Zone 1 Zone 1

Yield
stress (Pa)

Viscosity
(Pa s)

Yield
stress (Pa)

Viscosity
(Pa s)

10 10 0.4 41.494 0.780 15.013 13.904

15 10 0.4 55.760 1.588 19.560 18.554

20 10 0.4 69.200 2.350 24.110 23.204
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Fig. 3 Indentation by
abrasive on workpiece

roughness. Normal force required for indenting the abrasives into the workpiece is
obtained from the simulation. Using this normal force and by knowing the BHN of
the workpiece material, we can find out the diameter of indentation by using Eq. (5)
[2] as shown in Fig. 3.

d = Dg

2
− 1

2

√
D2

g − D2
i (5)

The following steps are considered for simulating the surface roughness model.

Step 1. The initial surface roughness statistics obtained from the surface irregularity
evaluating device are stockpiled in an array.
Step 2. It is essential that all the crests identified should undergo cutting action at
each stroke.
Step 3. After several strokes, the position of the mean line changes �Y , and after
each recapitulation, new mean line of the updated surface texture is evaluated, and
consequently, all the data Yi,n are updated and given in Eq. (6).

Yi,n+1 = Yi − �Y (6)

Step 4. The centerline average surface roughness value Ra of the surface texture can
be evaluated using surface texture data points Yi from Eq. (7).

Ra =
∑n

i=1 |Yi |
n

(7)

where n is the data point’s number.

The formation of velocity circulation in zone 1 is shown in Fig. 4. The axial
velocity profile plot in Zone 2 is shown in Fig. 5 specifies that nearby axis of work
piece fixture there is a compact core section where the MR fluid flows with highest
velocity and the reduction in velocity is non-linearly, in the radial direction from the
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Fig. 4 Velocity profile (m/s) for zone 1 (15% CIP with 10% SiC)

Fig. 5 Velocity profile (m/s) for zone 2 (15% CIP with 10% SiC)

center of the work piece fixture where velocity becomes zero. This approves the MR
fluid flow circulation of the non-Newtonian Bingham plastic fluid [3].

Due to an upsurge in the CIP concentration in theMRfluid, the persuaded strength
of magnetic field also increased. The induced magnetic field simulation with the help
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Fig. 6 Radial variation of inlet axial velocity in zone 2

Fig. 7 Radial variation of outlet axial velocity in zone 2

of magneto hydrodynamics. The radial variation of inlet velocity and outlet velocity
of different compositions of CIP in MR fluid in zone 2 is shown in Figs. 6 and 7,
respectively.

3 Conclusion

The average values of axial and radial stresses generated by the action of single
abrasive over different compositions of CIP are listed in Table 2. It can be observed
that with increase in composition of CIP, radial and axial stresses also get increased.
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Table 2 Final surface roughness variation by different CIP concentration

CIP (%VOL) Axial stress (kPa) Radial stress (Pa) Radial force (nN) Final surface
roughness (µm)

10 12.498 15.889 4.494 0.032

15 14.978 23.782 6.729 0.027

20 21.229 41.658 11.795 0.019

The cause for this kind of behavior is described below. CIP is the key constituent of
the MR fluid and offers a noteworthy influence to the physical characteristic of MR
fluid. In Table 2, it is observed that with increase in the concentration of CIP axial
velocity in zone 2 as shown in Fig. 6 gets decreased likewise, as the volume fraction
of increases, body-centered tetragonal crystal structure is predicted because of that
large yield stress was noticed. For the similar cause, the MR fluid imposes higher
radial and axial stresses near the wall if fixture with increase in composition of CIP
as shown in Table 2.
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Effect of Red Mud on Mechanical
and Microstructural Characteristics
of Aluminum Matrix Composites

Priyaranjan Samal, Rishu Raj, Ravi Kumar Mandava
and Pandu R. Vundavilli

Abstract The aim of the present paper is to study the effect of red mud on the
characterization and mechanical behavior of aluminum alloy AA6082 composites
reinforced with red mud. Four different volume fractions (0, 2, 4, and 6%) have been
considered to fabricate the composites by stir casting route. The effect of heat treat-
ment on mechanical properties is also investigated. Vickers micro-hardness testing
and tensile testing were carried out to measure mechanical properties. Compared
to the base alloy, a significant enhancement in the hardness and tensile strength is
observed in the case of the red mud-reinforced composites. Furthermore, field emis-
sion scanning electron microscope analysis (FESEM) and energy-dispersive spec-
troscopy (EDX) were also employed to study the microstructural evolution and ele-
mental analysis of the composites. The tensile fractography study revealed a ductile
nature of failure in terms of dimple, micro-voids, and cracks.

Keywords AA6082 · Red mud · Stir casting ·Microstructure ·Mechanical
properties

1 Introduction

Metal matrix composites are the combination of metal (matrix) and particle/ceramic
(reinforcement) to achieve superior properties than the base metal. The aluminum
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metal matrix composites (AMMCs) are considered for the use in automotive appli-
cations as they manifest good properties in terms of high wear resistance, spe-
cific weight, strength, and thermal stability at high temperature [1, 2]. Lightweight
AMMCs have been developed by many investigators and revealed the above proper-
ties. The attempt to further enhance the properties of aluminum alloys continued in
the last few decades. Different types of material such as oxides, carbides of silicon,
aluminum, zircon, boron [3–6] were used as reinforcement for the fabrication of
aluminum metal matrix composites. There are a lot of fabrication techniques devel-
oped for the preparation of MMCs. Liquid metallurgy, i.e., stir casting is the most
common, economical, and highly productive method used to produce metal matrix
composites [7]. This method involves melting of aluminum alloy in a graphite cru-
cible followed by the addition of the required amount of reinforcement. Constant
stirring takes place to achieve a homogenous mixture of reinforcement particles with
the molten matrix element with the help of a mechanical stirrer.

In the present work, AA6082/red mud MMCs are prepared by stir casting route
with varying weight % of red mud. The composites are subjected to heat treatment
to enhance the properties. The mechanical properties such as micro-hardness, tensile
strength are tested for the composites both for heat-treated and as-casted condition.
The microstructural analysis is also studied for the composites.

2 Materials and Methods

The main challenge in the fabrication of AMMCs is the selection of suitable matrix
and reinforcement material. In this work, commercially available AA6082 material
was selected as base alloy and supplied byVenuka Engineering Pvt. Ltd., Hyderabad,
India, in ingot form. Aluminum 6000 series is the combination of Al–Mg–Si family.
The melting point temperature of AA6082 is 555 °C (1031 °K), and it yields higher
strength after undergoing heat treatment. The detailed composition of this alloy is
given in Table 1. Redmudwas used as reinforcement for the fabrication of aluminum
MMC. The red mud is a corrosive, solid waste residue obtained from the production
of aluminum from the bauxite ore. It has been noticed that for each ton of production
of alumina, more than one ton of red mud is produced [8] and is dumped to the
atmosphere and causes serious environmental pollution. Many attempts were made
to successfully utilize red mud for ceramic and construction materials. The chemical
composition of red mud used in this paper is presented in Table 2. As red mud
contains various metal oxides such as alumina, silica, and ferric, it may be used as a

Table 1 Chemical composition of AA6082

Element Si Mg Cr Fe Zn Mn Ti Al

wt% 1.20 1.05 0.02 0.15 0.02 0.75 0.08 Remainder
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Table 2 Chemical composition of red mud

Element Fe2O3 Al2O3 SiO2 TiO2 Na2O CaO

wt% 24.5–54.8 14.8–24.3 6.2–7.3 13.5–18 3.5–5.3 2–5

suitable reinforcement for the synthesis of MMCs. Red mud used as reinforcement
in this work was procured from NALCO Damanjodi, India.

AA6082/redmud composites were fabricated through stir casting route. Commer-
cially available AA6082 alloy ingots were cut into a convenient size so as to fit in the
graphite crucible and heated to 800 °C which is beyond the liquidus temperature of
the aluminum alloy. The prerequisite amount of red mud was preheated to 400 °C in
another furnace to remove any kind of moisture present in the particles which might
create casting defects. The red mud wrapped in an aluminum foil was then mixed
into the molten metal. Granules of hexachloroethane (C2Cl6) as degasser were then
added into the melt to remove the hydrogen gas present in it. The temperature of the
furnace was raised up to 1000 °C and then maintained there for 30 min. The mixture
was stirred intermittently for every 10 min with the help of mechanical stirrer for
homogenous mixing of red mud with the aluminum melt. After complete mixing
occurred, the molten metal was poured into a preheated die to get the casted product
for further investigation. Before that, the dross has to be removed from the melt
before pouring into the die to avoid the formation of defects. The muffle furnace
and casted composites were shown in Fig. 1. To compare the variation of different
mechanical and wear properties of the alloy with the composites, the specimens were
undergone solutionizing and artificial age-hardening heat treatment (T6 temper) in a
muffle furnace. The casted specimens were subjected to solutionizing heat treatment
at a temperature of 540 °C for 30 min, followed by quenching at an artificial aging
temperature of 170 °C for 8 h. The solutionizing treatment is required to completely
dissolve the solute elements in the aluminum solid solution. The solution-treated
samples are then quenched in water. This rapid cooling results in the prevention of

(a) (b)

Fig. 1 a Electric muffle furnace, b Al-red mud casted composites (0, 2, 4, 6%)
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formation of precipitates of the solute elements. In order to further improve the prop-
erties, artificial aging is also done to get hardened composite products. Then both
the casted and heat-treated specimens are subjected to various tests to evaluate the
properties.

2.1 Experimentation

The micro-hardness tests were carried out on the polished specimens of the com-
posites after following the standard procedure. The tests were conducted in an
OMNITECH Vickers micro-hardness tester with a load and dwell time of 500 g
and 10 s, respectively. Three readings were taken at three different locations of both
as-casted and heat-treated composites to avoid any undesirable effect of the indenter
on the non-homogeneity distribution of reinforcement particles. Tensile specimens
were prepared as per the ASTME8 standard and tested in a universal testingmachine
(TUE-C-200) at room temperature. Two samples were tested for both the as-casted
and heat-treated composites, and a comparison has been done to study the effect of
heat treatment on the tensile strength of the composites.

2.2 Characterization

Microstructural characterization was conducted by ZEISS Merlin Compact Gemini,
a FESEM machine. Highly polished samples were prepared using necessary emery
paper and Keller’s etchant. Energy-dispersive X-ray spectroscopy (EDX) was used
to identify the elements present in the composites. The SEM micrographs for the
aluminum alloy with red mud composites are shown in Fig. 2. The EDX analysis
was also carried out to find out the element composition present in the composites
shown in Fig. 3. For this study, the samples were cut from the fabricated composites
and polished using different grit of emery paper followed by cloth polishing as per
standard manual polishing method. The specimens were then subjected to standard
Keller’s etchant for further microstructural study.

3 Results and Discussion

A fair homogenous distribution of red mud particles was observed in the AA6082
alloy which leads to microstructural advantage. The SEM micrographs show that
continuous stirring is required in the case of red mud-reinforced composites because
of the tendency of red mud particles to form agglomeration at higher reinforcement
content. It was also observed that the composites are free from any type of defect in
casting. A clean interface is required for good interfacial strength in the composites,
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Red mud
(a) (b)

Red mud

Red mud
(c) (d)

Fig. 2 SEM images of Al-red mud composites a Al alloy, b 2% red mud, c 4% red mud, d 6% red
mud

which yields higher tensile properties of the composites compared to the base alloy.
Furthermore, the presence of every element of red mud and aluminum alloy 6082
can be confirmed from the EDX analysis. Figure 4a, b show the comparison of
micro-hardness and ultimate tensile strength, respectively, for both the as-casted
and heat-treated specimens. It is observed that hardness of the AA6082/red mud
composites increases with the increase in weight percentage of reinforcement due
to the resistance provided to the indentation by hard red mud particles. Compared
to the base alloy, the hardness of the 6% red mud as-casted composites increased
by 15%, whereas 18% increase can be noted in the case of heat-treated specimens
shown in Fig. 4a. Influence of red mud particles on the ultimate tensile strength of
aluminum composites for both the as-casted and heat-treated samples presented in
Fig. 4b. It can be noted that the ultimate tensile strength increases with the increase in
weight percentage of redmud particles. UTS increases amaximumof 17 and 13% for
as-casted and heat-treated specimens, respectively. The increase in tensile strength
indicates a better interfacial bonding of redmud in the soft aluminummatrix. Increase
in tensile strength can also be attributed to the absence of pores in the casting. Similar
trends can be found by other research works considering different reinforcements
with aluminum matrix [1, 4, 9].
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Fig. 3 EDX elemental analysis of the composites, a base alloy, b 2% red mud, c 4% red mud, d 6%
red mud

Fig. 4 Comparison of micro-hardness and UTS for as-casted and heat-treated samples

3.1 Fractography

The tensile fractured surface of AA6082/red mud composite is shown in Fig. 5 as
scanning electron micrographs. Some equiaxed dimples are observed in case of alu-
minum6082 alloy indicating the failure due to plastic deformation. This phenomenon
is attributed to a ductile nature of fracture for the base alloy initiated by the cracking
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Dimples 

Cleavage
Facets 

Matrix
Cracking

Dimples 

(a) (b)

Fig. 5 Tensile fractography of Al-red mud composite; a base alloy, b red mud composite

of the matrix. The agglomeration of red mud particles can be seen in case of higher
volume percentage composites as it is practically difficult to distribute homogenously
for a large amount of reinforcement by stirring. The micro-voids are the major rea-
son for the crack initiation which resulted in the tensile fracture of the specimens.
The cleavage facets and the dimples are the indications that the composites have
undergone brittle as well as ductile nature of fracture, respectively.

4 Conclusions

AA6082/red mud composites were successfully manufactured and the effect of heat
treatment on the mechanical properties was also investigated. The microstructure of
fabricated MMCs was characterized by SEM and XRD, and it revealed the existence
of redmud particle in the compositeswith uniform dispersion. Themicro-hardness of
the compositeswas enhanced from80.3 to 92.1HVwith respect to the variation of red
mud particles in as-casted condition and 88.4 to 104.3 HV in heat-treated condition.
Addition of redmudparticles increased the tensile strength both in as-casted and heat-
treated condition from 144.23 to 169.87MPa and 158.25 to 179.5 MPa, respectively.
The fracture mode of the composite was found to be a mixed mode in nature.
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Performance Measurement
in Incremental Deformation of Brass
Cu67Zn33 Through Soft Computing Tool

Manish Oraon , Vinay Sharma and Soumen Mandal

Abstract Incremental deformation is an innovative manufacturing process. Com-
monly, it is known as incremental sheet forming (ISF). The deformation of sheet
to a single point tool therefore it is called the single-point incremental forming
(SPIF). The surface finish is the common issue in SPIF which is increased with
the processing of hard materials. In the present study, the brass Cu67Zn33 is formed
through SPIF, and nano-scale surface roughness is measured through atomic force
microscopy (AFM). A soft computing tool, i.e., artificial neural network (ANN),
a second-order mathematical prediction model, is established due to variability in
experimental outputs. The SPIF is successfully done on brass Cu67Zn33, and the
error found in predicted Ra is in the range of -6.813-73.04.

Keywords SPIF · Surface roughness · Input variables · ANN

1 Introduction

The making of die for producing few parts or prototyping in sheet metal industries
is a complex situation as it consumes huge materials, labor, machining time, etc. As
a whole, the manufacturing cost is high enough. To overcome this situation, SPIF is
developed in the last decade. In SPIF, the part is finished without the use of dedicated
dies. So, it can be a solution for the rapid prototyping and low batch production of
sheet metal products. SPIF is precisely conducted in computer numerical control
(CNC) machine.

An extensive research is done in the past years to understand the SPIF. Various
models are proposed by the authors for the optimization of SPIF, but yet, no optimized
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condition for SPIF is proposed for surface roughness, formability and tool path.
Surface roughness is the major response which decides the process capability of
SPIF.

The present study is a soft computing of experimental data for the prediction of
results and error. The experiments are conducted on brass Cu67Zn33 alloy, Further
the measured surface roughness is used as inputs for soft computing. The rate of
deformation which includes step down size and feed rate of tool (longitudinal and
transverse) are the significant input variables in SPIF [1–5]. A prediction model
was developed by considering maximum and average roughness evaluation of sur-
face finishing [6]. In the succession, an effect spindle speed and feed rate of tool
are investigated in SPIF of aluminum grade Al3003 (H14) by considering the non-
contact (orange peel effect) surface roughness, sectionalmicrostructure and thickness
distribution [7]. The initial roughness is investigated by the researchers during the
manufacturing of medical implants (femoral condylar surface of the knee) by SPIF
technique. It was observed that the non-contact surface of titanium sheet has better
finishing in low friction condition [8]. The authors investigated the effects of SPIF
on two carbon steel grades DC01 and 304 and an aluminum grade A1050 to ana-
lyze the surface roughness [9]. The results indicated that surface roughness and wall
thickness were affected 17.23% by wall angle and 64.19% by step depth increment
[10].

Presently, some SPIF research moves toward the soft computing-based solu-
tion like artificial intelligence-based model development which incorporates neural
network training [11], data-mining model [12] and artificial neural network [13, 14].

2 Surface Roughness Model

SPIF is affected by several input variables but it is very difficult to consider all at a
time. For that, only the major input variables are chosen on the basis of preliminary
experiments. The considered input variables for the present study are wall angle (θ ),
feed rate ( f ), spindle speed/RPM (R), step depth (�z), density of lubricant (L) and
sheet thickness (T ). The dimension of square pyramid and adopted step depth for
SPIF are shown in Fig. 1. The mechanical properties of Cu67Zn33 alloy are shown
in Table 1.

Fig. 1 The dimensions of square pyramid and finished part with cut section for test
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Table 1 The mechanical properties of Cu67Zn33 alloy

Material Tensile strength Elongation Density Modulus of elasticity

Cu67Zn33 336 MPa 4% 8.44 kg/m3 103.4 GPa

Table 2 Orthogonal array L8 and measured Ra

Test �z (mm) f (mm/min) R θ (°) T (mm) L (kg/m3) Ra

1 0.1 20 500 15 0.2 1.5 134.86

2 0.1 20 500 45 0.4 4.9 268.29

3 0.1 100 2000 15 0.2 4.9 156.10

4 0.1 100 2000 45 0.4 1.5 269.83

5 0.7 20 2000 15 0.4 1.5 362.94

6 0.7 20 2000 45 0.2 4.9 378.63

7 0.7 100 500 15 0.4 4.9 360.95

8 0.7 100 500 45 0.2 1.5 369.63

3 Experimental Investigation

The experiment is performed on CNC machine DT-110 (Mikrotools Pvt. Ltd.). The
50 mm * 50 mm sheet is cut for experiment. The hemispherical end tool of 6 mm
diameter is used to form deformation. The suitable orthogonal array (OA), i.e., L8,
is used for experiment run preparation. The numeric value of input variables (low
and high) for experiment set and measured output response Ra is shown in Table 2.

4 Surface Roughness Measurement

The section of 25 mm2 from each formed part is measured at its base side (Fig. 1)
through a digital caliper and cut for measuring the surface roughness. The surface
roughnesses of samples are measured through atomic force measurement (AFM)
technique. The roughness ismeasured inNT-MDTmachine at 5×magnification. The
pictorial image (2D and 3D) measured area along with average surface roughness
(Ra), ten-point height (Rz), peak to peak (Ry) and root mean square (Rq) is generated.
The microscopic image of each sample is presented in Fig. 2.

5 Modeling Ra Through Soft Computing Tool

Artificial neural network (ANN) is a soft computing tool used for optimization. Var-
ious types of network algorithms such as feed-forward back propagation (FFBP),
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Test 1 Test 2

Test 3 Test 4

Test 5 Test 6

Test 8Test 7

Fig. 2 3D microscopic image of individual test sample
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Elman back propagation (EBP), time-delay back propagation (TDBP), Cascade for-
ward back propagation (CFBP) and self-organizing map (SOM) are implemented
by authors for modeling. Mostly, the FFBP algorithm [15–18] is widely utilized for
predicting output responses in SPIF.

For the present research work, FFBP neural network structure 6-6-1 is developed
(Fig. 3). The sigmoid transfer function is used at hidden layer, and at output layer,
linear activation function is used.

The input variables and output response, i.e. Ra obtained from each experiment
are taken are considered as inputs for the prediction of average surface roughness
through ANN. Randomly, 60% of experimental data are used for training, whereas
20% data are used for testing and rest 20% are used for validation of the BP model
without normalizing the input data. The simulated Ra from the ANN for the test
condition and mean error is presented in Table 3.

Fig. 3 Feed forward neural network system

Table 3 Predicted Ra with its mean error

Test Ra (Experiment) Ra (Predicted) Error Error (%) Mean error

1 134.863 176.497 41.63 30.871 0.71

2 268.29 272.376 4.086 1.522

3 156.102 149.289 −6.813 −4.364

4 269.831 270.174 0.343 0.127

5 362.943 348.148 14.795 −4.076

6 378.637 377.619 1.018 −0.268

7 360.951 287.911 73.04 −20.23

8 369.637 377.594 7.957 2.152



88 M. Oraon et al.

6 Result and Discussion

The data form experiments yielding a very good agreement with predicted results
of ANN for the considered parameters. Besides, the percentage error of predicted
Ra is in the range of −0.286 to 30.871. Minimum error, i.e., 0.343 nm, is found in
experiment 4, whereas maximum error, i.e. 73.04, in experiment 7.

7 Conclusion

ANN is a user-friendly tool which can be used in manufacturing processes too.
The capability of this tool is to forecast the output responses without doing pivot
experiment only on the basis of past records. The output is predicted only on few
steps which reduces both cost and time. In the present study, the ANN is used to
predict the output response, i.e. Ra, and compared with experimental Ra to find
the error in results. The prediction results show that ANN could be used as a soft
computing tool in manufacturing industries too.
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Parametric Analysis on Surface
Roughness of Micro-channel by Fiber
Laser Milling on Zirconia (ZrO2)

O. F. Biswas , A. Sen , G. Kibria , Biswanath Doloi
and B. Bhattacharyya

Abstract In the present days, the requirement of micro-machining has seen a rapid
growth for the fabrication of precision machining of complex parts in automobile,
shipbuilding, aerospace, electronics, medical industries, etc. Surface finish of these
types of components is one of themost important criteria for fabricating better quality
and to avoid failure caused by surface defects. The paper addresses the experimental
investigation for the variation of surface roughness of micro-channel milling on flat
zirconia (ZrO2) ceramics byusing a pulsedfiber laser system. In thiswork, considered
parameters are laser power, pulse frequency, laser scan speed, and the number of scan
while responses considered are surface roughness parameters, i.e., Ra and Rz. The
experimental results show that aforesaid factors revealed huge influences on surface
finish criteria on machined micro-channel on zirconia ceramics.

Keywords Fiber laser ·Micro-channel milling · Zirconia · Surface roughness

1 Introduction

Nowadays, micro-machining of engineering materials has become very popular for
the production of miniaturized components to fulfill the demands of various indus-
tries. Zirconia (ZrO2) is one of the most promising ceramic materials for the replace-
ment of other advanced hard-to-machine materials, due to its several advantages
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such as high strength, fracture toughness, very low thermal conductivity, and excel-
lent wear properties. It is widely applied in medical industries, mainly for orthope-
dic application for the fabrication of crown, bridge restorations, implant abutments,
etc. [1–6]. Therefore, the machining of these types of material is one of the chal-
lenging tasks for the manufacturer. Laser micro-channel milling process is one of
the recently developed material removal techniques which is widely employed for
micro-fabrication on metal and nonmetals [7, 8]. In this study, a high-intensity laser
beam is utilized for producing micro-channel on the work sample zirconia (ZrO2)
ceramic. To explore the influence of considered factors on performance criteria, one
factor at a time was varied.

2 Experimental Planning

Amulti-diode-pumped 50W fiber laser system is employed to carry out laser micro-
channel milling on zirconia (ZrO2) ceramic. 43 µm of laser beam spot diameter
(at focused condition) is utilized in the present research work. One factor at a time
(OFAT) strategy has been utilized for conducting the experiments. Process variables
which are taken for this research work are laser average power, pulse frequency,
scanning speed, and the number of pass. The values of surface roughness (Ra and
Rz) have been measured after performing each experiment.

Some of the process variables are kept constant during the experiment such as
pulsewidth as 80%of duty cycle and air pressure of nozzle at 4 kgf/cm2.MITUTOYO
SJ410 roughness measuring instrument is utilized for the measurement of the micro-
milling surfaces. Using this instrument, the responses (Ra andRz) aremeasured along
workpiece length. The values ofRa andRz aremeasured at five different locations, and
the average of these values is taken for analysis. During laser micro-channel milling
operation, overlap factors such as spot overlap and transverse overlap of the laser
beam are considered. The values of process parameters are chosen in such a manner
that these two overlap factors aremore than 85% for each set of the experiment which
ensures that good quality of surface finish has been achieved.

3 Results and Discussions

Based on the experimental results, various plots are drawn for surface roughness
values, i.e., Ra and Rz at various ranges of process variables in combination with the
focused condition and analyzed subsequently.

In Fig. 1, the effect of laser power on surface roughness (Ra and Rz) is shown. The
plot shows that lower setting of laser average power results in smooth micro-channel
profiles compared to higher laser power. The reason behind the fact is that the low
amount of material is melted at lower values of average power which yields into low
pulse energy. As a result, the material removal rate is lowered which in turn produces
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Fig. 1 Effect plot of laser
average power on surface
roughness

a uniform surface. Thus, lower values of Ra are observed at low beam power. Micro-
channel surface roughness increases with the increment of average power due to
high material removal rate. According to Eq. (1) [9], the peak power of the laser
beam is directly proportional to the average power, while other parameters are as
kept constants. The graph also revealed that surface roughness (Rz) increases with
average power. When the laser beam peak power increases significantly, high pulse
energy is irradiated in the machining zone. Thus, the machining zone is subjected
to melt and vaporize, which causes re-solidification of melt material on machined
surface. Thus, micro-peaks are formed on the machining zone surface.

Peak power = Average power

Pulse frequency× Pulse duration
(1)

In Fig. 2, the variation of surface roughness due to an increase in pulse frequency
is shown. With the increment of pulse frequency, the surface roughness values have
increased (Ra) subsequently. It is observed from Eq. (1) that laser peak power is
inversely proportional to the pulse frequency or pulse repetition rate. On the contrary,
with increase in pulse frequency, the time duration for irradiation of two laser pulses
decreases. Thus, themachining zone does not get adequate time for the removal of the
excess material which produces rough surface. From Fig. 2, it can be observed that
surface roughness (Rz) has also increased with the increment of pulse frequency. The
more irregularities on the surface have occurred at higher values of pulse frequency
which causes an increment of crater size.

In Fig. 3, the variation of surface roughness due to an increase in scanning speed
is shown. It is already known that laser spot overlap is governed by the combined
effect of laser scan speed and pulse frequency. The plot shows that with scanning
speed, surface roughness values decrease. However, the rate of decrement of Ra

value is lesser than the values of Rz. Spot overlap factor drops significantly with
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Fig. 2 Effect plot of pulse
frequency on surface
roughness

Fig. 3 Effect plot of
scanning speed on surface
roughness

the increment of scanning speed. With scanning speed, laser-material interaction
decreases. Therefore, cutting zone gets sufficient time for the removal of the molten
particles. Thus, the number of micro-peaks generated on the surface is less.

Figure 4 represents the variation of surface roughness with number of pass. This
figure reveals that the values of surface roughness (Ra and Rz) decrease with the
repeated movement of the laser beam along the machining zone. With the number
of pass, both width and depth of machined micro-channel increase. Here, with the
interaction of material and laser beam, the material from the heat radiated zone is
removed in layer by layer. The applied assist air jet helps in removing the molten
material from machining zone. Due to this, a decrement of the uneven peaks on
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micro-channel machined surface is observed, which further causes smooth finished
surface at a higher number of pass settings.

Opticalmicroscopic images are taken at various parametric combinations to exam-
ine the micro-channel milling surface qualitatively. Figure 5a and b depict optical
microscopic images of surface of micro-channel milling on zirconia at various para-
metric settings. Comparing these microscopic views of machined micro-channels, it
is obvious that laser average power, pulse frequency, scanning speed, and the number
of passes have contributed immensely in order to achieve desired lasermicro-channel
milling surface. The values of surface roughness (Ra) are 4.86 µm and 2.48 µm,
respectively. The values of surface roughness (Rz) are 24.81 µm and 14.22 µm.

4 Conclusions

From the set of experimentation and optical microscopic views of machined micro-
channels during lasermicro-channelmilling on zirconia ceramics, it can be concluded
that the considered process parameters have huge influences in generating accurate
micro-channel of desired shapes and surface finish. From the experimental result and
discussion, the following conclusions can be drawn:

(a) Surface roughness (Ra and Rz) value increases with the increment in laser aver-
age power. More micro-peaks and valleys are generated at higher values of
average power. The lowest values of Ra and Rz are obtained as 5.02 µm and
22.99 µm, respectively.

(b) Higher values of pulse frequency produce rough micro-milled surfaces. The
lowest values of Ra and Rz are obtained as 4.15 µm and 23.99 µm, respectively.

Fig. 4 Effect plot of number
of pass on surface roughness
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Fig. 5 Optical microscopic images of surface of micro-channel milling on zirconia at settings of
a average power of 10 W, pulse frequency at 65 kHz, scanning speed of 1 mm/s, number of pass 1,
and transverse feed at 0.005 mm, b average power of 10 W, pulse frequency at 65 kHz, scanning
speed at 7 mm/s, number of pass 5, and transverse feed at 0.005 mm

(c) Surface finish of the micro-channel improves with the increment of scanning
speed. The rate of decrement of Ra value is lesser than the values of Rz. The
lowest values of Ra and Rz are obtained as 3.5 µm and 15.11 µm, respectively.

(d) A gradual decrement of surface roughness is observed while the number of
pass increases. The lowest values of Ra and Rz are obtained as 2.34 µm and
12.98 µm, respectively.

The present set of experimental results will be beneficial for further research
work in the area of laser micro-milling of difficult-to-machine material and also for
analyzing other various characteristics such as skewness and waviness in order to
achieve better quality of micro-channel on ceramics.
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Characterization of High-Frequency
Thermal Sensor for Transient
Temperature Measurement

Anil Kumar Rout, Niranjan Sahoo and Pankaj Kalita

Abstract A thermal probe has been fabricated in-house from an E-type thermocou-
ple (Chromel-constantan) for transient temperature measurements during the studies
related to groundbased high speedflow phenomena. The thermo elements of the ther-
mocouple are coupled in the format of coaxial sensor called as coaxial surface junc-
tion thermocouple (CSJT). The junction properties have been analysed qualitatively
and quantitatively through field emission scanning electron microscopy (FESEM)
technique and the configuration of the thermo elements have been observed through
energy dispersive X-ray (EDX) technique. The thermal probe is then calibrated by
using a fluid bath and used to study the shock wave phenomena in a shock tube,
which produces shock waves in a laboratory scale. The thermal probe response is
captured and compared with a standardized highsensitive pressure sensor signal. The
in-housefabricated thermal probe response is quite fast and can be used to replace
the highcost pressure sensor.

Keywords Surface junction thermocouple · Calibration · Characterization · Shock
tube · Sensitivity

1 Introduction

Phenomenon of aerodynamic heating is an important aspect in every aero vehicle,
re-entry bodies and space vehicles moving with supersonic and hypersonic speeds.
The real-time constraint to carry out the experiments has put down the studies to
ground-based evaluation with the help of shock tubes and shock tunnels, which gen-
erate shock waves at laboratory and industrialscale. There are few gauges which
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can respond to those high speed flows. As a common practice, standardized high-
frequency pressure gauges are used in those devices for themeasurement of pressure.
Thin-film gauges, slug gauges, temperature-sensitive paint, thermography are some
of the options for measurements of transient temperature and heat flux values. Each
of the sensors has their own advantages and disadvantages in terms of response, fab-
rication, cost, applicability, durability, etc. So, in the search of a low cost, durable,
and fast-response thermal sensor, coaxial surface junction thermocouple (CSJT) has
been found to be one option for such studies. Thermocouples are measuring probes,
governed by Seebeck effect and are used to measure temperatures in various exper-
iments with accuracy. Presently, coaxial surface junction thermocouple (CSJT) has
been evolved as a potential tool for transient temperature measurement and from the
temperature history, surface heat flux can be predicted with suitable modelling of
the sensor. Using CSJT, few researchers have calculated heat flux values for K type
and also for E-type thermocouple [1–4]. The design technique, fabrication process,
and junction formation of such probes require much parametric involvement [5–7].
The response time is one among the features of CSJT which helps in prediction of
highly transient flow parameters [8, 9]. Though there are some studies carried out
based on this, still there is a requirement for in-depth study in the aspects related to
fabrication and application. For the present case, an E-type CSJT has been fabricated
and the junction properties have been studied through optical techniques. The probe
is calibrated and used in a high speed-flow environment to capture the shock effects.

2 Fabrication of the Sensor

Chromel and constantan are the thermo elements for E-type thermocouple. Chromel
element of 3.25 mm diameter coaxially forms an outer jacket over 0.91 mm constan-
tan wire with a very small (fewµm) insulation thickness in between them as depicted
in Fig. 1a. The length of the sensor is taken as 10 mm. The junction is prepared at the
surface through abrasion technique, which forms plastic deformation in between two
thermo elements through some cold welds. The fabrication process requires some
precision work and hand-on practice. After fabrication, the sensor is packaged in a
BS4 standardmounting for fitting in the shock tube. The realized schematic in Fig. 1b
shows a packaged probe with chromel and constantan lead wires for measurement.

3 Characterization of the Sensor

The formation of junction is a tricky task which requires a lot of practice and tech-
nique even though; there is a requirement for checking of every sensor junction
for detecting junction defect and junction thickness. The surface texture and insu-
lation thickness are observed through field emission scanning electron microscopy
(FESEM). The plots from Fig. 2 represent different types of junctions and defects
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Fig. 1 Fabrication and packaging of the sensor: a schematic of the sensor, b realization of packaged
sensor (thermal probe)

generally encountered during preparation of junction. A proper junction will lead to
proper exposure of real sensing part of sensor to heat and hence, accurate estimation
of heat fluxes at a later part. For the present case, a bid-type surface, prepared through
sanding is considered for study.

The surface junction characteristics are directly related to its response. The junc-
tion characteristics also depend on the composition of the thermo elements. So, the
thermo elements used for fabrication of sensor are examined through electron dis-
charge X-ray (EDX) technique for configuration of material composition and com-
pared with literature [5, 9]. The chromel element is having a composition of 87.1%
Ni, 10.1% Cr and 2.8% Si, while copper (51.5%) and nickel (35.4%) are dominant
elements for constantan (Fig. 3).

4 Calibration of Sensor

The output from the thermocouple is measured in terms of voltage. In order to infer
change in surface temperatures, the voltage values need to be calibrated against
a known temperature. Here, a fluid bath is used for the calibration purpose. The
thermocouple along with a thermometer is inserted into the glycerine bath to sense
the similar environment. The thermocouple is connected to a data acquisition system
for voltage measurement. Before placing the thermometer, it is checked for ice point
and steam point. The temperature is noted from the thermometer and at the same
time, the voltage is noted from the data acquisition system for the same rise and fall of
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Fig. 2 Surface junction characteristics. aAdefective junction,b partial linkage, c butt type junction,
d a lap-type junction, e a bid-type junction, f polished sensing surface

temperature and plotted in Fig. 4a. The sensitivity of the thermocouple is calculated
from Fig. 4b as 59 µV/°C.

5 Real-Time Experiment

To check the feasibility of the sensor, it is tested in a shock tube facility installed at
IIT Guwahati. A shock tube is a device that produces shock waves due to sudden
rupture of diaphragm separating a high pressure driver gas to a low pressure driven
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Fig. 3 Configuration of thermo elements a chromel, b constantan

Fig. 4 a Calibration set-up, b calibration plot

gas. The shock tube, made from a constant area duct mainly used for laboratory
scale experiments related to aerodynamic ground-based studies. When nitrogen gas
in the driver section is pressurized against atmospheric air in the driven section,
the diaphragm bursts suddenly, creating a series of compression waves which travel
towards the driven section (Fig. 5). The compressionwaves combine to form a normal
shock wave. After reaching at the end of the tube, the shock wave is reflected and
travel as reflected shock wave towards driver section. Any aerodynamic body placed
in the flow field or at the end flange can experience the effect of shock wave and
hence, the parametric variations impacted due to shock wave can be investigated.
The duration of test is few milliseconds so; there is requirement of sensors that can
respond very fast.
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Fig. 5 Schematic of shock tube facility at IIT Guwahati

5.1 Instrumentation for the Experiment

The driver section of the shock tube is fitted with a digital pressure gauge to measure
the pressure of driver gas and high-frequency pressure sensors (PCB Piezotronics,
USA) are mounted at the driven section. Two pressure sensors (P1 and P2) are placed
at a known distance apart to calculateMach number. These pressure sensors are stan-
dardized pressure sensors with very fast response time. So, by taking measurements
from these pressure sensors as reference, response behaviour of the thermal probe
is checked for which, the thermal probe (TP) is placed exactly opposite to a third
pressure sensor (P3). Output from all the sensors is in terms of voltage which is to be
recorded with an oscilloscope. The output from the thermal probe is in terms of few
millivolt which need to be amplified for recording in the oscilloscope. So, the signal
is suitably amplified before recording. With the passage of shock wave over pressure
sensors, a step change in the signal is recorded corresponding to a pressure jump
across the shock wave in the oscilloscope (Make: Yokogawa, having a bandwidth of
200 MHz and a sampling rate of 2.5 GS/s). Along with P3, the thermal probe also
responded to the incident shock wave. The pressure sensors underwent a step change
where the thermal probe shown a parabolic growth obeying the basic fundamentals
of heat transfer, i.e. the temperature profile to a step input is parabolic. On return
from the end flange, the reflected shock wave is sensed by P3 and again at the same
time, it also sensed by the thermal probe. Hence, it can be concluded from the figure
that, the thermal probe is showing a fast response (Fig. 6). From the plot, it can also
be observed that the thermal probe is having a rise time of 236.04 µs in comparison
to pressure sensor, with a rise time of 196.012 µs.
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Fig. 6 Transient responses from thermal probe during shock tube experiments

6 Conclusion

A thermal sensor is fabricated in-house from a thermocouple (E-type) and packaged
successfully for application in diagnosis of high-speed phenomena in shock tube-
based studies. The junction and surface characteristics are diagnosed under optically
zoomed environment using FESEM technique and the configuration of the elements
through EDX technique. The junction defects, junction types are observed. The
sensor is calibrated using a glycerine bath and mounted in the shock tube for flow
diagnosis against a standardized pressure sensor. The shock phenomenon in terms of
thermal response is captured by the thermal probe along with pressure sensor. It is
observed that the thermal probe is quite efficient in capturing the shock phenomena.
From the response of the thermal sensor, it can be concluded that the low-cost thermal
sensor can be used in lieu of high-cost pressure sensor.
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Experimental Investigation of Waste Heat
Recovery from Exhaust of Four-Stroke
Diesel Engine Using Specifically
Manufactured Heat Exchanger

Ram Thakar, Santosh Bhosle and Subhash Lahane

Abstract This paper is concerned with means for performance improvement and
reducing exhaust emissions of four-stroke single-cylinder diesel engines by heating
inlet air passed to the cylinder by using specifically designed and manufactured heat
exchanger. A diesel generating set having a cylinder, 5 horse power (HP), water
cooled, Kirloskar Make diesel engine was selected as base engine and the exper-
iments were conducted at part load conditions. The diesel generating setup was
modified to run with incorporation of heat exchanger and blower. The exhaust heat
is used by specifically designed heat exchanger to heat inlet air passed to the cylin-
der. The blower is used to increase the volumetric efficiency of the engine which
tends to reduce due to heating of the inlet air passed to the cylinder. The experiments
were conducted for three setups viz. i. Basic diesel engine setup, ii. Modified setup
with heat exchanger and iii. Modified setup with heat exchanger and blower. The
experimental results obtained with incorporation of waste heat recovery systemwere
compared with base line data. The rectangular-type shell and tube heat exchanger is
designed based on the potential heat savings available at the diesel engine exhaust
and manufactured. The due attention is paid while selecting the material for manu-
facturing heat exchanger. The shell is made of cold-rolled carbon steel and tubes used
were copper tubes. The results indicate improved performance and reduced emission
levels for modified engine, i.e. using specifically designed heat exchanger for heating
the inlet air passed to the engine. The results obtained indicate that there is poten-
tial in the exhaust gases and heat of exhaust gases can be utilized using specifically
designed and manufactured rectangular-type shell and tube heat exchanger to heat
inlet air passed to the engine cylinder.
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1 Introduction

Efficiency is major parameter related to any diesel engine which is always measured
for checking its performance. There aremany losses concernedwith diesel generating
(DG) set that tends to reduce the performance of the engine. Among all losses, the
exhaust gas loss or exhaust flue gas loss contribute major loss that badly affects on
the performance of the engine. The high temperature available in the exhaust gases
attributes toward the decline in performance and increasing the exhaust emissions
of the engine. Many techniques had been tried to make use of this exhaust heat of
gases for improving efficiency and minimizing the emission level.

Abd-Alla investigated on the use of exhaust gas recirculation (EGR) technique
to check its potential of recovering exhaust heat from engine exhaust and reducing
the NOx emissions. They suggested to make optimum use of EGR by using it in
airflow path rather than displacing part of inlet air. The use of EGR by this method
substantially reduces NOx emissions [1]. Shi et al. made use of both internal and
exhaust gas recirculation on HCCI engine and found reduction in NOx and smoke
emissions due to use of homogeneous charged compression ignition system [2].
Hountals et al. verified effect of using cooled EGR gas temperature on turbocharged
DI heavy duty diesel engine using multizone combustion model and shown its pos-
itive effect on brake-specific fuel consumption and lowering the soot values [3].
Aranguren et al. experimented, validated and developed computational model for
thermoelectric generation which predicts results with an accuracy of 12% [4]. Many
other researchers investigated on diesel engine with biodiesel blend with diesel fuel.
They used waste rice bran oil, vegetable cooking oil, pongamia, Pungam methyl
esters to prepare biodiesels [5]. In recent years, the new technique of preparation
of homogeneous charged compression ignition (HCCI) is becoming familiar where
homogeneous charge is prepared by mixing fuel and air which is compressed and
allowed to self-ignite [6]. The organic Rankine cycle (ORC) is proven technique to
recover low grade heat at 90 °C from industrial excess heat. Lemmens and Lecompte
investigation suggested practical and financial suitability of using ORC systems
for flue gas heat recovery for electricity generation under certain conditions [7].
The researchers investigated on different technologies for recovery of the exhaust
heat from IC Engines. The techniques such as thermoelectric generation, bottoming
Rankine cycle, six-stroke cycle found opportunities for potential energy savings and
improvement in the performance [8]. Yang et al. designed organic Rankine cycle
having low-temperature and high-temperature loops. They used R245fa as refrig-
erant which extracts heat from coolant and released heat from turbocharged air to
recover waste heat from six cylinder diesel engine. The experimentation resulted into
an increase in efficiency by 13%. It is also seen there is maximum reduction of 4%
in brake specific fuel consumption when diesel engine working in the part of higher
load [9]. The new technique introduces the concept of use of light weight mate-
rial and alternative refrigerant for heat exchangers considering their environmental
concerns. Mastrullo et al. optimized geometrical model for a shell and louvered
fin mini–tubes heat exchanger with organic Rankine cycles (ORCs) and suggested
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low-weight and compact-size heat exchanger to be used for producing considerable
amount of work and thermal efficiency [10]. Many researchers investigated to use
organic Rankine cycle (ORC) for recovery of exhaust heat and emphasized that the
design of evaporator is critical and the success of recovery system entirely depends
on its design. Zhang et al. developed mathematical model of evaporator based on its
designed dimensions and specified ORC working conditions for exhaust waste heat
recovery from diesel engine. They showed as speed and load increase, evaporator
outlet exhaust temperature increases. To achieve this, careful selection of heat trans-
fer area for finned tube is required which is based on engine’s operating range [11].
Hossian and Bari experimented for waste heat recovery on 40 kW DG set using two
of the shelf-type heat exchangers for superheated steam generation. They simulated
design of heat exchanger with available data after experimentation and compared
it with effectiveness of optimized heat exchanger. They reported less effectiveness
of heat exchanger compared to optimized heat exchanger. It is also observed that
effectiveness was more for parallel arrangement [12]. Researchers have been trying
to improve thermal efficiency of diesel engines by applying different techniques. The
effect of high injection pressure and cylindrical air pressure have been investigated
on combustion and heat release rate for DI diesel engines shown improved brake ther-
mal efficiency [13]. Bari and Hossain designed and simulated pancake-shaped type
heat exchanger by using CFD software and concluded generating additional power
of 10.5 kW due to pancake-shaped heat exchanger as compared to heat exchanger
of round-shaped-type which was able to produce power 9.5 kW [14]. Meng et al.
shown fuel consumption efficiency can be improved by using thermoelectric gen-
erators by developing multiphysics model applied in a automobile exhaust wherein
exhaust is modeled and reported improvement in system performance at the cost
of less thermoelectric material consumption [15]. Kim et al. experimentally inves-
tigated on a direct contact thermoelectric generator (DCTEG) for recovery of heat
from exhaust of diesel engine to improve performance. They adopted the method of
varying coolant temperature, engine load and rotation speed during experimentation.
Their result showed improved energy conversion efficiency of DCTEGwhich was in
between 1 and 2%. Their results also show that maximum thermal energy is extracted
by DCTEG and about 20% energy wasted to the environment irrespective of load
conditions [16]. Shixue et al. used thermoelectric generator (TEG) for recovery of
heat from gasoline engine exhaust for which they optimized geometrically sand-
wich heat exchanger of plate type using finite element analysis and suggested key
parameters flow velocity and TEGmodule area for optimization of TEG [17]. Thakar
et al. designed counter flow shell and tube heat exchanger and reported heating of
inlet air up to 150 °C [18]. The present paper is the result of experimentation on
single cylinder, four-stoke diesel engine with the incorporation of waste heat recov-
ery with use of specifically designed and manufactured heat exchanger and blower.
The rectangular-type counter flow shell and tube heat exchanger is designed based
on the potential heat savings available at the diesel engine exhaust and then man-
ufactured. The due attention is paid while selecting the material for manufacturing
heat exchanger. The shell is made of cold-rolled carbon steel and tubes used were
copper tubes. The use of CRC sheet for shell and copper material for tube acts as
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thermal storage and heat exchanging device. The result shows substantial savings
in the exhaust heat and thereby showing improved performance and reduction in
emissions of the engine by waste heat recovery using the heat exchanger between
outlet and inlet duct of the diesel engine.

2 Experimentation, Instrumentation and Methodology

The present experimentation is completed on vertical, water cooled, single cylinder,
four stroke, vertical, 5 HP, diesel engine. The fuel used for experimentation is high
speed (HS) diesel oil. The designed heat exchanger is manufactured with attention
to recover maximum heat potential from exhaust gas of diesel engine. The details
of the material used for manufacturing of heat exchanger are given in Table 1. The
modified experimental setup with manufactured heat exchanger is shown in Fig. 1.

Thermocouples connected to control panels are used to measure the tempera-
tures at various locations. The volumetric type of method is used for measuring the
fuel consumption. Hartridge smokemeter is used for measurement of smoke in the
exhaust. Following three trials were conducted to determine volumetric efficiency,
brake thermal efficiency, brake-specific fuel consumption and smoke density. The
three experimentations have been conducted on stationary diesel for measurement
of the performance and emissions of the engine viz. i: Experimentation on basic
diesel engine running at normal conditions at injection timing 26° BEFORE TDC at
atmospheric temperature, ii. Experimentation with modified engine setup with heat
exchanger at injection timing 23° BEFORE TDC and iii. Experimentation with mod-
ified engine setup with heat exchanger and blower at injection timing 23° BEFORE
TDC.

Table 1 Details of material used for manufacturing heat exchanger

Description Quantity Material

1. Tubes:
O.D = 9.54 mm, I.D = 9.94 mm, length =
4.2 m

14 Copper

2. Shell: (For end closure)
Width = 105 m, height = 90 mm,
thickness = 2 mm

2 Carbon rolled carbon steel (CRC)

Shell: (For end connectors)
Top width = 110 mm, base width =
60 mm, height = 90 mm thickness =
2 mm

8

3. Baffles:
Width = 92 mm, height = 90 mm,
thickness = 2 mm

4 Carbon rolled carbon steel (CRC)
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Fig. 1 Modified experimental setup with heat exchanger

2.1 Experimental Trial 1: Experimentation on Basic Diesel
Engine Running at Normal Conditions at Injection
Timing 26° BEFORE TDC at Atmospheric Temperature

Initially, the cooling water supply is started. The engine allowed to run on no load
till steady state has been reached. At no load, the cooling flow rate is adjusted. After
the steady state has been reached, the time for outlet water temperature, manometer
reading is noted. The exhaust gas sample drawn in smoke meter is analyzed for
measuring the percent smoke density. Then, the engine is loaded in step of six,
twelve, eighteen and twenty kilograms and the procedure is repeated again.

2.2 Experimental Trial 2: Experimentation with Modified
Engine Setup with Heat Exchanger at Injection Timing
23° BEFORE TDC

The heat exchanger on the basis of availability of heat potential at the exhaust was
designed and manufactured. This heat exchanger was placed just near the inlet and
outlet ducts of the engine. The inlet air was passed through rectangular shell tube
type heat exchanger. In this, the inlet air was passed through the number of tubes
and the exhaust gases were passed over these tubes. Efficiencies and emissions of
stationary diesel engine for experimentation with modified engine setup with heat
exchanger at injection timing 23° BTDC were evaluated. The trial on diesel engine
with heat exchanger is conducted at no load to gradually increasing to full load.
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2.3 Experimental Trial 3: Experimentation with Modified
Engine Setup with Heat Exchanger and Blower
at Injection Timing 23° BEFORE TDC

In this, the blower was placed between the air box and heat exchanger. Proper care
was taken for the placement, since the blower is driven by pulley which is driven
by camshaft of the engine. Efficiencies and emissions of stationary diesel engine
for experimentation with modified engine setup with heat exchanger and blower at
injection timing 23° BTDC were evaluated. The trial on diesel engine with heat
exchanger and blower is conducted at no load to gradually increasing to full load.

3 Results and Discussion

The performance of 3.7 kW capacity four-stroke single-cylinder stationary diesel
engine was evaluated for inlet air temperature 30 °C and injection timing 26° before
TDC. The rectangular-type counter flow shell and tube heat exchanger were fabri-
cated and placed upstream of inlet and outlet duct of the engine. In this, inlet air
is passed through tubes and the exhaust gases are passed over the tubes. The previ-
ous work reports inlet air heating up to 150 °C at the injection timings 23°, before
TDC yields best engine performance. The test conducted on same diesel engine with
modified engine setup with heat exchanger shows the temperature of air gradually
raises with load. At no load, inlet air heating achieved upto temperature of 100 °C
when exhaust temperature was 190 °C. At 50% load, inlet air heating achieved upto
temperature of 145 °C when exhaust temperature was 235 °C.

The improved performance in terms of thermal efficiency of engine found for setup
with heat exchanger is due to heating of inlet air using heat of exhaust gases which
also lowers the emission level of the engine. The various performance parameters
and emissions of the engine for these three kinds of experimentation were measured
and the effect of these experimentation on the performance parameters and emissions
of the engine elaborated in details in the following section.

3.1 Thermal Efficiency

The brake thermal efficiency variations for the three experimental setups at different
outputs are shown in Fig. 2. The graph plotted for brake thermal efficiency verses
percentage brake power for engine operating at (i) normal condition, (ii) with heat
exchanger and (iii) with heat exchanger and blower. The thermal efficiency increases
during early part of brake power and it reaches tomaximumduring full load condition.
The trend of decrease in thermal efficiency is observed beyond full load for the engine
running at normal conditions. The similar trend is observed for engine operating with
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Fig. 2 Comparison of brake thermal efficiency for three engine setups

heat exchanger where at full load thermal efficiency reaches tomaximum value and it
starts decreasing when engine is operating beyond full load. This is the effect of inlet
air heating which improves the engine combustion resulted into improvement in the
performance when engine is running at full load. The same effect of inlet air heating
does not observed when the engine is running beyond full load and it shows decline
in the performance beyond full load. The increase in inlet air temperature helps in
proper mixing of fuel at full load which benefited in vaporization and combustion of
injected fuel. The values of brake thermal efficiencies at full load and at 120% load
are 32.5 and 28.9, respectively. There is no change observed in thermal efficiency
when blower is connected to the heat exchanger. The gain in performance in terms
of thermal efficiency is lesser as compared to the power consumed by the blower.
Due to this no change in thermal efficiency is observed after connecting the blower.

3.2 Volumetric Efficiency

The variation volumetric efficiency verses percentage of brake power at various
operating conditions shown in Fig. 3 for engine operating at (i) normal condition,
(ii) with heat exchanger and (iii) with heat exchanger and blower. The graph shows
volumetric efficiency remains more or less same with respect to load for engine
running at normal condition. The volumetric efficiency variation for normal engine
lies between 84 and 85%. The graph also indicates that the engine running with heat
exchanger showsdecrease in volumetric efficiency as the load increases. This is due to
the arrangement of heating inlet air by heat exchanger tends to reduce the volumetric
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Fig. 3 Comparison of volumetric efficiency for three engine setups

efficiencies as compared to values of efficiencies obtained for engine running with
basic experimental setup. This is due to decrease in density of inlet air passed to
the engine. After connecting blower to the heat exchanger, the values of volumetric
efficiency are found to be increased than the heat exchanger without blower. The loss
in volumetric efficiency due to heating of inlet air can be compensated with use of
blower.

3.3 Brake Specific Fuel Consumption

The effect of brake power on brake-specific fuel consumption (BSFC) at 50, 100 and
110% of brake power calculated and plotted as shown in Fig. 4. The BSFC values
corresponding to these load are 0.335, 0.2625, 0.25 kg/kW h, respectively, for engine
running at normal conditions. This show reduced values of BSFC as there is increase
in load on engine. The graph for engine operating with heat exchanger clearly show
that the BSFC is improved for test compared to normal operating conditions. This
is due to improved combustion temperature as the temperature of inlet air passed is
more than the temperature of inlet air operating under normal operating condition.
The values of BSFC obtained for this test are 0.34, 0.2542, 0.25 and 0.2650 kg/kW h
at 50, 75, 100 and 110% of brake power, respectively. These values also show that
BSFC with heat exchanger is better compared to the normal operating condition
between 0.3738 and 0.2650. There is no significant change in BSFC with additional
blower.
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3.4 Smoke Density

A comparison of the percentage of smoke density from the diesel engine setup
equipped with heat exchanger and blower are presented in Fig. 5. The smoke density
valuesmeasuredwere 15 and29%at full load and at overload conditions, respectively,
for basic engine setup running at normal conditions. There is reduction in smoke
density values to 14 and 22% at full load and overload conditions, respectively, for
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modified experimental setup heat exchanger at injection timing of 23° before TDC.
It shows that inlet air heating lowers down the emission level of the stationary diesel
engine. It is also seen that use of the blower in the suction line further reduces the
emission level. There is 6.66% reduction in the smoke density at full load by inlet
air heating and 26.66% reduction in smoke density at full load with inlet air heating
assisted by blower. Similarly, reduction in smoke density is observed at part load and
overload with modified engine setup with heat exchanger and blower.

4 Conclusions

The experimentation on diesel engine with technique of using specifically manufac-
tured heat exchanger for exhaust heat recovery has shown improved performance of
the engine due to inlet air heating. Performance improvement is depicted by improved
values of thermal efficiency. The decrease in volumetric efficiency due to heating of
inlet air is compensated by use of blower. It is also seen that specific fuel consump-
tion value improves by inlet air heating and it lowers down the emission level of the
stationary engine.
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Influences of Feed Rate and Machining
Length in Micro-milling of P-20 Steel

Priyabrata Sahoo and Karali Patra

Abstract This study is focused on the influences of feed rate and machining length
upon the significant machining parameters such as cutting force, surface roughness,
burr size and microhardness. For this case study, micro-milling operation has been
carried out for the combination of TiAlN-coated 0.5-mm flat end mill and P-20 steel
in dry environment. To avoid the ploughing effect, experiments have been performed
in shearing dominated region for three feed rates, viz. 1, 2 and 3 µm/tooth up to a
machining length of 350 mm, each. The experimental results revealed that with
increase in feed rate and machining length, the magnitude of machining parame-
ters increases. The magnitude of cutting force and surface roughness increases with
machining length due to tool wear effect, and microhardness value increases due to
strain hardening. The magnitude of burr width also increases with increase in feed
rate and machining length due to more chip load and deterioration of sharpness of
the tool, respectively.

Keywords Micro-milling ·Machining length · Burr width · Surface roughness ·
Microhardness · Cutting force

1 Introduction

Micro-milling is a preferred micro-fabrication technique due to its enhanced per-
formance in terms of higher material removal rate, capable of fabrication for 3-
D complex shape and applicable for a wide range of engineering materials [1–3].
Micro-milling is a conventional micro-fabrication process where machining is done
by submillimeter range micro-end mill. However, due to downscaling in dimension
of the tool, some inherent mechanics such as ploughing, elastic recovery and tool
run-out come into picture which limits the performance of the process [4]. Espe-
cially, stringent surface quality and dimensional accuracy are the major concerns
for functionally required micro-features [5]. However, due to the effect of elastic
recovery, ploughing and tool run-out, surface quality becomes worse and the tool
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is prone to wear and breakage which again causes the deterioration of the surface
quality. Further, tool wear, tool breakage and surface quality become more critical
during fabrication of micro-features from hard materials such as nickel-based super-
alloy, titanium alloy, ceramics and hardened die steel [6]. Some of the literature
those are based on the effect of process parameters on machining performances in
micro-milling are discussed in this section as follows:

Hassanpour et al. [7] investigated the effects of process parameters on surface
roughness, burr width, microhardness and cutting force. They reported that spindle
speed is the most effective parameter for surface roughness; whereas, the feed rate
is the most effective parameter for burr formation. Kiswanto et al. [8] reported the
effects of feed rate, cutting speed and machining time on burr formation and surface
roughness. They observed that lower feed rate is suitable for better surface quality
and burr width rises with machining time due to tool wear. Lekkala et al. [9] studied
various types of burr formation in micro-milling and reported that depth of cut and
tool diameter contributed significantly on burr formation.Ucun et al. [10, 11] reported
the improvement of micro-milling performance by using coated tool.

Considering the aforesaid literature, it can be realized that surface quality is the
major concern for micro-features. Further, material such as hard die steel which
has wide applications for the fabrication of micro-die using micro-milling has not
studied very much by the researchers. By considering author’s earlier work [12] on
P-20 steel, it was observed that lowest feed value in shearing dominant region gives
good surface quality and lower cutting force values which are indeed helpful to avoid
catastrophic tool breakage. However, the influence of machining length at different
feed values has not been reported in that analysis. Therefore, the objective of this
work is to investigate the influences of feed rate and machining length on surface
roughness, microhardness, burr formation and cutting forces for micro-milling of
P-20 steel.

2 Materials and Methods

Hardened 30 HRC P-20 steel and TiAlN coated flat carbide end mill cutter (SECO,
905005-MEGA-T) having diameter 500 µm tool were used for the experiment. The
geometrical properties of the micro-end mill cutter are illustrated in Table 1. Micro-
milling experiment was performed on a 3-axis CNC micro-machining centre (DT-
110, micro-tools) as shown in Fig. 1. The investigation which was carried out at

Table 1 Geometrical properties of end mill cutter

Helix length,
(mm)

Shank
diameter,
(mm)

Tool
diameter,
(mm)

Helix angle,
(°)

Rake angle,
(°)

Edge radius,
(µm)

1.4 3 0.5 30 12 3
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Fig. 1 Micro-milling set up

spindle speed (N) 20,000 RPM, axial depth of cut (ad) 30 µm and three levels of
feed rate (f ) (1, 2 and 3µm/tooth) with ten numbers of machining cut was performed
having length 35 mm each. The cutting forces were measured in x and y directions
by mini-dynamometer (9256C2, Kistler). The surface roughness of the specimen
was measured by a contact-type profilometer (SJ-400, Mitotoyo) by setting the cut-
off length 2.5 mm in feed direction. Burr width on the top surface of the channel
was measured by scanning electron microscope (Zeiss, Gemini 500). Subsurface
microhardness of the channel was measured by microhardness tester (Leco, LM-
248AT).

3 Results and Discussion

3.1 Analysis of Cutting Forces

For the analysis of cutting forces, RMS values of force signal have been considered.
BasedonFig. 2, cutting force increaseswith increase in feedper tooth andprogression
of cutting length in both x and y directions. In shearing dominant regionwith increase
in feed per tooth, chip load increases subsequently cutting force increases. Mean-
while, with progression of machining length, tool wear increases and tool geometry
abruptly changes which results in an increase in cutting force as shown in Fig. 2.

3.2 Analysis of Surface Roughness

The variation of surface roughness with feed per tooth andmachining length is shown
in Fig. 3. Surface roughness is directly proportional to the square of the feed per
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Fig. 2 Variation of cutting force with feed/tooth and machining length

Fig. 3 Variation of surface
roughness with feed/tooth
and machining length

tooth which can be termed as undeformed chip thickness. In addition, with increase
in feed per tooth, vibration raises which deteriorates surface quality by enhancing
waviness [13]. From Fig. 3, it can be noticed that with increase in cutting length,
surface roughness increases; meanwhile, a peculiar trend was observed after 70 and
105 mm machining length. The drop of surface roughness value can be assumed
due to rounding of edge radius after the first cut. Aslantas et al. [10] suggested that
tool wear in micro-end milling is bi-directional. That means tool wear occurs both in
peripheral and in frontal sides. The lower roughness value is observed due to increase
in edge radius; again tool wear increases in frontal face up to a certain value of edge
radius. The increase of tool wear in frontal face leads to reduction edge radius which
contributes to the rise of surface roughness [11].
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3.3 Analysis of Burr Width

By analysing the burrs as shown in Fig. 4a, the size of burr in down milling side is
observed to be bigger as compared to up milling side. For the current analysis, burr
width on the top surface of the channel is considered by taking the average value
of the burr width from both sides. As depicted in Fig. 5, burr width increases with
increase in feed per tooth due to increase in magnitude of uncut chip thickness as
more materials peel out in front of the cutting edge. Again, burr width increases
with the progress in cutting length. This is because the sharpness of the cutting tool
deteriorates due to tool wear [10].

Fig. 4 a Burr formation in both up milling and down milling sides with tool rotation; b Enlarged
view of the burrs

Fig. 5 Effect of feed/tooth
and machining length with
burr width
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Fig. 6 a Pattern of micro-indentation; b Variation of microhardness value with feed rate and
machining length

3.4 Analysis of Microhardness

As shown in Fig. 6a, indentations were performed beneath the machined channel
having a gap of around 50 µm and the average value has been considered. With
increase in feed per tooth, hardness values rise as given in Fig. 6b. At higher feed
rate, strain rate increases owing to work hardening as a result workpiece hardness
grows up [7]. Further, the variation of hardness values with cutting length has been
shown in Fig. 6b. It reveals that hardness value increases with machining length. The
increase of hardness values with machining length may be due to wear of cutting
tool which favours the work hardening process.

4 Conclusion

The aforementioned experimental work unveils the causes and effects of feed per
tooth and machining length on machinability parameters such as surface roughness,
burr width, cutting force and microhardness. The experimental results showed that
the feed rate 1 µm/tooth is desirable as compared to 3 µm/tooth to obtain the micro-
features with good surface quality and less cutting force. With increase in feed rate,
surface roughness and cutting force, burr width and microhardness increased due
to rise in chip load. With the progression of machining length, cutting force and
surface roughness increase due to tool wear and vibration. Burr width increases with
machining length and is due to deterioration of sharpness of the tool which hampers
the cutting and separation of the chips from the work material. Microhardness value
rises due to strain hardening with increase in machining length. This study will be
helpful for the micro-die industries to find the suitable parameters according to their
desired quality requirement.
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Order Tracking: Angular Domain
Features Extraction Method
for Condition Monitoring of Variable
Speed

A. Dhal, I. Panigrahi, C. Mishra and A. K. Samantaray

Abstract Most of the rotating machines operate at variable speed/cyclo-stationary
due to fluctuation of power, load etc. It is difficult to monitor the condition of rotating
machines in conventional time/frequency analysis when the fluctuation of speed of
rotor ismore than 0.5Hz. In such circumstances, angle/time cyclo-stationary analysis
of a machine signal is a fundamental procedure for condition monitoring of rotating
machine operating at variable speed. Rolling element bearing is widely used in rotat-
ing machines starting from bicycle to more sophisticated machines like cryogenic
engines. In the present paper, a hybrid diagnosis scheme based on computed order
tracking and envelope analysis is used as diagnosis scheme for condition monitoring
of rolling element bearing operating at a fluctuating speed of approximately 5–15Hz.
Experiments were conducted using Spectraquest machine faults simulator. Rolling
element bearing with fault in the outer race is taken to show the effectiveness of the
diagnosis scheme.

Keywords Order tracking · Cyclo-stationary · Condition monitoring · Rolling
element bearing · Rotor dynamics

1 Introduction

Rotating machine signal is generally periodic and/or cyclo-stationary due to the
nature of operation of machine. Therefore, it can be modelled by a cyclo-stationary
process [1]. Whenever a rolling element encounters a defect in its path it excites
systems that includes the housing in which it is mounted [2]. The excitation stays for
a small time and dies out after the rotating element passes the discontinuity. As the
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process of cyclo-stationary repeats itself at interval it can be classified and searched
for the fault symptoms from the original signal if there is any.

Rolling element bearing is widely used in rotating machines due to its low friction
characteristics and its adaptability to operate at wide range of load and speed. The
most common types of faults that can be observed in the bearing are the fault in
the ball and/or outer race and/or inner race. These discontinuities in bearing can
lead to the excitation as the rolling element/ball passes the fault and it dies out at
bearing characteristic frequencies (BCFs). The nature of signal in different speed
is shown in Fig. 1. It can be easily inferred from figure that time interval of fault
induced signal is not constant when the speed is variable or slow. However, it is
constant angularly spaced. It is also evident from figure that amplitude level of fault
induced signal is more when the bearing operates at high speed compared to constant
and/low speed. In such situation the bearing characteristics frequencies are replaced
by bearing characteristics order [3]. The corresponding bearing characteristics order
assuming the outer race of bearing stationary can be written as

OBPO = n

2

(
1 − d

D
cosβ

)
(1)

OBPI = n

2

(
1 + d

D
cosβ

)
(2)

OBS = D

2d

(
1 − d

D
cosβ

)2

(3)

where, OBPO, OBPI and OBS are the orders of ball pass for fault in the outer race,
ball pass for fault in the inner and ball spin for fault in ball or roller, respectively.
The order of element defect is twice that of order of ball spin. The shaft order/one
complete rotation of shaft is defined by OS. The other terms in the expression n,d, D

Fig. 1 Bearing signal at
different speed assuming a
fault in the outer race
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and β represents number of balls, diameter of ball, pitch diameter and phase angle,
respectively.

For non-uniform/variable speed/cyclo-stationary shaft rotation the conventional
diagnosis scheme are not suitable to diagnose faults in bearing. There are ample liter-
atures available which gives a pointer to signal processing steps/scheme used to diag-
nose faults in the bearing under variable speed operation. Some of the important con-
tributions are, wavelet denoising coupledwith order tracking [3], EMDbased denois-
ing coupled with order tracking [2], computed order tracking coupled with square
envelope spectrum [4], transient signal analysis based on angular sampling [5], angu-
lar domain features instantaneous power spectrum [6], cepstrum pre-whitening and
order tracking [7], method based on rotating speed isolation [8], techoless envelope
order analysis [9] and so on.

2 Experimental Setup

The experimental setup [Fig. 2] consists of an induction motor with rotor, connect-
ing shaft, a jaw coupling, two pedestals, an encoder arrangement, a loader and two
bearings as its main part. The jaw coupling is used to connect the rotor shaft to con-
necting shaft. The pedestal nearer to the induction motor supports the good bearing
whereas the farther one supports the faulty bearing. Bearing with outer race fault is
used to investigate the effectiveness of the diagnosis scheme. The MFS system has
an inbuilt keyphasor which gives one pulse per revolution. It is used for calculating
shaft speed whose average value is displayed by the machine. However, it is not
good for measuring speed variation within one shaft revolution. So, a new encoder
was developed for this work. The encoder used in the rotary machine sensor-encoder
system for calculating the instantaneous speed consists of 30 reflecting and the same
number of non-reflecting surfaces. An infrared (IR) sensor is used tomeasure encoder
pulses. This sensor has an IR emitter and an IR sensor. The output is a pulse signal
with maximum value when the light is reflected and minimum when the light is
not reflected. The instantaneous angular speed is computed from the data collected
from the sensor-encoder system based on the principle of zero crossing time. Ploytec

Fig. 2 Machine fault
simulator
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laser vibrometer is used to get the velocity of vibration of pedestal and USB type NI
DAC-6311 is used as data collector.

3 Computed Order Tracking

Signal smearing is caused due to fluctuation of speed of the rotor. To avoid this
difficulty order tracking is used. From the different order tracking method computed
order tracking andVoltKalmanfilter basedorder tracking iswidely used. In computed
order tracking the resampling of data/signal is done in angular domain whereas in
Volt-Kalman filter signal is resampled in time domain to find out the order of interest.

Computed order tracking is a frequency analysis method that considers multiples
of running speed (order) instead of absolute frequency as frequency base [10]. The
data is re-sampled at desired angular increment of shaft angle or angular resolution
�θ . The keyphasor pulse angle, i.e., angle between consecutive key-phasor encounter
is taken as �φ. Fyfe and Munck [10] calculated the re-sampling time assuming that
the shaft undergoes constant angular acceleration by following formulations. They
described shaft angle θ in the form of quadratic equation,

θ(t) = bo + b1(t) + b2t
2 (4)

where, bo, b1 and b2 are three unknown coefficients and it can be found by fitting
three consecutive key phasor arrival time to, t1 and t2 as shown in Fig. 3. Thus for
θ(0) = 0 the following expression can be written,

⎛
⎝ 0

�φ

2�φ

⎞
⎠ =

⎡
⎣1 t1 t21
1 t2 t22
1 t3 t23

⎤
⎦

⎧⎨
⎩
b1
b2
b3

⎫⎬
⎭ (5)

For any desired shaft angle θ , the time at which the re-sampling need to be
performed is given by

t = 1

2b2

[√
4b2(θ − b0) + b21 − b1

]
(6)

Constant numbers of samples are usually taken between two key phasor pulses,
with �φ

�θ
� 1 as an integral value. To avoid overlap in sampling, Fyfe and Munck

[10], considered θ = k�θ with following condition,

�φ

2�θ
≤ k <

�φ

3�θ
(7)

where, k is a positive integer. So, the Eq. (5) can be written as
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Fig. 3 Flow chart of
diagnosis scheme based on
computed order tracking and
envelope analysis

t = 1

2b2

[√
4b2(k�θ − b0) + b21 − b1

]
(8)

where, t(k) is the time when k th sample is taken.
To avoid singularity, t(k) = k�θ−b0

b1
when b2 ∼= 0 and t2 − t1 ∼= t3 − t2 with

b0 = − t1�φ

t2−t1
and b1 = − �φ

t2−t1
.

Diagnosis scheme: The flow chart of diagnosis scheme is shown in Fig. 3. The
procedure can be summarized as follows:

• Collect a large number of data to observe several orders of fundamental order.
• Apply computed order tacking technique to get the re-sampling time and
corresponding vibration signal.

• Filter the vibration signal through a band pass filter with frequency in the range
of structural resonance.

• The vibration signal is modulated by Hilbert transform to keep only the envelope.
• Finally, compute the frequency spectrum of the envelope by applying FFT (Fast
Fourier Transform), called envelope order spectrum, to identify fault in the demod-
ulated signal. All the above signal processing steps are performed with the help of
Matlab®.
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Fig. 4 Signal processing
steps for vibration signal
acquired from bearing with
outer race fault

4 Results and Discussion

Experiments are conducted using machine fault simulator developed by “Spectra
Quest” where the rotor shaft is supported on 1′′ bearings. This bearing used here
(MB ER16 K) is a single row deep groove ball bearing with following geometric
parameters: ball diameter 7.94 mm, pitch diameter 39.32 mm, inner race diameter
31.38mm and outer race diameter 47.32mm. Substituting these data in the kinematic
relations (Eqs. 1, 2 and 3), we get OBPO 3.591 OS, OBPI as 5.408 OS, and OBS
as 2.375 OS. Intentional outer raceways faults of 3 mm width and 1 mm depth are
prefabricated in faulty bearings.

Signal processing steps proposed in the previous section is applied to the signal
collected by the data collector (NI DAC-6311). The VFD is used to achieve a rotor
variation of 5–15 Hz. The experimental result for faulty bearing with outer race fault
is shown in Fig. 4. The notation used in figure A, θ̇ (Hz), Ar and

∣∣Ae
r ( jo)

∣∣ respectively
represents the signal, angular speed of shaft rotation, resampled envelope signal and
absolute value of envelope order spectrum. From the envelope order spectrum it can
be observed that the shaft order OS = 1 and its harmonics, OBPO and its harmonics
and some side bands are present. Thus, it reveals the presence of outer race fault.

5 Conclusion

With Under variable/oscillating speed operation of rotor there is a possibility of
smearing of signal in the frequency domain. Therefore, the signal processing steps
generally used in constant or uniform speed rotation is not applicable. A signal pro-
cessing steps based on computed order tracking and envelope analysis is proposed in
this article to find out the order envelope spectrum. Using the instantaneous angular
speed measurement the signal is resampled in angular domain with the help of com-
puted order tacking technique. The envelope of signal is then computed to find out
the order spectrum. The proposed diagnosis scheme is explained in details and the
effectiveness of the proposed diagnosis scheme is established using the experimental
result.
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Surface Roughness Characteristics of MS
Rod Using Different Cutting Fluids
During Turning Operation

Pradip Mondal and Samiran Samanta

Abstract During any machining process, there exists an essential criterion to deter-
mine the surface characteristics to achieve the desired product quality. Considering
this fact as a primary objective, the present study is carried out to determine the aver-
age surface roughness (Ra), root mean square (Rq), and average maximum height of
the profile (Rz) values of surfaces generated during the machining of MS rod. Plain
turning operation is carried out in a lathe considering different machining parameter,
viz. cutting speed and depth of cut and using different cutting fluids, viz. mustard
oil, kerosene oil, olive oil and water as well as in dry condition (without coolant)
via MQL technique. Single-point cutting tool, made of high-speed steel (HSS) has
been used in this experimentation work. The study shows that higher spindle sped
and depth of cut result in higher surface roughness, irrespective of cutting fluid used.
Furthermore, it is experienced that if low viscous cutting fluids (e.g., kerosene and
water) are used as cutting fluids, the machined surface becomes rougher.

Keywords Surface roughness · Turning ·MS rod · Cutting fluids ·Machining
parameters

1 Introduction

Among the different machining process carried out in mechanical workshop, turning
operation is widely used now and then. In this process, the material is removed from
the upper surface of the workpiece using a single point cutting tool. During this
operation, high normal and shear stresses are generated on the cutting tool as the
chip slides over the rake face of the tool. At the same time, the chip slides against
a high frictional resistance. Due to this phenomenon, high-temperature zones are
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created both at the cutting point and thus both get heated. As the tool temperature
becomes higher the tool wear expedites and surface finish of the job gets affected.
To overcome this problem, cutting fluids are used during any machining processes.
Cutting fluids serve the purpose of a lubricant as well as a coolant. It helps in lowering
the temperature of cutting zone and lowering the frictional resistance [1–3]. Thus,
the usage of cutting fluid enhances the tool life as well as improves the surface
characteristics of workpiece.

Cutting fluid is a type of liquid that is used as coolant and as well as lubricant, in
general practice, duringmetal cutting ormachining processes. Different types of oils,
oil-water emulsions, pastes, gels, aerosols (mists), air or other gases are commonly
used as cutting fluids. Use of cutting fluids influences the productivity and quality
of the finished product. It is one of the key parameters that indicate the quality of
the finished job. Surface roughness is nothing but the measurement of geometrical
regularity of texture on any surface. It is generally measured via three components,
viz. roughness, waviness, and form. All of these three parameters are measured to
examine the surface of any machined job, in practice.

Several research works based on the surface roughness parameters and using dif-
ferent work metals have been carried out by many group of researchers and reported
in literature [4–7]. Optimization studies on different cutting parameters and their
effect on the surface roughness characteristics have also been emphasized in the
literature [8–10]. The premier objective of this present study is to understand and
examine the characteristics of surface produced while the turning operation of MS
rod, in lathe. MS is taken as work material due to its wide usability in any kind
of machining process. In this experimentation work, turning is carried out using
mustard oil, kerosene oil and without any cutting fluid at 248, 375, and 556 rpm.
Furthermore, olive oil and water are used as a coolant at 250, 350, and 481 rpm.
Three different depths of cut values (0.25, 0.5, and 0.75 mm) are considered during
all these operations. Finally, an attempt has been made to reveal the best suitable
machining condition which offers the best surface characteristics.

2 Experimental Setup and Procedure

Turning operation has been carried out using three depth (0.25, 0.5, and 0.75 mm)
cuts through 20 mm individually. MS rod is used as the study material. The surface
roughness of the workpiece is measured by using Talysurf apparatus and respective
surface roughness parameters (Ra, Rq, and Rz) values are noted corresponding to
different depth cuts. Specifications of the lathe and the Talysurf apparatus are shown
in Table 1. Firstly, the turning operation is carried out using mustard oil, kerosene
oil and without any cutting fluid at spindle speed values of 248, 375, and 556 rpm.
Then the experimentations are repeated using olive oil and water as cutting fluids at
250, 350, and 481 rpm, respectively. Ra, Rq, and Rz values are noted for all of these
machining conditions. Properties of the cutting fluids are shown in Table 2.
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Table 1 Specifications of the
lathe and the Talysurf used
during experiment

Lathe Talysurf

Overbed-14 in. Make-Mitutoyo

Overcariage-8 in. Model: SJ-120

Height of centers-7 in. Set No: 178-560-02

Swing gap-22 in.

Max. rpm-1425

Maximum length-41/2 ft.

Table 2 Properties of cutting fluids

Fluid properties Kerosene oil Mustard oil Olive oil Water

Density (kg/m3) 820.1 900 930 997

Viscosity (Ns/m2) 1.64 70 84 1

3 Results and Discussions

The results, noted during this study, are plotted and discussed in this section. All of
these surface parameters values are measured in µm.

From Fig. 1, it is observed that for 0.25–0.5 mm depth of cut, Ra, Rq, and Rz
values increase, reaches an optimum value. Then from 0.5 to 0.75 mm depth of cut,
values of these surface parameter decrease at spindle speed of 248 and 375 rpm. But
in case of 556 rpm, it is examined that values of Ra and Rq increase linearly along
with increase depth of cut. However, the Rz value of increases from 0.25 to 0.5 mm
and decreases from 0.55 to 0.75 mm depth of cut.

Figure 2 shows that from 0.25 to 0.5 mm depth of cut, Ra, Rq, and Rz values
first increase, then reach an optimum value and then for 0.75 mm depth of cut, these
values decrease for 248 and 375 rpm. But in the case of 556 rpm, it is observed that
values of Ra, Rq, and Rz decrease from 0.25 to 0.5 mm, attains a minimal value and
then increase from 0.5 to 0.75 mm depth of cut value.

Fig. 1 Variation of surface roughness parameters without any fluid
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Fig. 2 Variation of surface roughness parameters using kerosene oil

A variation of surface roughness parameters using mustard oil as cutting fluid is
shown in Fig. 3. It is seen that at 248 rpm, the values of Ra and Rq decrease from
0.25 to 0.55 mm, whereas they increase at 0.75 mm depth of cut. But Rz decreases
along with depth of cut (range 0.25–0.5 mm). At 375 rpm, the values of Ra, Rq and
Rz increase along with depth of cut. At 556 rpm, the values of Ra and Rz decrease
from 0.25 to 0.5 mm and then increase from 0.5 to 0.75 mm depth of cut, whereas
Rq decreases along with depth of cut.

Figure 4 depicts the surface roughness characteristics when olive oil is used as a
cutting fluid. From the graph, it is observed that all of these three surface parametric
plots are quite similar to the previous surface roughness plots. At 250 rpm, the values
of Ra, Rq, and Rz decrease along with increase in depth of cut. At 350 and 481 rpm,
the values of Ra, Rq, and Rz decrease from 0.25 to 0.5 mm and then increase from
0.5 to 0.75 mm.

Figure 5 presents the surface roughness characteristics of the workpiece using
water as cutting fluid. From the graph, it is experienced that all these parameters
for this case follow the same trend as observed in the earlier cases. At 250 rpm, the
values of Ra, Rq, and Rz increase linearly along with increase in the depth of cut.
At 350 and 481 rpm, the value of Ra, Rq, and Rq increase from 0.25 to 0.5 mm,

Fig. 3 Variation of surface roughness parameters using mustard oil
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Fig. 4 Variation of surface roughness parameters using olive oil

Fig. 5 Variation of surface roughness parameters using water

reaches an optimum value and then increase from 0.5 to 0.75 mm which are beyond
the values obtained for 0.25 mm depth of cut.

As seen from Table 2, both water and kerosene oil having very lower viscosity
among the other. Due to lower viscosity, chip removal rate from the finished surface
is also higher for these two fluids. Due to this fact, the surface roughness parameter
values are higher for these two fluids at all spindle speed and depth of cut values, as
seen from Fig. 6.

4 Conclusions

The present study reports the effect of spindle speed and depth of cut on surface
roughness during plain turning operation of mild steel rod using different cutting
fluids. These results can be beneficial for the selection of cutting parameters for
producing better surface quality of product made of mild steel. It is observed that
to produce better surface cutting fluids need to be applied during the machining
process for machining conditions. Therefore, a better combination of cutting speed
and depth of cut with cutting fluids need to be selected to have a better quality
of surface finish during turning operation of MS rod. Figure 6 shows the relation
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Fig. 6 Variation of different surface roughness parameters for all the cutting fluids

between the surface parameters versus depth of cut for different coolants at different
speeds. The study concludes that obtained surface roughness parameter values are
higher when kerosene is used as cutting fluid with higher depth of cut and higher
cutting speeds. Also, surface roughness parameters are lower for higher viscous
cutting fluids. Furthermore, lower rpm and lower depth of cut offer better surface
finish when higher viscous fluids are used as cutting fluid.
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Low Velocity Impact Behavior
of Closed-Cell Aluminum Foam
Considering Effect of Foam Skin

Y. M. Chordiya and M. D. Goel

Abstract Dropweight impact is the preferable choice for studying the impact behav-
ior of material due to its low to medium strain rates of loading. So, herein, a finite
element model is developed using LS-DYNA® for numerical simulation of drop
weight test. For this investigation, closed-cell aluminum foam (Alulight foam) is
used for test simulation. These foams are available with and without skin and in the
present investigation, foam with skin is analyzed. Three different impact velocities
are used to consider the effect of impact velocities and skin on impact behavior for
the foam considered herein. In the present study, material model used for hammer
and skin is plastic kinematic, and Deshpande–Fleck material model is used to model
the aluminum foam. Based on the developed FE-model, energy absorption by each
drop impact test is calculated using the force–displacement relation for the impact
velocities considered in the present study.

Keyword Drop impact test · Numerical simulation · LS-DYNA® · Alulight foam ·
Foam with skin

1 Introduction

Total number of accidents occurred and passengers killed/injured in India in last
decade have been substantially increased as evident from the report published by
Government of India [1]. From the report “Road Safety in India-2017,” it is observed
that people are willing to pay more for the improved safety features for their vehicles
to safeguard their life in the event of crash [2]. Vehicular occupant safety should be
the prime concern while designing the vehicle. So, a lot of research is being carried
out in this sector on how one can increase the crashworthiness of the vehicle? The
main component for such vehicles is crash box, attached to front end of the cars.
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These boxes are the parts in the vehicles which are designed purposely for impact
energy absorption. With the materials research advancement, these crash boxes are
packed with different types of foams to increase the energy absorption of the vehicle
under impact. The materials best suited for such circumstances are metal foams
because of their impact-resistant properties and light weight in comparison with the
solid metals. Further, these foams are also used in packaging, blast lining materials,
helmets, knee, and elbow guards [3–6].

In the past, several researchers carried out drop weight testing on different mate-
rials. These tests were carried out mostly for metal foams, concrete, graphite–fiber-
reinforced composite, hybrid fiber engineered cementitious composite [7–10]. Based
on the literature review, it is observed that very few numerical simulation investi-
gations are carried out to study the impact behavior of metal foams. In addition,
effect of foam skin has not been considered in most of the previous studies. Hence,
present investigation is carried out with an aim to numerically simulate the drop
weight impact of closed-cell aluminum foam. For this purpose, commercially avail-
able Alulight foam under three different impact velocities for is considered as the test
material. To understand the effect of presence of foam skin, investigation is carried
out for foamwith andwithout skin on the basis of reaction force, displacement—time
history, and energy absorption capacity.

2 FE Modeling and Material Properties

In the present study, dimensions of foam are 80 mm diameter and 100 mm length,
whereas hammer has diameter of 155 and 720mm in length. For validation of present
FE-scheme, results reported by Rajendran et al. [5] are chosen and a similar model
is prepared in LS-DYNA® as suggested by author and it can be concluded from
Fig. 1 that numerical simulation is validated [5], for further details about validation
of present FE-scheme, author’s earlier investigation can be referred [11]. Based on
the mesh convergence study, a converged mesh size of 20 mm for hammer and
10 mm for foam is chosen which results in a total of 18,400 elements for hammer
and 1050 elements for the foam. Clamped boundary condition is applied at bottom
of foam and automatic surface to surface contact is given between top of foam and
bottom of hammer. Figure 2 shows stress–strain curve for Alulight foam for a density
of 300 kg/m3 [6]. In the present study, Alulight foam is modeled using MAT_154
(MAT _DESHPANDE_ FLECK_ FOAM) of LS-DYNA® material library. Foam has
density of 300 kg/m3, modulus of elasticity as 5000 MPa, Poisson’s Ratio as 0.005,
and plateau stress of 3 MPa. Other properties are shown in Fig. 2 for the MAT_154
used herein. In the present study, effect of skin is also taken, as lot of research has
been carried out in the field of foam materials but inclusion of skin during analysis
is scarce. Skin helps to increase the impact resistance of the material and it also
increases the energy absorption of the material. In the present study, skin is modeled
around the foam using cylinder shell element and the bilinear material model is used
for skin using MAT_003 (MAT _PLATIC _KINEMATIC) of LS-DYNA® material
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Fig. 1 Validation of present
FE-scheme with the results
reported by Rajendran et al.
[5]

Fig. 2 Quasi-static
stress-strain curve for
Alulight foam for density of
300 kg/m3 [6]

library [12]. The mesh size of foam as well as skin is kept the same (Fig. 3) because
when the skin ismodeled over the foam then there are chances of numerical instability
to occur in the finite element model. The skin material has density (ρ), modulus of
elasticity (E), Poisson’s ratio (μ), yield stress (σ y), and tangent modulus (Et) as
2700 kg/m3, 70 GPa, 0.3, 364 MPa, and 700 MPa, respectively. In the present study,
simulation is carried out for three different drop velocities which as 3.13, 4.42, and
6.26 m/s which corresponds to a drop height of 0.5, 1, 2 m, respectively.



146 Y. M. Chordiya and M. D. Goel

Fig. 3 FE-model of foam
and skin in LS-DYNA®

3 Results and Discussions

Figure 4a shows displacement–time history for all the models considered in the
present study for foam density of 300 kg/m3. From this figure, it is clear that inclu-
sion of skin has significant effect on the impact behavior of the foam. It is evident
from Fig. 4a that increased in velocity results in increased displacement for model
with skin as well as without skin. The peak displacement value obtained for model
with skin is almost half of that obtained for the model without skin. This type of
variation is observed while comparing both the models for a particular velocity con-
sidered in the present study. It is interesting to note that time required for model
without skin to achieve peak displacement is almost same irrespective of drop veloc-
ities considered in the present investigation. Wherein, such type of behavior is not
observed in model with skin. It is evident from the displacement–time history that
the peak displacement, for models with skin, under an impact velocity of 6.26 m/s is
213.77 and 75.1%higher than for velocities 3.13 and 4.42m/s, respectively.Whereas,

Fig. 4 aDisplacement–time history under different drop velocities for model with skin andwithout
skin for Alulight foam of density 300 kg/m3, b Reaction-force time history under different drop
velocities for model with skin and without skin for Alulight foam of density 300 kg/m3
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for models without skin, the peak displacement under impact velocity of 6.26 m/s
is 162.39 and 51.83% higher than for velocities 3.13 and 4.42 m/s, respectively. If
both models for a particular velocity are compared then, under an impact velocity of
4.42 m/s, model with skin results in 102.8% lower displacement in comparison with
model without skin. Figure 4b shows the reaction-force time history of all the models
considered, i.e., with skin and without skin for three different velocities for density
of 300 kg/m3. It is evident from figure that increase in velocity gives increased value
of reaction force for model with skin as well as without skin. The reaction force
increases up to a certain time then a sudden reduction is observed. If we consider
model with skin under an impact velocity of 4.42 m/s and concentrate on its corre-
sponding value from Fig. 4a and b, then we can observe that the time after which
displacement becomes constant is the same time at which force becomes zero. The
peak reaction-force obtained for model without skin is almost half of that obtained
for the model with skin. This type of variation is observed while comparing both
the models for a particular velocity considered in the present study, except for the
models under an impact velocity of 6.26 m/s. They have peak reaction-force value
in the same range. Further, it is evident from the reaction-force time history that the
peak reaction-force, for models with skin, under an impact velocity of 6.26 m/s is
51.39 and 26.02%higher than for velocities 3.13 and 4.42m/s, respectively.Whereas,
for models without skin the peak reaction-force under impact velocity of 6.26 m/s
is 202.96 and 123.4% higher than for velocities 3.13 and 4.42 m/s, respectively. If
both models for a particular velocity are compared then under an impact velocity of
4.42 m/s the model with skin results 46.5% higher reaction force in comparison with
model without skin.

Figure 5 shows force–displacement variation for the different impact veloci-
ties considered along with quasi-static force displacement curve for Alulight foam.
Energy absorption by foam for a given velocity can be computed by finding area
under the force displacement curve. From Fig. 5, it can be observed that maximum

Fig. 5 Variation of force
with displacement under
different drop velocities for
foam with skin and without
skin for Alulight foam of
density 300 kg/m3
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displacement is 68 mm, whereas for the velocity 3.13 and 4.42 m/s lower displace-
ment is observed. So, a common displacement of 30 mm is chosen for comparison.
The trend followed for different velocities for a particularmodel is same. Considering
foam with skin model, displacement observed for impact velocity 6.26 m/s is greater
than 3.13 and 4.42 m/s, so it superimposes them and only a single curve is observed.
Foam without skin also shows the same variation in displacement and only single
curve is observed. The energy absorbed by the foam with skin under velocities of
3.13, 4.42 and 6.26 m/s are 1498.94, 1526, and 1529 J, respectively. Further, energy
absorbed by the foam without skin under velocities of 3.13, 4.42 and 6.26 m/s is
800, 814.56, and 816 J, respectively. The energy absorption from quasi-static curve
is 396.26 J. It can be observed that energy absorption of foam with skin model is
286.11 and 87.38% higher in comparison with quasi-static curve for Alulight and
foam without skin material model, respectively.

4 Conclusions

The basic aim of this study was numerical simulation of drop weight impact for
Alulight foam for different impact velocities, considering the effect of skin on foam.
Based on the study conducted, following conclusions can be deduced,

1. There is an increase in displacement as well as reaction force for an increase in
drop height for all the foam models considered in the present investigation.

2. The time required for peak displacement and peak reaction-force is same for all
models considered in the present investigation.

3. The energy absorbed by foam is drop-velocity independent.
4. If the effect of skin is considered, then the impact resistance of the material

increases.
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Design of Optimal State Observer-Based
Controller for 4-DOF Planar
Manipulator Using PSO

Jishnu AK, Ravi Kumar Mandava and Pandu R. Vundavilli

Abstract The present paper aims at developing state observer-based controller for
a 4-DOF planar serial manipulator. The kinematics of the manipulator has been
achieved through D-H convention, and dynamics of the same has been derived after
utilizing Lagrange–Euler formulation. The nonlinear dynamic equations have been
linearized and expressed in state-space representation. Based on the arbitrarily cho-
sen pole values, pole placement has been done and then observer is designed to
evaluate the state variables. Further, PSO algorithm is also used to optimize the pole
values and to minimize steady-state error. Once the optimal controller is designed,
its performances have been tested in simulations.

Keywords 4-DOF planar manipulator · State observer-based controller ·
Optimization · PSO

1 Introduction

Serial robotic manipulators consist of a number of links connected together serially
by joints. This has found diverse applications both in industry and laboratory in
accomplishing tasks like welding, pick and place, automotive assembly, dealing with
hazardous radioactive substances, so on and so forth. The degree of freedom (DOF) of
a serial manipulator is the number of independent variables required to fully define its
configuration and it is equal to the number of links present in the serial manipulator.
The crucial step in robotics is establishing the kinematics of the manipulator which
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consists of forward and inverse kinematics. The former involves locating the end
effector when joint variables are provided. Contrary, the latter predicts the joint
parameters to achieve a particular end effector position or path. Forward kinematic
equations of a 4-DOF serial manipulator have been developed by Mohammed et al.
[1] after using D-H convention and product of exponential formulae. It is important
to note that the solution methodology for the inverse kinematics of the manipulator
is not as easy as the forward kinematics and it might not involve a unique solution.
The inverse kinematic equations of a 2- and 4-DOF manipulators were derived by
Mustafa et al. [2] and Ravi et al. [3], respectively. The inverse kinematics equation
obtained in [3] was nonlinear; thus, linearization techniques are adopted. Description
of linearization is given in [4]. The authors had utilized the multivariable calculus
chain rule to linearize about the operating point as given in [2]. On linearizing, the
system was expressed in terms of state-space representation. A survey of prevailing
control strategies used for controlling the roboticmanipulatorwasgivenbyKhanet al.
[5]. This paper focuses on developing a state observer-based controller for a 4-DOF
robotic manipulator. After expressing the system in its state-space representation,
the poles of the system were placed at a specific predetermined location. This was
achieved by introducing a feedback gain matrix in such a way that the Eigenvalues
of A-BK will be placed at the desired pole locations. The algorithms to determine
the gain matrix were discussed in [6]. Further, the pole placement methods for the
multivariable control of robotic manipulator were given by Norcross et al. [7]. This
pole placement approach was done by assuming the state variables on a real-time
basis. But in practice, implementing this using sensor could make the system more
complex and expensive. To avoid this, an attempt was made to introduce a feature
called observation, where we approximately estimate the unmeasured state variables.
This was theoretically done by designing an observer which works in tandem with
the controlled system whose output was a matrix of state variables. A step response
for such a controller was discussed in [8]. Designing of observer primarily involves
determining the observer gain matrix (Ke) such that the Eigenvalues of A-KeC will
attain the desired value [6]. The poles for the controlled system have to be chosen
through the trial and error method, but this might not give the best result. Thus, it
necessitates the use of optimization algorithms. Mandava et al. [9] had used genetic
algorithm (GA) and particle swarm optimization (PSO) algorithm to optimize the
parameters of 3-DOF robotic manipulator. In the present manuscript, an attempt is
made to develop the state observer-based controller to control the motion of end
effector of a 4-DOF manipulator. Further, the poles of the observer-based controller
have also been optimized with the help of PSO algorithm. Finally, the performances
of the developed algorithms are compared in computer simulations.

2 Mathematical Formulation

The system of interest in the present study is a 4-DOF serial manipulator (ref. to
Fig. 1) having link lengths equal to L1, L2, L3, and L4 with an including angles of θ1,
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Fig. 1 Four DOF planar
manipulator configuration

θ2, θ3, and θ4, respectively between the consecutive links.Mathematical modeling of
serialmanipulatormainly involves two steps, namely forward and inverse kinematics.
Forward kinematics involves locating the position and orientation of end effector
when systemparameters (link length and angles) are given.D-Hconvention is utilized
for kinematic analysis. Coordinate system is allocated to each joint with four D-H
parameters associated with each link. Further, these parameters are employed to
generate D-H table (ref. to Table 1). Utilizing the D-H parameters given in Table 1,
the transformation matrix between the end effector and the base of the manipulator
(0T 4) is given by Eq. (1).

Table 1 The D-H parameters of DOF manipulator are as follows

Link (i) ai αi di θ i

1 L1 0 0 θ1

2 L2 0 0 θ2

3 L3 0 0 θ3

4 L4 0 0 θ4
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0T4 =

⎡
⎢⎢⎣

C1234 - S1234 0 L1C1 + L2C2 + L3C123 + L4C1234

S1234 C1234 0 L1S1 + L2S2 + L3S123 + L4S1234
0 0 1 0
0 0 0 1

⎤
⎥⎥⎦ (1)

where the notations are referring to C1 = cos(θ1), S1 = sin(θ1), C12 = cos(θ1 + θ2),
S12 = sin(θ1 + θ2), C123 = cos(θ1 + θ2 + θ3), S123 = sin(θ1 + θ2 + θ3), C1234 =
cos(θ1 + θ2 + θ3 + θ4), and S1234 = sin(θ1 + θ2 + θ3 + θ4). Once the kinematics
of the manipulator is derived, the next step is to derive the dynamic model of robotic
manipulator, where we establish the relationship for the torque to be applied at the
joint actuators to achieve the desired position, velocity, and acceleration of the end
effector. This is accomplished by using Lagrange–Euler formulation and is given by
Eq. (2).

F = M(q)q̈ + h(q̇, q̈) + G(q)

q̈ = M(q)−1[−h(q̇, q) − G(q)] + M(q)−1 ∗ F (2)

whereF is the torquematrix,M,G, and h represent inertia matrix, gravitymatrix, and
centrifugal matrix, respectively. Further q is a 4× 1 matrix with elements containing
the terms related to θ1, θ2, θ3, and θ4. The above equations that describe the dynamics
of the system are nonlinear in nature. This could be assumed to be linear in nature
about its operational point within a short operating range. Therefore, let us define
the state variables of the system as follows:

x1 = θ1 x2 = θ2 x3 = θ3 x4 = θ4

x5 = θ̇1 x6 = θ̇2 x7 = θ̇3 x8 = θ̇4 (3)

Hence, on differentiating state variables with time, we obtain the velocities as
given by Eq. (4).

ẋ1 = x5 ẋ2 = x6 ẋ3 = x7 ẋ4 = x8

ẋ5 = θ̈1 ẋ6 = θ̈2 ẋ7 = θ̈3 ẋ8 = θ̈4 (4)

after substituting state variables in Eq. (2), the equation is linearized as mentioned
in Eq. (5) and is expressed in terms of state-space representation as follows,

ẋ(t) = A(t)x(t) + B(t)u(t) (5)

y(t) = C(t)x(t) + D(t)u(t) (6)

where A, B, C, and D represent the control matrix, input matrix, output matrix, and
feed-forward matrix, respectively.
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3 Controller Design

Designing the state observer-based controller for a serial manipulator involves two
steps, namely pole placement and designing the observer. Former involves placing
the poles of the controlled system at the desired pole location by means of the state
gain matrix. The pole location was taken on a trial and error basis which gives the
best result. Let us assume that no reference input is given, and all the state variables
are measurable. We shall choose our control signal to be

u = −Kx (7)

where K is the control gain matrix. Thus, the newly obtained system is given by
Eq. (8).

ẋ(t) = (A − BK )x(t) (8)

whose solution is given by Eq. (9).

x(t) = e(A−BK )t x(0) (9)

The Eigenvalues of the matrix [A−BK] will determine the stability and transient
response of the system. So, if the values of K were chosen with care, A−BK could
create an asymptotically stable response such that x(t) approaches zero when time
goes infinity (steady-state). This is achieved by placing the Eigenvalues of A−BK
which are called regulator poles in the desired locations in left-half plane. If the sys-
tem is controllable, the determination ofK could be done using several algorithms as
given in [6]. This could be easily implemented using ‘place’ command inMATLAB.
However, for the K matrix to exist, the sufficient and necessary condition is that the
system should be controllable. This is possible if the controllability matrix is of order
‘n’ (here 8). The above method is done by assuming that all the state variables can
be measured in real time. However, in practice, state variables would not be always
available for feedback. This necessitates the need of an observer which is usually a
computer program which estimates the value of state variables approximately. This
process of estimating unknown state variables is called observation. Here, an attempt
is made to use a full state observer which estimates all state variables regardless of
whether they are available for direct measurement or not. The block diagram showing
the observer-based controller is given in Fig. 2.

The mathematical model of observer is almost the same as that of the system with
an additional term accounting for the measured output (y = Cx) and observed output
(y = Cx̃). The expression for ˙̃x is given by Eq. (10).

˙̃x = (A − KeC)x̃ + Bu + Key (10)
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Fig. 2 Block diagram showing the state observer-based controller [5]

where x̃ is the estimated state matrix. Combining the above equation with (Eq. 2),
we get

ẋ − ˙̃x = (A − KeC)(x − x̃)

Let e = x − x̃

ė = (A − KeC)e (11)

Further, the state equations of the combined model are given by Eq. (12).

[
ẋ
ė

]
=

[
A − BK BK

0 A − KeC

][
x
e

]
(12)

Now, let us introduce nonzero reference input which is the final angle that the
system needs to trace. Let R be reference input.

P =
[
A − BK BK

0 A − KeC

]

Now, the system could be expressed as

ż(t) = Pz − PR (13)

where z =
[
x
e

]
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On solving this differential equation by providing initial condition and R being
the final boundary condition, the response of the system can be determined.

4 PSO Algorithm for Optimizing Pole Values

Particle swarm optimization (PSO) is an optimization algorithm motivated by the
sociological behavior of a group of individuals such as flocks of bird. This was
formerly introduced by Kennedy and Eberhart [10]. Each particle constituting the
population (swarm) represents a solution which is denoted as its position Xi =
(xi1, xi2, . . . xiD) in search space. The position of the particle is modified in each
iteration based on Pbest and Pg, where Pbest represents a particle’s previous best
position and Pg represents solution with the best fitness among the entire population.
Both Pbest and Pg are untiled to alter the velocity Vi = (vi1, vi2, . . . vi D) assigned to
the particle. The particles position and velocity are manipulated as given by Eqs. (14)
and (15), respectively.

Vi,D(t + 1) = wVi,D(t) + C1R1(PiD − xiD(t)) + C2R2
(
PgD − xiD(t)

)
(14)

xiD(t + 1) = xiD(t) + Vi,D(t + 1) (15)

where w, C1, and C2 are inertia weight, cognitive parameter, and social parameter,
respectively. R1 and R2 represent the random numbers between 0 and 1. PSO algo-
rithm is implemented to determine the optimal pole values of the controlled system
which are four conjugate pairs as the position of the swarm. The search space con-
stitutes of possible pole values. The squared sum of errors of all four angles has been
chosen as the cost function which is to be minimized. The optimization problem is
formulated as given below.

Minimize E = √∑
e(θi )2 i = 1, 2, 3, 4

Subjected to the condition,

− 22.99 < Re(P1) < −2.09 2.19 < Im(P1) < 17.19

− 25.60 < Re(P2) < −0.60 − 2.44 < Im(P2) < 12.55

− 2.08 < Re(P3) < −27.08 − 7.22 < Im(P3) < 7.22

− 4.08 < Re(P4) < −29.08 − 6.72 < Im(P4) < 8.27

where P1, P2, P3, and P4 are the pole values and Re (z) and Im (z) represent the real
and imaginary part of z, respectively.
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5 Result and Discussion

5.1 Design of State Observer-Based Controller

This research aims at designing and developing a state observer-based con-
troller for the 4-DOF robotic manipulator. The dynamic equation obtained through
Lagrange–Euler formulation has been linearized with respect to the operating point(
θ1 = 3

8π, θ2 = 1
4π, θ3 = 1

8π, θ4 = 1
6π

)
. The control matrix (A), input matrix (B),

output matrix (C), and feed-forward matrix (D) obtained are given below. It is to
mention that D is a zero matrix.

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1

−1.7844 0.7560 −3.2725 1.2826 0 0 0 0
−5.8387 −9.3687 18.5190 −13.7950 0 0 0 0
6.4004 11.2720 −38.6070 29.7921 0 0 0 0
0.7169 −0.0955 31.8188 −27.5377 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

B =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

0.2572 −0.5225 0.3646 0.0097
−0.5725 1.9730 −2.4778 1.0829
0.4915 −2.6646 4.9229 −3.7441

−0.1033 1.3143 −3.9090 5.2835

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

C =

⎡
⎢⎢⎣

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0

⎤
⎥⎥⎦

After expressing the system in state-space representation, the next step involves
determination of state gain matrix. Prior to this, the controllability of the system has
been verified with the aid of MATLAB. Determination of K matrix has been done
with the pole values (which has been chosen through trial and error method) −10.89
± 15.49i, −21.81 ± 10.65i, −13.77 ± 2.7i, −24.67 ± 2.20i. In order to make the
response of observer to be quicker, the pole values have been chosen 10 times the
present values. Thus, the obtained K and Ke matrices are given below.
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Fig. 3 Convergence plot for
all the joints
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K =

⎡
⎢⎢⎣

11, 007 580 −2917 3835 951 359 151 207
8001 1209 1023 3296 645 314 186 183
4379 827 −103 2039 339 179 138 118
1456 298 114 822 108 60 59 53

⎤
⎥⎥⎦ Ke =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

351 58 34 75
72 368 53 −11
15 −22 382 30

−97 −5 −33 321
32, 158 16, 679 8402 25, 528

−16, 922 32, 756 9529 936
−8444 −3144 42, 331 3051

−20, 367 −2358 2719 31, 082

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Both K and Ke clubbed with the state-space matrixes substituted in differential

equation by the reference input
[
π
/
2

π
/
3

π
/
2

π
/
2 0 0 0 0 0 0 0 0 0 0 0 0

]T
and

initial condition
[
π
/
4

π
/
6

−π
/
4

−π
/
6 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

]T
,

the trajectory of robotic manipulator is solved by using the state-space approach.
The error convergence plot obtained by the controller for all the four joints is given
in Fig. 3.

5.2 Optimization of Pole Values Using PSO

Particle swarm optimization has been utilized to reduce the steady-state error asso-
ciated with each angle by optimizing the pole values. Parameter study has been
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conducted to identify the PSO parameters which give the best performance. Fig-
ures 4 and 5 show the parametric study related to the population size and maximum
number of generations, respectively.

The optimal values of population size and number of generations are seen to be
equal to 25 and 20, respectively. Further, the optimal values of four pole conditions
are found to be equal to −5.55 ± 6.61i, −6.80 ± 3.56i, −18.13 ± 2.57i, −18.61 ±
0.61i, respectively. Once the controllers are designed, the performances of both the
approaches are tested in simulation. Figure 6 shows the path followed by the end
effector between the start and goal points by the state observer-based controller and
PSO optimized state observer-based controller.

Fig. 4 Population size
versus fitness
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Fig. 5 Number of iterations
versus fitness
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Fig. 6 Schematic diagram
showing the path traced by
the end effector
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It has been observed that PSOoptimized state observer-based controller has traced
the path in a more circular fashion when compared with the normal observer-based
controller. This might be due to the global optimal solution obtained for the four pole
positions when compared with the random initial solution chosen for the poles in the
conventional observer-based controller.

6 Conclusion

In this paper, the authors have successfully developed a traditional state observer-
based controller and a PSO optimized state observer-based controller for a 4-DOF
serial planar manipulator. As part of the controller design, the equation of motion
that represents the torques required at various joints of the manipulator is derived
by following the L-E formulations. The performances of the developed algorithms
are tested in a computer simulation. The cumulative error value for all the joints of
traditional state observer-based controller and PSO-based state observer controller
is seen to be equal to 0.26 and 0.037 radians, respectively. This might have happened
due to the global searching capability of PSO algorithm when compared with the
traditional state observer-based controller.
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FEM-Based Hot Machining of Inconel
718 Alloy

A. Kiran Kumar and P. Venkataramaiah

Abstract Finite element simulation of metal cutting process has acquired much
attention by many researchers in the recent past since it is a robust tool to estimate
the machining process variables, which are hard to get experimentally. It is well
known that machining of hard to cut materials causes large cutting forces, which
is responsible for excessive tool wear, rise in power consumption of machines, and
also leads to an extreme deflection and accordingly failure of the cutting tool. The
objective of this paper is to predict cutting forces under the influence of preheating
surface temperature in addition to cutting speed, feed, and depth of cut (doc) in
machining of Inconel 718 alloy using Abaqus/CAE. The Johnson–Cook material
model is the simplest model in machining simulation which is suitable in relating
the material behavior at high strain rate and also suitable for dynamic simulation
conditions. An L9 orthogonal array and the signal-to-noise (S/N) ratio are deployed
and found the optimum combination of machining parameters at cutting speed of
50 m/min, feed of 0.11 mm/rev, depth of cut of 0.1 mm and preheating temperature
of 600 °C in order to minimize the cutting forces and also found depth of cut as the
most effective factor. The results were compared with previous experimental results
and found satisfactory.

Keywords Hot machining · Abaqus/explicit · Johnson–cook model · Inconel
718 · S/N ratio
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C Strain rate sensitivity parameter
m Temperature exponent
εp Plastic strain
ε* = (εp*/ε0) Is dimensionless strain rate
T *m = (T−T 0)/(Tm−T 0); T is working temp.,
T 0 is room temp.,
Tm is melting temperature.
D1 to D5 Are coefficients of Johnson–Cook material shear fail-

ure initiation criterion
σ* = σm/σeq is the stress
σ eq Equivalent stress
σm Mean stress

1 Introduction

Finite element method is extensively used to analyze the performance of machining,
which saves time and reduces the wastage of material compared to experimental
investigation and also gives the accurate estimation of machining characteristics.
Superalloys have a prominent role in the aerospace industry due to its excellent
mechanical, chemical, wear resistance, and thermal properties at elevated tempera-
tures. Because of these exceptional properties, machining of superalloys in conven-
tional method results in high cutting forces. It also influences the surface quality and
tool life. Many research studies have been carried out to analyze the machinability
of difficult to cut materials using finite element method. The influence of tool nose
radius on temperature distribution during machining is investigated and reported
that the cutting forces increased with increase in tool nose radius at both room and
preheating temperature machining condition [1]. The impact of edge roundness on
residual stresses in turning of AISI304 steel has been studied using FE model [2].
Feed force can be taken as a measure to predict surface roughness in FEM since the
trend observed in both responses is similar [3]. Temperature measurement during the
machining of Ni-based superalloys has been studied as it is crucial factor to control
the machining process, avoiding the workpiece damage [4]. J-C model is still rec-
ommended as it is the best model for performing the machining simulation process
because of its accuracy and easy to apply using FEM [5]. Stresses induced during
machining are analyzed and also the temperature distribution during chip formation
has been reported using Abaqus software [6]. It is very important to select suitable
J-C model parameters which influence the best fit between predicted and experimen-
tal results [7, 8, and 9]. Numerical model is selected to study the chip morphology
in orthogonal cutting and is compared experimentally to validate the results [10].
The residual stress induced in the machined part using different materials through
FEM analysis has been studied [11, 12]. The nose radius has a remarkable influence
in chip formation and stress distribution is analyzed through numerical model [13,
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14]. In the present work, FEM-based simulation of turning process has been car-
ried out to study the influence of machining parameters and preheating temperature
on cutting forces. Simulation runs performed according to L9 orthogonal array and
Taguchi (S/N ratio) method has been implemented to find the optimum parameters
combination and most influential factor.

2 Finite Element Modeling

Machining simulation is continuously seeking the attention of researchers for bet-
ter analyzing the chip formation mechanism, predicting the cutting forces, frictional
characteristics at the tool–chip interface and surface integrity of the workpiece. John-
son–Cook (J-C) model (Eq. 1) is adopted for workpiece and cutting tool to represent
the actual behavior. Damage initiation criterion (Eq. 2) is very important, because
its impact on obtaining the suitable parameters behavior of tool–workpiece surface
integrity is very high. Hence, building of accurate FEM models is crucial in order
to investigate the effect of machining parameters and preheating temperature on the
cutting forces. Figure 1 shows the 3D model of workpiece and cutting tool.

�·∗�

σeq = [
A + Bεnp

]‖1 + C ln(ε)‖[1 − T ∗m]
(1)

ε f = [
D1 + D2 exp(D3σ

∗)
][
1 + D4 ln(ε

∗
p)

][
1 + D5T

∗] (2)

J-C model parameters for Inconel 718 alloy which is collected from the literature
are listed in Table 1. C3D8RT element type is selected which is appropriate to study
mechanical and thermal characteristics in machining simulation. The total of 4400

Fig. 1 Assembly of workpiece and cutting tool
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Table 1 J-C model parameters

A(MPa) B(MPa) n m C

980 1370 0.164 1.03 0.020

D1 D2 D3 D4 D5

0.11 0.75 −1.45 0.04 0.89

Table 2 Geometry of cutting
tool

Rake angle, α Clearance angle Nose radius (mm)

6° 6° 0.8

Table 3 Properties of
workpiece and tool

S. No Parameter Inconel 718 WC

1 Density (kg/m3) 8195 15,700

2 Young’s modulus (Gpa) 200 705

3 Poisson ratio 0.3 0.23

4 Thermal conductivity
(W/m °C)

11.4 24

5 Specific heat (J/Kg/°C) 430 178

elements in the mesh of workpiece and 512 elements in tool were formed. The
geometry of the cutting tool and properties of Inconel 718 alloy and tool listed in
Table 2 and 3. The workpiece and tool interaction during the machining process has a
crucial part in predicting themachining characteristics [15]. The coefficient of friction
is selected as 0.6, the tool and workpiece interaction is selected as general contact.
The boundary conditions are shown in Fig. 2, the workpiece bottom is considered as
fixed, and the cutting tool motion is given along x-direction.

Fig. 2 Boundary conditions of workpiece and cutting tool
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Table 4 Levels of input
parameters

Cutting
speed
(m/min)

Feed rate
(mm/rev)

Depth of cut
(mm)

Preheating
Temp. (°C)

50 0.11 0.1 30

100 0.13 0.3 300

150 0.16 0.5 600

The levels of cutting parameters and preheating temperature are listed in Table 4.

3 Results and Discussion

Simulation tests performed according to L9 orthogonal array in Abaqus/Explicit
software to assess the influence of machining parameters on cutting forces are listed
in Table 5. The cutting force plots obtained from simulation at different conditions
are shown in Fig. 3a, b.

Table 5 Simulation results

S NO Cutting Speed
(m/min)

Feed rate
(mm/rev)

Depth of cut
(mm)

Preheating
Temp. (°C)

Cutting Force
(N)

1 50 0.11 0.1 30 81.5

2 50 0.13 0.3 300 167.4

3 50 0.16 0.5 600 210.1

4 100 0.11 0.3 600 163.5

5 100 0.13 0.5 30 250.2

6 100 0.16 0.1 300 142.1

7 150 0.11 0.5 300 308.6

8 150 0.13 0.1 600 109.4

9 150 0.16 0.3 30 416.8

Fig. 3 a v = 50 m/min, f = 0.11 mm/rev, doc = 0.1 mm, T = 30 °C, b (v = 50 m/min, f =
0.11 mm/rev doc = 0.1 mm, T = 600 °C
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Table 6 S/N ratios of cutting force

S NO Cutting speed
(m/min)

Feed rate
(mm/rev)

Depth of cut
(mm)

Preheating
Temp. (°C)

S/N ratio

1 50 0.11 0.1 30 −38.2232

2 50 0.13 0.3 300 −44.4751

3 50 0.16 0.5 600 −46.4485

4 100 0.11 0.3 600 −44.2704

5 100 0.13 0.5 30 −47.9657

6 100 0.16 0.1 300 −43.0519

7 150 0.11 0.5 300 −49.7879

8 150 0.13 0.1 600 −40.7803

9 150 0.16 0.3 30 −52.3986

Signal-to-ratio (S/N) ratios listed in Table 6 are obtained according to smaller
is better approach using Minitab 17. The main effects plot is also obtained for S/N
ratios to determine the optimum parameter combination and is shown in Fig. 4. From
the main effect plot, it is clear that the optimum combination is at v = 50 m/min, f =
0.11 mm/rev, doc = 0.1 mm, and preheating temperature of 600 °C. Finally, simula-
tion test is performed at optimum combination and the cutting force value obtained
is 59.5 N which is reduced compared to all the simulation tests, and therefore, it
is clear that the preheating temperature is influencing in reducing the cutting force.
It is also compared with experimental results which are obtained in our previous
work showing satisfactory at preheating temperature compared to room temperature
condition [16].

Fig. 4 Main effects plot for S/N ratio
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Table 7 Response table for S/N ratio

Level Cutting speed Feed rate DOC Temp

1 −43.05 −44.09 −40.69 −46.20

2 −45.10 −44.41 −47.05 −45.77

3 −47.66 −47.30 −48.07 −43.83

Delta 4.61 3.21 7.38 2.36

Rank 2 3 1 4

The responses of S/N ratios are presented in Table 7, which shows that the doc
has a great influence on cutting forces followed by speed, feed, and temperature.
However, the optimum result is obtained at preheating temperature (600 °C) than at
room temperature.

4 Conclusions

From the simulation runs of heat-assisted machining of Inconel 718 alloy at different
combinations of parameters using Abaqus/Explicit, the following conclusions are
drawn:

• The optimum levels of parameters obtained using S/N ratio technique are speed of
50m/min, feed of 0.11mm/rev, depth of cut of 0.1mm, and preheating temperature
of 600 °C.

• It is confirmed by performing simulation at the optimum cutting conditions, in
which cutting force got reduced and also compared with previous experimental
results which are showing satisfactory results in FEM.

• From the S/N ratio response table, it is concluded that depth of cut is more
influencing factor on cutting force followed by speed, feed, and preheating
temperature.

• It is observed that the cutting force got reduced at preheating condition and also it
improves machining performance for materials which are difficult to cut.
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Design and Analysis of 3-DOF Spatial
Serial Manipulator for Warehouse
Applications

Sumit Govind Kanpartiwar, Ravi Kumar Mandava and Pandu R. Vundavilli

Abstract This paper presents a robotic solution for the labor-intensive and time-
consuming task of order picking operation carried out in the warehouse of e-
commerce industries. The novel design of manipulator which will be mounted on a
mobile robotic platform is proposed. A 3-DOF spatial serial manipulator is designed
for the said task. Furthermore, the structural analysis and optimization of all the links
of the designed manipulator are done by using finite element analysis. Finally, the
payload carrying capacity of the proposed manipulator is determined.

Keywords 3-DOF spatial manipulator · Structural analysis · Finite element
method

1 Introduction

Robots are being used for various industrial applications like welding, painting, and
pick andplace operations since 1961. The typical pick andplace robots are the devices
used to perform repetitive tasks in the industrial and other scenarios. Development
in the sensor technology and implementation of artificial intelligence marked the
beginning of the third generation of robots. Applications of such robots can be seen
in different sectors like health care, household works, and service industries [1].
With the ever-increasing growth of sales volume of e-commerce businesses in the
past decade [2] (that is, Amazon, Flipkart, etc.), the expectations of the customer in
modern logistic have changed significantly [3]. Warehouse plays an important role
in the supply chain of these businesses. Out of various activities carried out in a
warehouse, order picking, i.e., retrieving the products from storage in response to
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customer’s requirement is the most critical one [4]. The labor-intensive and time-
consuming task of order picking could be automated by using mobile robots to
improve the efficiency and save operation costs for e-commerce businesses. Amazon
robotics formerly known as Kiva systems had deployed robots for order picking
solution in the warehouse. The robot moves the shelving unit from a storage location
to pick station, and then the ordered items present in the shelves will be picked by
human labor and the shelving unit will return to its storage location. These robots
can work continuously and more efficiently than human labors [5]. Liang et al. [6]
developed an automatic pick and place system which pick the items at pick station
thereby eliminating the human intervention to make the process fully automatic.
However, instead of moving shelving unit and then retrieving the items at picking
station by a robotic manipulator, robotic manipulator could also be moved to the
stationary shelves by mounting it on a mobile robotic platform which will have a
box connected to it for collecting the items from shelves.

This paper presents the mechanical design, structural analysis, and optimization
of novel 3-DOF spatial serial manipulator which is designed to mount on the robotic
research platform [7]. Section 2 explains the robot configuration, material selection,
CAD (that is, Solidworks) design, analysis, and optimization using CAE (that is,
Ansys) carried out for each link of the manipulator. In Sect. 3, results of the proposed
design are discussed, and in Sect. 4, conclusions are drawn.

2 Mechanical Design of Manipulator

2.1 Robot Configuration

In the absence of manipulators, the job of picking and placing items in the shelf is
done efficiently by the human operators. To perform the said task by the manipulator,
the sizes of the links of the manipulator are decided by taking the ratio of lengths of
upper limb parts of human hand [8] (ref. Table 1). The joint axes are designed such
that the manipulator will be able to pick the object from rack shelf (ref. Fig. 1) and
place it in the box connected to the robotic research platform (ref. Fig. 2). The link
lengths of the serial manipulator are decided such that its end effector reaches the
object placed on the rack shelf in at least one possible configuration (ref. Fig. 3).

Table 1 Parameters of links
of the robot

L1 (upper arm) L2 (forearm) L3 (hand)

Ratio 1.2 1.25 0.75

Link lengths 192 200 123
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Fig. 1 Schematic diagram showing the rack structure

Fig. 2 Mobile robotic
platform [7]

Fig. 3 Diagram showing the
robot configuration
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Table 2 Mechanical
properties of PLA

Sr. no Property Value Units

1 Density 1.25 g/cm3

2 Elastic modulus 3500 MPa

3 Shear modulus 1287 MPa

4 Poisson’s ratio 0.36 –

5 Yield strength 70 MPa

6 Elongation 7 %

7 Ultimate tensile strength 73 MPa

2.2 Material Selection

The links of the manipulator are to be stiff and light in weight to achieve better
performance for the manipulator’s arm and mobile robotic platform that carry the
whole assembly during navigation in the warehouse. So, the material of links must
have a high strength to weight ratio and low density. High-strength polymermaterials
are best suited for such application as it also gives ease in manufacturing of links by
using rapid prototyping (RPT) methodology. By comparing mechanical properties
of different polymer materials, polylactic acid (PLA) is selected as link material.
Polylactic acid is themost extensively researched andutilized biodegradable aliphatic
polyester [9]. The mechanical properties of PLA are shown in Table 2.

2.3 Design of the Manipulator Structure

The links of the manipulator are designed in such a way that it should accommo-
date actuator and controller within it by considering the configuration of the robot.
Therefore, the diameter of each link is kept large enough, which also give stiffness
and strength to the structure of the manipulator due to increase in the area and polar
moment of inertia of each link [10]. The links with proper dimensions are designed in
SOLIDWORKS 16 to have an appearance like a human arm. After several iterations
concerning the dimensions of the actuator, controller and electronics wiring each
link is designed. Forearm link is made out of two parts due to the constraint of space
in the 3D-printing machine (20 × 20 × 20 cm). The final assembly, configuration,
and dimensions of the links are given in Figs. 4, 5, and Table 3, respectively.
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Fig. 4 Schematic diagram
showing the final assembly
of the spatial serial
manipulator

Fig. 5 Line diagram
showing the final robot
configuration

Table 3 Dimensions of links
of the robot

Dimension Length (mm)

L1 138

d1 70

a1 27

a2 201

a3 103
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2.4 Analysis and Optimization of Links

To check whether the designed links can withstand the maximum loads andmoments
acting on it, structural analysis of each link is carried out in ANSYS 16. The loads
and moments applied on the links are calculated by considering the configuration
of the robot. The payload capacity of 3 kg along with gravity terms are considered
here. Optimization of the link weight is done by varying wall thickness of links for
maximum loads and moment acting on it. The screenshots of stress analysis for first,
second, third part 1, third part 2, and fourth link are shown in Fig. 6a–e, respectively.

Fig. 6 Schematic diagram showing the screenshots of stress analysis of various links of the
manipulator a link 1, b link 2, c link 3 part1, e link 3 part 2, and d link 4
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Fig. 7 Analysis of link 4 for various payloads, a stress vs payload and b deformation vs payload

Table 4 Loads, moments, stresses, and deformation of various links of the manipulator

Link M (Nmm) P (N) Max. stress (σmax) Deformation (mm)

1 11,048 46.17 4.68 0.353

2 11,048 40.08 6.18 0.082

3 part 1 9983.7 35.48 13.20 0.414

3 part 2 8664 34.46 9.18 0.128

4 3068.2 30.02 12.28 0.952

3 Result and Discussion

AMATLAB code is generated to get the maximum load andmoments acting on each
link that corresponds to various payloads. The analysis is carried out by applying
this load and moment to the links in ANSYS 16. The graphs showing the variation of
stresses and deformation with the increase in the payload are shown in Fig. 7a and b,
respectively. When the payload is increased beyond 3 kg, the deformation in link 4 is
seen to be exceeding 1mm (ref. to Fig. 7b), which is not allowed to retain the position
accuracy of the end effector of the manipulator. Similarly, Table 4 shows the loads
and moments acting on various links and the maximum stresses and deformation
generated due to it when the payload of 3 kg is applied at the end effector.

4 Conclusions

After thorough research on the warehouse of e-commerce companies, the critical
activity of order picking is identified. Various solutions present for improving the
performance of this activity have been reviewed, and it is found that the efficiency
and time taken can be improved by automating the task of order picking. A robotic
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system for this problem is proposed. A novel design of manipulator which will be
mounted on the mobile robotic platform is introduced. Modeling of the manipulator
is done in SOLIDWORKS 16.0, and analysis and optimization are done by using
ANSYS 16.0. It is observed that the designed manipulator is capable of handling
3 kg payload after maintaining its positional accuracy.
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Experimental Investigation
on Mechanical Properties
of Carbon/Bamboo/Epoxy Hybrid
Laminated Composites

Y. S. Rao, B. Manikantesh, P. Sudheer Kumar and A. Yugandhar

Abstract The Composite materials have become a high versatile material due to its
excellent physical andmechanical properties. Synthetic fibres are made from organic
synthetic high molecular compounds and are made synthetically from raw materials
such as petroleumoil. Through synthetic fibres are having remarkable properties over
a last few years, natural fibres are gaining attention as viable alternative to synthetic
fibres as they are biodegradable. The present work deals with the investigation of
mechanical properties of carbon/bamboo/epoxy hybrid laminated composites. The
laminates were prepared by hand lay-up method and compressed using compression
molding machine at 70 °C and 80 bar pressure. The laminates were prepared in four
different orientations from using carbon and bamboo fibres. An experimental study
was carried out to determine the mechanical properties. The mechanical properties
such as Ultimate Tensile Strength, Flexural Strength and Impact Strength and Hard-
ness were determined. These mechanical properties were determined by conducting
tensile test, flexural test, impact test and Rockwell hardness test. The test results
obtained through experimentation has been compared with the results of simulation
which is done in ABAQUS 6.14 software.

Keywords Carbon fibre · Bamboo fibre · Tensile · Flexural · Impact · And
hardness

1 Introduction

Composite materials are combination of two or more materials in such a way we
can distinguish separate material phase after manufacturing. They are extremely ver-
satile materials and have found its use starting from aerospace industry to common
everyday applications. Fibre reinforced composite materials are widely used because
of their high strength to weight ratio and stiffness to weight ratios as compared with
many traditional materials. To tell further, the cost of the fibre reinforced composites
materials has decreased over the years. This is due to the increased manufacturing
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experience accumulated over the years and more effective manufacturing technolo-
gies for mass production. Symmetric laminates have a stacking sequence of piles
in a composite lay-up which above the laminates midplane is a mirror image of the
stacking sequence below the midplane. Advantages of these laminates are that stay
flat when in plane loads and also during hot curing are applied.

A hybrid composite is a Fibre Reinforced Polymer (FRP) composite which has
more than one fibre as a reinforcement phase embedded into a single matrix phase.
Hybridization provides the designers with added degree of freedom in manufactur-
ing composites to achieve high specific stiffness, high specific strength, enhanced
dimensional stability, energy absorption, increased failure strain, corrosive resistance
as well as reduced cost during fabrication. Composites made of a single reinforcing
material system not be suitable if it undergoes different loading conditions during
the service life. Hybrid composites may be the best solution for such application.

2 Literature Survey and Review

T D Jagannatha et al. [1] studied the mechanical properties of carbon and glass fibre
reinforced epoxy hybrid composite materials. The vacuum bag method is use to
fabricate the hybrid composite materials. The mechanical properties such as tensile
strength, impact strength, hardness and flexural strength of the hybrid composite
materials were evaluate as per ASTM standard. The mechanical properties were
improved such as the fibre reinforcement content improved in the matrix laminates.
The composition of reinforcement weight percentage of 15, 30, 45, 60% of glass
fibre and carbon fibre in 40% epoxy matrix.

Subhankar Biswas et al. [2] studied on investigation of physical, thermal and
mechanical properties of jute and bamboo fibre reinforced with epoxy resin. The
fabrication are carried out by vacuum bag method. To evaluate the surface morphol-
ogy, scanning electron microscope analysis, tensile strength, flexural and thermal
behaviour as per ASTM standard. Unidirectional orientation are used in a bamboo
composite fabrication. The composition of reinforcement weight ratio is 57% of
bamboo fibre and 43% of epoxy resin for one specimen and 52% of jute fibre and
42% of epoxy resin for other specimen.

P Tostra et al. [3, 4], has studied themechanical and electrical properties of carbon
fibres reinforced in epoxy resin. The centrifugal casting is used to uniform distri-
bution carbon fibre in epoxy resin matrix. The sample are made of three different
sizes pitch based carbon fibre, short carbon fibre and long carbon fibre. To evalua-
tion of flexural strength, flexural modulus and electrical conductivity of carbon fibre
reinforced epoxycomposite. Comparing to carbon fibre composite mechanical and
electrical properties better than the short and long carbon composite. Meenambika,
G.B et al. [5], Zhang, et al. [6], Ramachandran M et al. [7], Anigol et al. [8] studied
on mechanical and chemical properties of bamboo/glass fibers reinforced polyester
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hybrid composites, structural applications in automotive vehicles, analysis of bam-
boo fibre composite with polyester and epoxy resin and effect of various fillers on
mechanical properties of carbon-epoxy composites respectively.

3 Problem Formulation

Over the last thirty years composite materials, plastics and ceramics have been the
dominant emerging materials. The volume and number of applications of composite
materials have grown steadily, penetrating and conquering new markets relentlessly.
Modern composite materials constitute a significant proportion of the engineered
materials market ranging from everyday products to sophisticated niche applica-
tions. While composites have already proven their worth as weight-saving materials,
the current challenge is to make them cost effective. The efforts to produce econom-
ically attractive composite components have resulted in several innovative manu-
facturing techniques currently being used in the composites industry. It is obvious,
especially for composites, that the improvement in manufacturing technology alone
is not enough to overcome the cost hurdle. It is essential that there be an integrated
effort in design, material, process, tooling, quality assurance, manufacturing, and
even program management for composites to become competitive with metals.

3.1 Problem Statement and Objectives

Themain focus of the work is to provide a feasible alternative to use traditional mate-
rial in the automotive application by selecting a suitable proportionality of natural
reinforced fibres along with synthetic fibres. The research on bamboo fibre com-
posites are increasing day by day since it has good tensile strength and ductility
compared to other natural fibres. This project work is aiming to make a new set of
hybrid composites with carbon and bamboo fibres as the reinforcing material using
hand lay-up technique and different orientation of the bamboo and carbon fibres. To
find the changes in tensile, flexural, impact and hardness properties of the hybrid
composites with different orientation of the fibres are need to be compared so as to
use in automobile body building and steering wheel.

The main objectives of the research are as follows

To prepare the laminates for tensile, flexural, hardness and impact test as per ASTM
standards. To conduct the above mentioned tests on the prepared laminates.
To study the effects of various failure modes with respect to its mechanical properties
To evaluate the mechanical properties using ABAQUS 6.14 software.
To compare the experimental values with that of the simulated values.
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Fig. 1 A hand lay-up
method

4 Fabrication of Composite

4.1 Fabrication of Test Specimen Hand Lay-Up Technique

Hand lay-upTechnique is one of themost easiest and economic fabrication technique.
After cleaning the mould surface thoroughly a releasing layer should be applied on
the top and bottom die surface for easy removal of the composite from the die. Wait
for some time so that the removing layer get dried. Prepare the reinforcement fibres
in short length or long length according to the application. The reinforcement is laid
on the mould as a layer using hands and above that the matrix material is being
applied. The matrix material should be prepared with proper mixing of hardener in
it with the given proportion (Fig. 1).

For thin laminates, Electron beam Curing has incorporated, Here the electron
beams are allowed to pass through the composites, once it strikes the matrix, it
speedup up the polymerization of the matrix and the cross linking. The matrix
materials should be sensitive to the E-beam for this to happen.

4.2 Basic Raw Materials Matrix Material

Epoxy(Lapox L-12) Lapox L-12 (Diglycidyl Ether Bisphenol) is a commonly used
polymer resin for the research purposes. The resin has amediumviscosity and various
types of resin can be added with it to make different types of polymers according
to the need. The choice of hardener depends upon the application to which the final
product is meant for, the processing method, and the final properties required for the
composites. It has a density of 1120 gm/cm3.
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Fig. 2 Carbon fibre

Hardener K-6 Hardener K-6 (Tryethylel Tetramine) is a common type of hardener
which is to be used with Lapox L-12. It is of low viscosity and curing will takes place
at the room temperature. These products are commonly used in the production of
composites as well as the civil engineering applications where fast curing is needed.
It has a density of 954 gm/cm3.

4.3 Reinforcing Material Carbon Fibre

It is material involving of fibres round 5–10 m in thickness then collected generally
of carbon molecules. The carbon molecules remain fused composed now crystals
that additional or less ranged similar toward elongated axis of the fibre (Fig. 2).

The crystal arrangement provides fibre high strength to volume ratio. Some thou-
sand carbon fibres are twisted composed toward practise yarn, which might remain
recycled through itself or woven into a fabric. The properties of carbon fibres, such as
high flexibility, high tensile strength, low weight, high resistance, high temperature
tolerance and low thermal expansion, make them very popular in aerospace, civil
engineering, military and motor sports, along with other competition sports.

4.4 Preparation of Laminates

The procedures of preparing laminate using hand lay-up method are as following:
Initially place a mould box as an opening mould, the mould surface is covered

with Teflon sheet over it (used to prevent sticking of laminate to the mould). Apply a
thin layer of wax polish over the Teflon sheet, which will act as releasing agent. Then
a layer of matrix material (resin) is applied using brush, which is a combination of
epoxy (L-12) and hardener (K-6) mixed with in the weight ratio 10:1. Place a layer
of fibre at required ply angle and dimension, and then roll over it with suitable roller
to uniformly distribute and sweep out the excess resin, also to remove air bubbles
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Fig. 3 Laminate preparation

and voids. Wet the fibre by coating sufficient resin and repeat above procedure as
required to finish the laminate. Allow the laminate to cure in atmospheric condition
for four hours (Fig. 3).

Finally the laminate is compressed, using compression moulding machine at a
pressure of 70 kg/cm2 and temperature of 100 °C for 30 min. This procedure is
called post curing, where the heat is applied to consolidate and densify separate plies
into a solid laminate while the pressure is required to consolidate individual layers
into a laminate. The laminate preparation method is shown in Fig. 4. The hydraulic
compression moulding machine, which is used in this work could be controlled
automatically or manually. Figure 5 shows the compressionmouldingmachine along
with its setting.

Fig. 4 Tensile specimens
before testing
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Fig. 5 Tensile specimens
after testing

5 Experimental Test

5.1 Tensile Test

Tensile test is a fundamental test in the field of mechanical engineering. The test is
mainly carried out to obtain the tensile properties and characteristics of the material.
The test is carrying out in such a manner that the prepared piece is allowed to pull
in between the jaws of a Universal Testing Machine so that the complete tensile
prole of the material will obtain. The test is relatively very simple, low cost and fully
standardized.When the specimen is getting pulled it get deformed and there will be a
considerable reduction in the cross-sectional area of the specimen.When thematerial
is failed by continuing the pulling, final complete tensile prole will be obtained with
ultimate tensile strength which is calculated with the gross cross sectional area. The
obtained graph will show how the deformation and finally the breakage will happen
according to the applied load on the specimen.

5.2 Tensile Test Specimens

The laminates were prepared from the fibres as per ASTM standards. For tensile
test ASTM D3039 standard is used. The tensile test is conducted to determine the
Ultimate Tensile Strength, Young’s Modulus, Strain and Toughness increase with
increase in strain rate. The laminates were prepared from single fibre and hybrid
fibres. Five specimens were cut from laminate. The laminates were prepared in 0°
and random orientation. The tensile test is performed in computerized Universal
Testing Machine (Fig 6).

The laminates were prepared as per the above orientation and stacking order
and prepared by hand lay-up method as shown above. The proportion of resin and
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Fig. 6 Flexural test specimen dimensions

Table 1 Properties of Lapox
L-12

Glass transition temperature (Tg) 120–130 °C

Tensile strength 85 MPa

Tensile modulus 10500 MPa

Elongation at break 0.80%

Flexural strength 112 Mpa

Flexural modulus 10,000 MPa

Compressive strength 190 Mpa

Coefficient of linear thermal expansion 43 e6

Water absorption-24 h at 23 °C 5–10 mg

Fig. 7 Bending specimens before and after testing

hardener are taken with respect to fibre weight. The details of the weight proportion
are given in Table 1. The tensile test specimens are shown in Fig. 7 (Figs. 8, 9).

5.3 Tensile Test Calculation

The formula for Ultimate Tensile Strength is given by

T = p

b × d
(1)
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Fig. 8 Load versus deformation plot for carbon/epoxy specimen

Fig. 9 Stress versus Strain plot for carbon/epoxy specimen 1

where

T = Ultimate tensile strength in N/mm 2 P =Maximum load in N
b = Width of the specimen in mm
d = Thickness of the specimen in mm

The formula for modulus of elasticity (E) is given by

E = p

L
× l

b × d
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where

E Young’s modulus
P/L Slope of the load as a function deformation
L Length of measuring instrument in mm

5.4 Tensile Test Parameters

• Pre load: Not applicable
• Feed rate: 0.5 mm/min
• Gauge length: 172 mm
• Width of the specimen: 25 mm
• Thickness of the specimen: 3 mm.

5.5 Flexural Test Specimens

The laminates were prepared from the fibres as per ASTM standards. For the flexural
test ASTM 790-7 is adopted. A flexural test produces tensile stress in the convex side
of the specimen and compression stress in the concave side. This creates an area of
shear stress along the midline. To ensure the primary failure comes from tensile or
compression stress the shear stress must be minimized. This done by controlling the
span to thickness (t) of the specimen. For most material L/t = 16 is acceptable. Some
materials require L/t = 32–64 to keep the shear stress low enough. Here L/t ratio is
taken as 32:1. The dimensions of the flexural test specimens are shown in Fig. 6. The
span length (L) is 134.4 mm, the width (w) and the thickness (t) are 15 and 3 mm
respectively. There are two types of flexural tests. They are

1. 3-point Flexural Test
2. 4-point Flexural Test

The laminate were prepared in the following orientation from carbon and bamboo
fibres.

1. Laminate-1 = [C0/B/C0/B/C90/B]s
2. Laminate-2 = [C0/C0/B/C45/C90/B]

The laminates were prepared as per the above orientation and stacking order
and prepared by hand lay-up method as shown above. The proportion of resin and
hardener are taken with respect to fibre weight. The details of the weight proportion
are given in Table 2. The flexural test specimens are shown in Fig. 7.
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Table 2 Properties of carbon
fibre

Tensile strength 3870 Mpa

Tensile modulus 210 GPa

Elongation of break 1.5%

Thick ness 0.35 mm

Area density 270 g/m2

Direction of fibre Unidirectional

5.6 Flexural Test Calculations

The minimum deformation of the fibres occur at the top end portion of the specimen
and a large deformation and strain occur in the outer fibre at the midspan which is
calculated by the below equation,

Equation for stress is given by the formula

ε = 6δh

L2

σ = 3pL

2bh2

where

ε Strain
δ Deflection
h Thickness
b Breadth
P Maximumload
L Gaugelength

6 Results and Analysis

Tensile stress versus strain and load versus deformation data’s of the specimens of
different fibre length are given below. The strength of the fibres and the bonding
strength between the fibre and the matrix are account for the tensile properties of
the specimen. The ultimate point in figure represent the complete fracture of the
specimen after which the graph line is happened to be decreased which shows the
progressive failure of the specimen with increase in the load and finally complete
failure will takes place with fracture of the specimen and fibre pull out. Stress versus
Strain and Load versus Deformation for each fibre length are given below with plot
and modulus of elasticity also mentioned separately.
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Table 3 Tensile properties of
carbon fibre/epoxy specimen
specimen No: Tensile

Stress (MPa) Young’s modulus (GPa)

Specimen 1 672 190.0

Specimen 2 671.33 190.07

Specimen 3 672.26 190.09

6.1 Tensile Properties of Carbon Fibre/Epoxy Specimen

Table shows the tensile properties of Carbon fibre/epoxy specimen in which average
stress obtained is 671.86 MPa with a Young’s Modulus of 19.08 GPa for specimens
(Table 3).

7 Conclusion

In this study, the mechanical properties such as Ultimate Tensile Strength, Flexural
Strength, Impact Strength and hardness of the carbon/bamboo epoxy hybrid lami-
nates were investigated. The main aspect examined here is the effect of mechanical
properties after addition of bamboo fibre to the layer of carbon fibres.

The conclusion based on the experimental and software evaluation of the work
are listed below:

Tensile strength was determined on the specimens prepared as per the standard
ASTM D 3039 and the obtained tensile strength and young’s modulus value of the
Carbon/Epoxy laminate respectively is 96.03 and 89.58% higher than that of the
Bamboo/Epoxy laminate.

1. Flexural strength was determined by conducting three point bending test on the
prepared specimens which was prepared as per the standard ASTM D790-07.
The flexural strength of Laminate-2 specimen has 12 layered laminate which has
two layers of carbon fibre in the outer region and another one layer of bamboo
fibre in the inner region (remaining layers are respectively) is 90.22% higher than
that of the Laminate-4 specimen which has first and fifth layer bamboo fibre and
remaining layers are carbon fibre.

2. Impact strength was measured according to the standard ASTM E23-07a. The
impact strength of Laminate-1 specimen has 12 layered laminate which has one
layer carbon fibre in the outer region and another one layer bamboo fibre in the
inner region (remaining layers are respectively) is 64.47% higher than that of the
Laminate-4 specimen which has first and fifth layer bamboo fibre and remaining
layers are carbon fibre.

3. Hardness was measured according to the standard ASTM D 785. The Rockwell
hardness of Laminate-2 specimen has 12 layered laminate which two layers of
carbon fiber at its outer layers was higher when compared with that of the other
three laminates.
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8 Scope for Future Work

• Specimens can be prepared as mat type instead of random orientation of the bam-
boo fibres reinforced with carbon fibre and epoxy resin, so as to check whether
there is any increase in the strength of the composite.

• Specimens can be tested in order to study the micro structure by SEM, EDS, TEM,
XRD etc.
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Process Parameter Optimization
in EDM: A Multi-objective Approach
Using Metaheuristic

Surya Narayan Panda, Ajit Kumar Pattanaik, Pradip Kumar Sahu,
Prakash Kumar and Bijay Kumar Khamari

Abstract In recent days due to the development of newer types of materials, the
non-traditional machining as EDM has gained much popularity due to its efficient
output as ofmachining capability and quality of product. The statedwork investigates
on optimization of the process along with a parametric study in EDM process effi-
ciencywhilemachiningMild Steel IS1018. For the study, output responses have been
chosen as material removal rate and surface roughness and are affected by the input
variables, viz. current, pulse ON time and dielectric fluid pressure. The stated two
output responses were simultaneously optimized to achieve optimum values by using
conventional Taguchi-based grey relational analysis using L18 orthogonal array and
a metaheuristics method as multi-objective genetic algorithm. The multi-objective
function for this mixed integer optimization problem has been developed using goal
attainment method considering maximization and minimization of one and other
objective. The empirical results were compared and validated with an experimen-
tation, so to analyse the efficiency of the methods. The efficiency of metaheuristic
approach asMOGA is found to be noticeable and can be applied to other engineering
problems.
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1 Introduction

In the generation of manufacturing 4.0 recently, wider variety advanced materials
are coming up and also developing difficulties in machining of such materials give
scope for non-traditionalmachining. Electro dischargemachining is a non-traditional
machining process involves spark erosion process for material removal with good
accuracy and precision. Cost-effectiveness analysis of any process is a tedious task
for a production engineer, and thus, there must be clear notes about the bottlenecks
in the process to predict the required output with minimal cost and loss. The most
important notes to study are the parameters, viz. inputs of a process which influence
the output of the process, and thus, by analysing the relation and optimizing the
process, the efficiency of output can be improved. Researchersworldwide, nowadays,
focused on modelling and process optimization in EDM to improve productivity
and finishing capability. Researchers [1–6] have investigated and modelled output
characteristics like surface characteristics, material removal, etc., with respect to
inputs, viz. taking different process parameters like pulse ON/OFF time, current
intensity tool shapes, etc., along with thermal traits and vibration response criteria
for the process adopting comprehensive experimentation using factorial model of
design of experiments, regression and surface response modelling. Investigation into
optimization of EDM process parameter has also been carried out by researchers
[7–9] using traditional Taguchi hypothesis-based methods and using grey relational
coefficient. Azhiri et al. [10] combined Taguchi-based grey relational analysis and
ANFIS for study and optimization of wire EDM process in gaseous dielectric media.

Most of researchers in the scope of modelling and optimization of EDM process
include traditionalmethodswhichmaybe less effectivewhile studying the interaction
between the inputs parameters within the search space. So, in this proposed work, a
comparative investigation has been carried out for optimization of process parameters
as current, pulse ON time and dielectric pressure for achieving effective output as
MRR and surface roughness using Taguchi-based grey relational coefficient and
metaheuristic method as multi-objective genetic algorithm (MOGA).

2 Methodology

Experiments were conducted in a die-sinking type electric discharge machine, model
BH40ASEB having a maximum current capacity of 40A with a rectangular pulse
generator and cylindrical copper electrode.To study the effect ofmachining input pro-
cess parameter, rigorous experiment has been conducted using design of experiment
approach adopting an orthogonal array as L18. For machining workpiece specimen
as Mild Steel IS1018, different set of parameters in different level has been selected
accordance with orthogonal matrix to study the outputs as material removal rate and
surface quality. Standardized dimension of the workpiece and electrode has been
maintained as 80 mm × 50 mm × 6 mm, and diameter of the electrode is 10 mm,
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respectively. Current, pulse ON time and dielectric fluid pressure are considered as
input parameters at three different levels, whereas the effect of these independent
parameters has been studied on the performance response characteristics as MRR
and surface roughness.

2.1 Taguchi-Based Grey Relational Analysis

Taguchi hypothesized the enhancement of quality of product can be achieved using
inputs to quality at each step of the process so by decreasing the deteriorating aspects
of interaction of inputs among each other. This quality enhancement is accomplished
by the process of design of experiments using orthogonal array, which is a measure
of characterization of process parameter’s interaction within the search space with
fewer test sets.

The grey relational approach gives an ideal way to deal with the constrained and
arbitrarily discrete data sets. In grey relational analysis, grey relational grade has
been calculated for each experimental sequence, i.e. the comparability and reference
sequence. Higher the grade, higher is the efficacy of comparability sequence among
all alternatives. The discrete experimented data sets have been normalized so tomake
the range in between 1 and 0. The normalized output parameters are obtained using
larger is better for MRR and Smaller is better for surface roughness and stated in
Eqs. (1) and (2), respectively.

Zi j = yi j − min
(
yi j , i = 1, 2 . . . n

)

max
(
yi j , i = 1, 2 . . . n

) − min
(
yi j , i = 1, 2 . . . n

) (1)

Zi j = max
(
yi j , i = 1, 2 . . . n

) − yi j
max

(
yi j , i = 1, 2 . . . n

) − min
(
yi j , i = 1, 2 . . . n

) (2)

2.2 Multi-objective Genetic Algorithm (MOGA)

The genetic algorithm is an evolutionary approach proposed by Holland [11] which
is helpful for global optimization of themixed integermodel using discrete functions.
The genetic algorithm mimics the process of biological evolution by modifying a
population of individual points using survival of fittest hypothesis. Genetic algorithm
uses mutation and crossover for rapid updating of population. The random crossover
and selection procedure can aid to efficient strategic method in search of a global
optimumpoint in a search space so by not trapping into local optimumpoints. Thus, it
turns out to be exceptionally productive and stable in for searching of global optimum
solutions. The multi-objective approach in genetic algorithm has been proposed
by Deb et al. [12] also using different selection criterion like Pareto optimal font
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this approach can be used for finding global optimum value of a mixed integer
multi-objective model.

2.3 Synthesis of Multi-objective Problem

The objective of this proposed work of optimization of process parameters is to
maximize thematerial removing rate and tominimize the surface roughness of output
product. Thus, in using goal attainment method, the multi-objective optimization
problem can be formulated as Eq. (3).

Max G(x) = w1((F(x))/(Fk)) + w2((−L(x))/(Lk)) (3)

Where Fk and Lk are the optimized value of MRR, F(x) and surface roughness
L(x) when they are optimized as a single objective case. w1 and w2 are the weighing
coefficients, and their values are 0.5 and 0.5, respectively (such that w1+ w2= 1).
The weighing coefficients are selected depending upon the importance of objective
function in the multi-objective optimization problem. G(x) is the multi-objective
function involves mixed integer problem set of bothmaximization andminimization.

2.4 Statistical Analysis

The experiments were conducted for studying the different parametric relation, and
thus, by selecting different levels of input parameters, the interaction can be analysed
using orthogonal array, and required output performance parameter can be noted
down. The different levels of inputs are shown in Table 1.

Highest material removal rate withminimum surface roughness is themain output
objectives of this stated investigation. For this, the error due to interaction between
inputs and outputs can be studied using signal-to-noise ratio. The procedure for
determining the S/N ratio values from the output values has been calculated using
two assumptions as larger is better case for highest MRR and smaller the better for

Table 1 Levels of factors Response characteristics Material removal rate
(mm3/min.), surface
roughness (μm)

Control parameters Levels

1 2 3

Current (A) 15 25 35

Pulse ON time (μs) 250 350 450

Dielectric pressure (kg/cm2) 0.2 0.4 0.6
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achieving lowest surface roughness. Both these criteria have been mathematically
represented as Eqs. (4) and (5), respectively. After normalizing the S/N ratio values,
the deviation sequence and grey relational coefficient have been determined, and this
shows the accordance of normalized test outputs to the best values in comparability
sequence, represented in Eq. (6).

s/nHB = −10 log10
[(
1
/
n
)(∑

1
/
y2i j

)]
(4)

s/nHB = −10 log10
[(∑

y2i j
/
n
)]

(5)

ξi (k) = �min + ζ�max
�oi (k) + ζ�max

(6)

Where Δ0i(k) is the deviation sequence for the reference sequence and compara-
bility sequence as in Eq. (7).

�oi (k) = ‖y0(k) − yi (k)‖ (7)

�min = min∀ j∈i min∀k
‖y0(k) − yi (k)‖ (8)

�min = max∀ j∈i max∀k
‖y0(k) − yi (k)‖ (9)

ζ is a identifier coefficient whose value generally considered as 0.5, and y0 (k) and
yj (k) represent sequence of originals and sequences of comparability, respectively.
At the final step of the grey relational analysis, the grey relational grade has been
identified as by relating grey relational grade of each performance objective, Eq. (10).

γi = 1

n

n∑

k=1

ξi (k) (10)

2.5 Mathematical Modelling Using RSM

Response surface system (RSM) is a efficient method for assessing the inter-relation
between inputs and outputs. In the reasonable use of RSM, the approximating model
is based on observed input and output information from the factorial designedmatrix.
The development of empirical model showing relationship of inputs and output has
been a tedious task, and apparently, regression modelling has been adopted for the
said purpose well effectively. Here, in this work, a nonlinear regression modelling
is adopted based upon second-order nonlinear polynomial shown in Eq. (11), where
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parameters a0, aj, ajj, aij= 0, 1, …, k are called the regression coefficients.

Y =
k∑

j=1

a j x j +
k∑

j=1

a j j x
2
j +

∑

i< j

k∑

j=2

ai j xi x j (11)

MRR = 6.209 ∗ X1 − 0.195 ∗ X2 − 21.829∗
X3 − 0.094 ∗ X1 ∗ X1 − 20.694∗
X3 ∗ X3 + 0.002 ∗ X1 ∗ X2+
0.076 ∗ X2 ∗ X3 + 0.444 ∗ X3 ∗ X1 (12)

Surface Roughness = 0.742 ∗ X1 + 0.018 ∗ X2−
19.749 ∗ X3 + 28.835 ∗ X3∗
X3 − 0.002 ∗ X1 ∗ X2 − 0.034∗
X2 ∗ X3 + 0.039 ∗ X3 ∗ X1 (13)

Where X1, X2 and X3 are the independent input variables as current, pulse ON
time and dielectric fluid pressure, respectively.

The adequacy of developed mathematical model can be checked using ANOVA
methods, and generally, the coefficient R2 is the measure of exactness of fitness of
the regression model. The derived regression models in Eqs. (12, 13), agree with the
value of 86.4 and 82.1% as determination coefficient values when tested separately.
This is sufficient argument for accepting the mathematical model thus developed.

3 Results and Discussion

This statedmixed integermulti-objective optimization problemhas been solved using
Taguchi method-based grey relation analysis and MOGA for achieving optimum
value of the highest material removal rate and lowest surface roughness. The highest
grey relational grade shows at parameter set level A3B2C3 as the best comparability
sequence found from the original experimented set, thus by giving best performance
characteristics when studied simultaneously. Using multi-objective genetic algo-
rithm, the results also obtained for optimum performance characteristics (Table 2).
The comparisonof results has been shown inTable 3, and the convergenceof objective
function in metaheuristic method as MOGA is shown in Fig. 1. Also, the confirma-
tion test in Table 3 shows the effective results of GA with respect to Taguchi-based
method at set input parameters 35, 300 and 0.6, respectively, for current, pulse ON
time and dielectric fluid pressure.
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Table 3 Comparison of Results

Response
characteristics

Optimal process outputs Optimal process inputs Confirmation test

Level A3B2C3
(Taguchi-GRA)

MOGA A3B2C3
(Taguchi-GRA)

MOGA A3B2C3
(Taguchi-GRA)

MOGA

MRR
(mm3/min)

81.529 79.38 – – 79.681 80.324

Ra (μm) 16.6 9.135 – – 17.2 10.3

Current (A) – – 35 34.537 – –

Pulse ON
time (μs)

– – 350 296.384 – –

Dieletric
pressure
(kg/cm2)

– – 0.6 0.597 – –

Fig. 1 Convergence traits of MRR and surface roughness in MOGA

4 Conclusions

The optimum process parameters and output performance responses for machining
of Mild Steel IS1018 using EDM process have been found using both traditional
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Taguchi-based grey relational analysis and metaheuristic-based method as multi-
objective genetic algorithm. Both the results were compared for assessment of effi-
ciency of the approaches. From the comparison and confirmation results, it was
observed the MOGA approach is more efficient in achieving global optimum values
of highest MRR and lowest surface roughness. In recent industrial trends, surface
quality precision has been more important for the cause of interchangeability, and
thus, MOGA approach is more feasible and efficient, providing better optimized
output results in the scope of stated study. Further, it was found that the current and
dielectric fluid pressure were the most significant parameter of the EDM process
with the highest contribution for the enhancement of process outputs. Thus, input
current and dielectric pressure can possibly be assumed as an imperative part for
designing of the production process in EDMwith less economic loss with high value
output. More numbers of levels and process parameters can be introduced for stated
process parameter optimization study. The metaheuristic approach can lead to new
horizons of scope in the field of optimization in manufacturing processes and other
engineering problems.

References

1. Puertas, I., Luis, C.J.: A study on the machining parameters optimisation of electrical discharge
machining. J. Mater. Process. Technol. 143, 521–526 (2003)

2. Chiang, K.T.:Modeling and analysis of the effects ofmachining parameters on the performance
characteristics in the EDM process of Al 2 O 3 + TiC mixed ceramic. Int. J. Adv. Manuf.
Technol. 37(5–6), 523–533 (2008)

3. Shabgard, M.R., Seyedzavvar, M., Oliaei, S.N.B.: Influence of input parameters on character-
istics of EDM process. Strojniški Vestn.-J. Mech. Eng. 57(9), 689–696 (2011)

4. Pour, G.T., Pour, Y.T., Ghoreishi, M.: Thermal model of the electro-spark nanomachining
process. Int. J. Mater., Mech. Manuf. 2(1), 56–59 (2014)

5. Ali,M.Y.,Mohamed,A.R.,Khan,A.A.,Asfana,B., Lutfi,M., Fahmi,M.I.: Empiricalmodelling
of vibration in micro end milling of PMMA. World Appl. Sci. J. (Math. Appl. Eng.) 21, 73–78
(2013)

6. Hoang, K.T., Yang, S.H.: A study on the effect of different vibration-assisted methods in
micro-WEDM. J. Mater. Process. Technol. 213(9), 1616–1622 (2013)

7. Chen,Y.F., Lin,Y.J., Lin,Y.C., Chen, S.L.,Hsu, L.R.:Optimization of electrodischargemachin-
ing parameters on ZrO2 ceramic using the Taguchi method. Proc. Inst. Mech. Eng. Part B: J.
Eng. Manuf. 224(2), 195–205 (2010)

8. Pasam, V.K., Battula, S.B., Madar Valli, P., Swapna, M.: Optimizing surface finish in WEDM
using the Taguchi parameter design method. J. Braz. Soc. Mech. Sci. Eng. 32(2), 107–113
(2010)

9. Datta, S., Mahapatra, S.: Modeling, simulation and parametric optimization of wire EDM
process using response surface methodology coupled with grey-Taguchi technique. Int. J. Eng.,
Sci. Technol. 2(5), 162–183 (2010)

10. Azhiri, R.B., Teimouri, R., Baboly, M.G., Leseman, Z.: Application of Taguchi, ANFIS and
grey relational analysis for studying, modeling and optimization of wire EDM process while
using gaseous media. Int. J. Adv. Manuf. Technol. 71(1–4), 279–295 (2014)

11. Holland, J.H.: Genetic algorithms. Sci. Am. 267(1), 66–73 (1992)
12. Deb, K.: Multi-objective optimization using evolutionary algorithms wiley, Chichester, UK

(2001)



Study of Takeoff Constraints for Lifting
an Agriculture Pesticide Sprinkling
Multi-rotor System

Umamaheswara Rao Mogili and BBVL. Deepak

Abstract The revolution in themechatronics fieldmade a new era for themonitoring
and supervision of agriculture management systems. In precision agriculture, crop
protection drones have great potential due to its flexibility in handling to increase crop
productivity. However, the multi-rotor aerial system working capability depends on
the required thrust to be produced in order to lift the system from the ground position.
This work proposes simulation and theoretical static thrust calculations to develop
an autonomous multi-rotor system, which is capable of lifting the components, those
are helpful for precision farming. This work starts with an analytical approach of
the thrust equation and its influences at various parameters explained. The motion
equations are derived using the kinetic energy, disk actuator theory and momentum
theory. The thrust is calculated using the parameters, motor specifications, propeller
dimensions and constant. If the calculated thrust is twice to the total weight of the
multi-rotor system, then the system has the ability to fly comfortably toward the
crop agriculture field. The calculation is done for different propellers and chosen the
best one. The chosen theoretical result validated using a static thrust calculator in
a Web site from “gobrushless.com.” The relative error between the simulated and
theoretical results has shown only 2% of the difference.

Keywords Multi-rotor system · Brushless motors (BLDC) · Propellers · Static
thrust equation · Thrust estimation

1 Introduction

The multi-rotor system simple called drone and its applications have grown drasti-
cally in the private and public sectors because of its flexibility in operating condi-
tions. In the past, these systems are used for military and security applications [1].
But changes in the environment, the way of its flexibility and cost-effectiveness,
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multi-rotor systems are adapted to the civil applications [2]. Agriculture farming is
the main economic thing in most of the developing countries like India.

To build a multi-rotor system for agriculture purpose, a number of components
are required such as the inertial measurement unit (IMU), flight controller, BLDC
motors, receiver, propellers, LIPO battery and system frame. The total weight of the
multi-rotor systems depends upon these components. Whenever designing a multi-
rotor system, the selection of motors, propellers, and battery is very important. This
support is to give the force of thrust to lift the total weight against gravity. These
multi-rotor systems work at lower speeds, and it makes thrust calculation from a
propeller system accurately compared to the real thrust produced by the motor [4].

In the multi-rotor system, half pair of the propellers are rotated in counterclock-
wise, and another half pair of propellers rotate in a clockwise direction to stabilize the
gravity effect over the weight of the system. The selection of propellers is important,
the E-type propellers are spin faster and draw fewer current and these are efficient
in higher revolutions per minute (RPM) on the other side. Slo-Flyer (SF) propellers
produce high thrust at lower RPMs. The propellers connectedwith theBLDCmotors,
which rotation speeds are used to control the direction of themulti-rotor system accu-
rately by using Euler angles roll, pitch and yaw. The BLDC motor speed influences
the generated thrust and if the motor speed is increased, the speed of the multi-rotor
system increases to fly high. The propeller thrust is calculated using a theoretical
equation which is derived based on momentum theory [5].

From the calculation results, the motors and propellers can be selected, especially
for the agriculture applications. These calculations are necessary to find the thrust
produced by a BLDC motor. In this study, the static thrust calculation is done using
a theoretical equation, and the obtained values are checked with simulation results
to observe the efficiency of the propeller before going to be used in the real-time
agriculture environment. The paper has three sections as follows: Sect. 2 presents
the derivation of propeller’s static thrust equation for themulti-rotor system. Section 3
represents the calculation of the thrust generated by the propeller and its validation
with online thrust calculator “propeller thrust calculator form.” Section 4 presents
the theoretical and simulation results and its relative error.

2 Static Thrust Equation for Propellers

The thrust is described as a force to move the multi-rotor system in the air, and it is
generated by the propeller unit. Basically, the thrust and its coefficients are calculated
using the disk actuator theory, momentum theory and blade element theory. But these
theories, which is being used and analyzed for single-rotor helicopters and fixed-wing
aircraft, these are the long rotors with high diameter and pitch in size. Coming to
the multi-rotors they have a number of propellers, with smaller diameter and pitch.
The momentum theory is enough to calculate the static thrust of the propellers, and
it is defined by the amount of the thrust produced by the propeller, which is located
stationary to the earth. Past works proposed the static thrust equation to estimate a
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propeller thrust for lifting the weights. However, the thrust equation is derived based
on the momentum theory equation in mathematic terms which is shown in Eq. (1).

T = A ∗ ρ ∗ v ∗ �v (1)

In Eq. (1), thrust in Newton’s (N) represented by T, area of the rotor represented
by the A in square meters (m2), density of the air is represented by ρ in Kg/m3, v
is the velocity of the air at rotor in m/s and �v is the velocity accelerated by the
rotor in m/s. Before going to calculate the static thrust, the calculation of the power
is required to determine the relationship between the BLDC motor to propellers in
terms of the RPM. It is very difficult to determine the required power to rotate a
propeller at a given RPM. Equation (2) gives the power consumption of two-bladed
rotors [6].

Pw = propeller constant ∗ D4 ∗ P ∗ N 3 (2)

Where the propeller constant is defined by the type of brand is used. D is the
diameter of the rotor, p is the pitch of the rotor both are in meters (m) and N is the
RPM value of the motor. The N is calculated using the voltage supplied to the BLDC
motor. If the voltage increases, the spinning speed of the motor increases. As per
momentum conservation and the law of the gravitational, the thrust produced by the
propeller as in Eq. (1) is inflected as below.

T = π

4
∗ D2 ∗ ρ ∗ v ∗ �v (3)

Where the velocity (v) of the air at the rotor side is always half of the velocity
accelerated by the rotor (�v). As a common rule applied to Eq. (3) and simplified as
Eq. (4).

T = π

8
∗ D2 ∗ ρ ∗ �v2 (4)

The power absorption of the rotor is related to the velocity of air accelerated at
the rotor area. The relation is:

�v = 2 ∗ Pw

T
(5)

Substituting Eq. (5) into Eq. (4):

T =
(π

2
∗ D2 ∗ ρ ∗ Pw2

)1/3
(6)

Applying Newton’s second law F = mg for obtaining the mass of the multi-rotor
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m =
(

π
2 ∗ D2 ∗ ρ ∗ Pw2

)1/3
g

(7)

Where m is the mass in (kg) at hovering position, and g is the gravity of the earth
is 9.81 m/s2. Equation (7) is useful to calculate the mass of the multi-rotor system,
and the thrust that equals the mass of the multi-rotor system is needed for hovering.
The hovering position is very important in agriculture applications while monitoring
and sprinkling pesticides over the crop areas. The static thrust equation mentioned
in the above given in the flowchart and their sequences can be found in Fig. 1.

Fig. 1 Flowchart of the thrust equation and its sequences
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3 Different Propeller Types and Its Thrust Calculation

The power consumption of various propellers based on calculated, their propeller
constants [6] listed in category 1 as Top Flite, Zinger andMaster AirScrew propellers
with 1.31, category 2 as APC propellers with 1.1 and category 3 as thin carbon fiber
folder propellers with 1.18. This is useful for which propeller type could give max
thrust as it is required agriculture applications.

According to Eq. (6), the takeoff thrust is calculated and its performance is made
a presumption out of its frictional losses. The variables are required to find out the
propeller thrust which is propeller diameter (D), pitch (P), the density of the air
(ρ), the power consumption of the motor to rotate the propeller (Pw) and propeller
constant.

Using online propeller thrust calculator shown in Fig. 2 for simulation and the
theory and Eq. (6) for theoretical calculation, the propeller thrust is evaluated for a
given set of variables taken from Table 1. For example, take the estimated RPM is
4000 and submitting it into Eq. (6).

T = (
3.141/2 ∗ 0.2542 ∗ 1.225 ∗ 13.372

)1/3 = 2.8 N or 285.5 grams.

Fig. 2 Propeller thrust calculator form [7]

Table 1 Parameters and
coefficient values

Parameter/coefficient Value

Propeller size APC SF 10 * 4.7

Motor 920 kV

Air density 1.225 kg/m3

Rotor constant 1.11

Pi (π) 3.141

Estimated RPM 3000 to 8000



208 U. R. Mogili and BBVL. Deepak

Table 2 Comparison of thrust theoretically and simulation

RPM Simulation Propeller type

Category 1 Category 2 Category 3

2382 0.79 1.11 1.00 1.04

2723 1.05 1.45 1.30 1.35

3063 1.37 1.83 1.64 1.71

3404 1.73 2.26 2.02 2.11

4084 2.6 3.24 2.90 3.02

4765 3.65 4.39 3.94 4.10

5446 4.91 5.72 5.13 5.34

6127 6.38 7.22 6.48 6.74

6808 8.06 8.90 7.98 8.31

To compare and validate the theoretical results with simulation results calculated
by the online calculator “online propeller thrust calculator form” shown in Table 2
of three categories of the propeller types.

4 Results and Discussions

The propeller constant categories are chosen as category 1, 2 and 3 for different
types. The RPM values are estimated as 60, 70, 80, 90 and 100% of full throttle
for 920 kV BLDC motor with 3.4 and 7.4 voltages. Table 2 shows the simulation
and theoretical results of the three categories of the propeller types with different
propeller constants. Take a close look at the results of category 2, APC propellers
are giving approximately similar results compared to the other 2 types. All results of
the thrust are in newton. For better comparison, results calculated the relative error
using simulation and theoretical results.

A relative error equation is used to compare both results to find out how much
similar they have in percentage. The relative error is designated as

Rt = Theory − Simulation

Theory
∗ 100 (8)

The relative error is calculated for all three categories and composed all these
results shown in Table 3.

Finally, relative errors showing the category 2 propellers have the scenario of
nearest to simulation results shown in Table 4. The relative error elaborates APC
propeller with constant 1.1, and RPM of 6128 gives the optimum solution to lift
the system. Hence, the propellers are useful for the agriculture pesticide spraying



Study of Takeoff Constraints for Lifting an Agricul-Ture … 209

Table 3 Comparison of three
categories with relative error

Relative error (in percentage)

Category 1 Category 2 Category 3

28 20.81 24.03

27.58 19.24 22.22

25.13 16.52 19.88

23.45 14.47 18.01

19.75 10.37 13.90

16.85 7.29 10.97

13.68 4.27 8.05

11.63 1.49 5.34

9.43 −1.01 3.01

Table 4 Category 2 relative
results

RPM Simulation Category 2 Relative error (%)

2382 0.79 1.00 20.81

2723 1.05 1.30 19.24

3063 1.37 1.64 16.52

3404 1.73 2.02 14.47

4084 2.6 2.90 10.37

4765 3.65 3.94 7.29

5446 4.91 5.13 4.27

6127 6.38 6.48 1.49

6808 8.06 7.98 −1.01

multi-rotor systems. Table 3 shows the constant data percent variation in the 90%
efficiency performance.

5 Conclusion

As a conclusion, the results are presented as a comparison of propeller thrust sim-
ulation and theoretically. The propellers available in the market are suitable for the
different purposes of multi-rotor system applications. But, the research study shows
the APC SF rotors are suitable for agriculture applications because of its hovering
capacity in the agriculturefield.The studyof the theoretical calculationproves the cat-
egory 2 propellers are almost similar to the results of the online thrust calculator. The
future scope validates the theoretical results in the agriculture field experimentally.
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Condition Monitoring of Turbine Blades
with Experimental Validation Using FFT
Analyzer

Ravi Prakash Babu Kocharla and Raghu Kumar Bandlamudi

Abstract Turbines in power industry uses pretwisted blades of varying lengths.
And these blades are mounted on the rotating shafts with one end fitted in the fir-tree
root of the rotor disk. The fatigue of these blades may cause crack to initiate at the
stress concentration regions and may propagate for catastrophic failure. This paper
addresses the condition monitoring of the turbine blades in the presence of crack
using FFT analyzer. The influence of crack on the natural frequencies of turbine
blade was investigated by conducting parametric studies using ANSYS software. It
was observed that the natural frequencies of the cracked pretwisted blade are varying
with angle of twist in all modes of vibration. Also, these natural frequencies were
compared for long and short blades whose vibrational behavior was found to be
dissimilar under the combined effect of pretwist and the presence of the crack.

Keywords Modal testing · FFT analyzer · Pretwisted blade · Crack · Condition
monitoring

1 Introduction

Turbo machineries are more expensive equipment and their failure may cause huge
loss. The most critical components in these turbines are its blades. Due to fatigue,
cracks may be initiated in these blades and propagate to an unstable stage which may
cause an adverse effect on the reliability of the turbines. So, early crack detection and
its repair enhance the reliability as well as the durability of these turbines. Vibration
monitoring is the promising condition monitoring technique which can be used to
study the effect of crack in the blades. The equations of motion for the vibration
analysis of pretwisted blades in rotation employing hybrid variables of deformation
were derived in the modeling of the problem by Yoo et al. [1]. Chung and Yoo [2]
proposed dynamic modeling of rotating cantilever beam to obtain linear differential
equations for stretch and flapwise deformations. Yoo and Pierre [3] investigated
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vibration characteristics of a rectangular plate for its prescribed rotarymotion. Huang
[4] studied the effect of angle of twist of blades of a pretwisted blade system for their
dynamic characteristics. Vadiraja and Sahasrabudhe [5] found the significance of
gyroscopic coupling between lagging-extension motions of composite beams. Chen
[6] investigated the influence of thickness to width ratio, twist angle, spinning speed
and axial load on the natural frequency and buckling load of Timoshenko beams.
Sinha andTurner [7] derived the equation ofmotion for free vibration of typical airfoil
blade problems in turbomachinery. The analytical results obtained for the plate were
directly validated as the frequency values of airfoil blades in turbomachinery. Cheng
et al. [8] studied vibration characteristics of the tapered beam under the influence
of location and size of the crack, radius of hub, and rotational speed. Nguyen [9]
investigated the coupled mechanism for bending between horizontal and vertical
vibration mode shapes of the cracked beam. Akash and Harsha [10] studied the
variation of vibration response of the blade with crack at its fir-tree root. Rezaei
et al. [11] presented a method for damage detection in nonlinear wind turbine blade
model. Segura et al. [12] performed finite element analysis of the blades in group to
identify crack initiation process in the blade. Zhao et al. [13] predicted the operating
condition of the turbine that leads to the resonance of the blade.

In the literature available, researchers have developed several ways of modeling
the problem to identify the vibration behavior of the pretwisted blades. Since, turbines
have short blades (HP) in initial stages and long blades (LP) in final stages, vibration
monitoring technique can be applied to the blades of different length-to-thickness
ratio which helps to understand the fatigue behavior of turbine blades. So, the main
scientific challenge to be addressed in this paper is to establish a robust description of
crack effects that can be used inmore precise fatigue lifetimemodels and simulations
of fatigue behavior. The key elements addressed in this paper are

• Develop the blade models equivalent to LP and HP turbine blades.
• Model a propagating crack in the long and short blade models.
• Analyze the vibration response of long and short blades with crack.

2 Methods and Materials

A 500 MW three-cylinder reheat condensing reaction turbine generator of Bharat
HeavyElectrical Limitedmake is one of the unit in operation atRamagundam thermal
power station in India. The LP turbine last stage blade of this unit was considered to
estimate natural frequencies of the blade.
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2.1 Geometric and Finite Element Modeling of LP Turbine
Last Stage Blade

The geometric modeling of the LP steam turbine last stage blade was developed for
the cross-sectional dimensions taken at tip of the blade, middle of the blade, and at
the root of the blade. The angle of twist of the mid-span cross section and tip cross
section with respect to the root cross section of the blade is 47° and 60°, respectively.
Geometric model of the blade is shown in Fig. 1a. Then, the geometric model of
the blade was imported into ANSYS software and was discretized using solid brick
elements. Eight-noded hexahedral element was used to mesh the blade as shown
in Fig. 1b with material properties of chromium steel (X28CrMoNiV49) of the LP
turbine last stage blade [14]. To capture the vibration mode shapes accurately, utmost
care was taken to model the blade with all important geometric features, and later, it
was meshed with fine size elements to obtain results with no errors.

Fig. 1 a Geometric model of LP turbine last stage blade. b Finite element model of LP turbine last
stage blade
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2.2 Experimentation

For the pretwisted long blade, specimens were made with length (l)-to-thickness (h)
ratio of l/h = 60 with angle of twist 15°, 30°, 45°, and 60° each and one straight
uniform specimen. Angle of twist of the specimens was considered based on the
twists provided for the actual pretwisted blades in power generation. Required angle
of pretwist was attained by applying torque on the straight uniform specimens at
the equal intervals of its length. Now, these specimens were machined to smooth
surface finish for carrying out magnetic particle test to identify the presence of any
cracks on the surface of the specimen. Later, ultrasonic test was conducted on the
same specimens for identifying internal cracks. Specimens were now confirmed to
be free from any internal or surface cracks. Uncracked specimens were converted to
cracked specimens by cutting a notch using electronic discharge machining process.

Experiments are conducted on pretwisted long blade specimens to obtain the
natural frequencies using laser vibrometer. In the natural frequency test, the test
specimen is fixed at one end on a heavy and rigid vice as shown in Fig. 2a to provide
boundary conditions of a turbine blade. The inserted length in the vice has been kept
in the specimen to resemble the fir-tree root of a blade and free length of the specimen
becomes the actual length of the blade.

For pretwisted long blade, length-to-thickness ratio was taken as 60 as it was
modeled for low-pressure turbine blades. The natural frequencies were found out by
free vibration method. The excitation on the long blade was made by striking with
the impact hammer at the free end and its vibration response is recorded in a FFT
analyzer. Charge amplifier has been used to generate amplified vibration spectra.
FFT dual analyzer was connected to output signals of laser vibrometer (Fig. 2b) and
the impact hammer transducer to synchronize the acceleration and force signals for
the data acquisition in a computer through a data cable.

Fig. 2 a Test fixture with pretwisted long blade specimen. b Laser vibrometer
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Fig. 3 a First mode shape of turbine blade with 60° angle of twist. b Second mode shape of turbine
blade with 60° angle of twist

3 Results

3.1 Modal Analysis of Turbine Blade

A finite element modal analysis was performed to estimate the natural frequencies
of the LP turbine last stage blade. The blade root was constrained for all degrees of
freedom as it was attached rigidly to rotor disk. The first and second mode shapes of
blade are shown in Fig. 3a, b, respectively.

3.2 Comparison of Natural Frequencies of Turbine Blade
and Pretwisted Long Blade Model

A pretwisted long blade model was developed to obtain natural frequencies based
on the actual turbine blade frequencies. The first three measured natural frequencies
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for corresponding modes of vibration of blade model are compared to validate its
vibrational behavior same as the turbine blade. From Fig. 4a, it was found that
frequency of first mode is linear with increased angle of twist. Frequency of second
mode is increasing with increased angle of twist and frequency of third mode is
decreasing with increased angle of twist as shown in Fig. 4b, c, respectively. So, it
can be clearly stated that the vibration behavior of the pretwisted long blade model
was found to be similar with that of the actual LP turbine last stage blade and further
analysis of crack in the blade was carried out using pretwisted long blade model.

Fig. 4 a Comparison of first
mode frequencies of turbine
blade and blade model.
b Comparison of second
mode frequencies of turbine
blade and blade model. c.
Comparison of third mode
frequencies of turbine blade
and blade model
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Fig. 5 a Cracked pretwisted blade specimen. b Finite element model of cracked pretwisted blade

3.3 Experiment Results

Modal testing was conducted on a pretwisted long blade specimen to determine the
natural frequencies for resonance condition. Geometry of the crack in the pretwisted
blade specimens is shown in Fig. 5a and the finite element model of the cracked
pretwisted blade is shown in Fig. 5b.

The experimental results for uncracked specimens and for cracked specimenswith
crack located at midway of its length were recorded. These results are determined
by a curve fitting analytical process that gives the closest possible fit to the measured
data. This can be achieved by minimizing the error between the analytical function
and the measured data.

It has been observed from the experimental findings that natural frequencies for
uncracked pretwisted blades for varying angle of twist were changing with minimal
variation as shown in Fig. 6a, whereas for cracked pretwisted blades. The deviation
in natural frequencies was more as shown in Fig. 6b. Also, the amplitude of vibration
of cracked pretwisted blade model was observed to be more compared to uncracked
pretwisted blade model.

4 Discussions

The study has been further extended to HP turbine blades, modeled as pretwisted
short blade, whose length-to-thickness ratio was considered as 10. Parametric studies
have been carried out for these pretwisted blades to determine the natural frequencies
in the presence of crack with varying depths (a) and locations (c).

The natural frequencies of first, second, and third modes for straight uniform and
pretwisted long and short blades with crack depth of a/h = 0.75 are shown from
Figs. 7, 8 and 9. In this analysis, crack depth was considered three-fourth of the
thickness because crack propagation remains stable till 75% of its growth. From
the results, it was observed that higher values of natural frequencies were recorded
for the pretwisted short blades compared with the pretwisted long blades. It may be
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Fig. 6 a Frequency response plots for all uncracked pretwisted blade specimens. b Frequency
response plots for all cracked pretwisted blade specimens

understood that LP turbine blades are more susceptive to resonance condition in a
turbine having hundreds of blades with different lengths. It was also observed that
lower values of first mode natural frequency are recorded for c/l values 0.1–0.3 in
both pretwisted long and short blades as shown in Fig. 7a, b, respectively. Decrease
in second mode natural frequency was recorded for c/l values of 0.4–0.7 as shown in
Figs. 8a, b, and for third natural frequency, decrease in values were found at c/l of 0.8
and 0.9 as shown in Fig. 9a, b. So, it is evident from the results that the crack located
near the fixed end of the blade may be detected from the first mode natural frequency
analysis and crack located at the middle portion of the blade may be detected from
the second mode natural frequency analysis. Third mode natural frequency analysis
of the blade helps to detect the crack located at the tip of the blade.
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Fig. 7 a First mode natural frequencies of long blade model. b First mode natural frequencies of
short blade model

From the study carried out in this paper, it was emphasized about the necessity
of understanding the vibration behavior of the blades of turbine. Vibration analysis
of pretwisted long and short blades helps to predict the presence of crack in tur-
bine blades. Pretwisted long blades are having natural frequencies less than that of
pretwisted short blades and the decrease of natural frequencies is also much less for
long blades compared with short blades for same severity of crack at a given location.

5 Conclusions

The finite element modeling and analysis of the crack and its effect on turbine blades
have been attempted in this paper. After modeling and validating turbine blades as
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Fig. 8 a Secondmode natural frequencies of long blade model. b Secondmode natural frequencies
of short blade model

pretwisted blades, natural frequencies were evaluated for varying crack parameters.
Experimentation has been conducted for successful validation of theoretical results.
From the results, it can be inferred that turbine blades can be modeled as a pretwisted
uniform blade to study crack effects using natural frequencies. First mode natural
frequency of the blade was decreased for the crack located near the root whereas
second and third mode frequencies got decreased for the crack identified at mid
position and tip of the blade respectively. The vibration response of turbine blade
can be used to predict the condition of the blade based on the reduction in the
frequency of a corresponding mode.
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Fig. 9 a Third mode natural frequencies of long blade model. b Third mode natural frequencies
of short blade model
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Outsourcing Strategies in a Two-Stage
Supply Chain Model with Insufficient
Production Capacity

Debabrata Das and Nirmal Baran Hui

Abstract This paper extends the work carried out by Sinha and Sharmah (Supply-
chain coordination model with insufficient production capacity and option for out-
sourcing. Math. Comput. Model 46: 1442–1452, 2007) on supply chain coordination
and outsourcing perspective in a two-stage supply chain. With suitable modification
to their model, the conditions are derived in a different way for which outsourc-
ing decision taken by supplier increases the profit of the retailer/supplier/system.
Here, we aimed at exploring the impact of different prices, viz. retail price, out-
sourcing price, penalty cost, selling price of the supplier to the retailer over the sys-
tem/supplier/retailer’s profit, and on supplier’s decision of outsourcing. The limiting
values of these prices are also obtained with their illustrative problem.

Keywords Outsourcing · Modelling · Supply chain · Insufficient production

1 Introduction

Many companies choose the outsourcing strategy as a tool to rapidly cut cost and to
overcome the stock-out condition to maintain goodwill with their customers. With
its many benefits, it has some risks also. Many researchers like Gallego and Moon,
Thomas and Griffin, Goyal and Gupta have worked in this field with different issues.
The recent work in this paper is an extension and based on the work carried out by
Sinha and Sharmah [1] on supply chain coordination and outsourcing perspective in
a two-stage supply chain [1] where the supplier has lesser capacity to produce than
the annual demand faced by the retailer. They analyzed the options of outsourcing
as a tool to encounter the lost sale to maximize the profit of supplier, retailer or of
the system. Their work was based on earlier work on production lot-sizing model by
Goyal and Gopalakrishnan [2] under insufficient production capacity. Later, Handley
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and Benton [3] identified the critical management practices of the business outsourc-
ing processes. They investigated the influences of strategic evaluation, contractual
completeness, and relationship management practices.

Russell and Smith [4] worked on the reversing supply chain outsourcing and
framed the sourcing decision in terms of global sourcing, near-sourcing, and in-
sourcing. They discussed the conditions influencing outsourcing decision consider-
ing the risks and rewards from it. Zhou and Deng [5] modelled a hybrid system for
manufacturing and remanufacturing quantities with the capacity constraint for maxi-
mizing corporate profitwhere the remanufacturing processwas outsourced.However,
they considered the fixed availability of recycled waste products instead of random.
Chen and Xiao [6] built supply chain game models to investigate the effect of supply
disruption risk and capacity allocation uncertainty on the outsourcing strategies and
the retailer’s order plans. They studied the impact of channel power on the efficiency
of the supply chain.

Giri and Sarker [7] showed the improvement in profit through coordination and
third-party logistics (TPL) outsourcing in a supply chain consisting of amonopolistic
manufacturer, a TPL service provider (TPLSP), and multiple independent retailers.
They considered buyback and revenue-sharing contracts in their model along with
uncertain demand but sensitive to retail price and production disruption. Kim et al. [8]
examined the operational decisions with tax consideration for structuring a global
supply chain in a multinational firm (MNF). They suggested that tax-effect is to
be considered with other factors, such as lead time, cost of labour and logistics, in
designing a global supply chain. Yunlong and Tiaojun [9] developed two Stackelberg
game models in a fresh agro-products supply chain with a supplier, retailer, and
TPLSP. They examined the impacts of channel leadership on the pricing and service
level decisions and profits with two-game scenarios.

Presently, we have extended the modelling work of [1] to focus on some sig-
nificant issues on the outsourcing strategies. Our main objective is to explore the
inter-relationship of different prices, viz. retail price, outsourcing price, penalty
cost, and supplier’s offer price to the retailer and how these prices influence the
channel/supplier/retailer’s profit, and the supplier’s decision of outsourcing.

1.1 Notations

D—Annual demand, hb—Retailer’s holding cost, hv—Supplier’s holding cost Cb—
Retailer’s ordering cost, Cv—Supplier’s setup cost, �b—Retailer’s profit

g—Shortage/penalty cost of a supplier,Q—Lot-size of a retailer,�v—Supplier’s
profit

β—Fraction of annual demand that the supplier can produce,�ch—System profit
n1—Integer multiple of retailer’s lot-size, Po—Outsourcing price, Pb—Retail

price
Pv—The selling price of a supplier to the retailer, P—Unit production cost of

manufacturer, and k1—Ratio of the annual outsourcedquantity to the annual shortage.
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2 Without Outsourcing

The profits of retailer, supplier, and system in coordinated policy are derived in [1]
using above notations and following integer policy of ordering as mentioned below.
Here, the production-deficit from annual demand is not outsourced by the supplier
(see [1], Eqs. (1), (4), and (7)). They considered penalty cost for the manufacturer
only and penalty cost is incorporated in the manufacturer’s profit equation.

�b = βD(Pb − PV) − βDCb

Q
− Qhb

2
(1)

�v = βD(Pv − P) − βDCv

n1Q
− hvQ(n1 − 1)

2
− D(1 − β)g (2)

�ch = βD(Pb − P) − βDCb

Q
− βDCv

n1Q
− Qhb

2
− hvQ(n1 − 1)

2
− D(1 − β)g (3)

The optimum value of Q for which only retailer’s profit will be optimized, and

can be obtained by differentiating �b with respect to Q. Here, Qe =
√

2βDCb

hb
and

it is identical with the economic order quantity (EOQ) of retailer. For maximizing
the system profit, the optimum value of Q and n1 can be obtained by taking the first
derivative of �ch with respect to Q and n1 separately and then equated to zero.

∂�ch

∂Q
= 0 → Q∗ =

√
2βD(n1Cb + Cv)

n1{hb + hv(n1 − 1)} (4)

∂�ch

∂n1
= 0 → n1 =

√
2βDCv

hvQ2
→ (n1Q)∗ =

√
2βDCv

hv
(5)

The optimum value of supplier’s lot-size (n1Q)* is the same as that of its EOQ
but here retailer’s lot-size changes from its EOQ obtained by separate optimization
of retailer’s profit. By substitution of Q from above two expressions of Q and n1Q

we obtain-n1 =
√

Cv
Cb

(
hb
hv

− 1
)
. This expression is analogous to the expression of

integer n1 in integer policy of ordering in a two-echelon system, as n1 =
√

k1
k2

· e2
e1

where (k1, k2) are the ordering costs and (e1, e2) are the echelon holding costs of
upper and lower echelon, respectively (see [10], p. 937). In the illustrative problem
[1], the following data were used from [2]: D = 10,000, β = 0.9, Cv = $200, Pv

= $40, P = $30, g = $5/unit, and hv = 20% of P = $6. They also assumed Cb =
80, Pb = 45, and hb = $5 for the retailer. In non-coordinated situation, taking Q* =
536.65 and n1 = 2, system profit = 124029.7. In coordinated situation, taking Q* =
774.6 and n1 = 1, system profit = 125972.0
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3 With Outsourcing

The expressions of profits of retailer, supplier, and the system in coordinated policy
when supplier decides for outsourcing are given by them as follows.

�
′
b = [βD + k1(D − βD)](Pb − Pv) − [βD + k1(D − βD)]Cb

Q
− Qhb

2
(6)

�
′
v = [βD + k1(D − βD)]Pv − [βDP + βDCv

n1Q
+ hV

2
(n1Q − Q)

+ k1(D − βD)]Pb + (1 − k1)(D − βD)g] (7)

The notations for the profit of each member and system in case of without
outsourcing are superscripted by a slash to indicate their profit here.

3.1 The Condition for Which Outsourcing Can Give More
Profit to the Retailer

The difference of profit of the retailer with an outsourcing strategy to that of without
outsourcing must be greater than zero.

�′
b − �b > 0

=> [βD(Pb − PV) − βDCb

Q
− Qhb

2
] − [βD + k1(D − βD)](Pb − Pv)

− [βD + k1(D − βD)]Cb

Q
− Qhb

2
> 0

=> Dk1(1 − β)

(
Pb − PV − Cb

Q

)
> 0[k1 > 0, D > 0, (1 − β) > 0] (8)

Here, the condition is Pb − Pv − Cb/Q > 0. (Cb/Q < 1, normally a fractional
quantity)

In their illustrative problem [1], they took Pv = 40 and from above condition,
it is Pv < 45(Pb) − 1, i.e. Pv < 44. The condition is satisfied and so retailer profit
increases in outsourcing compared to the case without outsourcing.
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3.2 The Condition for Which Outsourcing Can Be a Better
Option for the Supplier

�
′
v − �v > 0

[βD + k1(D − βD)]Pv − βDP − βDCv

n1Q

− hV
2

(n1Q − Q) − k1(D − βD)]Pb

− (1 − k1)(D − βD)g − βD(Pv − P) + βDCv

n1Q

+ hv(n1Q − Q)

2
+ D(1 − β)g > 0

Or, k1(D − βD)Pv − k1(D − βD)P0 + k1(D − βD)g > 0

=> k1D(1 − β) · (Pv − P0 + g) > 0

[k1 > 0, D > 0, 0 < β < 1] (9)

So, here we find the condition as Pv − Po + g > 0.
In their example [1], Po = 47, g = 5, and Pv = 40. Here, the condition is Pv >

47 − 5, i.e. 42, it is not satisfied and so supplier’s profit decreases in outsourcing
compared to its profit without outsourcing, and the condition remains unfulfilled for
Po = 52 also.

3.3 The Condition for Which Outsourcing to Be a Better
Option for the System

�
′
ch − �ch =

(
�

′
b + �

′
v

)
− (�b + �v) = (

�′
b − �b

) +
(
�

′
v − �v

)

= Eq. (9) + Eq. (10) = k1(1 − β)D

[
Pb − Cb

Q
− Po + g

]
> 0

[k1 > 0, D > 0, 0 < β < 1] (10)

So the condition is Pb − Cb/Q − Po + g > 0. For the illustrative problem in [1],
the condition is Po < 45 + 5 − 1, i.e. 49. So, when Po = 47, outsourcing becomes a
better option for improving the profit of the system but when Po = 52, the condition
is unsatisfied, and so the profit of the system with outsourcing becomes lesser than
the system profit earned without outsourcing.
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Table 1 Condition and
price-limits for outsourcing to
be more profitable

Cases General
condition

Price limit Influence of
k1(k1 > 0)

For the
retailer

Pb − Pv −
(Cb/Q) > 0

Pv < 44 No

For the
supplier

Pv − Po + g
> 0

Pv > 42 No

For the system Pb −
(Cb/Q) − Po
+ g > 0

Po < 49 No

In above, all three cases, the condition is independent of the fraction of shortage
that is outsourced (k1) as long as the manufacturer chooses outsourcing strategy (k1
> 0).

4 Results and Discussion

The conditions derived above for which outsourcing gives improved profit and the
limit of different prices obtained with the example problem are presented in Table 1.

Supplier’s decision for outsourcing depends only on retail price, outsourcing price,
and penalty cost. Lot-size and other inventory-related cost (ordering/holding cost)
have negligible influence over it. When the other prices internal to the system are
known, it depends on the outsourcing price. After that whether retailer/supplier/both
will gain more profit in outsourcing, compared to their profit without outsourcing,
depends on the sellingprice of the supplier to the retailer (Pv). IfPv is decidedbetween
42 and 44, both members of the supply chain will earn more profit. The improvement
in profit is proportional to the fraction outsourced (k1). It means that under optimized
profit condition, either k1 = 0, i.e. outsourcing strategy is not applied, or k1 = 1, i.e.
total production-deficit from annual demand is outsourced.

5 Conclusion

In this paper, the limiting values of important prices in outsourcing and impact of
these prices along with lot-sizes, quantity outsourced, and other inventory-related
prices on the improved profit condition of supplier/retailer/system are found out.
These are not deduced explicitly by the previous researchers. The research work
presented here has a huge managerial implication as this price analysis straightway
directs the top-level managers when they have to take the crucial strategic decision
of outsourcing for improving profit. Another managerial aspect is price fixing whose
purpose is to coordinate pricing for the mutual benefit of the traders. For example,
manufacturers and retailersmay set a retail price, aminimumsales price. The research
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work further can be extended to a large supply chain with more than two members,
with/without demand uncertainty, with/without price-sensitive demand.
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Optimization of Machining Parameters
to Minimize Surface Roughness During
End Milling of AISI D2 Tool Steel Using
Genetic Algorithm

Ravikumar D. Patel and Sanket N. Bhavsar

Abstract Today’s dies and molds making industries demand for milling of hard-
ened tool steel with less production time and requirement of excellent quality. AISI
D2 tool steel has attained high hardness and excellent corrosion resistance at ele-
vated temperature. The experiments were conducted on hardened D2 tool steel using
AlCrN coated end mill tool based on response surface methodology (RSM). Central
composite design (CCD) method was implemented to design 30 experiments. Anal-
ysis of variance (ANOVA) was used to verify adequacy of model. The derived model
is utilized to analyze and interaction effect of the input milling parameters with sur-
face roughness. Genetic algorithm was used to optimize of machining parameters
to obtain best surface quality on AISI D2 tool steel during milling process. Lowest
surface roughness was measured 0.08 after applying genetic algorithm. Optimized
value from genetic algorithm was also validated experimentally.

Keywords AISI D2 tool steel · AlCrN coated tool · RSM · ANOVA · GA

1 Introduction

Hard tool steel materials are used to making of forming and cutting dies and molds
due to its extremely high strength and hardness [1]. Milling of hardened tool steel is
very difficult task due to high wear on tool and demand of superior surface finish [2] .
Complexity of endmilling operation because of uneven behavior of cutting forces [3].

Coating of AlCrN in end mill tool perform excellent during milling of hardened
steel due to its excellent wear resistance and low adhesion strength [4]. Kovalev et al.
[5] investigated machining of hard to cut material using TiN-based coated tool. In
Al and Cr bond coating, the Cr atom is donor and Al atom is acceptor. Comparison
of AlCrN coated and uncoated tool performance was done [6]. AlCrN-based coating
has been analyzed with respect to residual stress, structure and hardness by Bourhis
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et al. [7]. Fox-Rabinovich et al. [8] found AlCrN coated end mill has more tool life
as well as it exhibited better performance compare than AlTiN coated tool due to
high cracking resistance with respect to temperature. W. Kalss et al. [9] reported
that AlCrN coating tool has excellent oxidation resistance at 1100 °C temperature
compare than cemented carbide tool which has high oxidation problem at elevated
temperature.

D-grade tool steels with high carbon and high chromium are used in various
application [10]. Nowadays, the use of hardened D2 tool steel is highly demand
due to its superior mechanical properties. Machining of hardened D2 tool steel is
most difficult machining due to its excellent hardness at elevated temperature [11].
Saedon et al. [12] investigated tool life models of AlTiN coated micro-mill tool
during milling of hardened D2 tool steel (62 HRC) under dry condition by using
response surface methodology CCD method. They observed that cutting speed was
main influence parameters for tool life. An experimental and theoretical analysis was
done on heat flow during milling of various hardened tool steels by using coated tool
in cold air, compressed air and dry air condition by Lincoln [13]. Vinayak et al. [14]
analyzed that experimental investigation of D2 tool steel by using of TiAlN coated
end mill tool using response surface methodology. Palanisamy et al. [15] explained
optimization methods in milling process using genetic algorithm. Sidda reddy et al.
[16] optimized surface roughness during end milling of P20 hard steel using genetic
algorithm with response surface methodology. Alrashdan et al. [17] optimized two
different objective functions like surface roughness as well as energy consumption
during end milling of AISI D2 tool steel by ceramic end mill tool using genetic
algorithm.

From the review of previous research work, no work was done on machining of
hardened D2 steel using AlCrN coated end mill tool. In this research work, hard-
ened D2 steel was machined by AlCrN coated end mill tool using response surface
methodology CCD method. ANOVA was used to evaluate the relationship between
output response (surface roughness) and input machining parameters. Genetic algo-
rithm was used to optimize the input machining parameters with respect to output
response.

2 Experimental Details

A number of experiments were carried out on Jyoti Make P10 CNC vertical milling
machine with maximum 10,000 rpm spindle speed. AISI D2 tool steel was machined
using Walter made (Ø10 mm AlCrN coated 4 flute) flat end mill tool under dry
cutting condition. Cutting speed 50–200 m/min, feed 50–800 mm/min, depth of cut
0.1–1mm andwidth of cut 2–10mmwere taken as input parameters for experimental
work.

RSM is an superior tool for the development of statisticalmodel in terms of various
input milling parameters and their interaction affecting on responses [18]. Response
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surface methodology CCD method was used for design of experiments. 30 numbers
of experiments were done as shown in Table 1.

Table 1 Design of experiment by response surface methodology

Run C S (m/min) FEED (mm/min) DOC (mm) WOC (mm) SR (µm)

1 125 425 1 6 0.51

2 87.5 612.5 0.775 4 0.72

3 162.5 612.5 0.325 8 0.32

4 162.5 612.5 0.325 4 0.25

5 87.5 612.5 0.325 4 0.49

6 87.5 237.5 0.775 8 0.39

7 125 425 0.55 6 0.26

8 87.5 612.5 0.775 8 0.77

9 125 50 0.55 6 0.19

10 125 425 0.55 6 0.26

11 50 425 0.55 6 0.68

12 125 425 0.55 6 0.25

13 162.5 237.5 0.775 4 0.29

14 125 425 0.55 6 0.26

15 87.5 612.5 0.325 8 0.57

16 125 425 0.55 10 0.63

17 87.5 237.5 0.775 4 0.38

18 162.5 237.5 0.325 4 0.18

19 162.5 237.5 0.325 8 0.2

20 125 425 0.55 6 0.26

21 125 425 0.55 2 0.63

22 162.5 612.5 0.775 8 0.61

23 87.5 237.5 0.325 8 0.31

24 162.5 237.5 0.775 8 0.37

25 125 425 0.1 6 0.20

26 200 425 0.55 6 0.51

27 125 425 0.55 6 0.26

28 87.5 237.5 0.325 4 0.25

29 125 800 0.55 6 0.62

30 162.5 612.5 0.775 4 0.59
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3 Result and Discussion

Figure 1a shows that surface roughness is reduced with increasing of cutting speed
due to reduce the cutting force and surface roughness is increased after 125 m/min
due to formation of built-up edge [19]. From Fig. 1b, surface finish is reduced with
increasing of feed due to higher thrust force and vibration [15]. Surface finish is
reduced with increasing of depth of cut due to high thrust force as shown in Fig. 1c
[14].

It has been observed by increasing the width of cut from 4 to 6 mm, surface
roughness is improved but after 6 mm surface roughness is increased. Higher surface
finish was observed near 6 mm as shown in Fig. 1d.

Reading of surface roughness was recorded byMitutoyo Surftest SJ 410 as shown
in Table 1. ANOVA was implemented to analyze data using design expert software.

Fig. 1 Relationship between a surface roughness (SR) versus cutting speed(CS) b SR versus feed
c SR versus DOC d S.R. versus WOC
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By removing insignificant terms, regression equation of quadratic model was derived
for surface roughness as shown in following Eq. (1);

Surface Roughness = 1.70308 − 0.013414 ∗ CS

+ 0.0000827407 ∗ FEED − 0.39088 ∗ DOC

− 0.22872 ∗ WOC−0.00000435556 ∗ CS ∗ FEED

+ 0.002000 ∗ CS ∗ DOC−0.00000833333 ∗ CS ∗ WOC

+ 0.000844444 ∗ FEED ∗ DOC + 0.00000833333 ∗ FEED ∗ WOC

−0.00972222 ∗ DOC ∗ WOC + 0.0000505926 ∗ CS2

+ 0.000000672593 ∗ FEED2

+ 0.22016 ∗ DOC2 + 0.019974 ∗ WOC2 (1)

The objective in this research work is to minimize surface roughness. Above
mathematical model is developed to obtain minimum surface roughness, optimum
combination of various machining parameters like CS, f, DOC and WOC can be
found out using genetic algorithm. Feed rate is significant parameters for surface
roughness followed by the depth of cut, cutting speed and width of cut.

4 Genetic Algorithm

Genetic algorithm is a mechanized pursuit and dependent on the mechanics of com-
mon hereditary qualities. For enhancing successive generations, survival tries to
upcoming generation [20].

Each string with infinite length is formed by each bit called a gene. Selection
of strings for further study is called population. Population size: 20, generation:
500, selection operator: Rank order, cross over operator: Single point, crossover
probability: 0.85, Mutation probability: 0.15, fitness parameters: Surface roughness.

After applying genetic algorithm on derived equation using MATLAB, sur-
face roughness value was obtained 0.08022 µm (as shown in Fig. 2) with C.S.
145.86 m/min, feed 268 mm/min, DOC 0.1 mm and WOC 5.705 mm.

Table 2 shows the comparison of measured value and value after applying genetic
algorithm. Lowest surface roughness was measured as 0.18 µm during end milling
of hardened D2 tool steel using AlCrN coated tool. Result was validated with exper-
imentally and found the following readings; surface roughness was obtained using
C.S. 145 m/min, feed 268 mm/min, DOC 0.1 mm and WOC 6 mm.
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Fig. 2 Fitness value versus generation graph for optimization of surface roughness

Table 2 Comparision of measured value and optimized value of surface roughness

CS FEED DOC WOC S.R.

Lowest value from exp table 162.5 237.5 0.325 4 0.18

After GA 145.86 268 0.1 5.705 0.08022

Measured value 145 268 0.1 6 0.12

5 Conclusion

Hard milling of hardened D2 tool steel by AlCrN coated tool was investigated by
experimental investigation using response surfacemethodology. The effect of various
input milling machine parameters has been analyzed during machining of AISI D2
tool steel with AlCrN coated tool using response surface methodology CCDmethod.

The following conclusions can be drawn from this investigation:

• Feed rate is significant parameters for surface roughness followed by the depth of
cut, cutting speed and width of cut.

• The quadratic model is fitted for surface roughness.
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• After applying of genetic algorithm, 0.08 µm surface roughness value is found
using MATLAB software which is also validated by experimentally and found
0.12 µm surface roughness by using cutting speed 145 m/min, feed 268 mm/min,
depth of cut 0.1 mm and width of cut 6 mm.
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Robotic Assembly Sequence Generation
Using Improved Fruit Fly Algorithm

Gunji Bala Murali, B. B. V. L. Deepak, Bibhuti Bhusan Biswal
and Y. Karun Kumar

Abstract Assembly plays a key role in manufacturing, which requires effective
assembly sequence to upsurge product quality. In early 90s investigators started
research on assembly sequence planning (ASP) problem to obtain the best sequences
for the industrial assemblies. At the starting stages, mathematical models are applied
to generate feasible sequences. Further, researchers applied artificial intelligence
(AI) techniques to achieve the optimal assembly sequences because of its less search
space consumption during execution. Meanwhile, few of the researchers developed
computer-aided design (CAD)-based and knowledge-based approaches to generate
the best sequences, which consume more search space during execution of the algo-
rithm. Keeping the above considerations in mind and the advantages with artificial
intelligence techniques, in this paper, fruit fly algorithm with improvement is pro-
posed to generate optimal robotic assembly sequences. This algorithm is developed
mainly based on how fruit fly can identify the fruits based on smell. The developed
algorithm is applied to the different industrial products to check the enactment of the
algorithm.

Keywords Fruit fly algorithm · Assembly sequence generation · Artificial
intelligence techniques · Computer-aided design (CAD)
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1 Introduction

In manufacturing, assembly holds solely 25–30% of overall cost of the final product.
To have an operative assembly, the best assembly sequence is required. Continues
efforts have kept by the investigators to attain best assembly sequences to reduce the
overall cost process time of the manufacturing.

Assembly is not simply connection of the parts one-by-one, it requires many
aspects like assembly setup time, fixture arrangement, work cell arrangement and
assembly sequence [1]. Achieving an optimal sequence is a difficult task as ASP is
a nondeterministic probability (NP) hard combinatorial problem.

In the initial stages of the ASP problem, researchers like Wilson and Latombe [2]
have applied mathematical models to attain the feasible sequences. As these methods
use the CAD data for generating the optimal sequences, it consumes more space for
storing the information related to the assembly especially for more part assemblies.
Moreover, these models are failed to attain the cost-effective assembly sequences.

Later researchers shifted the interest towards soft computing techniques like
genetic algorithm (GA), ant colony optimization (ACO) algorithm, particle swarm
optimization (PSO) and so on because of easiness in implementation for ASP prob-
lem. In soft computing techniques, most of the researchers are used GA to obtain the
optimal assembly sequences due to the convergence of the solution during execution
[3, 4].

Apart from GA, the other algorithms like ACO and PSO are given equal
importance in solving the ASP problem.

Falli and Dini [5] proposed ACO algorithm by considering directional changes
as the fitness function to generate optimal assembly sequences. This algorithm will
work mainly on the shortest path traveled by the ants in search of food based on
the pheromone deposition of the ants. Wang et al. [6] considers the assembly is the
reverse of disassembly concept to generate the best assembly sequences.

By overcoming the demerits of the individual algorithms to solve the ASP prob-
lem, hybrid algorithms (HA) have been developed [7]. These HA algorithms are
well suited for intricate products, but these algorithms require more search time as
compared to the individual algorithms for smaller part products.

Apart from these regular algorithms, Gunji et al. [8] introduces the assembly sub-
set concept to generate the best assembly sequences using teaching-learning-based
optimization (TLBO) algorithm. As this algorithm achieves the optimal assembly
sequences in less time, but it requires a skilled person to execute.

Keeping the advantages of soft computing techniques in view, in this paper, fruit
fly algorithm with improvement has been proposed to obtain the optimal robotic
assembly sequences. This algorithm is developed mainly based on how fruit fly can
identify the fruits based on smell. The developed algorithm is applied to ‘19’ parts
industrial product to check the enactment of the algorithm.
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2 Improved Fruit Fly (IFF) Algorithm

In this section, the improved fruit fly algorithm is proposed to achieve optimal robotic
assembly sequences by using robot hand directional changes as the fitness equation
for the pulley block assembly. The algorithm works based on the concept, identifi-
cation of ripened or fermenting of fruits during summer by fruit flies through their
sensing and perception characteristics. The visual senses and perceptions of the fruit
flies are better than the other species. The individual fruit fly uses its sensitive vision
to fly in the direction of the target by sampling the different scents that are present
in the surroundings. As the individual fly identifies the best position that is nearer to
the target, it directs the flocking location of the flies closer to the food.

Through the iterative evolution, the fly swarm comes closer and closer to the target
until it reaches to the fruits. In general fruit fly algorithm, initialization of the fruit
fly is considered by assigning the random position in plane consisting of food.

In the existing algorithm, the algorithm uses some random positions based on
population size to find the local best position by calculating the smell concentration,
which may lead sometimes to a redundant solution.

So, in the improved fruit fly algorithm instead of generating random positions
to find local best, a range has been considered to generate positions of the fruit fly
to find local best. The range is defined by a fly angle of fruit fly from initialization
position of fruit fly. The range is decided by considering the food position region as
the 2D plane with the coordinate system.

Thedetailedproposedmethodology is explained inFig. 1with theflowchart. In the
proposed methodology we are considering the minimization of robot hand direction
changes (RHDC) as a suitability equation to assess the eminence of the sequence.
The fitness equation in terms of robot hand direction changes is considered in Eq. (1).

p∑

i=1

RHDCi (1)

where ‘p’ represents the part number of the assembly
‘RHDC’ represents robotic hand directional changes during assembly.
Improved fruit fly algorithm is applied to the block assembly to generate optimal

assembly sequences. A detailed proposed methodology is shown in Fig. 1.
In the proposed algorithm, assembly predicates are to be checked with randomly

generat400000ed population size (assembly sequences) to check the viability of
the sequence. Estimate the directional changes using the fitness equation stated in
Eq. (1) to generate optimal assembly sequences. Run the algorithm for the anticipated
number of iterations to acquire the best assembly sequences.

The main benefit of this algorithm is, it is very simple to implement the algorithm
as the main algorithm is based on two equations: one equation is for the initialization
of direction (xi , yi ) and other equation is for the calculation of the distance (Di )

between the initial random positions to the next updated position for searching the
fruit by individual fruit fly. The equations are as follows:
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Fig. 1 Represents the improved fruit fly algorithm

xi = xposition + random value (2)

yi = yposition + random value (3)

Di =
√
x2i + y2i (4)

Smell concentration (SCi ) is used to substitute in the fitness equation is as follows:

SCi = 1

Di
(5)
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3 Results and Discussion

In this section, a nineteen-part block assembly considered in Fig. 2 with part names
shown in Table 1 to test the performance of the algorithm to generate optimal
assembly sequences.

Fig. 2 Detailed block assembly
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Table 1 List of part names S. no Name of the part

1 Cover

2 Base

3 Motor

4 Motor screws

5 Cover screws

6 Bushings (2 nos.)

7 Grommet (2 nos.)

8 Set screw

9 Standoffs (2 nos.)

10 Sensor

11 End plate

12 End plate screws

Liaison data Stability data

Robotic Hand Directional Changes matrices
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The liaison matrix is represented with binary numbers ‘1’ and ‘0’, in which ‘1’
provides the connection among the parts and ‘0’ provides no connection among the
parts. In stability matrix ‘1’ indicates partial stability between the parts, ‘0’ indicates
no stability between the parts, ‘2’ indicates permanent stability between the parts
due to self-arrangement and ‘3’ indicates permanent stability between the parts due
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Table 2 List of generated optimal sequences

S.no Assembly sequences Number of
RHDC

Fitness
value

1 1-2-3-10-11-9-8-4-7-5-6-15-14-12-13-16-17-18-19 04 04

2 1-2-3-11-10-8-9-7-4-6-5-15-14-13-12-17-16-19-18 04 04

3 1-3-2-10-11-9-8-4-7-6-5-14-15-12-13-16-17-18-19 04 04

4 1-3-2-11-10-8-9-4-7-5-6-14-15-12-13-16-17-19-18 04 04

5 1-3-2-10-11-9-8-7-4-6-5-15-14-12-13-16-17-18-19 04 04

6 1-2-3-7-4-6-5-11-10-8-9-13-12-15-14-19-18-17-16 04 04

to physical connectors. In RHDCmatrices, ‘1’ indicates not possible to assemble the
part and ‘0’ indicates possible to assemble the part in that direction.

IFF algorithm is executed for 500 iterations by considering robot hand direc-
tional changes as the suitability equation to obtain the best sequences. The algorithm
generates ‘6’ best assembly sequences with the fitness value as ‘04’ as shown in
Table 2.

4 Conclusion

In this research improved fruit fly algorithm is developed to generate the best assem-
bly sequences. To test the performance of the developed algorithm, a nineteen-part
block assembly is considered to generate optimal assembly sequences.

In the further research, the developed algorithm can be implemented to more
intricate shape products to test the efficiency of the algorithm.
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Design, Analyze and Manufacture
of Hydraulic Spring and Damper
for an All-Electric Vehicle

Gulati Komal , Bhattacharjee Dyutiman and Panigrahi Isham

Abstract Electric vehicles are preferred in every country as eco-friendly mode of
transport. Weight of the vehicle is a major consideration in EV. Its components are
selected and designed considering the weight factor. At the same time, the need for
comfort of passengers during ride is also very essential and so, design of customized
suspension is very important. Therefore, this paper aims to design, manufacture
and analyze spring and damper for an all-electric car. Mathematical modeling and
simulations of a two degree of freedom quarter car model have been carried out to
find themaximum load transfer on front wheel in various conditions like static, lower
speed acceleration and due to braking followed by designing of damper onmaximum
load. Since hydraulic suspension is cost-effective and thus more affordable than air
suspension, so our aim is to optimize the stiffness of hydraulic suspension in such a
manner that we get output similar to air suspension in less cost.

Keywords Suspension design · Electric vehicle · Quarter car model · ADAMS

1 Introduction

Sathnish Kumar et al. [1] discussed simulation and mathematical modeling of a
quarter car having two degree of freedom. Hsin-Tsun Hsu et al. [2] investigated
the dynamic behavior of an electric vehicle (EV). They used multi-body dynamics
(MBD) software to design vehicle suspension system. Lin Lin et al. [3] designed and
created full floating structure model of cab air suspension system and was further
simulated and analyzed to find natural frequency in ADAMS.
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Fig. 1 Quarter car model

2 Theory

Two degree of freedom quarter car model has been used for numerical simulations to
evaluate load transfer on frontwheel of an all-electric vehicle [1] in various conditions
like static, lower speed acceleration and braking. Further taking into consideration
three cases: (1) Only driver in vehicle, (2) Half-loaded vehicle, (3) Fully loaded
vehicle.

Finding the maximum load and thereby designing damper considering the
maximum load in reference to Fig. 1.

3 Methodology

3.1 Experimentation

Firstly, a commercial hydraulic suspension was taken for experimentation. Depend-
ing on the requirements and space available by the target vehicle (refer Table 1), the
desired stiffness was found; so accordingly, the spring was customized with final
active number of turns = 8. The inner and outer diameter of spring was measured
using vernier caliper and length was measured by using a measuring tape. It was
further taken for testing in universal testing machine in which the spring was made
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Table 1 Specifications and parameters required for designing and analyzing the hydraulic
suspension for an all-electric vehicle

Sr. no. Specifications/Parameters Value

1 Suspension used MacPherson strut

2 Drive train Rear wheel drive

3 Weight distribution ration 40:60

4 Maximum number of passengers 8

5 Maximum weight of the car (575 + (8*75)) kg

6 Empty weight of the car 575 kg

7 Wheel base (L) 2.165 m

8 Height of C.G (h) 0.7 m

9 Total weight of passengers 600 kg

10 Weight of air suspension 1.61 kg

11 Length of air spring 0.54 m

12 Length of hydraulic spring 0.24 m

13 Outer diameter of spring 0.08 m

14 Inner diameter of spring 0.06 m

15 Nuts and bolts weight 0.125 kg

16 Weight of tyre and rim 9.68 kg

17 Weight of hub 7.29 kg

18 Weight of brake caliper 2.88 kg

19 Weight of spring and damper (1.61 + 1.725) kg = 3.335 kg

20 Weight of double wishbone arms 1.5 kg

21 Total weight of one-wheel assembly 21.35 kg

22 Sprung mass (m1) Total weight of car (W)-Unsprung mass
(m2) (wheel and suspension)

23 Type of battery used Lead acid battery

to solidify at its maximum that is before it starts to fail at static condition keeping
temperature at 28 °C and load rate 0.1 kN/sec.

From experiment, displacement versus load graph was found out as shown in
Fig. 4 from which it could be found out that at maximum displacement how much
static load was transferred to the spring.

3.2 Mathematical Modeling

Now, considering the customized hydraulic steel coil spring, further analyzes were
carried out to find the maximum load transfer on front wheel [4] broadly considering
three cases:
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Fig. 2 Dynamic axle load

(1) In static condition (2) Lower speed acceleration (3) Due to braking

Using Fig. 2, maximum load transfer was found out and further design of damper
was done inwhich following parameters were calculated: Stiffness (k), wire diameter
(d), solid length of spring (Ls), total number of turns (N), maximum deformation,
free length of spring (Lf), spring index (C), Pitch, Wahl’s shear stress factor (K) and
maximum shear stress induced in spring. Further, taking damping coefficient (C)
= 2000 Ns/m, other parameters were calculated: Critical damping coefficient (Cc),
damping factor (ζ ), natural angular frequency (Wn) and damped angular frequency
(Wd).

3.3 Simulation in ADAMS

Simulation in Adams software was done to find characteristics curves of displace-
ment and relative velocity of sprung and unsprung mass of hydraulic suspension [3].
Considering, ypk (amplitude at static state response) for bump/hump= 0.01 m (since
the vehicle has to travel on not much rough road surface).

4 Results and Discussions

4.1 Experimental Analysis

It was found from Fig. 3 that at maximum travel, the amount of load transfer in the
spring in static condition was 4.1*103 N.
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Fig. 3 Graph between displacement versus load

4.2 Mathematical Modeling

Due to braking action:
In case of Fully Loaded Vehicle:
Using,W fs = 115 kg; L = 2.165 m; h = 0.7 m; deceleration produced (a) = 1.5 g

Longitudinal load transfer on front wheels (WL)

= (WC1W × a × h )/L = 5590.34N (1)

Net reaction at individual wheel = Wfs + (WL/2) = 4400N (2)

Spring stiffness calculation:
It was examined that the load transfer on front wheel due to braking when the car is
fully loaded experiences maximum load (refer Eq. 2) which came out to be 4400 N.

So, the damper was designed taking maximum load.
D1 = 22 inches, D2 = 16 inches; D1 = distance from mounting point on chassis

to center of the wheel, D2 = distance from lower arm mounting point to center of
the wheel

Applying the moment equation,

4400 × D1 = FD × D2;FD = 6050 N

P = FDamper = 6050/ cos 19 = 6400 N (3)

Taking allowable travel of suspension to be 3 inches

k = 6400/(3 × 25.4) = 83.98N/mm = 84N/mm (4)
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k = (
Gd∧4

)
/
(
8 n D∧3

); so, d = 12.35mm (5)

Ls = nxd = 98.8mm; N = n + 2(grounded at both the ends) = 10 (6)

Maximumdeformation = (
8PD∧3n

)
/
(
Gd∧4

) = 76.21mm (7)

Lf = Nd + (1.15 × 76.21) = 211.141mm
C = D/d = 5.66;
Pitch = L f/(N − 1) = 23.46mm
K = ((4C − 1)/(4C − 4) + (0.615/C)) = 1.269

(8)

Maximum shear stress induced in spring = 8K ∗ P ∗ D/π ∗ d3 = 768.561MPa
(9)

Damper Calculations:
C = 2000 Ns/m [1].

Cc= 2 ∗ (m∗k)1/2 = 12158.94, (10)

where m is static load on damper (10) and k is stiffness

ζ = C/Cc = 0.2(approx) (11)

Wn = square root (k/m) = 13.81 rad/sec (12)

Wd = Wn ∗ (1 − ζ2)1/2 = 13.53 rad/sec (13)

4.3 Simulation in ADAMS

It was found as shown in Fig. 4 that while riding in case of unsprung mass vibrations
get damped before that of sprung mass. These results obtained for this customized
hydraulic suspension are as per the requirements for a comfortable ride on an all-
electric vehicle.
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Fig. 4 (center) Model and simulation in ADAMS; (top left) displacement versus time graph due to
sprung mass; (bottom left) velocity versus time graph due to sprung mass; (top right) displacement
versus time graph due to unsprung mass; (bottom right) velocity versus time graph due to unsprung
mass

5 Conclusion

The main aim of this paper is to design, analyze and manufacture a hydraulic spring
anddamper for an all-electric vehiclewhichhas been successfully accomplished.Var-
ious procedures are followed to achieve the target like experimentation,mathematical
modeling and simulation in ADAMS software. Through experimentation the stiff-
ness of the commercial hydraulic spring was optimized. This customized hydraulic
suspension is cost-effective and gives similar effect while driving as received while
riding an air suspension vehicle. The customized spring and damper that was finally
designed and manufactured is shown below:

The final specifications that were found as shown in Fig. 5 are: k = 84 N/mm, Lf

= 211.141 mm, C = 5.66, Pitch = 23.46 mm, K = 1.269, Cs = 2000 Ns/m, Cc =
12158.94, Wn = 13.81 rad/sec, Wd = 13.53 rad/sec.

Fig. 5 Customized spring
and damper
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Mechanical Performance Optimization
of 3D Printing Materials

Shaheidula Batai and M. H. Ali

Abstract 3D printing technique has been developed rapidly and applied to manu-
facture components of diverse and complicated shapes and structures based on the
computer-aided designs. To make 3D printing more promising and useful for more
application purposes, mechanical properties of the materials used for printing should
be studied and improved by developing new optimization methods. In this paper, a
new optimization technique is developed for boosting mechanical properties of the
materials by comparing tensile stress and extension of the specimens under different
amount of loads in ANSYS. The specimens are made of two types of materials of
various geometries and the same weight ratio according to the ISO mechanical test
standards. Specimens are made of ABS and PLA. Case C shows the best tensile
performances while Case B also shows good performs. Moreover, it is justified that
the printing materials built of multi-materials have better properties, as well as the
geometrical structures of the materials, influence the tensile performances of the
materials significantly.

Keywords 3D printing materials ·Mechanical properties · Optimization

1 Introduction

3D printing is becoming more and more popular with the industry and research
groups due to its high efficiency in material usage and economic preferences. Since
Acrylonitrile Butadiene Styrene (ABS) and Polylactic Acid (PLA) are always chosen
for low-cost printers as printing materials, mechanical properties of the parts built of
them appeal to the researchers substantially [1]. 3D printing, also known as additive
manufacturing (AM), builds the prototype layer by layer based on a number of
2D slices of the 3D model designed by CAD software [2], instead of milling or
cutting a part out of a block of material [3]. It is reasonable to make full use of
the existing printing materials and conduct some optimization by using a few of
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them simultaneously. Hence, fused deposition mdeling (FDM) and selective laser
sintering (SLS) methods can be implemented to form parts from several materials
[4]. FDM is an additivemanufacturing techniquewhichmelts and extrudes amaterial
through a nozzle to produce components layer upon layer. Furthermore, while 3D
printers with several nozzles spring up to fulfill the need of achieving complex parts
from multi-material, 3D printers with a single nozzle are also being developed [5].
The geometry of each material affects the mechanical properties of the components
while the amount of each material used is kept the same. Therefore, in this paper,
ABS and PLA are selected, and some simulations on the mechanical properties of
the specimens made from them are implemented. Firstly, specimens with various
internal geometrical structures, such as drills, honeycombs, pentagonal holes, and
square-shaped holes, respectively, are prepared according to ISO standards. The total
volume of the drills, honeycombs, pentagonal holes, and the square-shaped holes are
the same for the sake of analysis. Secondly, ABS is defined to these specimens
as the material in ANSYS. After that, the holes in the specimens are filled with
the corresponding structures made of PLA, and mechanical properties of them are
analyzed and compared.

2 Literature Review

Unlike conventional mono-material 3D printing methods including fused deposi-
tion modeling (FDM), stereolithography (SLA), selective laser sintering (SLS), or
PolyJet, multi-material AM can print complicated structures by combining multi-
ple deposition heads within a single integrated system [6–8]. Tomsilav Galeta et al.
researched to determine the impact of sample’s structure on the tensile strength of the
printed materials, where the samples were prepared with a range of internal geomet-
rical structures and results of the tensile tests showed that the honeycomb structure
samples are of the highest strength [9]. The conclusion from this paper proved that
the internal geometry is of important influence on the mechanical properties of the
printing materials. Nevertheless, the tests were only conducted on the specimens
with internal structures without fill-ins. L.R. Lopes et al. designed a single material
but multi-section sample printed in a zebra-crossing structure and a multi-material
sample with two materials in zebra-crossing pattern, respectively, and analyzed the
mechanical performance of the samples as well as compared the results [10]. While
this paper tested three types of specimens, the influence of the size and orientation
of the zebra-crossing structures were not specified. And one more specimen which
is in the same pattern as the existing one in Type C but with material 1 as the zebra-
crossing structure and material 2 for the other part of the specimen should be added
to the specimen Type C.
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3 Experimental Procedures

While it is obvious that the applicationofmultiplematerials in additivemanufacturing
can improve the desirable properties of the printed components, it remains to be
proved that the geometrical structures of each material influence the mechanical
performance of the integrated structures. Thus, it is necessary to predict and optimize
the mechanical properties of the components built of multiple materials by varying
the internal structures of the material and filling the internal structures with other
appropriate materials of the corresponding shapes.

3.1 Specimens Development and Description

Specific specimens listed below are designed according to the ISO tensile test stan-
dards, and the corresponding numerical tensile tests are conducted in ANSYS,
respectively, on these specimens. Moreover, the results are analyzed and compared
separately.

Apart from the first two cases, the same specimens as in Fig. 1 filled with the
corresponding shapes made of PLA are listed. As indicated in Fig. 2, there are
six cases in this group, where Case A: specimen which is made of ABS; Case B:
specimen is made of ABS and a bar-shaped PLA sandwiched in it; Case C: specimen
(ABS) with drills which are filled with the fitting cylindrical PLA; Case D: specimen
(ABS) with honeycombs which are filled with the fitting hexagonal PLA; Case E:
specimen (ABS) with pentagonal holes which are filled with the fitting pentagonal
PLA; Case F: specimen (ABS) with square-shaped holes which are filled with the
fitting square-shaped PLA. Aside from Case A, in which the specimen is made of a
single material (ABS), in other cases, the internal structures are of the same volume
of external one. It means ABS accounts for the same percentage in all specimens
except the specimen in Case A, so does the PLA.

Fig. 1 3D printing specimens’ dimensions
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Case A Case B

Case C Case D

Case E Case F

Fig. 2 3D printing specimens built of ABS and PLA

All specimens are prepared in Solidworks. After the intact specimens made of
ABS are prepared according to the ISO standards, corresponding holes with different
shapes, such as circular, rectangular, pentagonal, and hexagonal, are drilled. Then
internal structures of corresponding shaps made of PLA are prepared separately. In
the end, the external and internal parts are assembled together to form a specimen.

3.2 Numerical Simulation Conditions

The specimens developed in Solidworks in two groups are tested for the tensile
strengths under the loads from 0.2 to 2 KN in ANSYS. Corresponding engineering
data is listed in Table 1. Since the mesh size has a significant impact on the test
results, the specimens are meshed in 1 mm. And all specimens are loaded by the
tensile forces from one end and fixed on the other end.

Table 1 Material parameters for ABS and PLA

Constants Unit ABS PLA

Density Kg/m3 1210 1250

Young’s modulus MPa 2900 3500

Poisson’s ratio – 0.422 0.36

Bulk modulus Pa 6.1966E + 09 4.1667E + 09

Shear modulus Pa 1.0197E + 09 1.2868E + 09

Tensile strength MPa 34 46.8

Compressive strength MPa 7.6 17.9
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4 Results and Discussion

Figure 3 shows the simulation results (deformation) of the specimens under the load
of 0.2 KN, where Case A shows the highest elongation value (0.215 mm) while the
others are around 0.203 mm. Which means, regarding the deformation, specimens
made of multi-materials have the advantage over the specimens of mono-material.

Figure 4 illustrates the stress values of the specimens under the loads form 0.2 to
2 KN. According to the line graphs, it is noticeable that Case C shows the lowest
stress values while Case B presents the stress values somewhat larger than it. Case
A experiences the largest stress as other cases undergo more or less the same stress
amount.

As shown in Fig. 5, the specimens apart fromCase A experience the lower elonga-
tion. According to Figs. 4 and 5, it is obvious that multi-material has better mechani-
cal performances including stress and elongation than the mono-material. As for the

Case C Case D

Case E Case F

Fig. 3 Deformation results of a few specimens under the load of 0.2 KN

Fig. 4 Stress values of the
specimens
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Fig. 5 Elongation values of
the specimens
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different geometrical structure’s impact of the materials on the mechanical perfor-
mances, Case C and Case B have the best mechanical properties. Particularly, Case
C is preferable with its desirable mechanical performances.

5 Conclusion

In summary, a number of specific specimens are designed and developed, and they
are tested for the tensile performances under the tensile loads from 0.2 to 2 KN.
Specimens are made of ABS and PLA, where Case C shows the best tensile per-
formances while Case B also performs well. Moreover, printing materials built of
multi-material have better properties, and the geometrical structures of the materials
influence the tensile performances of the materials significantly.
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Studies on Tribological and Metal
Forming Performance of Vegetable
Oil-Based Lubricants

T. P. Jeevan and S. R. Jayaram

Abstract Oils derived from vegetable source are being investigated to serve as a
possible alternative to conventional oils, currently being used as base oil in metal
forming and metalworking processes. In the present investigation, friction and wear
studies onAISI 304Lwith chemicallymodified neem andmahua oil-based lubricants
are made with the aid of pin-on-disc tribometer. Feasibility of chemically modified
neem and mahua oils as lubricant for drawing AISI 304L is also investigated. Neem
and mahua oils are chemically modified by esterification and epoxidation process.
Raw and chemically modified oils are compared with mineral oil-based lubricants.
Chemically modified version of oil showed better resistance in the prevention of
material wear and friction under frictional slide over base plate of the pin on the disc.
The thickness profile, punch load and draw-in-length are observed for the deep-drawn
cups under raw and formulated vegetable oils and are compared with mineral oil.
The results obtained indicate that vegetable oils are good alternative to mineral oils
for metal forming applications.

Keywords Neem ·Mahua · Tribometer · Deep drawing

1 Introduction

Lubricants have a significant function in modern manufacturing and financial devel-
opment of world, primarily by decreasing friction and wear between surfaces in con-
tacts [1, 2]. Thus, annually, 38 million metric tons of lubricants have been utilised
worldwide in the last decade, with petroleum-based oils sharing the larger part [3,
4]. Investigation into eco-friendly cutting fluids appears as top priority in lubrication
in the early 1990s, resulting in an increasing number of environmentally friendly
fluids and lubricants in the marketplace. The vegetable oils triacylglycerol structure
create it an excellent applicant for latent use as a base stock for lubricants and cutting
fluids due to its environmentally friendliness, renewability and less toxicity, and also,
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they have outstanding lubricating properties such as higher viscosity index, higher
lubricity and lower volatility [5, 6].

Neem and mahua oils fall under the category of non-edible vegetable that is
plentifully available in various regions of India. These oils are also used for many
medicinal applications and in production of biodiesel. The base structure of these
non-edible vegetable oils offers attractive character because of long and polar fatty
acid chains [7, 8]. In addition to this, they generate lubricant films with high potency
that act together strongly with surfaces in contact, dropping both friction and wear.
High oleic acid composition in their structure form potential sources for industrial
usage. Tribological studies are necessary to understand the behaviour of the material
under various operating lubrication conditions. They throw light on the usefulness of
the combination of the material and lubricant under different operating conditions.
Lubrication plays an important role in drawing process as it reduces friction at the
tool–workpiece interface, thus enhancing the ability to produce a good quality part.

2 Methodology

2.1 Chemical Modification of Raw Vegetable Oils

The raw vegetable oils have certain limitations like low thermo-oxidative stability. In
the present work, raw vegetable oils were modified by esterification and epoxidation
process to increase their oxidation stability. The extent of modification of oils is
observed through the changes in properties of the oils. Physico-chemical properties
of raw and modified vegetable oils are tabulated in Table 1.

Table 1 Physico-chemical properties of raw and modified vegetable oils

Properties MO MME NRO NME MME

Kinematic viscosity @ 40 °C (cSt) 32.20 48.55 68.04 04.0 03.7

Kinematic viscosity @ 100 °C (cSt) 11.70 9.18 10.15 02.26 3.20

Viscosity index 180.6 174 134 145 174

Saponofication value (mg KOH g−1) 140 191 166 130 141

Total acid value (mg KOH g−1) 01.86 39 23 0.5 0.8

Flash point (°C) 190.0 226 172 204 76

Pour point (°C) 8.00 13 9 1 2

Iodine value (mg l g−1) 07.52 62 66 60 72
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2.2 Pin-on-Disc Tribometer Experiments

Investigations are performed on AISI 304L pins for the mineral oil, raw and mod-
ified versions of the vegetable oils using a pin-on-disc tribometer (ASTM G 99).
Tribological tests are conducted with the wear track diameter of 100 mm at sliding
speed of 800 rpm for 100, 150 and 200 N load. The total run time for each trial is
30 min. The volumetric wear and frictional coefficient for various sliding distances
are recorded. The frictional coefficient variation and wear as a function of sliding
distance for varying loads and oils are drawn.

2.3 Deep Drawing Experiment Details

Drawing operation is performed using hydraulic press of capacity 250 tons (Fig. 1).
A straight draw dies of upper diameters 80, 100 and 150 mm is fixed to the upper
ram which slides downwards to form a cup sample over a stationary straight punch
of upper diameters 80, 100 and 150 mm. AISI304L sheet of 1.2 mm thickness is
sheared into blanks of diameter 80, 100 and 150 mm. Lubricant is uniformly applied
manually on both sides of the blank. The blank is placed on the die and held by
blank holder with appropriate load. Then the punch is moved into the die with a
speed of 2 mm/sec to draw cups. The load exerted by the punch on the blank and
the punch travel are recorded using load cell and dial indicator, respectively. The
process of drawing is repeated under mineral oil and raw and modified versions of

Fig. 1 Deep drawing setup. Courtsey Peenya Fine Comps. Ltd, Bengaluru, India
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two vegetable oils for different cup diameters. The process parameters like punch
load, punch pressure and blank holding force are measured for each experiment and
recorded.

2.4 Tribological Behaviour of AISI 304L

The frictional coefficient variation against sliding distance for 100 N loads is shown
in Fig. 2. The raw andmodified form of neem andmahua oils exhibited slightly lower
friction for selected operating conditions. The lower friction values are accredited
to polar nature of fatty acid structure and viscosity properties. Modified versions
of neem and mahua exhibited more resistance to wear for the investigated sliding
distances and loads compared to mineral oil due to stronger adsorption capability
because of high oleic acid composition in the oils as shown in Fig. 3. The lesser wear

Fig. 2 Frictional coefficient
variation with sliding
distance at 100 N
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Fig. 4 Variation of wall thickness profile with stroke

trends can be accredited to presence of high composition of oleic and linoliec fatty
acids in the structure of the neem and mahua oils.

2.5 Metal Forming Performance

2.5.1 Thickness Profile

The thickness profile of the drawn component decides the quality of the product.
At the same time, thickness profile monitoring is one of the challenges faced very
often by the manufacturers. A uniform wall thickness is noticed (Fig. 4) under raw
versions of neem and mahua oil indicating better lubrication between surfaces of
drawing. This may be due to its monounsaturated fatty acid structure of oil.

2.5.2 Draw-in-Length

Thedraw-in-lengths indicate the effect of frictionbetweenblank anddie. The increase
in length indicates lower friction during the operation. Variation of draw-in-length
for different oils is shown in Fig. 5. Higher values of draw-in-lengths are seen for
neem methyl ester compared to other vegetable oils and mineral oil.
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Fig. 5 Variation of
draw-in-length for different
oils

2.5.3 Punch Load

Punch load is a combination of work required for plastic deformation, redundant
work, friction work and work required for ironing. It is one of the important param-
eters to decide the effectiveness of lubricants used in deep drawing. This force is
measured from initial pure radial drawing of blank to the end of its stretch. Better
lubrication performance between the drawing surfaces can be obtained by reducing
the punch load. The punch forces measured under different modes of lubrication are
shown in Fig. 6. MME showed 11.5% reduction in punch load compared to min-
eral oil. Vegetable oils in their modified form showed similar trends like mineral
oil. Among the two tested vegetable oils, modified neem oil offers better lubrication
for drawing AISI 304L cups with more than 30 mm depth. This may be attributed

Fig. 6 Variation of punch
load with stroke
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because of saturated fatty acids such as stearic and palmitic acids along with higher
value of oleic and linoleic acid composition.

3 Conclusions

A considerable cutback in coefficient of friction of AISI 304L for modified versions
of neem and mahua oils is recorded compared to mineral oil. However, they exhibit
slightly higher wear at high load operation. Both vegetable oil-based lubricants in
their raw form emerge as a suitable forming lubricant especially for deep draw-
ing, yielding lower punch forces, uniform wall thickness and better draw-in-lengths
compared to conventional oil.
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Analysis of Fiber Laser Micro-drilling
on Quartz

A. Sen , Biswanath Doloi and B. Bhattacharyya

Abstract In the present research work, an analysis of fiber laser percussion micro-
drilling of quartz is conducted in order to find out the effect of the process parameters
on the entry diameter of micro-hole. A response surface methodology-based exper-
imental design planned and experiments have been conducted for the analysis. The
considered process parameters are laser power, pulse frequency, duty cycle, and air
pressure. The experimental results reveal that a target value of the micro-hole diam-
eter of 100 µm is generated with the combinations of pulse frequency of 52.05 kHz,
duty cycle of 69.47%, laser power of 34.25 W, and air pressure of 1.50 kgf/cm2.

Keywords Fiber laser ·Micro-drilling · Quartz · Entry hole diameter

1 Introduction

Quartz is considered one of the best choices material in the applications of frequency
and timing references due to its piezoelectric properties, high mechanical, and fre-
quency stability. Quartz even has improved corrosive resistance and hardness prop-
erties compared to various metals. Thus, fabrication of micro-machining features on
quartz has observed rapid growth in the domain ofmicro-electricmechanical systems
(MEMS), lab-on-chip devices especially. Past research works have shown that the
various non-traditional micro-machining approaches such as ultrasonic machining
(USM) [1], electro-discharge machining (EDM) [2], and abrasive water jet machin-
ing (AWJM) [3] are rapidly utilized to generate precise micro-machining features
on quartz. However, the aforesaid machining approaches suffer from high machin-
ing time along with its non-flexibility in compared with the highly flexible and fast
machining approach such as laser beam micro-machining process.

In the present research work, an infrared fiber laser system with the nanosecond
pulsed regime is utilized to generate micro-holes on quartz. Past research works have
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shown that nanosecond pulsed lasers are advantageous than ultra-violet and ultra-
short lasers [4]. Laser percussion micro-drilling operation is conducted to achieve
smaller dimensions of micro-holes in comparison with laser trepanning operation.
Themain aim of the researchwork is to carry out fiber laser percussionmicro-drilling
operation on a transparent quartz material and subsequently analyze the effectiveness
of process variables on the entry hole diameter. Besides, to achieve the desired target
value of the entry hole diameter within the considered domain of process variables
by single-objective optimization.

2 Materials and Methods

In the present research study, multi-diodes pumped infrared fiber laser system of
50W is utilized to carry out a total of 31 micro-holes on quartz having dimensions of
25X25X1 mm3. The diameter of present laser beam at focused condition is 21 µm.
The considered process parameters are laser power (X1), pulse frequency (X2), duty
cycle (X3), and air pressure (X4). The ranges of the process parameters are selected
from the previous research study of Sen et al. [5].

Response surface methodology (RSM)-based modeling by central composite
design (CCD) with an alpha (α) value of 2.000 and subsequent analyses of fiber
laser micro-drilling process parameters on entry hole diameter have been made.
In this experimentation, four factors along with their five levels have been consid-
ered. Minitab-statistical software has been used for designing the experimental plan.
Leica optical microscope of 50X lens is utilized to measure the entry micro-hole
dimensions.

3 Results and Discussions

Considering four variables and utilizing the experimental results from the 31 experi-
ments, an empirical model has been established based on RSM for correlating entry
hole diameter (Y 1) with fiber laser micro-drilling process parameters. Table 1 repre-
sents the ANOVA results for the entry hole diameter. Step-wise regression method
is employed during the analysis of variance (ANOVA) to determine the adequacy of
the model. From Table 1, it is observed that the associated p-terms for the model,
linear and square terms of entry hole diameters are below 0.05. The lack-of-fit value
of the model indicates non-significant, i.e., 0.395 for entry hole diameter. Further,
all the adequacy measured R2, adjusted R2 and predicted R2 are found out to be in
reasonable agreement which is close to 1. Hence, the adequacy of the model is val-
idated. The corresponding empirical equations for the response, i.e., the entry hole
diameter, are obtained as follows:

Y1 = −24− 1.55X1 + 1.17X2 + 3.93X3 + 48.5X4



Analysis of Fiber Laser Micro-drilling on Quartz 275

Table 1 ANOVA table for entry hole diameter

Source DF Adjusted SS Adjusted MS F-value P-value

Model 14 2109.50 150.678 60.96 0.000

Linear 4 931.38 232.845 94.20 0.000

Pulse frequency 1 177.29 177.290 71.73 0.000

Duty cycle 1 14.31 14.307 5.79 0.029

Laser power 1 207.27 207.270 83.86 0.000

Air pressure 1 532.51 532.513 215.44 0.000

Square 4 425.31 106.328 43.02 0.000

Two-way interaction 6 752.81 125.468 50.76 0.000

Error 16 39.55 2.472

Lack-of-fit 10 26.95 2.695 1.28 0.395

Pure error 6 12.60 2.100

Total 30 2149.04

S R2 R2 Adjusted R2

Predicted

Model summary 1.57217 98.16 96.55 91.98

− 0.0932X1 × X1 + 0.1098X2 × X2 + 0.0104X3

× X3 − 2.28X4 × X4 + 0.0049X1 × X2

+ 0.3194X1 × X3 + 0.608X1 × X4

− 0.3747X2 × X3 − 1.046X2 × X4 − 0.043X3 × X4 (1)

3.1 Effect of Process Parameters on the Entry Hole Diameter

The different response surfaces have been executed with respect to two process vari-
ables on the considered response, while the other two remaining process parameters
at their constant values. The results of parametric analysis of entry hole diameter
with respect to process variables such as laser power, pulse frequency, duty cycle,
and air pressure have been discussed with the aid of surface plot.

Figure 1 shows the effect of pulse frequency and laser power on the entry
hole diameter. The constant parameters are duty cycle of 60% and air pressure of
2.5 kgf/cm2. From Fig. 1, it is observed that the entry hole diameter tends to fall
at high the values of pulse frequency. The reverse phenomenon is observed when
the laser power increases, i.e., a simultaneous increment in the values of entry hole
diameter is also observed.

Laser power is associatedwith laser pulse energy; however, change in the values of
pulse frequency is not associatedwith the change in laser pulse energy. The increment
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Fig. 1 Effect of pulse frequency and laser power on entry diameter of micro-hole

in pulse frequency also follows gradual decrement in laser peak power. In addition,
laser peak power follows a gradual decrease in the values when pulse frequency
increases. Thus, a gradual decrement in the values of the entry hole diameter is
observed at high pulse frequency. Higher pulse energy is irradiated on the surface
of quartz during high laser power. As a result, more amount of molten material is
removed from the top surface of the quartz at higher laser power under high pulse
energy, and thus, the entry hole diameter tends to increase rapidly.

Figure 2 represents the surface plot of the duty cycle and air pressure on the
entry hole diameter. The constant parameters are pulse frequency of 60 kHz and
laser power of 32.5 W. From Fig. 2, it is observed that with the increment in the air
pressure with the moderate values of the duty cycle, entry hole diameter tends to
increase simultaneously.

Fig. 2 Effect of duty cycle and air pressure on entry diameter of micro-hole
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Duty cycle is associated with both laser peak power and average laser power.
Higher duty cycle leads to high laser average power; however, a simultaneous decre-
ment of laser peak power is evitable. In micro-drilling operation of a transparent
material like quartz, laser beam penetration rate plays a significant role in achiev-
ing desired dimensions of the micro-holes. At each laser shot on the quartz, some
amount of molten material is melted and evaporated. As the operation regime is in
nanosecond pulse, some amount of molten material will adhere to the periphery of
micro-hole dimensions along with surrounding of the micro-holes. High laser pulse
energy aids in the opening of the entry hole diameter. Besides, this, sputtering and
HAZ are inevitable during irradiation high laser energy on the quartz surface. High
pressurized air pressure helps to remove the molten material from the surrounding
of micro-holes. Thus, the removal of molten material is achieved both via high laser
peak power and air pressure.

3.2 Optimization of Fiber Laser Micro-hole Drilling
on Quartz

To achieve the desired target value of the entry hole diameter based on mathematical
Eq. (1), a single-objective optimization has been carried out. A target value of 100µm
ofmicro-hole entry diameter of quartz is obtained to utilize various micro-machining
applications. Figure 3 represents the optimization results of entry hole diameter of
quartz. The current optimal settings for the achieving target value of 100 µm of
micro-hole entry diameter are pulse frequency of 52.05 kHz, duty cycle of 69.47%,
laser power of 34.25 W, and air pressure of 1.50 kgf/cm2.

Fig. 3 Single objective result for entry diameter of micro-hole
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Fig. 4 Microscopic view of
micro-hole on quartz at
optimal condition

3.3 Confirmation Experiment

Confirmation experiments are conducted to validate the predicted results at the opti-
mum experimental parameter settings which are obtained through the RSM and to
evaluate the errors in the developed model. A total of three experiments are carried
out, and the errors are 4.23%, 4.56%, 4.78%, respectively. A microscopic view of
fiber laser-generatedmicro-hole diameter of quartz at the entry side is shown in Fig. 4
at optimal conditions.

4 Conclusions

In the present researchwork, a pulsed fiber laser systemworking in nanosecond pulse
regime is employed to generate micro-holes on transparent quartz. An RSM-based
experimental design is utilized to carry out a total of 31 experiments to analyze the
effect of various process parameters on the entry diameter of micro-hole drilled on
quartz. From the ANOVA table, the experimental model is validated through associ-
ated p-terms and a lack-of-fit test. Response surface plots reveal that the combination
of high laser power and low pulse frequency increases the entry diameter of micro-
hole. At high air pressure in combination with low duty cycle, produce higher values
of entry micro-hole diameter. Single-objective optimization results show that the
micro-hole diameter of 100 µm on quartz is achieved at the combination of pulse
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frequency of 52.05 kHz, duty cycle of 69.47%, laser power of 34.25 W, and air pres-
sure of 1.50 kgf/cm2. The confirmatory test also shows the experimental results are
within the considered ranges of the predicted results.

Further, the fiber laser percussion drilling process can be optimized to minimize
the circularity and the taper angle of micro-hole drilled on quartz materials.
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Bending Behavior of Sandwich
Composite Structures of 3D-Printed
Materials

M. H. Ali and Shaheidula Batai

Abstract Recently, many researches in 3D printing has focused on designing and
printing sandwich honeycomb structures by using additive manufacturing. Their
desirable mechanical properties, such as being of high strength/stiffness to weight
ratio, appeal to use in the aerospace and automotive industries. Especially, cellular
materials and structures are widely used in most of the energy-absorbing mecha-
nisms due to the high strength as well as excellent energy-absorbing properties. In
this research, deformation and mechanical strength of the sandwich structures with
a honeycomb core, solid cores of the same weight, and the same thickness are com-
pared, respectively.Where the honeycomb core is made of polylactic acid (PLA),and
the face sheets are built of ABS. The thickness of the face sheets is kept the same for
all the specimens. Therefore, only the differences of the core structures can influence
the results of the experiments. According to the experimental results based on Von-
Mises stress distribution and deformation rule under the bending loads, a sandwich
structure with honeycomb core indicates better mechanical performances in terms
of deformation and stress than the bending loads for the same weight.

Keywords Sandwich structures · Honeycomb composites · Bending behavior

1 Introduction

Since 3D-printed polymeric parts have been demanded tremendously in applica-
tions such as robotics and aerospace, designing, and 3D printing of the honeycomb
structures made of polymeric materials have been attractive [1]. Especially, cellular
materials and structures are widely used in most energy-absorbing mechanisms due
to the high strength as well as amazing energy-absorbing properties [2]. In modern
manufacturing, additive manufacturing is the desired method to build them, since
additive manufacturing processes have provided efficient and low-cost methods to
researchers and customers by building research prototypes without costing much
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or manufacturing components which are extremely challenging to make with tra-
ditional manufacturing methods [3]. Sandwich structures with different types of
honeycomb cores have lots of advantages including being light-weighted and being
of high strength-to-weight ratio properties [4]. Usually, sandwich structures consist
of two strong face sheets with a light-weighted cellular core which is made of poly-
mericmaterials [5]. As lightweight sandwich structureswith cellular core are broadly
applied in aerospace, automobile, medical instruments, and building industrial area
due to their excellent flexural stiffness and high energy-absorption capabilities [6],
relevant studies draw the attention of many researchers. Among them, Shaoyu HOU
et al. studied the mechanical properties of the sandwich composites with three dif-
ferent honeycomb cores such as re-entrant honeycomb, diamond honeycomb, and
conventional honeycomb. Moreover, in their study, they tried to analyze the spec-
imens which consist of two face sheets of unidirectional carbon fiber reinforced
composite and a 3D-printed honeycomb core of polymeric material by conduct-
ing low-velocity impact test on them [7]. Also, David J. McGregor et al. studied
the mechanical properties of the hexagonal lattice structure fabricated with additive
manufacturing by analyzing the effect of geometric deviations on the mechanical
performances of the structures [8]. Pawel Baranowski et al. conducted another inter-
esting study. They tried to analyze the deformation of honeycomb cellular structures
built with Laser engineering net shaping technology under specific loading exper-
imentally and with numerical simulation. As for the specimens, two honeycomb
topologies with different elementary cells were designed and developed, and com-
parison on their deformation, fatigue, and energy-absorption capabilities were made
under the dynamic loading [9]. Apart from the researches made on the mechanical
properties and behaviors of 3D-printed honeycomb sandwich structures, research
was made by Garam Kim et al. to determine the effect of fluid, such as water and
oil, on the mechanical performances of the cellular structures as they to be prone
to fluid ingression [10]. In our study, deformation and mechanical strength of the
sandwich structures with honeycomb core or solid cores of the same weight or the
same thickness are compared, respectively. Also, the honeycomb core is made of
PLA, while the face sheets are built of ABS. The thickness of the face sheets is kept
the same for all specimens. Therefore, only the differences of the core structures can
influence the results of the experiments.

2 Numerical Simulation

Since additive manufacturing is a commonly usedmethod to produce the honeycomb
sandwich structures, in our study as a part of 3D-printing research honeycomb,
sandwich structures are compared with the ordinary sandwich structure with solid
sheet core of the same thickness and weight as the honeycomb core under 3-point
bending loads. As ABS and PLA are common 3D printing materials, their bending
behavior is of importance while they are provided as the materials for the sandwich
structures.
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2.1 Design and Development of Sandwich Structures

The specimens of sandwich structures were designed using SOLIDWORKS soft-
ware. Honeycomb core thickness is 3 mm, and the solid plate core of the same
weight is 1.08 mm in thickness. Another solid plate core was prepared for compari-
son, which is the same in thickness as the honeycomb core, 3 mm. All cores used in
this study are made of PLA, while the face sheets are made of ABS with a thickness
of 1 mm.

Sandwich composite with honeycomb core is shown in Fig. 1. To be more
convenient, the structure name is abbreviated as SH (3 mm) subsequently in this
paper.

Mechanical parameters used for ABS and PLA are listed in Table 1. Dimensions
of the cores and face sheets are listed in Table 2. Figure 2 shows the composite plate
with solid plate core with a thickness of 1.08 mm. During the experiment, it is called
SSP (1.08 mm). In this composite plate, the core is made of the same amount of
material as the honeycomb core of the specimen in Fig. 1. Another specimen has the
same structure as the structure in Fig. 2, except for the thickness of the core, whose

Fig. 1 Sandwich composite with honeycomb core

Table 1 Material parameters
for ABS and PLA [11]

Constants Unit PLA ABS

Density Kg/m3 1250 1210

Young’s
modulus

MPa 3500 2900

Poisson’s ratio – 0.36 0.422

Bulk modulus Pa 4.1667 × 109 6.1966 × 109

Shear modulus Pa 1.2868 × 109 1.0197 × 109

Tensile strength MPa 46.8 34

Compressive
strength

MPa 17.9 7.6
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Table 2 Dimensions of
sandwich structures

Components Length (mm) Width (mm) Thickness
(mm)

SH (3 mm)
core

60.62 10 3

SSP
(1.08 mm)
core

60.62 10 1.08

SSP (3 mm)
core

60.62 10 3

Face sheet 60.62 10 1

Fig. 2 Sandwich composite with solid plate core with a thickness of 1.08 mm

thickness is the same as that of the honeycomb core in Fig. 1, and this specimen is
named SSP (3 mm).

2.2 Finite Element Modeling on Sandwich Structures Under
3-Point Bending

ANSYS is used to study the mechanical properties of the sandwich structures with
various cores under the bending load ranging from 200 to 2000 N. To be more
specific, the load is line load. The boundary conditions and meshing are shown in
Fig. 3. The load is applied to the indenter, while the bottom of the support is fixed.
Moreover, the mesh size is 1 mm. In this study, stress distribution on the sandwich
structures is characterized using Von-Mises stress, while total deformation is taken
as another indication of the mechanical behavior, while subject to the bending loads
(Fig. 4).
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Fig. 3 -point bending (boundary conditions and meshing) and each fixed support is located 10 mm
away from the nearest free end

Fig. 4 Von-Mises stress distribution under the load of 1000 N: a Sandwich structure with hon-
eycomb core stress distribution, b Sandwich structure with solid plate core with a thickness of
1.08 mm stress distribution

3 Results and Discussion

According to the stress distribution on the sandwich structures with various cores,
the sandwich composite with honeycomb core presents rather lower maximum stress
than the one with the solid plate core of the same weight as its, while the composite
structure with the core of the same thickness as its shows a bit higher maxim stress
value than it. Figure 5 shows the sandwich structure with a honeycomb core (SH)
deformsmore than the SSP (3mm) having the sameweight. SH’s deformation pattern

Fig. 5 Maximum total
deformation of the sandwich
composites under the
bending loads from 200 to
2000 N
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Fig. 6 Maximum
Von-Mises stress on the
sandwich structure of
different cores under the
loads from 200 to 2000 N
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is even closer to the deformation pattern of the structure with the solid core of the
same thickness.

As shown in Fig. 6, SH undergoes significantly less stress than SFP (1.08 mm)
under the loading from 200 to 2000 N. While they differ in thickness, they are the
same in weight. It can be inferred that honeycomb core undergoes less stress than the
solid plate core of the same weight as it. As for SSP (3 mm) and SH (3 mm), these
two specimens are of the same thickness while the SSP (3 mm) is three times heavier
than the SH (3 mm). Despite this, they demonstrate more or less the same stress
resistance performance. Therefore, while keeping the samemechanical performance,
the honeycomb structure can substitute heavier solid structures than it.

4 Conclusion

According to the Von-Mises stress distribution and deformation on the sandwich
structures under the loads, a sandwich structurewith honeycomb core indicates better
mechanical performances in deformation, and the stress against three times bending
loads concerning the same weight. Therefore, it is preferable to utilize honeycomb
structures in 3D printing to make parts with strong mechanical properties as well as
low weight.
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Development and Fabrication
of Automated Paper Recycling Machine

Rupesh G. Telrandhe, Dhananjay R. Ikhar and Anil C. Gawande

Abstract The present project work deals with the recycling of automated paper
manufacturing machine. The paper manufacturing machine consists of some major
components like paper crusher, sedimentation tank, rollers, conveyor belts, power
system, etc. Paper recycling is important from the environmental perspective, as
systematic collection and recycling of waste paper can significantly reduce the gen-
eration of environmental losses. A survey from the National Environmental Engi-
neering Research Institute (NEERI), Nagpur, shows that 17 trees are required for the
production of 1 ton. Also, the Indian Government statistics say that paper consump-
tion in India is 9 million tons [1]. But as per our census, it is minimum 15 kg per
capita. Thus, it is demanding to reuse the used paper. Thus, the paper manufacturing
machine is too fabricated and automates to reduce labour cost and time. This will be
done to enable waste paper conversion into a useful product. The chemicals used in
this work are pollutant-free [2], and now, there is no harm to the environment.

Keywords Waste paper · Paper recycling · Automated machine

1 Introduction

The production and use of paper have a number of adverse effects on the environment
which are known collectively as paper pollution [3]. Paper industry contributed to air,
water and land pollution [4]. Paper recycling is the process of recovering and reusing
waste papers. Manual recycling of paper recycling mechanism consumes more time.
If we observe automation wise, many automated machines are available. But these
machines are beyond the reach of the common people and can only be affordable
by large-scale industries sector. So, at the initial level, automated machines can be
fabricated, which can fulfil the need for such product which will be able to afford
and utilized for recycling of the paper.
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2 Experimental Set-up

This section describes the development and fabrication of the experimental set-up
used to generate useful papers from waste paper recycling machine. Extensive data
was generated by varying different parameters over wide ranges. This chapter deals
with the experimental set-up, procedure and data collection. The set-up of the paper
recycling machine is as shown in figure below. Experimental set-up shows the sim-
plicity of the machine. The components are automatically operated. Line diagram
for the whole waste paper recycling machine is shown in Fig. 1.

Waste paper recycling process contains mainly four steps which contain four
important compartments and they are the grinder, settling section, pressing rollers
and drying. A grinder is having a capacity of 1.5 litres per minute is used with the
blades operating on 1 HP motor for crushing the paper and water mixture to form
the pulp. Then the pulp is poured into the settling tank where it mixed with the
chemicals. This pulp is transferred to the feeding tank from where it allowed flowing
on the conveyor belt. Now, the uniformly distributed pulp is allowed to flow into the
pressing section where the water gets separated out from it. It undergoes from the
series of 4 rollers for proper uniformity. Then, it passes through the drying section
where the blower is arranged with a heating coil to pass hot air in the drying zone,
in this zone the water gets evaporated and the paper gets collected. Figure 2 shows
the 3D model of the Project.

Fig. 1 Experimental set-up
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Fig. 2 3-D Model of experimental set-up

2.1 Details of Chemical Used

In the paper recycling machine, to manufacture the good quality paper few chemicals
[5] are used. The following chemicals are used according to their properties which
react with paper pulp. Paper chemicals are a group of chemicals that are used to
influence paper properties.

1. Hydrogen peroxide: In paper making, the alum reacts with rosin sizes of various
types, helping to attach the newly form rosin aluminates to fibres sizing next
the paper water resistant along which cationic charge is also used to flocculate
anionic trash including paper fines and other anionic ally charged material by
neutralization.

2. Rosin: It is added in the pulp to increase the strength of the paper and also
increases the water resistance capacity,

3. Caustic soda: It also sometimes called lye is a corrosive substance and because
of this property it is widely paper pulping and to remove ink. Table 1 indicates
the proportion of the chemical for 1 kg of paper.

4. The chemicals used for this work is pollution free so there is no effect on
environment.

Table 1 Chemicals and its
quantity

Chemicals Quantity for 1 kg of paper pulp (g)

Hydrogen peroxide 20

Rosin 20

Caustic soda 10
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2.2 Operating Procedure

In the paper recycling machine, the operating procedure is carried out by using the
following basic stages like

• Formation of pulp
• Stirring and settling section
• Pressing
• Drying.

1. First, the waste paper is allowed to soak in water with chemicals for 5–6 min.
2. Then, this mixture is poured into the hopper where it will crush to form the slurry

(slurry is a mixture of crushed paper, water and chemicals).
3. Then, that slurry is allowed to flow into the sedimentation tank from which it

will continue flowing uniformly on the conveyor belt.
4. Then, it passes through the first roller which is having the initial pressing and

that gives a first uniform pressing.
5. Now, the pulp is allowed to flow from the high-pressure roller it will make the

pulp as thin as possible.
6. It transfers under the dryer section where the water content in the pulp gets

evaporated out.
7. And the paper gets collected from the end section by using the cloth.

3 Results and Discussions

When the paper recycling machine is used to manufacture the paper, it is found that
the machine is effectively producing the paper using waste paper. The total set-up
can be used as the paper manufacturing machine. Themachine is producing fine craft
paper sheet. The machine is capable of giving entrepreneurship to someone without
using any external machines. Table 2 shows the experimental results.

The paper obtained by using the machine is shown in Fig. 3.
Figure 4 shows the outputs of the paper recycling machine.
Comparison of Recycled paper and Virgin paper.
While comparing recycled paper with virgin paper, it is observed that recycled

paper is very economical than virgin paper. The following parameters compare how
to recycle paper is boon for the environment. The statistics in the table comparing
both the papers are given by NEERI, Nagpur, which is the biggest research centre in
Vidharbha region contributes to various environmental projects of the government.
One of their recent surveys is as shown in Table 3.
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Table 2 Experimental results

Amount of
crushed paper(g)

Water
required(ml.)

Chemical
added(g)

Length of
paper(m)

Thickness
(mm)

1000 3500 Rosin—25 g
Caustic soda—30
g
Hydrogen
peroxide—10 g

7 0.5

150 1000 Rosin—15 g
Caustic soda—10
g
Hydrogen
peroxide—5 g

1 0.5

Fig. 3 Outputs of the paper recycling machine

Fig. 4 Outputs of the paper recycling machine
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Table 3 Comparison of recycled paper and virgin paper

Parameters 1 ton virgin fibre
paper

1 ton 100% recycled
paper

Environmental
savings from
recycled paper (%)

Trees 24 trees 0 trees 100

Energy 33 million
BTUs

22 million BTUs 33

Greenhouse gases
released-CO2
equivalent

2540 kg 1602 kg 37

Waste water 86,508 L 44,043 L 49

Solid waste 871 kg 531 kg 39

4 Conclusions

1. It has been concluded that the paper recycling machine produces 20 cm paper in
one minute

2. The simplicity of operation of this machine ensures that no too much technical
skill is needed to operate it. When the machine is well maintained, its durability
is guaranteed.

3. It is the one practice from institute level against the unusual deforestation.
4. The use of this project in the small-scale producers of waste papers can contribute

more than the large-scale producers so that they will be able to make nature go
green and lessen the deforestation done for the production of the paper.

5. The development of automatic operated used paper recycling machine is much
cheaper than themanually recycling industries. The fabricatedmachine can serve
dual purposes, and it can be manned permanently at a stationary position or it
could be shifted from one place to another as the case may be.
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3. Čabalová, I., Kačík, F., Geffert, A., Kačíková, D.: The effects of paper recycling and its envi-
ronmental impact. Technical University in Zvolen, Faculty of Wood Sciences and Technology
Slovakia

4. Yamashita, M., Suzuki, K.: Human society viewed from the perspective of 3R-Eco activities and
environmentalmeasures: part II—relationships between the use ofwaste paper, recycling of used



Development and Fabrication of Automated Paper Recycling Machine 295

paper, and environmental Burden. Department of Environmental Systems Science, Doshisha
University, 1–3 Miyakodani, Tatara, Kyo-tanabe, Kyoto, 610-0394, Japan (2014)

5. Kujur, S.K.: Globalisation, Energy efficiency and Material Consumption in a Resource based
Industry: A Case of India’s Pulp and Paper Industry 1980–81 to 2009–10



Stability Study of a Tapered Rotating
Sandwich Beam with Asymmetric
Configuration and Variable Temperature
Gradient Under Dynamic Condition

M. Pradhan and P. R. Dash

Abstract The stability study of a tapered rotating sandwich beam with a variable
temperature gradient under dynamic condition is investigated. The sequential steps
used to reach the goal are (i) applying the extended Hamilton’s principle, (ii) non-
dimensionalizing the equations of motion, (iii) selecting shape functions from previ-
ouswork tomodel the systemmathematically depending on the boundary conditions,
and (iv) using the Galerkin methodology. The influences of different system parame-
ters on the regions of instability are considered and presented graphically. The results
obtained with uniform and variable thermal gradients are compared.

Keywords Rotation parameter · Rotating sandwich beam · Non-uniformity
parameter · Variable temperature gradient

Nomenclature

g Shear parameter
B Beam width
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t Time
w(x, t) Deflection of beam in transverse direction
ρi Density of ith layer
ω Excitation function frequency
g∗ G (1 + jη), complex shear parameter
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/
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h31 (h3)x
/

(h1)x
lh10 l

/
(h1)0

m Mass/unit length of beam
ω Excitation frequency non-dimensionalized
E31 E3

/
E1

λ0, λ1 Rotation parameter
�0 Uniform angular velocity of the beam around z′-axis

1 Introduction

With the aims of achieving superior properties like higher stiffness-to-weight ratio,
high module sandwich beams (SBs) have been used extensively in recent years
in comparison with ordinary beams in applications to engineering structures range
from helicopter rotor blades to aircraft panels. SBs are also affected by temperature
gradients, and so, those must be considered when designing the blades of gas and
steam turbines. However, varying the cross-sectional configuration of a SB proves
to be economical.

In previous work, Bhat [1] used the Rayleigh–Ritz approach to investigate the
mode shapes and natural frequencies of a cantilever beam rotating at various speeds.
Carnegie [2] established a theoretical expression for the work done by a cantilever
blade, while rotating. Kar and Sujata [3] illustrated the effect of temperature on the
Young’s modulus of a non-uniform beam vibrating parametrically. Sujata and Kar
[4] studied the dynamic behavior of a rotating SB by changing its boundary condi-
tions. Ko [5] reviewed the flexural behavior of a tapered SB by considering linearly
or uniformly distributed masses. Parida and Dash [6] analyzed a revolving beam
of varying depth of linear nature with a temperature gradient and concluded that
the temperature gradient influenced the stability. Pradhan and Dash [7] analyzed the
consequence of temperature gradient on a non-uniform SB asymmetric configuration
again and found that the stability was affected by taper parameter and temperature
gradient. Pradhan et al. [8] studied the consequence of a temperature gradient on an
asymmetric SB placed on a Pasternak foundation and concluded that, the stability
depended on the foundation stiffness and the thermal gradient. Kar and Ray [9] even
analyzed the performances SBs with different boundary conditions to investigate the
instability of the system. The above brief literature survey shows that the effects
of a uniform temperature gradient on the system have been considered previously.
However, the temperature gradient for a non-uniform beam should be variable rather
than constant. Till date, no distinguished work has been done with variable temper-
ature gradients. In the present work, constant and variable temperature gradients are
considered for analysis.
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Table 1 Various mechanical properties of material

Mechanical
properties/materials

Density (kg m−3) Tensile Ultimate
strength (Pa)

Modulus of elasticity
(Pa)

ASTM A36 steel, plate 7.80 g/cc 550 MPa 200 GPa

Cu-Al alloy CuAl8Fe3 7.85 g/cc 470 MPa 170 GPa

Mechanical
properties/materials

Density (kg m−3) Tensile ultimate
strength (Pa)

Modulus of rigidity
(Pa)

Plywood 0.65 g/cc 13.8 MPa 620 MPa

1.1 Materials for the System

In this analysis, for the construction of three-layer sandwich beam, the structural steel
and copper–aluminum alloy are considered for upper and lower layers, respectively,
and plywood is used as viscoelastic middle layer. A suitable adhesive is used to
join the layers. The materials considered in the construction of the beam with their
different mechanical properties are given in Table 1.

1.2 System Modeling

Figure 1 shows the schematic diagram of a tapered SB of length l rotating with con-
stant angular speed about the vertical axis. The system is acted upon by an axial force
P(t) = P0 + P1 cos(ωt), where P0 is the maximum value static load and P1 is the
maximum magnitude of the dynamic load. At the extreme left-hand end, the thick-
nesses of the top, middle, and bottom layers are 2h10 , 2h20 , and 2h30 , respectively.
The corresponding thicknesses at the extreme right-hand end are 2h1l , 2h2l , and 2h3l ,
respectively.Without considering temperature gradient, theYoung’smodulus of elas-
ticity for the upper and lower layers are E1 and E3, respectively. The radial distance
of the beam from the axis about which it rotates is b, which is referred to as the set-off

Fig. 1 System modeling



300 M. Pradhan and P. R. Dash

distance. The modulus of rigidity of the core layer is given by G∗
2 = G2(1 + jη),

which is a complex quantity.
The assumptions underlying the governing equations of motion and the boundary

conditions of the physical system are those made by Pradhan and Dash [8]. However,
the following two additional assumptions are made herein.

1. The temperature gradient is assumed to obey Fourier’s law of heat conduction,
with heat transfer along the longitudinal axis of the beam only.

2. Every point in a given cross section is at the same distance from the heat source.
It is therefore assumed that the thermal gradient in the transverse direction for
the aforementioned cross section is zero.

3. The respective expressions for potential energy, kinetic energy, and work done
are as follows:

V = 1

2

l∫

0

E1,x A1,xU
2
1,xdx + 1

2

l∫

0

E3,x A3,xU
2
3,xdx

+ 1

2

l∫

0

(
E1,x I1,x + E3,x I3,x

)
w,2xxdx + 1

2
G∗

2

l∫

0

A2,xγ
2
2 dx

T = 1

2

l∫

0

mw,2t dx + 1

2
�2

0

l∫

0

⎡

⎣m(b + x)

x∫

0

w,2x dx

⎤

⎦dx + 1

2

l∫

0

m�2
0w

2dx

and

wp = 1

2

l∫

0

p(t)w,2x dx

whereU3 andU1 are the displacements along longitudinal direction in the lower and
upper layers, respectively, w,x = ∂w

∂x , w,t = ∂w
∂t , and γ2 is the strain due to shear in

the core and is given by γ2 = U1−U3
2h2

− Cw,x
2h2

.
U3 is eliminated by using Kerwin’s assumption [10].
Applying Hamilton’s principle, the subsequent non-dimensional equations of

motion are acquired

mw,t t +
[

1 + λ2
0

(
1 + E31h331

)

(lh10)
2(1 + E31h31)

{
f

l2
− (

x + b
)2

}]

w,xxxx

− 2λ2
0

(
1 + E31h331

)

(lh10)
2(1 + E31h31)

(
x + b

)
w,xxx
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+
[

− λ2
0

(
1 + E31h331

)

(lh10)
2(1 + E31h31)

− λ2
0

{
f

l2
− (

x + b
)2

}

−3g∗
(
1 + h12 + h32

2

)2

+ p
(
t
)
]

w,xx +λ2
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(
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)
w,x
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2
g∗lh10h12

(
1 + h12 + h32

2

)
(1 + α)

2(h2)0
C
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2(h2)0
C

γ2,xx − g∗

4
h212

(
1 + E31h331

1 + α2E31h31

)
(1 + α)

[
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2(h2)0
C

γ2

−
(
2
(
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(h12 + h32)
/
2
))

(lh10h12)

)

w,x

]
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In the above,

w,xxxx = ∂4w

∂x4
,w,xx = ∂2w

∂x2
, γ2,xxx = ∂3γ2

∂x3
, γ2,xx

= ∂2γ2

∂x2
, x = x

l
,U = U

l
,w = w

l
, t = t

t0
,

C = (h1)l + (2h2)l + (h3)l t0 =
[
ρ1A10l

4

E1(I1)0

]1/2

,

P0 = P0l2

E1(I1)0
, P1 = P1l2

E1(I1)0
,

P = P0 + P1 cos
(
ωt

)
, ω = ωt0, λ0

=
√(

m�2
0l

4

2(E1(I1)0 + E3(I3)0)
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0l

2
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)

The parameters those are cross-sectional dependent are,

m = (1 − x) + x

(
(h1)l
(h1)0

)(
ρ2

ρ1

)(
(h2)0
(h1)0

(1 − x)

(
ρ3

ρ1

)
(h3)0
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)
(1 − x)

+ x
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(h2)l
(h1)0

)(
ρ2

ρ1

)
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(
(h3)l
(h1)0

)(
ρ3

ρ1

)
x
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2h21(lh10)

2

E1,x
(
1 + E31h331

)

The end conditions to be satisfied at the extremes are
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[
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3

2
g∗lh10h12

(
1 + h12 + h32

2

)
(1 + α)

2(h2)0
C

γ2,x = 0 (7)

Or

γ2 = 0 (8)

1.3 Approximate Series Solution

The above mentioned Eqs. (1) and (2) are simplified and mentioned as in the

w
(
x, t

) =
i=p∑

i=1

wi (x) fi
(
t
)

(9)

γ 2

(
x, t

) =
k=2p∑

k=p+1

γk(x) fk
(
t
)

(10)

where wi and γk are the shape functions, fi and fk are the generalized coordinates,
and wi and γk are chosen to satisfy as many boundary conditions as possible [11].
Here, as per Ray and Kar [9], the shape functions are chosen accordingly for the
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different boundary conditions. Putting the above equations into Eqs. (1) and (2) and
using the general Galerkin method yield the following matrix equations of motion
in the generalized coordinates.

[m]
{
Q̈1

} + [k11]{Q1} + [k12]{Q2} = {0} (11)

[k21]{Q1} + [k22]{Q2} = {0} (12)

where
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}T
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}T
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In the above, uk = 2h2
C γk , ul = 2h2

C γl , and w
′
i = ∂wi

∂x
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f = (l + b)2 for, x = l = b2, for x = 0 = l2

3 + b2 + bl, for other cases.
Equations (11) and (12) are simplified further to

[m]
{
Q̈1

} + [
[k] − P0[H ]

]{Q1} − P1cos
(
ωt

)
[H ]{Q1} = {0} (19)

where

[k] = [
k
] − [k12][k22]

−1[k12]
T (20)
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+
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3g∗
(
1 + h12 + h32

2

)2
} 1∫

0

w
′
iw

′
jdx (22)

2 Instability Regions

Let for [m]−1{k}, [L] be amodalmatrix. Introducing the linear transformation {Q1} =
[m]−1{k}, where a set of new generalized coordinates is {u} and a set of Hill’s
equation with complex coefficient is obtained from (19).

üN + ω∗2
N uN + 2ε cosωt[B]uN = 0 (23)

where the distinct eigenvalues for [m]−1{k} are ω∗2
N and are given by ε = P1

2 < 1,
[B] = −[m]−1[L]−1[H ][L]

As per Saito-Otomi [12], the modified Hsu’s method is used to found the simple
and combination resonance zones.
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3 Numerical Results and Discussion

Here, number of graphs drawn considering uniform and variable temperature gradi-
ents with the hub radius, rotation parameter, and taper parameters for their various
values. To keep minimum number of figures, some of the results are elaborated with-
out figures. For certain parameter values, when considering a uniform rotating beam
without thermal gradient, the equations of motion reduced to those of Kar and Sujata
[4] and the results obtained are found to be similar.

Here,ψ = ψ0(1 − ξ) is assumed as the temperature at any point ξ which is above
the reference temperature. As per Kar and Sujata [3], the variation of modulus of
elasticity of the beam can be written by choosing ψ = ψ0, the temperature at the
end ξ = 1 as the reference temperature as,

E(ξ) = E1[1 − λψ1(1 − ξ)], 0 ≤ λψ1 < 1 = E1T (ξ)

where λ is the coefficient of thermal expansion for the beammaterial, δ = λψ1 is the
temperature gradient parameter, and T (ξ) = [

1 − δξ (1 − ξ)
]
, where δξ = (

A
/
Aξ

)
δ

is the variable temperature gradient parameter. Here, the following is considered:α =
E1ξ A1ξ

E3ξ A3ξ
= E1T (ξ)A1

E3T (ξ)A3
= E1A1[1−δ1ξ (1−ξ)]

E3A3[1−δ2ξ (1−ξ)]
Where δ1 and δ2 are the temperature gradients in the upper and lower layers,

respectively. The values used for the different parameters are as follows:

η = 0.01, b = 0.05, g = 0.1, λ0 = 0.05, λ1 = 0.1, δ1 = 0.1, δ2 = 0.2 and P0 = 0.05.

3.1 Regions of Instability

Figures 2 and 3 show the effects of δ1. The dynamic stability decreases as δ1
is increased from 0.5 to 1 because the zones are shifted toward lower excitation
frequencies, thereby making the system unstable.

Fig. 2 Stability plot for δ1 = 0.5
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Fig. 3 Stability plot for δ1 = 1

Figures 4 and 5 show the effects of δξ1 . The dynamic stability decreases as δξ1 is
varying from 0.5 to 1 because the zones shifted toward lower excitation frequencies,
thereby making the system vulnerable. Comparing Figs. 4 and 5 with Figs. 2 and 3
shows that the system stability worsens, when a variable thermal gradient is consid-
ered instead of uniform one. As shown in Figs. 6 and 7, increasing �0 from 10 to 20
shifted the resonance zones toward higher excitation frequencies, thereby stabilizing
the system.

Again in Figs. 8 and 9, the resonance zones shifted toward lower excitation
frequencies as b is increased, thereby making the system unstable.

Fig. 4 Stability plot for δξ1 = 0.5

Fig. 5 Stability plot for δξ1 = 1
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Fig. 6 Stability plot for �0 = 10

Fig. 7 Stability plot for �0 = 20

Fig. 8 Stability plot for b = 0.05

Fig. 9 Stability plot for b = 0.1
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Fig. 10 Stability plot for δξ2 = 0.5

Fig. 11 Stability plot for δξ2 = 1

The dynamic stability improves as δ2 is increased from 0.5 to 1 because the zones
shifted toward higher excitation frequencies, therebymaking the systemmore stable.
Figures similar to those of Figs. 10 and 11, so not presented here. Figures 10 and 11
show the effects of δξ2 . The dynamic stability increases as δξ2 is increased from 0.5
to 1 because the zones shifted toward higher excitation frequencies, thereby making
the system less susceptible to periodic forces. The system with a variable thermal
gradient for the bottom layer is more stable than one with a uniform thermal gradient.

4 Conclusion

Investigations were made of the dynamic stabilities of a linearly tapered asymmetric
rotating SB explored to a harmonic axial load with a variable temperature gradient
under clamped–pinned end condition. From the results, it is concluded that the sys-
tem stability worsens with increase of the hub radius, the taper parameters, and the
temperature gradient in the top layer. By contrast, faster rotation and larger tempera-
ture gradient in the bottom layer improve the system stability. It is also found that the
results vary depending on whether the temperature gradient varies or is uniform. The
system stability improves with a larger variable temperature gradient in the bottom
layer but degrades with a larger variable temperature gradient in the top layer.
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Experimental Investigations
on Activated-TIG Welding of Inconel 625
and AISI 304 Alloys

Santhiyagu Joseph Vijay, S. Mohanasundaram, P. Ramkumar,
Hong Gun Kim, Alexandre Tugirumubano and Sun Ho Go

Abstract Activated-TIG (A-TIG)welding is an offshoot of gas tungsten arcwelding
process (GTAW), which uses a flux, applied over the faying surface before carrying
out welding. It results in increased joint penetration and depth-to-width ratio. In this
present investigation, Inconel 625 and AISI 304 are welded individually and together
using A-TIG process. Owing to their high resistance to corrosion and wear, those
materials are commonly used in marine and ship building applications. The process
parameters are fixed based on a number of experimental trials and the welding is
carried out using the optimized parameters. Investigations on the weldments such as
tensile strength and microstructure are carried out and presented. When compared
to GTAW process, results show that the weldments exhibit better mechanical and
metallurgical properties while welded using A-TIG process. It is also imperative
from the results that A-TIG process is a good contender for dissimilar joints as well.

Keywords Inconel 625 · AISI 304 · A-TIG process · Tensile strength ·
Microstructure

1 Introduction

Activated tungsten Inert gas welding (A-TIG) is an offshoot of GTAW process with
similar process characteristics but enhanced performance. The enhanced perfor-
mance include improved weld quality by producing weld pool with better geomet-
rical characteristics having higher depth of penetration [1]. The variation in A-TIG
process is that it uses a coating of flux on the faying surface before the welding is
carried out. The materials, which are subjected to similar as well as dissimilar mate-
rial welding, are Inconel 625 and AISI 304. Inconel 625 is classified as a superalloy
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with Ni as the base material. The other alloying elements, such as chromium, molyb-
denum carbon and niobium in nickel–chromium matrix, strengthen the compound
[2]. The alloy can retain its high strength at very high temperature. The alloy with
a non-magnetic characteristics and better corrosion resistance also does not precip-
itate at room temperature or at elevated temperature [3]. The alloy is commonly
used in marine, aeronautical, petrochemical and aerospace industries. Some of the
other applications include reactor cores, pressurized water reactors, heat exchange
tubes, etc. [4]. On the other hand, AISI 304 exhibits property combinations which
encompasses better mechanical and metallurgical properties. It has characteristics
such as good formability, better weldability and high resistance to stress corrosion
cracking [5]. Owing to its resistance to corrosion and better heat dissipation prop-
erties, austenitic stainless steel is extensively used in fabrication industry [6]. Most
common applications of AISI 304 include structural material for nuclear reactors,
petrochemical pipe value bodies, ship vessel internal structures, containers in chem-
ical and processing industries, etc. [7]. However, the hardness of the material is low
and does not have very good tribological properties as well limiting its applications.
Dissimilar materials are being welded so that the property that is deficient in one
metal can be compensated by another metal by appropriately choosing right combi-
nations [8]. There are various welding methods for the joining of different metals of
different composition. A-TIG is one such process which produces weldments with
good bead appearance and better weld bead quality for dissimilar welding [9]. Many
researchers have studied various process parameters, effect of those parameters on
the evolution of microstructure and weldability of dissimilar materials. They have
reported the optimum conditions to obtain better weld quality. But for the material
combination studied in this paper and A-TIG has been hitherto reported [10, 11].

2 Experimental Set-Up

2.1 Materials and Methods

The combination of materials used for the study is Inconel 625 and AISI 304. The
base material plate having thickness of about 5 mm is cut into a strip of 100 mm ×
50 mm× 5 mm by shearing machine and then machined with a milling machine for
a good surface finish.

A-TIG is chosen to weld those materials. In this welding, the depth of penetration
of welding could be increased by the activated flux, and on the other hand, the heat-
affected zone on the parent metal could be minimized. The variables that affect weld
bead geometry, weld penetration and overall weld quality include welding current,
arc voltage (arc length), travelling speed, shielding gas and its flow rate, heat input
at each joint and total heat input, electrode diameter, polarity and torch angle. The
selected value of parameters for welding is mentioned in Table 1.
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Table 1 Process parameters for A-TIG welding

Process parameters Units GTAW welding A-TIG welding

Current A 200 (first pass)
140 (second pass)

180, single-pass complete
penetration

Voltage V 15.1–33.57 15.1–33.57

Travelling speed mm/min 90 (approx.) 90 (approx.)

Shielding gas – Argon Argon

Shielding gas flow rate cm3/min 18 18

Heat input (at each pass) kJ/min 0.735–0.816 (first pass)
0.570–0.603 (second
pass)

0.789–0.949

Total heat input kJ/min 1.362 0.869

The sheets of Inconel 625 and AISI 304 are immersed in sodium hydride baths
to remove contaminants. After the sodium hydride treatment, the specimens were
immersed in an H2SO4 bath 165 °F (74 °C) for just 3 min. The specimen were then
immersed for 25 min in HNO and HFl acids and then rinsed to remove contaminants.
Thematerials to bewelded aremade ready bymaking the necessary edge preparation.
To obtain a good surface finish, milling operation is carried on and is machined to a
dimension of about 50 mm length, 30 mmwidth and 5 mm thickness. The specimens
that are to be welded are cleaned with acetone even before the application of ceramic
powders as flux. Since the flux is found in powdered form, it is mixed with acetone
to form a paste. The paste is applied over the specimen with the help of brush using
forward and reverse stroke over the desired area. The fluxes used are chromiumoxide,
titanium oxide and calcium oxide. The specimen is clamped to the vice to reduce
distortion during welding. Polarity is set to Direct Current Electrode Negative.

3 Results and Discussions

3.1 Tensile Strength

The specimens from the weld are machined as per ASTM E08 standard to get a flat
dog bone shape tensile specimens as shown Fig. 1. The tensile test as per the specified
standard was performed with the position rate of 1 mm/min at an atmospheric tem-
perature (27 °C) in a 50 kN UTMmachine. During the test, the uniform incremental
axial load was applied in order to get the load–displacement values which were used
to determine the tensile strength and elongation at failure. The tensile tested sam-
ples were visually evaluated and noted that fracture occurred in the welded location
of the manufactured samples. The result obtained from the tensile test as load vs
displacement graph is furnished in Table 2.
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Fig. 1 Typical tensile test
specimen as per ASTM E08
standard

Table 2 Tensile strength of
weldments for various fluxes
and material combinations

Flux used Tensile strength (N/mm2)

Inconel
625-Inconel
625

AISI
304-AISI
304

Inconel
625-AISI
304

Without flux 488.92 618.67 228.33

Titanium
oxide

422.84 628.83 515.59

Calcium
oxide

425.4 460.3 492.3

Chromium
oxide

501.35 533.76 540.05

The result shows that calcium oxide and chromium oxide flux had enriched the
tensile strength when compared with the specimen welded in the absence of flux.
Titanium oxide flux produces an intermediate tensile strength when compared to
parent similar welding. The reason for the increase in the tensile strength may be the
increase in the current density and the arc force acting at the weld nugget, enabling a
better material flow and penetration. The materials also consolidate well during the
application of those fluxes.

The specimens were then cut from the welding plates for metallographic exami-
nations. Specimens were polished using emery sheets. The specimens were then pol-
ished with 0.5 µm diamond paste. After etching using marble’s reagent, microstruc-
tures of base parentmetal, heat-affected zone, fusion zone (weld zone) andweldmetal
pool in the weldment were assessed by a scanning electron microscope (SEM).

Figures 2, 3, 4, 5 and 6 show the SEMmicrographs of thewelded sample. Figures 2
and 3 show the SEM images of the parent metal in as received condition. Figure 4
shows the SEM image of the welded portion of Inconel. Figures 5 and 6 show
the interface between the dissimilar materials at the fusion zone. From the SEM
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Fig. 2 SEM image of
Inconel 625

Fig. 3 SEM image of AISI
304

Fig. 4 SEM image of weld
material microstructure



316 S. J. Vijay et al.

Fig. 5 SEM image of fusion
boundary microstructure

Fig. 6 Magnified SEM
image of fusion boundary
microstructure. 1. HAZ; 2.
Weld Zone; 3. Type-A fusion
boundary; 4. Type-B fusion
boundary

images (Figs. 5 and 6), it was found that there were two different categories of fusion
boundaries. They are interchangeably distributed along the boundary interface. The
first category of fusion boundary is mainly located at the corner. The second category
of fusion boundaries is located amidst the primary weld bead. The length measured
in the first category fusion boundary was roughly around 15% of the overall length
of it. The composition variation of heat-affected zone (HAZ) and the diffusion of
various elements of the alloys are observed on either sides of that fusion boundary,
but on the side, where Inconel 625 was present, the second type fusion boundary is
predominant and looks different when compared to the first type. It takes different
hindering effect by changing from cellular microstructure to dendritic microstructure
at the place of element diffusion.
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4 Conclusion

From conducting trials on similar welding of AISI 304, Inconel 625 and dissimilar
welding of AISI 304 and Inconel 625, it is found that

• The UTS of similar welding of Inconel 625 coated with chromium oxide is the
maximum of 859 MPa while the ultimate tensile strength of similar welding of
AISI 304 coated with chromium oxide is 506 MPa

• The ultimate tensile strength of dissimilar welding of AISI 304 and Inconel 625
coated with chromium oxide is 679 MPa

• The study demonstrated that A-TIG process has the ability to make dissimilar
joints of plate thickness of 5 mm. This can be achieved in single pass having a
complete penetration of weld metal throughout the depth.

• Titanium oxide and chromium oxide fluxes had given the complete penetration.
• Microstructures revealed two different categories of fusion boundaries. It also
showed that the fusion boundaries are distributed along the weld interface.

References

1. Marya, M.: Theoretical and experimental assessment of chloride effects in the A-TIG welding
of magnesium. Weld. World 46(7–8), 7–21 (2002)

2. Shakil, M., Ahmad, M., Tariq, N.H., Hasan, B.A., Akhter, J.I., Ahmed, E., Mehmood, M.,
Choudhry, M.A., Iqbal, M.: Microstructure and hardness studies of electron beam welded
Inconel 625 and stainless steel 304L. Vacuum 110, 121–126 (2014)

3. Song, K.H., Nakata, K.: Effect of precipitation on post-heat-treated Inconel 625 alloy after
friction stir welding. Mater. Des. 31(6), 2942–2947 (2010)

4. Shankar, V., Rao, K.B.S., Mannan, S.L.: Microstructure and mechanical properties of Inconel
625 superalloy. J. Nucl. Mater. 288(2–3), 222–232 (2001)

5. Arivazhagan, N., Singh, S., Prakash, S., Reddy, G.M.: Investigation on AISI 304 austenitic
stainless steel to AISI 4140 low alloy steel dissimilar joints by gas tungsten arc, electron beam
and friction welding. Mater. Des. 32(5), 3036–3050 (2011)

6. Buytoz, S., Ulutan, M.: In situ synthesis of SiC reinforced MMC surface on AISI 304 stainless
steel by TIG surface alloying. Surf. Coat. Technol. 200(12–13), 3698–3704 (2006)

7. Kumar, S., Shahi, A.S.: Effect of heat input on the microstructure and mechanical properties of
gas tungsten arc welded AISI 304 stainless steel joints. Mater. Des. 32(6), 3617–3623 (2011)

8. Meshram, S.D., Mohandas, T., Reddy, G.M.: Friction welding of dissimilar pure metals. J.
Mater. Process. Technol. 184(1–3), 330–337 (2007)

9. Modenesi, P.J., Apolinario, E.R., Pereira, I.: TIG welding with single-component fluxes. J.
Mater. Process. Technol. 99(1–3), 260–265 (2000)

10. Dupont, J.N., Banovic, S.W., Marder, A.R.: Microstructural evolution and weldability of dis-
similar welds between a super austenitic stainless steel and nickel-based alloys. Weld. J. 82(6),
125 (2003)

11. Naffakh, H., Shamanian, M., Ashrafizadeh, F.: Dissimilar welding of AISI 310 austenitic
stainless steel to nickel-based alloy Inconel 657. J.Mater. Process. Technol. 209(7), 3628–3639
(2009)



Experimental Investigation
on Low-Pressure Receiver Incorporated
Domestic Refrigerator with Al2O3
Nanoparticles

Vemuloori Vasu, Donthu Rakesh, K. Bintu Sumanth
and V. Uma Sai Vara Prasad

Abstract Decades onwards research has been going on for enhancingCOPof refrig-
erators used for domestic needs. Here, in this work, an attempt was made to enhance
COP by applying both subcooling and superheating simultaneously using LPR to
VCR system. This paper studies experimentally about the performance analysis of
a 165 L low-pressure receiver (LPR) incorporated domestic refrigerator with Al2O3

nanoparticles dispersed in the lubricant oil. According to the (American society of
heating, refrigerating and air-conditioning engineers.Atlanta,Georgia, from the 1994
ASHRAE Handbook—Refrigeration [1]) recommendations, a suitable low-pressure
receiver was designed, fabricated, and installed to 165 L capacity refrigerator in
between evaporator and compressor with the Al2O3 nanoparticles dispersed in lubri-
cant oil. The system was subjected to various loads such as 100, 150, 200, and
250 W. The performance parameters such as the compressor power, refrigeration
effect, and COP are evaluated and a comparison is made between with and with-
out LPR and nanoparticles. The investigation outcomes revealed that there is an
appreciable change in the COP, i.e., 14.2% increment with addition of the Al2O3

nanoparticles to the refrigeration system with LPR. It is also found that out of four
loads, the COP of LPR refrigerator with Al2O3 nanoparticles is the higher at 200 W.
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1 Introduction

Nowadays, refrigerators arewidely used for storage of foodswhichmay deteriorate at
ambient temperatures; decaydue to growthof bacteria andother processes is slower in
refrigerators work at low temperatures. In the present scenario, most of the domestic
refrigerators are working based on the vapor compression refrigeration system. It
is slightly similar to a reversed Rankin cycle. The vapor compression refrigeration
system contains four main parts namely compressor, condenser, expansion device,
and evaporator.Refrigeration and air conditioning are twomajor power consumptions
throughout the world, by increasing the COP of systems power consumption was
reduced, from thedecades onwards researchgoingon to enhanceCOPof refrigeration
systems.

Sendil Kumar et al. [2] conducted experimental investigation on nano-Al2O3-PAG
oil. In this research, R134a refrigeration system using nano-Al2O3-PAG oil as nano-
refrigerant is employed. The attained outcomes show that there is no problemof using
Al2O3 nano-refrigerant in R134a system. Performance of refrigeration system was
better than pure lubricant with R134a refrigerant. By using nano-lubricant of 0.2%v,
concentration of Al2O3 energy consumption is reduced about 10.32%. Lung-yuejeng
et al. [3] conducted studies on replacement of R134a refrigerant and polyester (POE)
lubricant oil with hydrocarbon refrigerant and mineral oil.

Experimental results show that 60% R134a and 0.1 wt% Al2O3 nanoparticles is
the best and optimum conditions. At these conditions, power consumption of the
compressor reduced about 2.4% and COP was increased by 4.4%. A nano-fluid is an
advanced heat transfer fluid which may be used to overcome the limitations of poor
thermo-physical properties like lower thermal conductivity and higher friction factor
of base fluids. Many researchers have come to a conclusion that the application of
nano-fluids improved the fluid thermal conduction and consequently increased the
heat transfer characteristics. The idea of nano-fluid is first proposed by Choi [4] in
1995.

Nano-fluids are found to have advantages like (a) higher thermal conductivity,
(b) high stability, (c) lower dynamic viscosity, (d) negligible pressure drop, and (e)
negligible pipe wall corrosion. In the last twenty years, different analysis teams
showed and confirmed nano-fluids as a promising future for heat transfer applica-
tions with their higher stability and improvement in thermal conduction, voluminous
compositions [4–6].

The low-pressure receiver then acted as an accumulator and liquid subcooler to
ensure no liquid returned to the compressor [7]. A (LPR) vessel is placed in the
low-pressure side of refrigeration system. Its motive was to permit refrigerant from
the evaporator to LPR for separating liquid and gas and store the liquid. The high-
pressure liquid line from the condenser passes through the bottom of the receiver
where the low-pressure liquid is collected. The heat from the high-pressure line
causes the liquid in the bottom of the receiver to boil while subcooling the liquid
line. The vapor existing at the top side of the LPR is drawn back to the compressor
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over the high-pressure liquid line, superheating it and ensuring no liquid returns to
the compressor [1].

Another substitute for existing refrigeration systems was therefore investigated.
The research study was shown that the incorporation of LPR enhances the effective-
ness and reliability of large chlorofluorocarbon (CFC) and ammonia refrigeration
systems [1]. In lot of small capillary-based systems, designers need to ensure that
the entire liquid refrigerant was evaporated at the exit of the evaporator and there are
a few degrees of superheat to prevent liquid returning to the compressor. In a low-
pressure receiver system, the aim is to overfeed the evaporator and therefore control
of superheat by the expansion device is not required. Therefore, the consolidation
of LPR and capillary tube will provide an economic and fuel efficient system that
could operate reliably over a wide range of duties [1, 8, 9].

Literature review showed that both the methods, i.e., incorporating low-pressure
receiver and dispersing nanoparticles into lubricant oil of refrigerator increases the
COP of refrigerator. This work describes some of the technical developments of
a novel refrigerator. Here, in this research work, the above two were added to
refrigeration system simultaneously.

2 Fabrication and Erection of Low-Pressure Receiver
and Setup

Steps followed to fabricate low-pressure receiver:

1. Fabrication of LPR bottom and top parts as per design specifications.
2. Erection of all necessary ports to top and bottomparts as per design specifications.
3. LPR volume control dummy fabrication and pressure testing.
4. Condenser coil bending along dummy surface Fig. 1.
5. Insertion of condenser coil with dummy in LPR and sealing by brazing and full

welding Fig. 1.
6. Conducting pressure test to inspect leaks by using CO2.
7. Cleaning of receiver inner surface by using pump.
8. Painting work to LPR.
9. Set up erection and erection of receiver to set up Fig. 3 (Table 1).

3 Experimental Testing Procedure

First, the refrigerator test rig is checked properly for any refrigerant leakage, all
component line connections, electrical connections, etc. The main power switch is
switched on. The hand shut valveV 2 andV 3 should be opened and hand shut valveV 1

should be closed before starting the unit for run the unit with low-pressure receiver
Fig. 2. The readings of pressure gauges (suction, discharge) and energy meter were
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Fig. 1 Fabrication of low-pressure receiver

Table 1 Specifications of test rig

S. No. Setup Material Specification

1 Refrigerator
a. Compressor
b. Condenser
c. Evaporator

Hermetically sealed
Copper, forced
Draught air cooled
Plate type

165 L
1/2HP
No of tubes-22, surface
area- 2798 cm2

2 Refrigerant R134a 240 g

3 Nanoparticles for
investigation

Al2O3 Average diameter
30–50 nm size and density
5606 kg/m3 were used

4 Low-pressure receiver Steel like SA516/517
Grade 60/70 material.

Vessel diameter—7 cm
Total length of
receiver—18 cm
Net effective volume of
receiver—316.4 cm3

noted. Temperature readings should be noted at respective locations by using infrared
thermometer. The readings of various pressure gauges are noted and absence of any
reading indicates the leakage of pipe line or leakage of gas. The unit is run for half
an hour and the following readings are taken once in 20 min.

• Discharge pressure gauge (P1)
• Suction pressure gauge (P2)
• Discharge pressure gauge at compressor exit point (T 2)
• Discharge temperature at condenser exit point (T 3)
• Suction temperature at compressor inlet (T 1)
• Ambient temperature (T a)
• LPR liquid out temperature (T 3l)
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Fig. 2 Line diagram with and without LPR

• LPR liquid in temperature (T 3)
• LPR suction out temperature (T 1)
• LPR suction in temperature (T 1l)
• Refrigerant inlet temperature
• into evaporator (T 4) (Fig. 3).

Fig. 3 Experimental setup
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The P–h chart is drawn accordingly and the COP and cooling capacity are found
with the help of formulae. Also, the readings of current and final energy meter are
noted down.

Coefficient of performance (COP) = (Refrigerating effect)/(work done)

= (h1 − h4)/(h2 − h1) (1)

Cooling capacity = m(h1 − h4) (2)

where m = mass flow rate in kg/mini
h1 = enthalpy of refrigerant in
h4 = enthalpy of refrigerant at end of expansion.
h3 = enthalpy of refrigerant at the end of cooling of refrigerant or condenser outlet
h2 = enthalpy of superheated vapor refrigerant at the end of compression in
where, enthalpy units in kJ/kg.

3.1 Vessel Design Analysis

The design low-pressure receiver corresponds to approximately to a 1 ton refrig-
eration load in evaporator. The vapor volume flow rate is the summation of the
evaporated refrigerant from the load and the vapor from the low-pressure receiver
for maintaining a constant liquid level in vessel.

3.2 Vertical Vessel

The following vertical vessel model recommendations are considered.

1. According to [1] recommendations
(a) Vessel diameter: Dvessel = 6.8 cm (=7 cm)
(b) length of the liquid section corresponds to surge and ballast;

L liquid = (vsurge + vballast)/
(
(π/4) × D2

vessel

) = 13.7 cm(= 14 cm)

(c) Height of nozzle above maximum liquid level

H = Dvessel/5 = 1.37 cm(=2 cm)

(d) sum the length to determine the total length

Lvessel = L liquid + H + allowance(i.e., vertical separation distance)

Lvessel = 18 cm.
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Fig. 4 Trans-o-sonic
sonicator and prepared
Al2O3 in POE
nano-lubricant having weight
concentration of 0.9 wt%

4 Preparation of Nano-lubricant

In present work, Al2O3 nanoparticles are introduced into refrigeration system by
addingAl2O3 nanoparticles to the lubricant oil in the compressor. TheAl2O3 nanopar-
ticles havingmean diameter 20–40 nm size and density 5606 kg/m3 were used for this
investigation. For the preparation of nano-lubricant standard and effective method,
i.e., two-step methods are used.

While preparation of lubricant, stability of lubricant and Al2O3 nanoparticle con-
centration are to be considered as very important. Required quantity of nanoparticles
is weighed onmass balance andmixed with POE oil. This prepared mixture was kept
in hot plate magnetic stirrer for 6 h. After stirring, the prepared mixture is subjected
to ultrasonic sounds on sonicator for 10 h as shown in Fig. 4. Nanoparticles fully
separated by ultrasonic sounds are generated by sonicator with 30 kHz frequency.
No surfactant was added to prepare nano-lubricant, because it may affect thermo-
physical properties of refrigerant and also systemperformance. The following images
are the prepared nano-lubricant after ultrasonifications.

5 Results and Discussion

The experimental investigation is done on the LPR incorporated refrigerator to
find Al2O3 nanoparticles, and experiments are conducted with and without Al2O3

nanoparticles (Fig. 5).

6 Conclusion

The liquid overfeed system (low-pressure receiver system) has been successfully
implemented in industries, and so, the implementation of this LPR system to domestic
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Fig. 5 a Graph between COP verses time at 100 W load. b. Graph between COP verses time at
150 W load. c Graph between COP verses time at 200 W load. d Graph between COP versus time
at 250 W load

refrigeration with Al2O3 nanoparticles is encouraged in this work to achieve better
performance.

The performance of low-pressure receiver and Al2O3 nanoparticles on domestic
refrigerator is evaluated at different loads such as 100, 150, 200, and 250W in freezer.
It is found that the performance parameters, i.e., compressor work, refrigeration
effect, and respective COP are going to be increased. The comparison of performance
parameters with and without Al2O3 nanoparticles is made at the following loads in
the evaporator (Table 2).

There is an appreciable change in COP (14.2% increase in COP) with the addition
of AL203 nanoparticles to LPR incorporated domestic refrigerator. It is found that
in the above four loads, the COP of refrigerator with LPR has been the highest at
200W and at high heat loads, i.e., above 200W, the COP of refrigerator with LPR is
decreased. The reason may be at high heat loads, the LPR may be not having liquid
refrigerant up to designed level.

The use of a LPR and Al2O3 nanoparticles was shown as an efficient and effective
method to enhance COP of refrigerator further.

Table 2 Comparison of performance parameters at various loads

Load (W) Compressor work (W) Refrigeration effect (W) COP

With
Al2O3

Without
Al2O3

With
Al2O3

Without
Al2O3

With
Al2O3

Without
Al2O3

100 135.8 105 372.1 273.8 2.7 2.6

150 195.5 177.8 535.6 416.3 2.75 2.34

200 235 216.7 662.2 524.4 2.81 2.41

250 325 255.6 705 661.6 2.1 2.58
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Numerical Examination of Sharp
V-Notches Using Notch-Flank
Displacement Collocation Method

Mirzaul Karim Hussain and K. S. R. K. Murthy

Abstract In this paper, a recently developed notch-flank displacement collocation
technique (NDCT) is utilized to determine thenotch stress intensity factors (NSIFs) of
sharpV-notches. Themode I andmode IINSIFs are determined using the notch flanks
opening and sliding finite element (FE) displacements, respectively. The rigid body
displacements, which play an important role in the displacement components, are not
neglected to calculate the NSIFs. The NSIFs of various benchmark configurations
under pure mode I and mixed-mode (I/II) loading conditions have been calculated.

Keywords Stress intensity factor · Finite element · NDCT · NSIF

1 Introduction

Notch stress intensity factor (NSIF) plays an important role in the assessment of static
and fatigue strength of brittle materials for the components having sharp V-notches.
For the sharp V-notches, Williams [1] suggested that the singular stress field exists in
the vicinity of the sharp V-notches, and the singularity stress field can be described in
terms of NSIFs. Therefore, many techniques have been developed by researchers to
compute the NSIFs accurately in the past decades. A boundary collocation method
and a body force method were proposed by Gross and Mendelson [2] and Chen [3],
respectively, to evaluate the NSIFs. Using finite element (FE) stresses, Ju and Chung
[4] andLiu et al. [5] determined theNSIFs utilizing least-squaresmethods.Ayatollahi
and Nejati [6] developed a method using FE displacements to calculate the NSIFs.
It has been known that the notch-flank displacements are most accurate, and taking
these advantage authors developed a notch-flank displacement collocation technique
(NDCT) [7] and a point substitution displacement technique [8] to obtain the mixed-
mode (I/II) NSIFs. The presence of rigid body components in the displacement field
plays a major role in the accuracy in NSIFs calculated from the FE displacements. In
the method proposed by authors [7], the rigid body components in the displacement
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field are not neglected, rather, nicely negotiated using simple formulae. Thus, the
main thrust of the present work is to demonstrate efficacy the NDCT proposed by
authors [7] in terms of accurate estimation of theNSIFs of various notched specimens
with straight and curved boundaries under mode I and mixed-mode (I/II) loading
conditions.

2 Theoretical Background

Thedisplacement field near a sharpV-notch (Fig. 1) in termsof theWilliams constants
can be given as [4]

u = κ + 1

2G
A0 + A1

2G
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where κ equals to (3 − ν)
/

(1 + ν) for plane stress, G = E
/
2(1 + ν) is the shear

modulus, ν and E are the Poisson’s ratio and Young’s modulus, respectively, and λI
1

and λII
1 are the modes I and II eigenvalues, respectively. Mode I and mode II NSIFs

can be obtained as [2]
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)
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It can be shown that [7], the notch opening displacement (NOD) and notch sliding
displacement (NSD) can be written as

Fig. 1 Notch geometry
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whereC1,C2 andC3 are constants of material property and geometry. Now, the NOD
can be rewritten in logarithm form as

ln(�v) = ln(2A1C1) + λI
1 ln(r) (4)

Considering N number of nodes along the notch flanks (as shown in Fig. 2a) and
the residual RI between the FE and analytical NOD can be written as

RI =
N∑
j=1

[
ln

(
�vFE

j

) − ln(A1) − ln(2C1) − λI
1 ln

(
r j

)]2
(5)

For the minimum value of RI, the partial differentiation of RI with respect to
ln(A1) should be equals to zero, and after some algebraic calculations A1 can be
obtained as [7]

A1 = exp

⎡
⎣ 1

N

N∑
j=1

ln
(
�vFE

j r
−λI

1
j

)⎤
⎦

/
2C1 (6)

Fig. 2 a Selection of the collocation nodes and b notch tip elements
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The notch sliding displacement (�uα′) along the two radial lines (Fig. 2b) can be
written as [7]

�uα′ = uθ=+α′ − uθ=−α′ = 2B1C
′
2r

λII
1 + 2B2C

′
3r (7)

where C ′
2 and C ′

3 are constants. The effective notch sliding displacement (ENSD)
�u can be obtained as [7]

�u = �uαC
′
3 − �uα′C3 = 2B1

(
C2C

′
3 − C ′

2C3
)
rλII

1 = 2B1C4r
λII
1 (8)

Similar to mode I, by minimizing the residual between the analytical ENSD and
FE ENSD, B1 can be obtained as [7] (more details can be read from [7])

B1 = exp

⎡
⎣ 1

N

N∑
j=1

ln
(
�uFE

j r
−λII

1
j

)⎤
⎦

/
2C4 (9)

3 Results and Discussions

3.1 Example 1: Mode I Specimen

Apuremode I example of a single edge notched plate under uniform tension (SENT),
as shown in Fig. 3a is considered as the first example. The geometry and loading
parameters are w = 10, h = 12 and σ = 1.0 (Fig. 3a). The NSIFs are determined
for a/w = 0.5 and γ = 0°, 30°, 60°, and 90°. Young’s modulus E = 1 and Poisson’s

Fig. 3 a SENT specimen
and b typical FE mesh
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Table 1 Normalized NSIFs

FI = KI

/
σ(τ)

√
πa

(
1−λI

1

)

for the SENT specimen

γ (◦) FI

Present Gross and Mendelson [2] Chen [3]

0 2.8083 2.8237 –

30 2.8327 2.8448 2.8440

60 2.9584 2.9716 2.9700

90 3.3174 3.3244 3.3220

ratio ν = 0.25 are considered. All units are consistent. One-half of the SENT is
modeled in ANSYS 14.5 (due to symmetry). A typical FE mesh is shown in Fig. 3b.
For calculating A1, using Eq. (6), 20 consecutive nodes starting from the 7th node
from the notch tip are considered. After mesh convergence study, 20 consecutive
nodes are found to be a reliable set within the singularity dominating zone (SDZ)
for the present meshes. The values of normalized NSIF FI for the SENT are listed
in Table 1. The present results are in excellent agreement with the available results.

3.2 Example 2: Mixed-Mode (I/II) Specimens

The second set of examples considered are an angled single edge notched plate
under uniform tension (ASENT) and a sharp V-notched Brazilian disc (SV-BD)
under compressive loading. The geometry and loading parameters for the ASENT
are w = 10, h = 35 and σ = 1 as shown in Fig. 4a. The geometry and loading
parameters for the SV-BD are w = 60 and F = 1 as shown in Fig. 4d. The NSIFs
are determined for β = 15° and 30°, and notch angles γ = 30°, 60°, and 90°.
Young’s modulus E = 1 and Poisson’s ratio ν = 0.25 are considered. All units are
consistent. Typical FE meshes used for the ASENT and the SV-BD are shown in
Fig. 4b, e with the magnified portion of the notch tips in Fig. 4c, f respectively.

For mixed-mode problems, 20 consecutive nodes starting from the 7th node along
the notch flanks and radial directions (radial lines 1 and 2 as shown in Fig. 2b)
are found to be within the SDZ for the present meshes after convergence study.
Therefore, these 20 nodes are used to calculate the Williams coefficients using

Eqs. (6) and (9). The normalized NSIFs FI (I I ) = KI (I I )

/
σ
√

πa
(
1−λ

I (I I )
1

)
and

FI (I I ) = KI (I I )wλ
I (I I )
1

/
F for the ASENT (a/w = 0.5) and SV-BD (a/w = 0.4)

specimens, respectively, are listed in Table 2. Again, an excellent agreement can be
noticed with the available results. Some new results for the SV-BD specimens are
also reported in Table 2.
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Fig. 4 a ASENT, b FE mesh used for the ASENT, c magnified view at the notch tip, d SV-BD,
e FE mesh used for the SV-BD and f magnified view at the notch tip

Table 2 Normalized NSIFs for the ASENT and SV-BD specimens

β(◦) γ (◦) ASENT ((a/w = 0.5)) SV-BD ((a/w = 0.4))

FI FII FI FII

Present Chen [3] Present Chen [3] Present Present

15 30 2.7716 2.7670 0.5377 0.5410 0.3583 0.7424

60 2.8917 2.8870 0.7656 0.7660 0.5826 1.1715

90 3.2352 3.2300 1.1154 1.1160 1.1528 2.6159

30 30 2.5507 2.5460 1.0043 1.0100 0.0934 1.0964

60 2.6562 2.6530 1.4274 1.4280 0.0106 1.7057

90 2.9672 2.9640 2.0922 2.0950 0.3145 2.7195

4 Conclusions

In this paper, the NSIFs of various configurations using the notch-flank displace-
ment collocation technique (NDCT) are calculated. The rigid body displacements
are nicely bypassed to evaluate the NSIFs. The NSIFs obtained are found to be in
good agreement with the available solutions.
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Assessing the Material-Dependent Stress
Distribution in Fractured Bone
and Orthopedic Fixing Plate by Finite
Element Analysis

Y. Naidubabu, V. V. Kondaiah, Ravikumar Dumpala and B. Ratna Sunil

Abstract In the present study, three different metals 316L stainless steel, titanium,
and magnesium were considered as load-bearing implant materials, and computer-
aided design (CAD) and finite element analysis (FEA) were used to investigate
the stress distribution in the bone and fixing plates under static load conditions.
From the results, it was clearly demonstrated that the reduced von Mises stress in
the implant plate and increased stress distribution in the bone reduced the stress
shielding when magnesium was used as the implant material compared with 316L
steel and titanium.Themaximumstresswas noticed in the implants, and theminimum
stress was observed in the bone in all three cases. Reduced stresses in the implant and
increased stresses in the bone implanted with magnesium indicate decreased stress
shielding. From the present study, it is demonstrated that the stress shielding effect
can be reduced with magnesium implant and suggested as promising candidate for
load-bearing implant applications.

Keywords Magnesium · Stress shielding · Degradation · 316L steel · Titanium

1 Introduction

Metallic implants are the best candidates for load-bearing implant applications [1].
However, the available metallic implants possess higher mechanical properties com-
pared with the natural bone. In such conditions, stress shielding is a phenomenon
that arises due to the difference in the modulus of elasticity of the implant metal and
the bone [2]. Lower normal stresses which develop in the fractured bone compared
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with implant metal influence the bone remodeling rate which promotes low-density
bones [3–5]. Themost commonmetals such as 316L steel, Co–Cr alloys, Ti–6Al–4V
alloy, and commercially pure titanium show stress shielding phenomenon [1]. It is
true that the stress shielding can be observed in the bones with hip joints where a
stem is inserted into the femur bone. However, there are a few reports which clearly
explained the occurrence of stress shielding also in the case of bone fixing plates [6–
8]. Due to their biodegradable behavior, recentlymagnesium (Mg) and its alloys have
grabbed the attention in the biomedical field as promising candidates for temporary
implant applications targeted for coronary stents and bone fixing plates [9]. For the
past decade, different investigations were done on several Mg alloys which mainly
focused on the degradation behavior of Mg, toxicity and local tissue response, cor-
rosion mechanisms, etc. Mg has mechanical properties almost similar to the human
bone, and hence, it is believed that Mg can minimize the stress shielding problem
compared with the other metallic systems [10]. However, the validation of this belief
was not completely investigated. Therefore, in the present study, computer-aided
design (CAD) and simulation was used to study the stress distribution in the frac-
tured bone implanted with Mg fixing plate by using finite element analysis (FEA)
and compared with the existing implants made of 316L steel and titanium with an
aim to understand the material-dependent stress shielding phenomena in orthopedic
fixing plates.

2 Finite Element Analysis

The three-dimensional geometric model of human femur bone, the selected region
to study in the present work (as indicated with black arrow), the fixing plate, screw
and the bone region implanted with fixing plate modeled CATIA® (computer-aided
design (CAD) software) are shown in Fig. 1. The circumference of the bone along
the bone axis was slightly removed to fix the implant plate as shown in Fig. 1d.

Fig. 1 Geometric modeling of bone and implants: a femur bone, b fixing plate, c screw, and
d fractured bone implant assembly
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In the present work, four screws were considered and the plate was fixed on the
bone by considering a crack in the center of the femur bone across the bone axis. The
individual geometrically designed bodies have been assembled and to get a complete
model. The geometric model of bone was designed by considering 120 mm length
and 28.6 mm diameter. Further, fixing plate dimensions were selected as 2 mm
thickness, 15 mm width, and 60 mm length while designing the geometric model.
Four holes of each having 8 mm diameter of the profile that matches with the head
of the screws were designed on the bone fixing plate. Four screws having V-shaped
bottom for better support were placed in their respective holes. The screws contain a
tapered head of 10 mm diameter for up to 2 mm length, a threaded portion of 11 mm,
and an extended V-shaped end having 3 mm length.

The stress distribution studies within the bone and the implant were carried out by
finite element analysis (FEA) by using ANSYS Workbench® (ANSYS Inc., USA)
software. The three-dimensional model of the assembled bone and fixing plate that
was generated using CATIA® has been imported into ANSYS Workbench® for
finite element analysis. Automesh option was selected to divide the CADmodel into
number of fine elements as shown in Fig. 2. The bottom nodes were constrained in
all degrees of freedom, and a load of 50 kg (490 N, compressive type) was applied on
the other end of the bone by assuming the self-weight of a typical patient. Material
properties of bone,magnesium, 316L stainless steel, and titaniumhave been provided
as the required input data before applying the boundary conditions to the model. The
screwmaterial was considered as respectivemetals of the fixing plates. Table 1 shows
the material properties for bone, 316L stainless steel, titanium, and magnesium used
as inputs for ANSYS Workbench®.

Fig. 2 The 3D model of the
bone and implant after
meshing
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Table 1 Mechanical properties of different implant materials and bone [1, 10, 11]

Material Density
(g/cc)

Yield
strength
(Pa)

Poisson’s
ratio

Young’s
modulus
(Pa)

Bulk
modulus

Shear
modulus

Bone 2.08 1.35E+08 0.3 1.35E+10 – 3.28E+09

316L
stainless
steel

8 1.40E+08 0.3 1.93E+11 1.93E+11 1.93E+11

Titanium 4.5 1.40E+08 0.34 1.16E+11 1.16E+11 1.16E+11

Magnesium 1.74 1.35E+08 0.29 4.50E+10 4.50E+10 4.50E+10

3 Results and Discussion

Figure 3 shows the von Mises stress distribution resulted within the fractured bone
and the implant subjected to static load condition. Themaximumandminimum stress
values are listed in Table 2.

Fig. 3 von Mises stress distribution: a bone with 316L steel implant sectioned in longitudinal
direction, b traverse direction, c implant–bone interface, d bone region opposite to the implant,
e bonewith titanium implant sectioned in longitudinal direction, f traverse direction, g implant–bone
interface, h bone region opposite to the implant, i bone with Mg implant sectioned in longitudinal
direction, j traverse direction, k implant–bone interface, l bone region opposite to the implant
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Table 2 Maximum and
minimum von Mises stress in
the bone implant assembly
with different implant
materials

Implant material von Mises stress (Pa)

Maximum Minimum

316L steel 10.8×106 10,185

Titanium 8.73 ×106 8510

Magnesium 6.85 ×106 6048

From the obtained results, it can be clearly understood that the 316L steel implant
exhibited higher stress values (both maximum and minimum) compared with the
titanium and magnesium implants.

In the case of Mg, the maximum and minimum stresses were observed as lower
compared with the other implants. The longitudinal and traverse sections of the bone
and 316L steel implant as shown in Fig. 3a, b confirm themaximumstress distribution
in the implant and a minimum stress in the bone. Similarly, the longitudinal and
traverse cross sections of the bone and implant in the case of titanium andmagnesium
demonstrate the increased stress distribution in the bone compared with that of bone
supportedwith 316L steel (Fig. 3e, f, i, j).Among the three bones,Mg-implanted bone
has shown higher stresses close to the stress developed in theMg implant material. In
all the cases, implant–bone and screw–bone interfaces have experienced load transfer
and that was clearly reflected in the higher stress distribution. It was also a common
observation for all the materials that the maximum stress was recorded in the implant
metal and minimum stress was recorded in the fractured bone. Interestingly, the
stresses in the screw edges were observed as higher for Mg compared with titanium
and 316L steel as indicated with white arrow in Fig. 3b, f, j.

Figure 3c, g, k shows the stress distribution in 316L steel, titanium, and Mg
implants at the implant–bone interface region, respectively. The magnitude and dis-
tribution of von Mises stress were noticed as lower for Mg implant compared with
the other. Similarly, the von Mises stress distribution in the bone region on the oppo-
site side of the implant as shown in Fig. 3d, h, l was higher and wider for the bone
implanted with Mg compared with the other metals. These two observations clearly
suggest that the stress that is developed in the fractured bone is a dependent on
the implant material. The stresses developed in the bone certainly influence the rate
of bone remodeling [6–8]. Therefore, it can be demonstrated that the bone with a
metallic fixing plate of higher Young’s modulus will experience lower stresses which
directly influence the bone resorption and may cause stress shielding effect. In this
context, using metals with lower Young’s modulus for bone fixing plates reduces the
stress shielding effect. Therefore, Mg which has Young’s modulus (40 GPa) close to
that of natural human bone is the best suitable metal compared with other metallic
systems as a load-bearing implant material. Hence, the present study clearly demon-
strates that the use ofMg and its alloys as biodegradable metals can address the stress
shielding effect and also offers additional advantages such as biodegradability and
non-toxicity in the biomedical field particularly for temporary implant applications.
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4 Conclusions

The present study clearly demonstrates that the bone with Mg implant has higher
stresses compared with 316L and titanium implant under static load conditions.
Maximumstresswas noticed in the implantmaterial, andminimumstresswas noticed
in the bone in all the three cases. The difference between the maximum stress and
minimum stress was recorded as reduced in the case of Mg compared with the other
metals. This clearly suggests that the stress shielding can be reduced in the bone
implanted with Mg metal and validates the use of Mg as a viable implant metal for
temporary implant applications which offer lower stress shielding effect along with
biodegradability and non-toxicity properties.
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Production Planning in Flexible
Manufacturing System by Considering
the Multi-Objective Functions

B. Satish Kumar, G. Janardhana Raju and G. Ranga Janardhana

Abstract In modern-day manufacturing process, flexible manufacturing system
(FMS) is used for efficient production of parts. For manufacturing of specific parts,
parts should be processed in a specified sequence of operations. It will be better to
identify different possible sequence of operations on differentmachines and their cost
implications in case of any machine failures. In this paper, a case study is considered
in which three machines produce three different parts by doing different operations.
Each machine can perform all the different operations to produce all the three parts.
All the operations can be done in all the three machines, and the production timings
and corresponding costs are varying from machine to machine. The sequence of
operations for different parts is different. The combined objective function (COF)
is formulated by considering the two objectives minimizing the total flow time and
minimization of total tool cost with equal weightages. MATLAB Code is written for
identifying all the possible sequences of operations, computed their total flow time
and tool costs. Best sequences are identified when all machines are working; first
machine fails, second machine fails and third machine fails based on COF values.

Keywords Production planning · Combined objective function ·Manufacturing
costs · Flexible manufacturing system ·Multi objective optimization · Idle time ·
Failure of machines · Total flow time · Total tool cost
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1 Introduction

Flexible manufacturing systems (FMS) is a group of machines most preferably CNC
which are coordinated by a common control center which has the ability and flexibil-
ity to deal with the variety of products. Though the flexibility in the manufacturing
systems is an advantage, it proves to be a very complicated task when it comes to
scheduling of parts in a changing environment. Flexible manufacturing is a concept
that allows manufacturing systems to be built under highly customized production
requirements. FMS is called flexible because of its capability to process a variety
of part styles and quick responses to changing demand patterns. There are various
types of flexibility, namely product mix flexibility, volume flexibility, manufactur-
ing flexibility, and delivery flexibility. FMS is highly suitable for mid-variety and
mid-volume part type production. Proper sequencing and scheduling are required for
high productivity. FMS is an arrangement of machines interconnected by a transport
system. The transporter carries work to the machines on pallets or other interface
units so that work–machine registration is accurate, rapid, automatic and a central
computer controls both machines and transport system which are shown in Fig. 1.

The FMS may need the high initial investment but it can be operated with low
maintenance and minimum use of energy in the manufacturing activity. The FMS
can be used in any production activity; some examples can be as automotive indus-
try aerospace industry, metal forming, automobile spare parts, plastics and plastic
accessories, manufacturing of healthcare equipment medicine manufacturing units,
electrical instruments, electronic goods, and many more.

Fig. 1 Typical view of FMS
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1.1 Literature Review

J. Jerald et al. used different Algorithms like GA, SA, MA & PSOA for solving the
multi objective scheduling problem with the objectives of minimizing the idle time
of the machine and minimizing the total penalty cost for not meeting the due dates.
The results obtained by different algorithms are compared [1]. Jian-Hung Chen and
Shinn-Ying Ho proposed an efficient multi-objective genetic algorithm (EMOGA)
for planningFMS.Minimizing total flow time,machineworkload unbalance, greatest
machine workload, and total tool cost are the four objectives they considered while
problem formulation. This problem solved by Using EMOGA [2, 3]. Zengqiang
Jiang, Le Zuo, and Mingcheng E had studied that the FMS took four objective
functions—quality, time, cost, and energy consumption. Given more importance to
the energy consumption of production activity and tried to minimize the energy
consumed. Applied GA for solving problem and observed that the machines are
operated in different stages like stop, start up, no load, processing consumeenergydif-
ferently in different stages [4]. Rao et al. used the time deviation method to solve job
sequence problem to minimize the total elapsed time. The processing of N jobs with
M machines are considered [5]. Reza Kia prepared a FMSmodel to take decisions of
dynamic environment. This model can accommodate various things like use of alter-
native processing units, alternative operation sequence, minimizing the time, change
in production volumes, etc. Additional feature of this model is that it can balance the
work load by using variable number of cells. They reduced the production time by
considerable amount [6]. Satish et al. proposed a suitable material handling system
for different layouts at different speeds ofmaterial handling system [7]. Srinivas et al.
concluded that in order to overcome the limitations of existing protocols, proposed
protocolAnEfficientBackboneBasedQuickLinkFailureRecoveryMulti-cast Rout-
ing Protocol [8]. Srinivas et al. proposed L2R protocol to generate an alternate path
for link failures in backbone networks. For ensuring the link failure recovery, L2R
is implemented [9]. Mahesh proposed a method for integration of scheduling with
material requirement planning (MRP) and capacity requirements planning (CRP), to
generate a near to optimal production schedule at low cost considering the practical
difficulties in a real time job shop environment [3]. From the literature considered a
problem of processing 3 parts on threemachines. This problem is solved by Jian et al.
by applying EMOGA, they have not considered the machine failures, an attempt is
made to solve same problem by considering the machine failures.

1.2 Problem Statement

Sample problem considered from the literature of Jian-Hung Chen and Shinn-Ying
Ho paper for minimizing total flow time and total tool cost [10] (Tables 1 and 2).

Nomenclature

f 1—Total processing time of three parts in required production quantity.
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Table 2 Details of traveling
times between the machines

Machine 1 Machine 2 Machine 3

Machine 1 4 11 17

Machine 2 11 3 9

Machine 3 7 18 5

Table 3 Details of part
index, operation index, and
machine index for sample
calculations

Part index 1 2 3

Operation index 1 2 3 4 1 2 3 1 2 3

Machine index 3 3 3 1 2 1 2 3 1 2

f 2—Total transportation time in between machines.
F1 = f 1 + f 2—Total machining and transportation time for each operation index.
F2—Tool cost for each operation index.
MPFT—Maximum possible flow time.
MPTC—Maximum possible tool cost.
COF—Combined objective function.

COF = W1 × (F1 ÷MPFT)+W2(F2 ÷MPTC) (1)

Equal weightages are considered, i.e.,W1 = 0.5 and W2 = 0.5 (Table 3)

Step 1 :
Tofind

f1 = 51× (6+ 9+ 5+ 5)+ 39× (4+ 2+ 4)+ 23(3+ 8+ 5)

= 51× 25+ 39× 10+ 23× 16 = 1275+ 390+ 368 = 2033.

Tofind

f2 = 51(5+ 5+ 7)+ 39(11+ 11)+ 23(7+ 11) = 867+ 858+ 414 = 2139

F1 = f1 + f2 = 2033+ 2139 = 4172

Step 2 :
Tofind F2

F2 = [(4+ 5+ 4+ 6)+ (9+ 8+ 5)+ (9+ 3+ 2)]× 100 = 5500
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2 Programming

Combined objective function (COF) is formulated by considering the equal weigh-
tages to both the objectives i.e minimization of total flow time and tool cost mini-
mization. For calculating the objective function values for all the possible operation
index sequences, code was written in MATLAB by using Eq. (1). Considered the
machine failures and best operations Indexes and their COF values are tabulated
shown in Table 4 .

3 Results and Discussion

In this present paper, considered formulated COF by considering two objectives, i.e.,
minimization of flow time and tool cost made an attempt by considering some addi-
tional constraints like all machines are working, first machine not working, second
machine not working, and third machine not working. These working conditions are
considered by writing the program in MATLAB shown in Figs. 2 and 3. By consid-
ering all these constraints, corresponding objective function values, i.e., F1, F2, and
COF, are calculated. Studied the effect of failure of machines on objective functions
while production is going on and products are manufactured with the use of available
working machines.

4 Conclusions

Results show that operation index 1111,122,333 gives theminimumCOFvaluewhen
all machines are working. Operation index 2233,222,233 gives minimumCOF value
when Machine 1 fails, operation index 1113,111,333 gives minimum COF value
whenMachine 2 fails, and operation index 1111,122,111 givesminimumCOF value.
When all machines are working, better results were observed. Machines 1 and 2
failures have more negative impact than Machine 1 failures.

In future, planning to develop an algorithm for identifying the better operation
index for objective function which is having three or more objectives, and when all
machines are working, any one machine fails and any two machines fail.
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Fig. 2 Screenshot of program in MATLAB

Fig. 3 Screenshot of results
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Acoustic Emission-Based Grinding
Wheel Condition Monitoring Using
Decision Tree Machine Learning
Classifiers

D. S. B. Mouli and K. Rameshkumar

Abstract Conditionmonitoring has emerged as an important technique inmanufac-
turing industries for predictive maintenance and on-line monitoring of the processes
and equipments. Due to the availability of sensors and signal processing technology,
implementing condition monitoring systems in a manufacturing environment has
become easy. In this paper, grinding wheel conditions in a surface grinding process
are predicted with a simple decision tree-based machine learning classifier using
time-domain acoustic emission signature. A grinding wheel attachment is designed
and fabricated for capturing acoustic emission (AE) signal from the grinding wheel.
Grinding wheel conditions are established using grinding wheel life cycle plot by
monitoring surface roughness produced by the silicon carbide grinding wheel for
the entire grinding cycle. AE signals were captured using the experimental set-up
established for this study and statistical features are extracted from transients of AE.
Classification and regression trees (CART) are used for establishing a correlation
between AE features and grinding wheel conditions. The performance of the CART
algorithms is evaluated using Gini index, towing and maximum deviation split crite-
rions. Results indicate CART algorithms are efficiently predicting the grindingwheel
condition with good accuracy.

Keywords Grinding · Condition monitoring · Acoustic emission · Decision tree

1 Introduction

Grinding is one of the important manufacturing processes used to produce compo-
nents with close dimensional accuracy and high surface finish. For precision machin-
ing applications, AE sensors have a better level of precision in capturing the condition
of the grinding tool such as subsurface damage and anisotropy of the material. Dorn-
feld and Cai [1] studied the application AE for grinding wheel condition monitoring.
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Inasaki and Okamura [2] investigated suitability of AE sensors for monitoring of
dressing and grinding processes.

Suitability of AE sensors for monitoring and control of precision manufacturing
processes were investigated by Lee et al. [3]. Liao et al. [4] conducted experiments
in a surface grinding process, and AE signals were captured and analyzed using
wavelet features. Grinding wheel conditions are distinguished by Liao et al. [5]
using classifiers such as decision trees, naïve Bayes and neural nets. A detailed
survey has been made by Roth et al. [6] focusing on tool condition monitoring of
the various metal cutting process. Arun et al. [7] monitored the cylindrical grinding
using AE signature using machine learning classifiers. Dressing condition of the
Al2O3 grinding wheel in a surface grinding process was investigated by Alexandre
et al. [8] using AE and fuzzy methods.

Off late, Krishnakumar et al. [9] predicted tool conditions by extracting AE fea-
tures in time, frequency, time-frequency domains using machine learning classifiers.
Krishnakumar et al. [10] done feature level fusion using acoustic and vibration sig-
nals for tool conditionmonitoring. Krishnakumar et al. [11] monitored tool condition
using acoustic and vibration signals using wavelet domain using machine learning
classifiers.

In this study, the condition of grinding wheel mounted in a surface grinding
machine is monitored using the acoustic emission sensors. The AE signal is captured
using a data acquisition system and features of the AE signal are extracted in time
domain. Extracted features are trained using classification and regression decision
tree (CART) algorithm. The trained CART model is used for predicting the grinding
wheel condition. Experimental set-up and grinding wheel conditions

AE sensor (micro-30D) with 150–400 kHz operating frequency supplied by Phys-
ical Acoustic Corporation, USA is used in this study for AE signal acquisition. Inves-
tigations were carried out to locate the AE sensor for capturing the AE during the
grinding process. For capturing the AE signal from the grinding wheel, an AE sensor
attachment is designed and fabricated. The attachmentwith the experimental set-up is
shown in Fig. 1. A spring-loaded SiC ceramic bit is made to contact with the rotating
SiC grinding wheel. AE sensor is fixed firmly over the ceramic bit. AE originating
from the grinding wheel is transmitted to the ceramic material and is captured by
the AE sensor. Grinding was carried out by fixing depth of cut as 0.05 mm, grinding
wheel speed as 2900 rpm and feed rate of 0.5 mm/rev., for the entire grinding cycle
starting from the new grinding wheel until the grinding wheel becomes dull.

Grinding wheel life plot and grinding wheel conditions are shown in Fig. 2.
Grinding wheel conditions are identified using the grinding wheel life plot. At the
end of each grinding pass, surface roughness produced by the grinding wheel in
workpiece is recorded. Number of passes carried out in this study is 44. This means
that at the end of 4th pass the grinding wheel has become dull and produced a surface
roughness value ‘Ra’ of more than 0.273. Using the grinding wheel life plot, based
on the change in slope of the plot, grinding wheel conditions are established and
shown in Fig. 2.
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Fig. 1 AE sensor attachment

Fig. 2 Grinding wheel life plot

1.1 AE Feature Extraction

AE features are extracted, and signal processing is carried out to predict the condition
of the grinding wheel. AE signals were captured with a sampling rate of 1MSPS.
AE signals are amplified using a pre-amplifier with a gain of 60 dB. The threshold
of 25 dB is used for capturing the AE data in all three conditions of the tool using
the AEWin software supplied by M/s Mistras Corporation, USA. AE features such
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as Rise-time, Count, Duration, RMS and ASL features were extracted. Among the
features, it is observed that ‘Count’ and ‘RMS’ feature of AE has a strong correlation
with the grinding wheel tool condition. The ‘RMS’ and ‘Count’ feature data are used
in machine learning classifiers for testing and training. Number of data points used
for building the statistical classifiers are 320, 636 and 407 for the tool conditions A,
B and C, respectively.

2 Grinding Wheel Condition Classification Using Decision
Trees

2.1 CART Model for Classification

Decision trees are a simple supervisory learning classifier and are used for classifica-
tion or regression of continuous or discrete data [12]. Breiman [13] first introduced
the CART model for classification and regression applications. The CART decision
tree is a recursive partitioning approach is built by using a binary split. Binary split
implies and divides an attribute into ranges like greater than or equal to and less than
or equal to. Each step in prediction involves checking the value of predictor in order
to proceed to the next stage for prediction. The CART procedure implemented in
this study is shown in Fig. 3. Various split criterions used in this study for the best
split include the Gini index, maximum deviance and towing rule [13].

Attributes (RMS & Count) and 
target variables are labeled with 
condition (Good, Intermediate 

and Worn-out)

Computing gain 
ratio of individ-

ual attributes

Selection of root 
node based on 
minimum gain 

ratio

Split the data 
based on root 
node attribute

Procedure is repeated until
the tree is left with pure 
nodes or based specified 

on termination conditions.
Decision Tree

Splitting Crite-
rions: Gini, 

Towing, & Max. 
Deviance

Fig. 3 CART procedure [13]
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3 Results and Discussions

3.1 Performance of CART Algorithms

The accuracy of classification, mis-classification rate and kappa statists is used for
evaluating the performance of CART classifiers using confusion matrix. Tenfold
cross-validation is performed to compute the performance of classifiers. The accuracy
of classifiers and kappa statistics is shown in Table 1. The results indicate simple
classifiers such as CART is able to capture the conditions of the grinding wheel with
good accuracy. Medium tree classifier is predicting the grinding wheel conditions
with higher classification accuracy compared to simple and complex trees usingGini,
towing and maximum deviance criterions considered in this study.

Kappa statistics proposed by Landis and Koch [14] is also used for evaluating
the performance of the classifier. A ‘Kappa’ value of 0.81–1 is termed as a perfectly
good classifier. A ‘Kappa’ value of 0.61–0.80 is a substantial classifier, 0.41–0.60 is
a moderate one, 0.21–0.40 is termed as fair and 0–0.20 is called as slight. It is noted
that all the CART trees for Gini, towing and maximum deviation criterion are giving
kappa value in the range 0.81–1. Hence, all CART classifiers proposed in this study
are perfect good classifiers for predicting the grinding wheel condition. Average
percent of mis-classification of instances in different grinding wheel conditions are
shown in Table 2. Mis-classification percent are averaged for simple, medium and
complex trees.

It is observed that higher percent of condition ‘A’ (sharp-initial) instances are mis-
classified as Condition ‘B’ (sharp–intermediate). Mis-classification rate of 10.62%,

Table 1 Classification accuracy and kappa statistics of CART Classifiers

Classifier Classification accuracy (%)/Kappa statistics

Gini index Towing Max. deviance

CART—simple trees 92.01/0.876 91.93/0.874 91.34/0.866

CART—medium tree 93.10/0.892 93.40/0.897 93.06/0.891

CART—complex tree 92.08/0.876 92.15/0.877 92.01/0.874

Table 2 Average Mis-classification of CART algorithm

Mis-classification (%)

Criterion Gini index Towing rule Max. deviance

Conditions A B C A B C A B C

A – 10.62 2.70 – 10.20 1.41 – 10.80 3.4

B 6.13 – 2.30 5.81 – 2.41 6.70 – 2.30

C 1.40 0.40 – 1.47 0.20 – 0.50 0.57 –
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10.20% and 10.80% is reported for Gini, towing and maximum deviance split crite-
rions, respectively. The reasons for mis-classification may be due to both conditions
have sharp grinding edges. The classifier was unable to classify approximately 10%
of instances, which are close to the transition range. The condition change from
‘sharp-initial’ to ‘sharp-intermediate’ has to be studied in detail for improving the
classification accuracy of the classifier.

4 Conclusions

In this work, grinding wheel conditions are predicted using classification and regres-
sion trees using dominant AE features, Count and RMS. For capturing AE signature,
a grindingwheel attachment has been designed and fabricated.Grindingwheel condi-
tions, namely ‘sharp-initial,’ ‘sharp-intermediate’ and ‘dull-worn-out,’ are identified
using the grinding wheel life plot. Three CARTmodels, namely simple, medium and
complex trees, are used for grinding wheel condition prediction using split criterions
Gini index, maximum deviance and towing rule.

It is observed that CART classifiers are producing good classification accuracy of
more than 90% for all trees considered in this study. Mis-classification percent are
around 10% for the AE data collected during the transition from ‘sharp-initial’ to
‘sharp-intermediate’ condition. Mis-classification of ‘sharp-intermediate’ condition
as ‘dull-worn out’ condition of the grinding wheel is 2.3%, 2.41% and 2.3% for Gini,
towing, maximum deviance criterions, respectively. This shows the effectiveness of
the CART algorithm and the ability of the AE sensor capturing the grinding wheel
condition. Kappa also indicates that the proposed CART model is a perfect classifier
for predicting the grinding wheel condition.
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Impact of Collaborative Drivers of NPD
on Quality Cost and Customer
Satisfaction

Sudeshna Roy , Nipu Modak and Pranab K. Dan

Abstract ‘MAKE IN INDIA’ necessitates the collaborative approach in new prod-
uct development (NPD) activities in Indian manufacturing industries for attaining
global success. Collaboration nature is one of the phenomena requires to be devel-
oped within the organization for industrial sustainability. This requires communi-
cation infrastructure (CI), conflict management (CM), concurrent engineering team
(CET), and collaborative product design (CPD) for NPD success to produce cost-
effective quality products for customer satisfaction. Structural equation modeling
(SEM) is employed to develop a framework depicting the interrelationship among
the constructs based on the empirical data collected from 263 experts of Indian
manufacturing companies. The analysis interprets that sound CI can improve NPD
success along with better CET and CPD. It also able to smoothly handle the conflicts
occurred within the firm. CM, CET, and CPD have positive impact on NPD success
among which CET motivates CPD for successful NPD.

Keywords New product development · Concurrent engineering team · Cost ·
Quality · Customer satisfaction

1 Introduction

New product development (NPD) is the inevitable part of manufacturing firms to
sustain in the global competitive market environment [1]. Collaborative approach in
NPD has identified as one of the promising areas as open innovation among the inter-
nal and external teams can offer various competitive advantages [2]. Incorporation
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of cross-functional team activities develops the concurrent engineering team (CET)
ensuring a suitable environment of collaborative NPD [1].

The collaborative approach requires a strong communication infrastructure (CI)
for better NPD performance. Conflict management (CM) activities of the firm elim-
inate the differences among the team members [3]. This collaborative culture of
the firm introduces collaborative product design (CPD) approaches supported by
CET for reducing development time and cost [4]. The development of high-quality
products at minimal cost is the key objective of any firm to attain high degree of
customer satisfaction [5]. Unavailability of comprehensive framework addressing
the drivers of collaborative approach in NPD has been identified. The key objective
of the empirical research is to develop a framework depicting the combined impact
of CET, CI, CM, and CPD for NPD success and their interrelationships as well to
develop high-quality product in minimum cost for customer satisfaction.

2 Theoretical Background for Hypotheses Development

Collaborative product development requires synchronization among thevarious func-
tional groups for continuation of simultaneously concurrent and interdependent activ-
ities for developing concurrent engineering culture. CET is the concept of cross-
functional team culture of working together as a team which develops the sharing
nature within the firm for achieving success. CET motivates the team to adopt CPD
culture for NPD success [6]. CPD associates industrial designers as well as engi-
neering designers to develop functional and reliable new products as per require-
ments in which customers are also involved [7]. CI motivates the bi-directional flow
of information for encouraging NPD success. Communication among the different
functional team members generates internal collaboration through sharing of infor-
mation, knowledge, and idea which helps in decision-making and problem-solving
in a challenging environment which motivates the CET as well [1]. CI also mini-
mizes the differences occurred during the development activities and offers a better
CM [3]. CM is a collective effort to minimize the conflicts within the team for NPD
success [8]. The above discussions evince to draw the interpretations that:

H1a: CET positively influences NPD success of the firm.
H1b: CET develops the culture of CPD within the firm.
H2a: A better CI provides an enriched NPD success in the firm.
H2b: CI motivates CET culture within the firm.
H2c: Strong CI efficiently handles conflicts within the firm and provides better CM.
H3: CM within the firm encourages NPD success of the firm.
H4: A sound CPD helps in motivating NPD success.

The discussed theoretical background helps in framing the comprehensive path
model as illustrated in Fig. 1 based on the estimated hypotheses.
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Fig. 1 Path model of
constructs representing
hypotheses

3 Research Methodology

Structural equation modeling (SEM) approach is employed for hypotheses testing
among the latent constructs quantified by their indicators as identified from litera-
ture as well as experts’ opinion [9]. IBM SPSS AMOS 21.0 is used for structural
model formation by using the maximum-likelihood (ML) estimation method for
hypotheses testing. A semi-structured questionnaire containing both closed-end and
open-end sections for accumulating degree of implementation of the indicators has
been developed. This study accumulates data from 263 manufacturing experts from
various types of organizations. The demographic details of the respondents are listed
in Table 1.

Table 1 Demographic profiles of respondents

Classifications Total % Classifications Total %

Geographical Location:
Indian Manufacturing
Industries

263 100 Organization Type - -

Fabrication 46 17.49

Electrical Equipment 33 12.55

Respondent’s Profile - - Industrial valves 32 12.17

Executive 69 26.23 Textile Machineries 27 10.27

Fire-fighting Equipment 26 9.89

Manager 83 31.56 Hydraulics & Pneumatics 25 9.50

Burner and Heater 22 8.37

Senior Manager 48 18.25 Material handling Equipment 21 7.98

Cell and battery 14 5.32

Vice President 36 13.69 R&D sectors 9 3.42

Air ventilators 8 3.04

President 27 10.27
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4 Empirical Results and Discussions

4.1 Analysis of Measurement Validity

After data accumulation through seven-point Likert scale, the construct validity and
the reliability of the data have been calculated using average variance extracted
(AVE), composite reliability (CR), and Cronbach’s alpha (α), respectively, using
IBM SPSS 21.0. Values of AVE and CR greater than 0.5 are considered as consistent
and reliable, whereas for α, the value is greater than or equals to 0.8. After that,
principal component-based EFA is employed to recognize the manifest variables
having higher loading values (>0.60) to use those indicators for measurement model
development. Standardized regression weights (SRWs) of those identified indicators
are calculated as enlisted in Table 2 including the values of validity and reliability
indices.

4.2 Measurement Model

Confirmatory factor analysis incorporates estimation of model fitness through calcu-
lation of various fitness parameters and their values enlisted as χ2= 57.293, degrees
of freedom = 343, χ2/degrees of freedom = 1.668, RMSEA = 0.047, GFI = 0.883,
AGFI= 0.862. These values are within a permissible range to consider the measure-
ment model as valid one. Values of AVE, CR and, α are range between 0.49 to 0.60,
0.59 to 0.71 and 0.762 to 0.890, respectively, as enlisted in Table 2.

4.3 Structural Model

Structural model development infers the interrelationships among the latent con-
structs including their manifest variables. This also incorporates model-to-data fit-
ness tests and the values of fitness parameters are obtained as χ2 = 594.007, degrees
of freedom = 394, χ2/degrees of freedom = 1.506, RMSEA = 0.039, GFI = 0.913,
AGFI = 0.882. The structural model showing the hypothesized relationships among
latent constructs including their indicators are represented in Fig. 2. The positive
impact of CET on NPD success (H1a) and CPD (H1b) is depicted by the path esti-
mate 0.50 (p < 0.01) and 0.63 (p < 0.01). Similarly, the influential role of CI on NPD
success (H2a), CET (H2b), and CM (H2c) is justified by the path estimates as 0.96,
0.90, and 0.93, respectively, all significant for p < 0.01. The role of CM and CPD on
NPD success is also obtained by the positive path values 0.38 and 0.51, respectively,
significant for p < 0.01. These path values are enlisted in Table 3.

The structural model in Fig. 2 depicts the combined impact of drivers of collabo-
rative approaches on NPD success as well as their linkages to develop high-quality
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Table 2 Latent constructs and manifest variables with path estimates and reliability indices

Latent constructs along with their manifests FL SRW

Concurrent engineering team (CET) [AVE = 0.51; CR = 0.62; α = 0.863] – –

1. Concurrency of process and product design in same group (m1) 0.911 0.49

2. Early stage manufacturing activities (m2) 0.895 0.54

3. Concurrency of process/product design in various groups (m3) 0.836 0.91

4. Early stage involvement of functional groups (m4) 0.784 0.61

5. Idea generation and sharing of information (m5) 0.767 0.75

6. Managerial support and motivation (m6) 0.736 0.99

7. Inter department opinion sharing (m7) 0.693 0.76

8. Coordination to achieve the target (m8) 0.652 0.89

9. Knowledge integration 0.583

10. Strategic consideration 0.540

Communication infrastructure (CI) [AVE = 0.55; CR = 0.68; α = 0.885] – –

1. Regular meeting for problem-solving (m9) 0.864 0.94

2. Virtual communication (m10) 0.782 0.94

3. Internet-based telecommunication tools (m11) 0.743 0.57

4. NPD database system (m12) 0.675 0.83

5. Face-to-face meetings in between virtual teams (m13) 0.613 0.87

6. Video conference 0.587

Conflict management (CM) [AVE = 0.49; CR = 0.59; α = 0.762] – –

1. Commitment to collaboration (m14) 0.836 0.69

2. Effectiveness of conflict handling teams (m15) 0.771 0.88

3. Application of improved conflict handling process (m16) 0.647 0.93

4. Effectiveness of communication management 0.592

Collaborative product design (CPD) [AVE = 0.54; CR = 0.67; α = 0.876] – –

1. Connection and cooperation with other companies (m17) 0.894 0.59

2. Cooperative relationship between companies (m18) 0.818 0.48

3. Application of team-collaboration practices (m19) 0.762 0.54

4. Cross-organizational linkage (m20) 0.733 0.95

5. Continued and parallel responsibility of different design disciplines for
product and process specifications (m21)

0.647 0.58

NDP success [AVE = 0.60; CR = 0.71; α = 0.890] – –

1. Percentage of sales by NPD (m22) 0.928 0.67

2. Attain return on investment (m23) 0.896 0.80

3. Attain profitability goal (m24) 0.851 0.71

4. Customer satisfaction (m25) 0.810 0.77

5. Achievement of design goals (m26) 0.792 0.94

6. Meet quality guidelines (m27) 0.765 0.95

(continued)
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Table 2 (continued)

Latent constructs along with their manifests FL SRW

7. Profitability relative to spending (m28) 0.699 0.66

8. Revenue growth 0.587

9. International market share 0.554

10. Attain margin goal 0.510

Notes All t-values are significant to p < 0.001

Fig. 2 SEM model after execution depicting the interrelationships of latent constructs

products in reduced cost for customer satisfaction. This model clearly infers the con-
tribution of each indicator to measure their respective latent construct as mentioned
in Table 2 along with it represents the path estimates among the latent constructs as
listed in Table 3.
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Table 3 Statistics of path estimates

Path
descriptions

Hypotheses Standardized estimates t-values

CET →
NDP

H1a 0.50(***) 12.005

CET →
CPD

H1b 0.63(***) 11.252

CI → PDP H2a 0.96(***) 7.136

CI → CET H2b 0.90(***) 10.118

CI → CM H2c 0.93(***) 11.125

CM →
NPD

H3 0.38(***) 9.007

CPD →
NPD

H4 0.51(***) 8.858

Notes ***indicate the significance at p-value < 0.01

5 Conclusions

This study realizes the impact of a collaborative culture in Indian manufacturing
industries to frame ‘MAKE IN INDIA’ realistic. It requires implementation of CET,
CI, CM, and CPD in practical field. The positive impact of the aforementioned fac-
tors for NPD success is identified among which CI provides better CET and CM
culture. CET, in turn, influences CPD for development of new products with high
quality and reduced cost to achieve customer satisfaction. This study is also an effort
to identify the indicators of latent constructs and their contribution to implementing
the respective factors in practical scenario. Managerial support and motivation have
been recognized as themost vital parameter to establish an effective CET. For smooth
communication within the same team and various functional groups, meetings on
regular basis for problem-solving and virtual communication are equally essential.
Application of improved conflict handling process helps in overcoming the differ-
ences occurred within the organization for smooth operation of NPD activities. In
the case of CPD, cross-organizational linkage is identified as the most impactful
parameter. Among various indicators of NPD success, this study recognizes meeting
quality guidelines as the vital one followed by achievement of design goals, attain
return on investment, customer satisfaction, attain profitability goal, percentage of
sale by NPD and profitability relative to spending. This interprets that customers are
always looking for quality products at low cost. This tends to the customer satisfac-
tion in turn the NPD success of the firm. The present work enables us to arrive at the
following important conclusion.
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Flow Forming of Tubes: Modeling
and Optimization Using RSM, Composite
Desirability Function, and TLBO

Prabas Banerjee, Nirmal Baran Hui, Mithilesh Dikshit and Saikat Som

Abstract Modeling of backward flow forming process is attempted in this study
using response surface method. Three inputs such as infeed, feed speed ratio, and
axial stagger and three responses, such as spring-back, insidediameter offlow-formed
tube and ovality of the inside diameter, are considered in this study. Multi-objective
optimization technique was done using composite desirability function and TLBO
to attain an optimum combination of input parameters. TLBO was found to be more
accurate as compared to composite desirability function.

Keywords Flow forming · Spring-back · Ovality · Response surface
methodology · Composite desirability function · TLBO

1 Introduction

Metal flow forming is used for manufacturing dimensionally accurate products and
mostly used in defense, aerospace, and automobile sectors [1]. It is a chipless [2]
manufacturing process resulting in low material waste [3]. A large number of mate-
rials can be formed such as aluminum alloys, steel, copper, brass, and titanium [4].
Quality of the flow-formed product depends on its process parameters, and modeling
of this process is very complex. Important process parameters are an axial feed of
rollers, the rotational speed of the preform, the thickness of the preform, type ofmate-
rial used [5] and various responses such as surface roughness, ovality, and diametral
growth are measured [6]. Numerous studies were carried by the researchers [7], still
there exists an enormous gap and no such concrete study in this perspective.
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Table 1 Input factors and levels used in the experiments

No. Factors Levels

1 Infeed (IF) 3 3.5 4

2 Feed speed ratio (FS) 0.5 0.6 0.7

3 Axial stagger (AS) 9.5 11 12.5

2 Process Models Using RSM, Composite Desirability,
and TLBO

The preform (material: AA6082) was a tube with an internal diameter 118.5 mm, the
thickness of 7mm, and an initial length of 180mm. Three rollers were placed with an
axial stagger of 9.5 mm and rotation stagger of 120° around the circumference of the
preform. Response surfacemethod has been used by researchers [8] to investigate the
impact of different process parameters on multiple process responses. Three inputs
of three labels each have been considered during the study (refer to Table 1).

The response of the model can be expressed as

Y = C(IF)a1(FS)a2(AS)a3 ∈′ (1)

where C is a constant, a1, a2, a3 are the exponents and ∈′ is the experimental error.
Since there exists more than one response (ovality, spring-back and inside diame-

ter), RSM-based model prediction might not be suitable. Therefore, composite desir-
ability andTLBOapproacheswere used for this purpose, and their performanceswere
compared.

3 Results and Discussion

Three responses such as internal diameter, spring-back, and ovality are measured in
this study. A total of twenty experiments with one repetition each were performed. In
the flow forming process, it is necessary to reduce the thickness keeping the internal
diameter intact. Spring-back is a measure of the difference between programmed
thickness and the final thickness of a flow-formed material. In other words, spring-
back can be stated as a material property in which a material experiences elastic
recovery before getting permanently deformed.However, due to the changes in stress,
some amount of ovality is observed. Ovality is the difference between the maximum
and minimum diameter of a flow-formed product. Initially, a coded form of ANOVA
is used to find out the empirical relationship of the responses. During this process,
backward elimination was followed, and final expressions for the three responses are
given in Eq. (2). It is important to note that the interaction effects of different factors
were neglected, and linear and square effects of the inputs were only considered.
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ID = 120.513 + 0.01553AS − 5.32FS − 0.247IF + 4.16FS2

SB = −1.474 + 0.279AS + 0.638FS + 0.054IF − 0.01293AS2

OV = 0.491 − 0.00421AS − 1.043FS − 0.00841IF + 0.686FS2 (2)

Table 2 shows the different statistical parameters for the responses. It has been
observed that the model accuracy for the response ID is very high, whereas the same
for the other two responses are also satisfactory. For all the responses, low difference
between the R2 and R2-adj also indicates that the developed models are good and
accurate for predictions and insignificant parameters are not present in the model.
It is also noted that the lack-of-fit is very low and linear factors are contributing
the maximum. In the case of ID, IF contributes more, whereas, in the other two
responses, the contribution of FS is the maximum. Thamasett [9] also explained
that ID is directly proportional to the IF, an increase in IF leads to more changes in
ID. It is because the higher infeed demands higher forming forces leading to more
deformation of the mandrel and changes in ID, whereas the contribution of FS on
SB and OV is found to be more. Forming forces increase with higher infeed, but the
roller needs to be in contact for permanent deformation to take place. Higher feed
speed ratio does not ensure longer roller workpiece contact that enhances the elastic
distortion ofmaterial. Also, AA6082 is a well-knownmaterial for higher spring-back
under compressive forces. Also, the feed speed ratio is the ratio between the axial
feed of the roller and the rotational speed of mandrel. Keeping the rotational speed
of mandrel same, when the axial feed of roller is increased, the ovality of the flow-
formed tube is improved. Faster axial transverse of the roller may lead to insufficient
roller workpiece contact which may also cause inadequate plastic deformation. Also,
it has been observed that axial plastic flow for metal will be proper with appropriate
circumferential to axial contact length ratio and it only happens due to the feed speed
ratio.

Histograms of residuals of three responses are seen to be normally distributed,
and normal probability plots are well correlated showing the models are accurate
and significant parameters exist in the model. Response surface plots for the three
responses are presented in Fig. 1. For each response, there are three plots. In each
plot, one input parameter is unchanged, and the other two are varied simultaneously.
It has been observed that ovality and spring-back are more nonlinear with the inputs
than the internal diameter. Following observations are also noted from Fig. 1.

Table 2 Statistical parameters observed through ANOVA

Response ID SB OV

R2 in % 90.69 70.8 79.33

R2-(adj) in % 89.62 67.46 76.97

F-table (Lack of fit) 1.46 1.57 1.28

Contributions % by the linear terms 86.27 65.13 76.01

Highest contributing factor IF (77.87%) FS (54.51%) FS (67.91%)
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Fig. 1 Response surface plots for internal diameter (ID), spring-back (SB) and ovality (OV)

(a) Higher changes in ID are observed for a lower level of IF, FS and a higher level
of AS.

(b) Spring-back is nonlinearly varying with AS. Highest change is observed for
middle level of AS and higher levels of IF and FS. Therefore, it is necessary to
decrease the values of IF and FS for low spring-back.

(c) Ovality is also nonlinear with all the parameters. Lowest ovality is noted for
higher levels of all three inputs.



Flow Forming of Tubes: Modeling and Optimization Using RSM … 373

3.1 Multi-response Optimization Using Composite
Desirability Function and Teaching Learning-Based
Optimization (TLBO)

Initially, the composite desirability function was evaluated of the flow forming pro-
cess model created using RSM, and the best combination of inputs leading to a
minimum value of all the three responses are determined. Here, the objective was

Minimize Eq. (2) subject to 3 ≤ IF ≤ 4; 0.5 ≤ FS ≤ 0.7; 9.5 ≤ AS ≤ 12.5
The result is shown in Fig. 2. The best result is obtained with IF= 3.9, FS= 0.55,

and AS = 12.46 and optimal responses are ID = 118.083 mm, SB = 0.546 mm, and
OV = 0.0339 mm corresponding to the composited desirability of 0.7865.

The TLBO was implemented by Mohanty et al. [10], Rao et al. [11] and found
to be a good optimization tool for multi-objective optimization. TLBO is preferred
over the other metastatic approaches because controlling only one parameter namely
teaching factor is required. It has been used in this study to minimize the responses
mentioned in Eq. (2) in the ranges of the inputs mentioned above. During this study,
ten population sizes, 30 numbers of generations are selected. Table 3 depicts the
comparison between the results obtained through composite desirability function

Fig. 2 Optimization results of the model using composite desirability function
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Table 3 Confirmation test

Inputs Responses (in millimeter)

AS FS IF Expt.
ID

Pred.
ID

Expt.
SB

Pred.
SB

Expt.
OV

Pred.
OV

CDF 12.46 0.55 3.9 118.19 118.04 0.572 0.546 0.036 0.034

TLBO 10.1 0.6 3.96 117.99 118.01 0.613 0.618 0.035 0.036

(CDF) and TLBO. Predicted results obtained through TLBO method were found
to be closer to the experimental values. Also, TLBO method is more effective and
efficient to achieve the optimal set of input parameters.

4 Conclusion

With the help of RSM design, the effects of essential input parameters were inves-
tigated, and their influences were determined on output parameters such as inside
diameter, spring-back, and ovality. The relationships between outputs with inputs
were derived, and the most influential parameter was identified.

(i) For the inside diameter, the infeedwas themost significant parameter (77.87%).
(ii) For the spring-back, the feed speed ratio had more percentage significance

(54.51%) than the other input parameters.
(iii) For the ovality, the highest significant (67.91%) input is feed speed ratio.

The optimal forming parameters were obtained using both composite desirability
function aswell asTLBOmethod. From the composite desirability, the optimal values
of axial stagger, feed speed ratio, and infeed are obtained as 12.46 mm, 0.55 mm/rev
and 3.9 mm, respectively. Likewise, TLBO method was employed to achieve the
optimal values of input parameters which were 10.1 mm, 0.6 mm/rev, 3.96 mm
for axial stagger, feed speed ratio, and infeed, respectively. Confirmation test was
done to evaluate the deviation of predicted values from the experimental values. The
optimization using TLBO methodology took minimum effort and provided more
accurate results.

Appendix: Experimental Data
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Investigation on Weld Bead Geometry
of AISI 201LN in GMAW-Cold Metal
Transfer (CMT) Process

Vivek Singh, M. Chandrasekaran and Sutanu Samanta

Abstract The welding of thin sheet of austenitic stainless steel (SS201LN) is a
challenging task due to distortion and high heat input associated during tungsten
inert gas (TIG) process. A robotic cold metal transfer (CMT) process is the modified
version of gas metal arc welding (GMAW) process in which the heat input is reduced
due to controlled wire feeding and higher welding speed. In this work, GMAW (with
CMT) process of AISI 201LN stainless steel plate is performed using Box–Behnken
design (BBD).Wire feed rate (WFR), welding speed (S), and nozzle to work distance
(NTD) are considered weld parameters to investigate process characteristics of weld
bead viz., penetration (P), width (W ), and reinforcement (R). Predictive models
are developed using response surface methodology (RSM) and model validation
shows an average error % of 2.61 for penetration. ANOVA analysis shows thatWFR
and welding speed are the most influencing factors, whereas NTD having the least
influence in determining penetration. The parametric optimization of all responses
simultaneously is carried out using desirability analysis (DA) obtaining composite
desirability of 0.7216 mm/min.

Keywords AISI 201LN · CMT ·Weld bead · RSM · Desirability analysis

1 Introduction

Austenitic stainless steels are gaining popularity in industries due to their enhanced
mechanical properties and excellent corrosion resistance. Nickel (Ni) is an expensive
alloying element which constitutes a major part of the total cost of stainless steel.
Usually, by adding Ni, the austenitic phase in stainless steel is stabilized [1, 2].
Recent advancements have proved that yield strength of austenitic stainless steel
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can be doubled by increasing the nitrogen content in it. Nitrogen addition acts as
solid solution strengthening element in stainless steel, increasing the yield strength
at room temperature and at subzero temperatures [3].

AISI 304L and AISI 316L are commonly used austenitic stainless steels for the
fabrication of cryogenic tanks. These steels operate at very low temperatures and
hence require higher toughness and lateral expansion at –196 °C. AISI 201LN is
gaining popularity as a substitute for AISI 304L/316L in cryogenic industry due
to its economy, higher strength, and excellent toughness property. In conventional
GMAWprocess, metal transfer occurs with the aid of electromagnetic force, whereas
in CMT, no such forces are required, and it leads to lesser spatter. CMT is especially
suited for thin sheets where less heat input is required during welding [4].

TIG welding process is generally used for welding of austenitic grades to obtain
high-quality weld. However, due to high production rate and ease of automation,
GMAW process is often preferred over GTAW process [5]. CMT process is widely
used for thin sheets due to higher weld quality, low heat input, and higher produc-
tivity than conventional GMAW process. Many researchers have investigated weld
parameters with conventional GMAW process. Limited investigation is carried out
on robotic CMT process. The mode of metal transfer plays a vital role in reducing
heat input and spatter-free high-quality weld [6]. In CMT process, an oscillating wire
is fed in forward and reverse direction with an oscillating frequency up to 70 Hz. The
wire is fed in the forward direction to weld pool during arcing period. As the wire
dips in the weld pool, the current is lowered and arc is extinguished. The reversed
motion of the wire assists droplet detachment during short circuit. The wire motion is
reversed to initiate the formation of another droplet [7]. In this work, an experimental
investigation was carried out to study the effect of different weld parameters on weld
bead characteristics viz., penetration (P), bead width (W ), and reinforcement (R) in
GMAW (CMT) process of AISI 201LN stainless steel plate.

2 Plan of Investigation

2.1 Welding Experiments

The current work is based on robotic CMT welding to investigate AISI 201LN. In
preliminarywelding investigation, wire feed rate (WFR), welding speed (S), and noz-
zle to tip distance (NTD) have found as most influencing factors for investigating the
weld bead geometry. The parameters levels are 6, 7, 8 m/min; 500, 600, 700 mm/min
and 10, 15, 20 mm, respectively, forWFR, S, and NTD. For carrying out full factorial
design of experiments, it requires 33 = 27 experiments. In this work, Box–Behnken
design (BBD) of experiments with 15 experimental runs has been employed. This
minimizes number of experimental runs required to carry out experimental investi-
gation which leads to saving time and cost. These independent factors were varied
in order to study the effect on the responses such as penetration (P), bead width
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Fig. 1 A robotic controlled CMT experimental set up (Make: KUKA)

(W ), and reinforcement (R). Welding experiments are carried out in robotic CMT
process with bead on plate experiments on stainless steel (AISI 201LN) plates of size
150 mm× 150 mm× 3 mm. Figure 1 shows Fronius TPS 4000 CMTwelding power
source integratedwith robotic set up (Make:KUKA) used in this work. The filler wire
(ER316L) of diameter 1.0 mm and Argon+ 2.5% Co2 shielding gas was used with a
gas flow rate of 15 l/min. After welding, transverse sections of the weld sample were
cut from middle of each plate to examine weld bead profile. These samples were
then polished to get a mirror-like finish and etched. The cross sections of weld bead
profile were then analyzed at 20Xmagnification using vision measurement machine.
The responses obtained in the analysis are shown in Table 1.

2.2 Development of Predictive Models

The predictive models of welding responses are developed with various influenc-
ing factors. The relationship between responses (Y ), i.e., penetration, bead width,
and reinforcement are the function of various factors such as WFR, S, NTD can be
represented as

Y = f (WFR, S, NT D) (1)

In this work, response surface methodology (RSM) is used to relate between
welding factors and responses. The experimental results are analyzed inMinitab 17®

statistical software at 95% confidence level and the model relationship was obtained.
The following are different RSM model equations obtained; model equations are
validated.
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Table 1 Experimental results (Box-Behnken design)

Bead No. WFR S NTD P (mm) R (mm) W (mm)

1 8 500 15 1.816 2.492 7.245

2 6 700 15 0.738 1.954 5.426

3 6 600 20 0.614 2.098 5.364

4 8 700 15 1.389 2.087 5.832

5 7 600 15 1.501 2.176 5.839

6 7 700 10 0.758 2.078 3.812

7 7 600 15 1.515 2.224 5.839

8 8 600 20 1.6 2.395 6.13

9 7 500 20 1.612 2.425 5.345

10 7 500 10 1.631 2.354 5.482

11 8 600 10 0.948 2.186 6.275

12 7 600 15 1.529 2.241 5.714

13 6 500 15 1.606 2.195 5.799

14 7 700 20 0.785 2.264 3.956

15 6 600 10 1.282 1.961 4.956

P = 5.55+ 0.030WFR − 0.00927 S − 0.1192 NT D − 0.1066WFR ×WFR

− 0.000002 S × S − 0.01190NT D × NT D + 0.001103WFR × S

+ 0.06600WFR × NT D + 0.000023 S × NT D

(R2 = 98.84%, R2(Adj) = 96.74%) (2)

R = −0.79+ 1.374WFR − 0.00466 S − 0.0714NT D − 0.0760WFR ×WFR

+ 0.000004 S × S + 0.000892NT D × NT D − 0.000410WFR × S

+ 0.00360WFR × NT D + 0.000058 S × NT D

(
R2 = 97.28%, R2(Adj) = 92.38%

)
(3)

W = 4.92− 6.71WFR + 0.0553S + 1.042NT D + 0.655WFR ×WFR

− 0.000038S × S − 0.03086NT D × NT D − 0.00260WFR × S

− 0.0277WFR × NT D + 0.000141S × NT D

(
R2 = 97.74%, R2(Adj) = 93.67%

)
(4)
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2.3 ANOVA Analysis

The adequacy of the models was checked using analysis of variance (ANOVA).
ModelswithP-values less than 0.05 are considered adequate. Factors havingP-values
less than 0.05 are considered significant in determining the response.

The ANOVA result for responses shows that for predicting P, S have signif-
icant contribution of 49.36% followed by WFR 12.60% and NTD are found less
significant. Also have significant contribution in predicting R contributing 40.80%
while contribution of WFR and NTD were 31.53% and 12.65%, respectively. Per-
centage contribution of S andWFR on bead width is obtained as 29.12 and 19.23%,
respectively. NTD is the least significant factor.

2.4 Validation of Models

The conformity tests were conducted to validate the developed model by considering
different welding parameters design matrix. The selected welding parameters for
model validation are: wire feed rate, WFR (6.5, 7.5, 6, 7 and 7.5 m/min), welding
speed, S (550, 650, 550, 550 and 700 mm/min), nozzle to work distance, NTD (15,
10, 15, 15 and 15 mm). The average predicted percentage error found forW, R, and
P are 3.01%, 3.41%, and 2.61%, respectively.

3 Optimization Using Desirability Analysis

After building the predictive model, a numerical optimization technique using desir-
ability function analysis is used to optimize the welding responses. The objective
of optimization is to find the best settings that maximize penetration and minimize
reinforcement and bead width. The desirability value ranges from 0 to 1. The fac-
tors setting with maximum desirability are the optimal welding parameter. Figure 2
shows the desirability optimization plot for various responses and it obtains combined
desirability values of 0.7216 providing 6.0 m/min wire feed rate, 512.12 mm/min
welding speed, and 10 mm NTD. The optimum welding parameter obtained in this
work provides guideline for cryogenic vessel fabrication industries.

3.1 Model Analysis

Surface plots were drawn to study the variation of response surface with different
factor combinations. Obtained surface plots are shown in Fig. 3a–d.

The following are the effect of welding parameters in GMAW (CMT) process:
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Fig. 2 Desirability optimization plot

(a) Penetration vs speed, WFR

(c) Bead Width vs speed, WFR

(b) Penetration vs speed, NTD

(d) Reinforcement vs speed, NTD
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Wire feed rate: The effect on wire feed rate on different weld bead characteristics
(P,W,R) shows that increase inWFR increasesP andW.WFR is directly proportional
to welding current.

Nozzle to work distance: In CMT process, an oscillating wire is fed in forward
and reverse direction, NTD having least influence on the penetration and bead width.
As in conventional GMAW, NTD is a major influencing parameter and penetration
increases with decrease in NTD. Reinforcement increases with increase in NTD.

Weld speed: The weld speed is inversely proportion with penetration, bead width,
and reinforcement. As the weld speed decreases, the heat input per unit length
increases resulting increase in penetration and wider bead width, while increase
in welding speed reduces heat input which leads to lesser penetration and narrow
bead width.

4 Conclusion

In the present work, during robotic CMT process of GMAW investigation of AISI
201LN stainless steel, the following conclusions are drawn.

• The penetration (P) and bead width (W) are increasing with increase inWFR and
decrease with welding speed. NTD is least influence parameter on penetration.

• Theweld reinforcement (R) increases asNTD increases, while it decreaseswith the
increases in welding speed. The increase in welding speed reduces the volume of
deposited molten metal per unit length resulting decrease in weld reinforcement.

• ANOVA analysis shows that WFR and welding speed are the most influenc-
ing factors in determining penetration. The predictive performance of the model
shows good co-relationship with experimental prediction; the maximum average
percentage of error of 2.61 is obtained for penetration.

• The simultaneous optimization for all responses is performed and obtained com-
posite desirability of 0.7216 providing 6.0 m/min WFR, 512.12 mm/min S and
10 mm NTD. The obtained optimum welding parameters provide guide line for
fabrication of thin sheet cryogenic tank using GMAW (CMT) process.
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Creating Productive Conditions
for Electric Discharge Machining
of Non-conductive Ceramics

Sanjeev Verma, P. S. Satsangi and K. D. Chattopadhyay

Abstract Fabricating structures from non-conductive ceramic materials like silicon
nitride (Si3N4) is difficult through traditional machining, but their applications are
increasing in engineering field due to their high hardness, low thermal conductivity
and resistance to oxidation. High electrical resistivity of such ceramics restricts the
use of electric discharge machining (EDM) on them. An assistive electrode together
with graphite powder-mixed dielectricmixture of hydrocarbon fluidswas used to cre-
ate favourable conditions for deposition of conductive layer on the non-conductive
SiAlON having 105 � cm resistivity. The experiments were conducted according to
Taguchi design. Analysis of variance using signal-to-noise ratios showcased signif-
icant parameters and their optimal values for material removal, electrode wear and
size overcut. The elemental composition of the sample confirmed the deposition of
carbon particles on ceramic surface which has helped in propagation of sparking
beyond exhaustion of assistive layer. The SEM images confirmed the presence of
deposited carbon layer and material removal by spalling and evaporation.

Keywords Assistive layer · Powder-mixed EDM · Non-conductive ceramics ·
Taguchi method · SEM images

1 Introduction

Ceramics exhibiting good wear resistance, light weight, low thermal expansion coef-
ficient andhigh specific strength have the perfect amalgamation of properties required
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for diverse applications. The industrial demand of these advanced ceramics is contin-
uously on the rise, but still the applications are limited because of their poor machin-
ability by conventional techniques. If these were electrically conductive (resistiv-
ity < 100–333 � cm), electrical discharge machining (EDM) and electro-chemical
machining (ECM) could be applied to reshape them. Electro-chemical discharge
machining (ECDM) can only be used to machine micro-grooves, micro-slots and
poses a risk of corrosion. Various techniques like assistive electrodes, powder-mixed
dielectric, decomposed carbon from working oil, etc., were tried to machine shapes
through EDM.

Mohri et al. [1] machined a non-conductive ceramic using an assistive electrode
and found that cracked carbon from dielectric fluid provides electrical conductivity to
the ceramic. Fukuzawa et al. [2] machined Si3N4 and ZrO2 using assistive electrode
and the discharges were produced incessantly due to formation of the electrically
conductive layer. Sabur et al. [3] concluded that the stability of pyrolytic carbon
layer depends on the input power, material of workpiece and tool, dielectric liquid,
polarity and discharge duration while EDM of non-conductive ZrO2 ceramic using
assistive electrode. Hanaoka et al. [4] found that the machinable limit of electrical
conductivity to machine Si3N4 composites is below 4 × 10−2 S m−1. Liu et al.
[5] used copper sheet as an assistive electrode to EDM a large surface area on cubic
boron nitride and polycrystalline diamond. Ji et al. [6] found that ZnO/Al2O3, having
electrical resistivity of 3410 � cm, can be machined using copper electrode. Gotoh
et al. [7] found that a pulse discharge longer than the set pulse duration resulted
in the generation of electrically conductive layer on the insulating ceramic surface.
Chakraborty et al. [8] established that the right working fluid plays an important
role. Pachaury and Tandon [9] reviewed the challenges during EDM of ZrO2, Al2O3,
Si3N4, SiC and their composites. Farooqui and Patil [10] presented a perspective on
shaping of advanced ceramics by EDM and unfolded the challenges involved. Hosel
et al. [11] used lacquer-based assistive electrode to start and sustain machining of
precise channels on Zirconia. Kucukturk and Cogun [12] found that Al2O3 ceramic
is most difficult to EDM as compared to ZrO2, SiC, B4C, glass, etc., using graphite
powder-mixed dielectric liquid and assistive layer. Kolli and Kumar [13] found that
the addition of 15 g/l boron carbide powder in dielectric provides maximum MRR
during EDM of titanium alloys. Kliuev et al. [14] carried out EDM drilling in non-
conducting ZrO2 ceramic of holes of 1 mm diameter up to 1.5 mm depth in deionised
water using assistive layer.

From the above prior art, it can be seen that the extension of machinable limit of
electrical resistivity for EDM, bigger machining cuts, improvement in formation of
carbon layer creation on the surface of electrically resistive ceramics require further
investigations.
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2 Methodology

A copper foil of thickness 0.06 mm was affixed on the surface of non-conductive
SiAlONwith conductive adhesive to initiate the discharge, as shown in Fig. 1. Initial
electrical sparks occurs in the machining gap between the assistive layer and tool
electrode. As the machining progresses, pyrolytic carbon produced from disassoci-
ation of dielectric medium at high instantaneous energy and the copper electrode
particles gets adhered to the surface, thus providing the essential electrical conduc-
tivity for machining to progress even after the assistive electrode material layer is
machined.

The typical properties of SiAlON and elemental composition measured using
energy dispersive X-ray spectroscopy on Hitachi SU8010 Scanning Electron Micro-
scope, are given Table 1. Electrical Resistivity was measured using Keithley Elec-
trometer 6517B. Electrolytic copper of 99.98% purity and diameter 3 mm was used
as an electrode. To achieve the favourable conditions for producing larger pyrolytic
carbon in the sparking gap, a special dielectric fluid was made using carbon-rich
Indian Oil Company Limited (IOCL) hydrocarbon oil having 8–21 carbon atoms
per molecule and ‘Electronica’ make ‘Elektra’ dielectric in various proportions. The
graphite powder of 30–40 µm size and 99% purity from Nanoshel LLC, USA, was
added to the dielectric mixture @ 30 g/l along with a stirring system and pump for
circulation.

Comprehensive pilot experimentation decided the levels of control factors for
quality machining, as given in Table 2. The quality machining is implied as initia-

Fig. 1 Schematic view of
assistive electrode method

Table 1 Typical physical and
mechanical properties of
SiAlON

Composition (wt%) Si-19.4, Al-35.9, C-9.8, N-1, O-34

Density 3.8 g/cm3

Young’s modulus 340 GPa

Hardness (Gpa/HVN) 13.24/1350

Fracture toughness (K1c) 5.7 MPa m1/2

Thermal exp. coefficient 5.6 × 10−6/°C

Electrical resistivity 100,000 � cm

Workpiece size (mm) 12.7 × 12.7 × 4.7
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Table 2 Control factors and
their levels used in Taguchi
and RSM

Current (A) 1, 3, 5

Sparking gap voltage (V) 40, 50, 70

Additive percentage (%) 20, 35, 50

Duty factor (%) 48, 54, 60

On time (µs) 2, 20, 50

Rotation speed (RPM) 20, 30, 40

Tool polarity Negative

Graphite powder (g/l) 30

Open gap voltage 135 V

tion of machining cut beyond the assistive layer, controlled EDM and no electrode
bending. The machining was done on ‘Electronica’ die-sinking ELEKTRA PULS
SE35 machine for 60 min for each trial and average values of three trials for Mate-
rial removal rate (MRR) as depth of hole machined in mm/hour and Electrode wear
rate (EWR) in gm/hour are shown in Table 3. Weight of material was measured
using Wensar HPB 1000H scale. The diameter of machined hole measured using
Vaiseshika microscope was used to calculate the size overcut (OVC) in mm.

3 Design of Experiments

The Taguchi methodology (TM) uses orthogonal array (OA) and signal-to-noise
ratios (S/N ratio) for robust design and analysis of variance (ANOVA). For six con-
trol factors having three levels each, Taguchi L27 orthogonal array was selected for
the experimentation. TM, ANOVA and main effect plots for S/N ratios determined
the significant parameters and optimum parameters values for each of the output
characteristics.

4 Results and Discussion

ANOVA Table 4 depicts the most significant controlling parameters for MRR and
main effects plots, shown in Fig. 2, illustrates the optimum values for achieving
highest MRR. Similarly, main effect plots and ANOVA for lowest OVC and EWR
were calculated and tabulated in Table 5.
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Table 4 ANOVA table for SN ratios for MRR in terms of depth of hole

Source DF Seq SS Adj SS Adj MS F-value P-value

Current 2 34.09 34.09 17.05 954.37 0.001

Voltage 2 48.22 48.22 24.11 1349.67 0.001

On time 2 17.28 17.28 8.64 483.64 0.002

Duty factor 2 5.41 5.41 2.71 151.51 0.007

Additive % 2 85.15 85.15 42.58 2383.54 0.000

Rotation 2 24.23 24.23 12.11 678.15 0.001

Current * voltage 4 25.84 25.84 6.46 361.74 0.003

Current * on time 4 56.05 56.05 14.01 784.45 0.001

Voltage * on time 4 65.73 65.73 16.43 919.89 0.001

Residual error 2 0.04 0.04 0.02

Total 26 362.05
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Fig. 2 Main effects plot of MRR

4.1 Composition Analysis of the Machined Surface

The elemental composition of the workpiece given in Table 6, established that the
carbon percentage on the machined surface has increased almost threefolds after the
EDM. It is due to the deposition of cracked carbon on the workpiece. The elemental
percentage of oxygen, aluminium and silicon gets reduced because the electrical
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Table 5 Significant parameters and optimized values

Output and
significant
factors

Current
(A)

Voltage
(V)

On time
(µs)

Duty
factor (%)

Percentage
additive

Rotation
(RPM)

MRR 1
significant

70
significant

20 48 20
significant

30

OVC 3
significant

50 20 60
significant

35
significant

30

EWR 5
significant

40 50 60 20
significant

40
significant

Table 6 Elemental
composition of workpiece

Element (Elemental weight %)

Before EDM After EDM

Carbon 9.76 24.58

Nitrogen 0.96 0.00

Oxygen 34.01 27.60

Aluminium 35.90 31.18

Silicon 19.38 16.64

Copper 0.00 0.00

discharge machining has taken place on the workpiece and they have got mixed with
dielectric medium as a part of eroded particles.

4.2 Microstructure Topography of the Machined Surface

Themachined workpiece surface was qualitatively studied using field emission scan-
ning electron microscope, JEOL JSM-6510LV, as shown in Fig. 3 micrographs. The
various phases of melting and resolidification, residual cavities of removed grains,
resolidified balls and droplets seen on themachined surface indicated that the ceramic
wasmademolten or evaporated by the spark thermal energy.As the electrical resistiv-
ity of ceramics is high, the discharge channel is not formed relatively easily. But due
to creation of suitable conditions for spark to occur, thermal stresses were reduced
and no significant microcracks were found on the machined surface.

The temperature within the ionization channel rises around 8000–12,000 °C
rapidly and causes instantaneous local melting of material at the surface of tool
electrode and work piece. The melted eroded particles get solidified as small spheres
within dielectric fluid and on the workpiece surface. A crater is formed by erosion
due to the removal of material from the sparking zone.When working with ceramics,
the formation of ionization channel does not take place easily as they are electrically
non-conductive material.When the cracked carbon from the dielectric gets deposited
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Fig. 3 SEM image of EDM surface showing residual cavities and deposited carbon layer

on the workpiece, the possibility of formation of ionization channel increases and
material is removed due to melting and vaporization. The irregular shape of craters
indicates that the erosion also takes place because of spalling. Also due to addition
of electrically conductive powders to the dielectric, the chances of ionization get
increased. The additive powder gets energized and arranges itself in the form of
chains under the sparking area. This decreases the insulating strength of the dielec-
tric fluid and causes early explosion in the gap and more rapid material erosion
from the workpiece. The decreased insulating strength of the sparking zone results
in increased sparking gap distance, thus resulting in formation of fewer cracks.

5 Conclusions

The following conclusions can be drawn from the results:

1. The process has been developed to create conditions to EDM the non-conductive
ceramics having resistivity of about 105 � cm (Table 3 and Fig. 3).

2. The process can now be used to drill holes in non-conductive ceramics, which
otherwise could not have been possible.

3. The process can also be used to reshape and machine non-conductive ceramic
components.

4. Using adhesive copper sheet as an assistive electrode and powder and additive
mixed dielectric medium, non-conductive SiAlON can be machined effectively.

5. The different combination of parameters which resulted in maximum MRR,
minimum OVC and minimum EWR are shown in Table 5.

6. The composition of the EDM surface got changed owing to the carbon element
deposition from the graphite powder and the working fluid (Table 6).
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A Critical Study of Bead-on-Plate Laser
Welding of Niobium Alloy PWC-11

Santosh Kumar Gupta , Susmita Datta , Sanjib Jaypuria ,
Dilip Kumar Pratihar and Partha Saha

Abstract In the present work, laser welding of PWC-11 alloy has been tried in bead-
on-plate (BOP) configuration. Experiments have been carried out to determine the
range of input parameters for full penetration welding. Laser power (P) and scanning
velocity (V ) are selected as the input parameters for BOP experiments. Weld width,
penetration depth andmicro-hardness are the outputs for BOP experiments. Theweld
profile is analyzed using optical microscope to calculate the aspect ratio and relate its
dependence on laser power and scanning velocity. The fusion zone is characterized by
scanning electron microscope (SEM) and X-ray diffraction (XRD). Laser power and
scanning velocity are to be maintained on the higher level to obtain full penetration
weld and to avoid the formation of laser plume. The micro-hardness test has showed
that the fusion zone has high hardness value in comparison to the base metal. The
increment in the micro-hardness of the fusion zone is due to the formation of phases
of oxides and nitride, which is confirmed by the XRD phase analysis. The SEM
micrographs reveal the increase in grain size of the fusion zone and EDAX analysis
of fusion zone indicates the presence of nitrogen and oxygen. From the present study,
it is obvious that the key challenge is to re-establish the presentmethods of fabrication
by laser to avoid the contamination of the future joint by oxygen, nitrogen, carbon
dioxide at the time of welding along with weld geometry optimization with a focus
on minimization of weld width.

Keywords Bead-on-plate welding · Thermal gradient · PWC-11 alloy · Laser
welding · Niobium alloy

1 Introduction

Laser welding is an autogenic welding technique and has emerged as a substitute of
conventional fabrication techniques. In laser welding, the high energy density of the
laser is used for carrying out manufacturing with sectarian heating and very narrow
heat-affected zone. Niobium and its alloys possess some of the significant properties
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to find their applications as high-temperature structural materials. These properties
are strength at elevated temperature, chemical stability with liquid alkali metals,
high rupture duration limit and lower mass-to-volume ratio as compared to other
refractory materials [1]. Niobium proves its adequacy in the nuclear environment
as absorption efficiency of neutron is low and its fabrication is easy as compared to
other potential materials to be used as a structural material in the high-temperature
reactor (HTR), engines of aerospace and space nuclear reactors [2]. Niobium has
high affinity with hydrogen and gets brittle at a normal temperature as observed in
titanium and zirconium. Niobium bonds with carbon, nitrogen, oxygen and boron at
high temperatures and thus results in hard and brittle compounds. This increases the
hardness of the fusion zone, which is highly desired as a property in high-temperature
structural materials [3]. The alloy attains high-temperature strength due to the forma-
tion of niobium-based carbides in the matrix. Electron beam welded PWC-11 sheets
were tested at the temperature of 1350 K to assess the creep rupture property and it
was found out that fusion zone is more creep resistant as compared to base metal for
the two conditions of annealing and aging [4]. Welding of niobium-based alloy is a
tedious task due to its reactive nature that results into the contamination of fusion
zone, high melting temperature and high thermal conductivity.

As a result, limited work is accessible for the study of laser welding of Nb–1Zr–
0.1C in the available literature. A detailed study of laser welding of PWC-11 alloy
is to be investigated by taking into account its relevance as structural material in
HTR. Therefore, a systematic study of bead-on-plate welding of Nb–1Zr–0.1C is
carried out using Nd: YAG laser. The response of input parameters on the weld-bead
profile and hardness induced in the fusion zone is studied. The process parameters
for bead-on-plate welding are laser power (P), scanning speed (V ) and laser spot
radius (R). The experiments are carried out in continuous wave (CW) mode. The
responses are penetration depth (PD), weld width (WW) and hardness. The present
work is directed to establish a domain of process parameters to obtain full penetration
weld and other desired mechanical characteristics, which ensures its application as
high-temperature structural material. In addition to this, a preliminary metallurgical
characterization has been investigated about micro-hardness, phase and precipitates.

2 Experimentation

The sheets of PWC-11 alloy are prepared using niobium, zirconium and carbide
powder. The composition of the niobium alloy is detailed in Table 1. Figure 1a
depicts schematic of laser bead-on-plate welding of dimension 50 mm × 20 mm ×

Table 1 Composition of
PWC-11 alloy

Zr (wt%) C (wt%) Impurities (ppm) Nb (wt%)

0.9–1.2 0.1–0.13 H-4, N-41, O-132 Reminder
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Fig. 1 a Schematic diagram for BOP laser welding for experimental specimen, b photograph of
BOP laser welding on niobium alloy sheet

0.5 mm, which is polished, etched and ultrasonically cleaned prior to the welding.
Figure 1b represents the actual PWC-11 bead-on-plate welding.

Laser welding is carried out using a 1750 W solid-state fiber-coupled diode-
pumped laser of wavelength 1064μm. Scanning of laser beam is done in longitudinal
direction for bead-on-plate experiments. Argon is used as shielding gas to avoid
contamination of the melt pool. The laser spot diameter is kept constant at 400 μm
for the experiments. The laser power (W ) has been varied in the range of 800–1200W
and scanning speed (V ) is varied in the window of 400–1400 mm/min. Clamping
is given on the both sides of sheet to minimize distortion. The samples are welded
using different combinations of input parameters. Transverse surfaces of the welded
samples are examined using optical microscope to examine and measure the weld-
bead profile. Scanning electron microscope is used to conduct the detailed analysis
of microstructure. Phase analysis is done for different zones formed in the weld using
X-ray diffraction.Micro-hardness of weld cross-section is measured for holding time
of 10 s at a load of 50 g.

3 Results and Discussion

The optimal range of input parameters is estimated for full penetration welding by
analyzing the weld-bead profile. The weld penetration along the thickness and weld-
bead width are measured for each combination of input parameters. Aspect ratio
is the ratio of weld depth of penetration to weld width and higher aspect ratio is
desirable. The higher the aspect ratio, the better is the weld quality. From Fig. 2,
it is evitable that with the combinations of input parameters (that is, laser power
= 800 W and scanning velocity = 400 mm/min and laser power = 1200 W and
scanning velocity = 1000 mm/min) we are able to obtain full penetration with the
expense of wider weld width and heat-affected zone (HAZ). For the combination of
input parameters: 800W and 400 mm/min, we are able to obtain weld of penetration
of 756 μm and bead width of 1796 μm. Aspect ratio for the input combination of
800 W and 400 mm/min is 0.420 and for the combination of 1200 W, 1000 mm/min
there is a slight increase of 0.073 in aspect ratio. Laser welding has been tried in the
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Fig. 2 Optical images of a bead profile for the combination of 800 W and 400 mm/min, b bead
profile for the combination of 1200 W and 1000 mm/min

present study to minimize the weld-bead area and heat-affected zone (HAZ). Laser
being the mode of welding, the weld width in both the cases is very large, which is
highly undesirable. To overcome this problem of increased weld width, an optimal
range for scanning velocity needs to be selected to avoid the formation of plume.
Plume absorbs the incident laser beam and thus resulting in larger weld width at
the top surface. This plume formation further results in the decrease of penetration
depth.

3.1 XRD Phase Analysis and Examination
of Micro-hardness of Weld Zone and Base Plate

The phase analysis of PWC-11 alloy reveals the formation of phases like Nb2N,
Nb2C, NbO2, ZrC, Nb2O5, Nb4O5, ZrO2 and Zr3O [5, 6]. Figure 3 illustrates theXRD
phase pattern of welded PWC-11 alloy. Nb2O5 and ZrC phases are found to have
high-intensity peaks. Carbide is added in small weight percentage of 0.1% to the alloy
specifically to form phases like Nb2C that enhances the creep and micro-hardness
property of the alloy [7, 8].

Micro-hardness of the base metal, HAZ and weld-bead are analyzed as depicted
in Fig. 4. It shows the variation of micro-hardness starting from the weld centerline
toward the base plate. The micro-hardness of the fusion zone has considerably high
value in comparisonwith that of basemetal. The value ofmicro-hardness ranges from
270.9303VHN inmolten zone to 96.632VHN in the basemetal,when the laser power
is 800 W and scanning velocity is 400 mm/min. Micro-hardness value of the fusion
zone increases to 661.66 VHNwith an increase of laser power and scanning velocity
by 400 W and 600 mm/min, respectively, as compared to the previous combination.
Themicro-hardness is considerably high owing to the formation of Nb2O5 and Nb2N
[9] phases in the molten pool. The formation of these two phases results into a loss
of ductility and causes embrittlement in the fusion zone.
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Fig. 3 XRD pattern of welded zone in PWC-11 alloy

Fig. 4 Variation of micro-hardness across the width of the laser beam welds

3.2 Examination of Microstructure and EDS Analysis
of Weld Zone and Heat-Affected Zone

Figure 5 illustrates the grain structure of the fusion zone and base metal of the laser-
welded PWC-11 alloy. Precipitates of carbides can be found at the top and bottom
surface of the fusion but in the middle portion, there is no precipitate as it has been
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Fig. 5 Scanning electron micrograph, a fusion zone of laser beam weld, b fusion zone and base
metal interface of laser beam weld

dissolved during the welding. Grain size formed in the welded region is considerably
large and elongated as compared to that in the base metal which is shown in Fig. 5b.
The carbide dissolution due to heating helped in the formation of the large-sized
grains in the welded zone. Figure 5b demonstrates the growth of equi-axed grains,
which is smaller in the middle region of the fusion zone, as compared to that found
in the HAZ. Thermal gradient is the main reason behind the difference in the sizes of
the grain in these two areas. Due to the high cooling rate subjected to a large thermal
gradient in the center of the fusion region, the grain size is found to be smaller. As we
move away from the center of the fusion zone, the cooling rate which is proportional
to thermal gradient decreases and thus results in increase in the size of the grain.
Increase in the micro-hardness of the fusion is a result of the contamination due
to the formation of oxides and nitrides [10, 11]. The oxide and nitride phases are
confirmed from the phase analysis. However, the regionwith the larger grain structure
has a low value of micro-hardness. In addition to SEM micrograph analysis, EDAX
analysis is carried out to find the possible elements present in the fusion and interface
zone. It also seems that the larger and elongated grain frequency is found to be more
in fusion zone compared to base metal [12]. These larger grains may be due to the
dynamic recrystallization of deformed grains by the heat of laser welding. The EDS
result indicates an increase of carbon and oxygen content in the fusion zone, which
implies that the possibility of carbide and oxide formation is more as compared to
the base and HAZ.
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4 Conclusion

Bead-on-plate laser welding of PWC-11 alloy is carried out to determine the range of
input parameters, i.e., laser power and scanning velocity for full penetration welding.
The following conclusion could be inferred from the study.

• The laser power and scanning velocity should be kept high due to high thermal
conductivity and it melts at the temperature of 2470 °C. Bead width obtained in
the preliminary study is large, which is unsatisfactory, as laser being the mode of
welding.

• The micro-hardness in the fusion zone is considerably higher in magnitude in
comparison to that of the base plate. The phases formed in the molten zone mainly
consist of oxides and nitrides, which increase the micro-hardness of the welded
region. Thus, making this zone prone to brittle failure and development of cracks
take place.

• Degradation in the mechanical properties of the fusion zone is caused due to
improper welding process like an insufficient flow of shielding gas to avoid
contamination.
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Effect of Amplitude Oscillation
on Spiking in Electron BeamWelding
of Copper Plate

Sanjib Jaypuria, Santosh Kumar Gupta, Dilip Kumar Pratihar,
Debalay Chakrabarti and M. N. Jha

Abstract Both electron and laser beamwelding are gaining importance and popular-
ity due to their inherent advantages like high heat density, low heat affected area and
fewer defects compared to traditional fusion welding. However, spiking defect is the
most common in these high-power densities welding, where both melting and evapo-
ration participate in the fusion process. Spiking is an instantaneous non-uniform rise
in bead penetration throughout the joint, which can seriously affect the properties
and strength of the joint. These defects can lead to premature failure of the welded
components. Oscillation of electron beam could be an effective method to improve
the welding fusion and solidification, so to eliminate defects in the weld. Here, the
electron beam welding of highly conductive ETP-Cu alloy plate was conducted by
varying the amplitude of oscillation. Spiking phenomenon was represented as the
standard deviation of penetration in the study. Electron beam used without oscilla-
tion yielded the minimum spiking and the same was seen to increase with increase
of amplitude of oscillation. It was found that spiking is mostly dependent on key-
hole stability. It could also be concluded that an optimum combination of oscillation
parameters is necessary to minimize the spiking phenomena in copper weld.

Keywords Beam oscillation · Amplitude · Electron beam welding ·Weld bead ·
Spiking

1 Introduction

Electron beam welding is an advanced fusion welding process, which is used in
aerospace, automotive, nuclear and power industries. The widespread use of electron
beam welding is due to the high-energy density, low heat input and high aspect ratio
of the joint. The ability to weld thick plates, reflective metals and refectory materials
make the process as the preferred one for most of the industries [1]. Copper is one
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of the frequently used industrial metals because of its excellent heat and electrical
conductivity. In contrast, it is very problematic to achieve a sound quality copper joint
due to their higher thermal conductivity and reflectivity. Electron beam welding is
one such fabrication technique, which enables a sound quality copper joint withmuch
ease [1, 2]. In electron beam welding, the electron beam acts as a source, where the
high-speed electrons strike with the metal plate and getting converted to heat energy.
The electromagnetic arrangement in electron beam welding also facilitates variation
scanning profiles with different frequencies and amplitudes [3]. However, in the
case of partial penetration welding using electron beam, the penetration depth is
not uniform in the welding direction, and this penetration depth is a typical irregular
defect observed in high-energy-density welding. This unexpected change in the local
penetration in periodic sequences increases the stress concentration in the localized
tip and leads to the crack in the root of the keyhole [3].

The problem of root spiking and associated spike root porosity in partial penetra-
tion electron beam welding was established, and several studies had been conducted
to investigate the behavior of spiking during the welding. Reported studies [4, 5]
found out using an X-ray pinhole camera that the dynamic beam–metal interaction
was the cause of the most of root defects in the high-energy-density welding. Spiking
phenomena were characterized by the beam stability, which was a breakdown of the
natural oscillation of the electron beam. The relatively fixed position of the beam in
keyhole dissipates the larger amount of energy to the keyhole cavity base producing
additional penetration. It was reported [6] that the instability of keyhole is caused
mainly by the collision of upward and downward flows in the keyhole due to the
pressure difference in the molten liquid. The probability of forming root pores and
spikes was found to be more in high-power welding schedules, where keyhole insta-
bility is more frequent as compared to that of low-power welding. Few researchers
[7, 8] studied various kinds of defects in bead-on-plate EBW on copper plates. They
showed that the porosity had been increased with the increase in beam power, depth
of focus and with the decrease of travel speed. However, there is no reported work
on the behavior of spiking generation with beam oscillation parameters.

It was observed from the literature that spiking is an associated defect in electron
beam welding and there was no solid correlation found between the input process
parameters and occurrence of spiking. It was also seen in some literature that defects
formation in electron beam welded joints could be minimized through beam oscil-
lation parameters. Therefore, in the present work, electron beam welding of copper
plate was conducted by varying the amplitude of beam oscillation. The transverse
weld section was used to measure the standard deviation of penetration in a specific
length, which is a direct measure of spiking phenomena. Then a detailed study was
conducted for finding the influence of oscillation amplitude on spiking formation
during electron beam welding of copper plate.
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2 Experimentation and Data Collection

Electrolytic tough pitched copper (ETP-Cu) of 20 mm thickness was considered
for experimentation. The said specimen consists of 99.28 wt% copper and a few
impurities. Before the experimentation, the copper plates were cleaned through wire
brush and acetone to remove dirt and possible oxide layers. Bead-on-plate welding
was conducted by keeping the heat input constant and varying the amplitude of
oscillation in electron beam welding setup located at IIT Kharagpur, India. The
experimental setup of EBW along with one welded specimen is shown in Fig. 1a,
b, respectively. Circular scanning path was maintained in all the experiments except
one experiment, where no beam oscillation parameters were used. The experimental
combinations used in the study are given in Table 1 along with the responses of
the study. The welded specimens were subjected to post-weld treatment to remove
the surface defects and further, metallurgical characterization. A transverse specimen
was cut fromeach combination tomeasure the beadwidth and penetration. In addition
to this, a longitudinal section was cut from the middle plane of the fusion area
to measure the variation in penetration for a specific length. Both transverse and
longitudinal weld section was passed through polishing and etching to reveal the

Fig. 1 a Electron beam welding setup, b partial penetrated copper weld

Table 1 Experimental Combinations along with bead and spiking responses

Sample
no.

Power
(kW)

Speed
(mm/min)

Frequency
(Hz)

Amplitude
(mm)

Bead
width
(mm)

Bead
penetration
(mm)

Standard
deviation
of
penetration

S1 6.3 700 0 0 2.486 5.801 0.2253

S2 6.3 700 600 0.2 2.759 6.117 0.2731

S3 6.3 700 600 0.3 3.190 6.275 0.3927

S4 6.3 700 600 0.4 3.080 6.422 0.2882
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fusion zone properly. The longitudinal sectionswere observed under themacroscope,
and the macroscopic images with spikes were manually measured with open-source
plot digitizer software. The standard deviation of each peak point of the specific
figure was considered as the standard deviation of penetration, which is a measure
of non-uniformity of penetration and indicates the spiking phenomena in a given
sample. Here, the weld-bead parameters, namely bead width and penetration along
with standard deviation of penetration were considered as the responses.

3 Result and Discussion

Electron beam welding of copper plates in bead-on-plate configuration was con-
ducted by varying amplitude oscillation. The weld-bead parameters and standard
deviation of penetration were measured for each combination. The details of experi-
mental combination along with responses are given in Table 1. It is seen from Fig. 2a
that the bead width had an increasing trend with an increase of amplitude. When an
electron beamwas used in welding without any oscillation parameters, then the beam
scan path was just like a straight line. So, heat energy of the beam was mostly used
in drilling action of the beam, and normal high aspect ratio weld can be obtained.
However, when an electron beam with some defined scanning path (here, circular
path) along with amplitude and frequency was provided to the metal parts, then the
beam had to maintain a circular path with the provided oscillation diameter. There-
fore, the heat energy of the beam was also utilized for heating the circular path and
ultimately the bead width increases. Although there is reduction of heat input with
the increase of oscillation amplitude, the bead penetration was increasing with the
increase of oscillation amplitude. Figure 2b indicates the trend of bead penetration
with amplitude of oscillation. It might be due to the high thermal conductivity and
low melting temperature of copper, which enabled drilling action of the beam more
easily than low conductive metals.

Fig. 2 Variations of a bead geometry and b spiking with beam oscillation amplitude
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Spiking is the defect, where the instability in the electron beam results in a non-
uniform increase in bead penetration. Thus, a molten spike forms at the root of the
weld instantaneously, which indicates the high rate of solidification at the spike area
than elsewhere of the weld. Keyhole instability is considered as the prime reason for
spiking in many literatures. Therefore, the keyhole formation and spiking in weld
are discussed in brief to get the established reason behind the spike formation. In
the keyhole mode of electron beam welding, the beam is focused on producing an
incident power density at the metal surface that is sufficient to initiate vaporization.
The keyhole is formed by displacing the liquid melt induced by the evaporation
recoil pressure based on the local equilibrium temperature, while surface tension
and hydrostatic pressure resist the keyhole opening. The instability of the keyhole is
mainly caused by the collision of upward and downward flows due to the pressure
components in the liquid melt.

Uniform weld penetration in electron beam welding is characterized by contin-
ually oscillated beam interaction with metal, which is able to maintain the periodic
scanning path from top to bottom of the keyhole. The oscillatory motion of the
beam during welding is due to the continuous attainment of unwelded metal, which
is because of the welding speed and the forces associated with the keyhole equilib-
rium. Spiking is formed, when there is a breakdown for a short while in the oscillation
of the beam, and the beam–metal interaction becomes fixed on a particular point in
the keyhole. This allows to transfer significant beam energy to the bottom of the
keyhole and penetration increases.

It was observed that in most of the cases, the spiking phenomena were increasing
with the beam oscillation. It could be because of the larger cavity opening with the
larger amplitude, which gave the larger entering path to the beam for further drilling
action. In addition to this, the larger amplitude helped to achieve the larger weld
bead, which was supposed to be detrimental in maintaining keyhole stability and
an increase of spiking tendency in the weld. It can be evident from Fig. 3, where
S3 has the maximum spiking tendency because of largest weld-bead area among all
combinations. S1 sample without any oscillation parameters is found to have the
minimum weld area and minimum spiking tendency. The higher value of spiking,

Fig. 3 Root spikes in electron beam welded copper plate (S3)
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as represented by the standard deviation of penetration, indicated unstable keyhole,
because the spiking phenomena are generated by keyhole-drilling mechanism. This
unstable keyhole-drilling mechanism is due to the loss of equilibrium between inside
pressure of keyhole and weld-bead load. Although there is the same heat input to
all experimental combinations, the varying amplitude is changing the weld area, and
more area is available for evaporation of metal. This excessive evaporation creates
instability in the keyhole and helps to form spikes and other root defects. In addition
to this, the weld schedule with the higher spiking means there is a little excess of
penetration, which increased the susceptibility of root pore formation and causes a
detrimental effect on the weld joint.

4 Conclusion

Here, the electron beamwelding of copper plates was carried out with varying ampli-
tude oscillation to study the spiking formation in the welds. Spiking was measured in
terms of the standard deviation of penetration in the study. The following conclusions
could be made based on this study.

1. The spiking phenomena were observed in all samples irrespective of beam oscil-
lation parameters. Therefore, it could be said that a proper combination of power,
speed and beam oscillation is required to minimize the spiking phenomena in
copper weld.

2. An optimized amplitude oscillation is necessary to minimize the spiking. The
amplitude of 0.3 mmwas seen to produce the highest value of standard deviation,
andweldwithout oscillation had the least value of standard deviation. The smaller
value of oscillation amplitude was found to be more suitable for the suppression
of spiking in the welding of copper.

3. Keyhole instability was found to be the prime cause of spiking phenomena,
which was caused by the increment of weld area with an increase of amplitude.
The excessive weld-bead load increased the evaporation pressure and broke the
equilibrium of keyhole, which subsequently, broke the natural oscillation of the
beam and spikes were generated.
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Gas Tungsten Arc Welding of Inconel 825
Sheet: Study on Weld Bead Geometry
and GA Optimization

Bishub Choudhury and M. Chandrasekaran

Abstract In this work, gas tungsten arc welding (GTAW) on Inconel 825 is carried
out which is a solid solution-based nickel-based alloy known for its excellent cor-
rosion resistance properties and high strength. A Box–Behnken design (BBD) of 27
experimental runswas adopted for this study.Welding current (I), welding speed (V ),
gas flow rate (GFR) and arc length (N) are selected as process parameters to investi-
gate different weld bead characteristics such as penetration (P), front width (FW ) and
front height (FH). Statistical models were developed using the RSM approach and
model graph analysis is carried out for determining the influence of process parame-
ters on the weld bead geometry. Finally, Genetic Algorithm(GA) is implemented to
optimize the weld bead geometry of the welds. Results indicate, with an increase in
welding current penetration and front width increases and decreases with an increase
in welding speed. Results of GA provides an optimal perimeter combination of I =
120 A, V = 181 mm/min, GFR = 9.2 l/min and N = 2.4 mm, while considering the
required penetration as 2.5 mm. Also, the results obtained using the GA approach is
found beneficial for the fabrication industry.

Keywords Inconel 825 · GTAW · Weld bead geometry · RSM · GA

1 Introduction

Inconel 825 is a popular nickel-based alloy known for its wide range of applicability,
especially in marine and aerospace industries, due to its high strength and high
corrosion resistance properties in various environments. Fabrication of this material
is difficult due to their higher dynamic shear strength and higher strain hardening
tendency [1, 2]; GTAW is a very popular and versatile welding approach which can
be used for any kind of material of thickness as high as 15 mm. This process exhibits
advantages like high quality and low distortion weld, reduced spatter, minimal finish,
etc., which makes it suitable for welding the nickel-based alloys [1, 3].
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Weld quality is mainly evaluated by weld bead geometry and mechanical proper-
ties of aweld. Theweld bead geometry is further associatedwith various quality char-
acteristics such as penetration, front width, front height, back width and back height.
Welding optimization is a multi-factor and multi-response technique, which opti-
mizes different responses considering optimum parameters within the factors limit;
simultaneous optimization requires appropriate optimization tools [3]. In recent past,
many researchers have used various conventional or soft computing-based optimiza-
tion methods to optimize various welding characteristics. Gunaraj and Murugan [4]
have highlighted the use of RSM by designing a four-factor five-level central com-
posite design (CCD) for predicting various weld responses. Datta et al. [5] applied
Taguchi-grey approach for optimization of the weld bead. Further, the significant
process factors were identified by the analysis of variance method (ANOVA).

Kim et al. [6], used response surface methodology (RSM) and genetic algorithm
(GA) for determining GMA welding conditions. First, in a relatively broad region,
near-optimal conditions were determined through GA, and then the optimal con-
ditions were determined using RSM approach in a relatively small region. Correia
et al. [7] compare these two techniques, i.e. RSM and GA in the optimization of a
GMAWwelding process. GA can locate optimal condition without generating a spe-
cific model unlike RSM approach. Dey et al. [8] adopted regression analysis and GA
optimization technique to minimize the weldment area, while satisfying maximum
bead penetration. In this proposed work, RSM-GA approach is used to optimize the
GTAW process parameters in order to optimize the weld bead geometry of the weld.

2 Experimental Investigations

In this present investigation, 2.5mm thick Inconel 825 strip of dimension 60× 25mm
is selected; a square butt joint is selected for investigation of GTAW of Inconel 825.
Fourwelding parameters such aswelding current (I), welding speed (V ), gas flow rate
(GFR) and arc length (N) are selected, as per their significance in weld quality. The
working ranges of each parameter were defined by conducting a series of preliminary
experiments. The ranges obtained are—welding current: 80–120 A, welding speed:
180–230 mm/min, gas flow rate: 6–12 l/min and arc length: 2–3 mm. Box–Behnken
(BBD) experimental design having 27 experimental trialswas adopted to carry out the
GTAWwelding experiments. Figure 1 shows the welding setup used and the welding
experiments were conducted as explained by Choudhury and Chandrasekaran [3].
According to the results obtained (refer Table 1), the maximum and minimum values
of penetration are observed as 2.69 mm (max) and 1.20 mm (min), respectively.
Figure 2 represents the best and the worst specimens in terms of weld bead geometry
(WBG).
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Fig. 1 Welding setup

3 RSMModelling

Response surface methodology (RSM) is a combination of mathematical and statis-
tical techniques, in which the mathematical models were developed by regression
method using the experimental data. Here, the relationship between the dependent
variable, i.e. bead geometry and the independent variables, i.e. welding current,
welding speed, gas flow rate and arc length is expressed as.

Y = f (I, V,GFR, N ) (1)

In order to optimize the response Y, a second-order polynomial equation is need to
be develop which can be expressed as

Y = b0 +
∑

bi xi +
∑

·
∑

bi j xi x j +
∑

bii x
2
i i + ξ (2)

where b0 is the constant terms of regression equation, the coefficient bi is linear terms,
bij is interaction term and bii is quadratic terms. In this work three RSM models,
viz. penetration (P), front height (FH) and front width (FW ) were developed using
MINITAB 17 software at a confidence level of 95% and are expressed as follows.

P = −3.8 + 0.1398 I + 0.0387 V − 0.358 GFR − 2.74 N − 0.000494 I ∗ I

− 0.000092 V 2 + 0.00419 GFR2 + 0.656 N 2 − 0.000017 I 2 − 0.00147 I ∗ GFR

− 0.00128 I ∗ N + 0.00096 V ∗ GFR − 0.00610 V ∗ N + 0.0823 GFR ∗ N
(3)
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Table 1 Experimental results

Sl. no. Process parameters Experimental results

I V GFR N P (mm) FW (mm) FH (mm)

1 100 205 9 2.5 2.25 4.92 0.19

2 80 205 9 3.0 1.97 4.09 0.49

3 100 180 9 2.0 2.48 4.92 0.11

4 100 205 9 2.5 2.25 4.93 0.19

5 100 230 9 3 2.02 4.48 0.26

6 80 205 9 2 2.10 3.53 0.49

7 100 180 9 3 2.54 5.10 0.20

8 120 180 9 2.5 2.52 6.80 0.09

9 100 230 9 2 2.27 5.13 0.30

10 120 230 9 2.5 2.24 5.85 0.50

11 80 205 6 2.5 1.44 4.26 0.59

12 100 205 12 2 2.10 4.77 0.51

13 120 205 6 2.5 2.69 6.37 0.40

14 100 180 6 2.5 2.68 5.91 0.17

15 80 205 12 2.5 1.61 4.39 0.69

16 80 180 9 2.5 1.45 4.51 0.77

17 100 205 9 2.5 2.11 4.10 0.10

18 100 230 6 2.5 2.05 5.17 0.19

19 100 205 6 2 2.59 4.61 0.12

20 100 230 12 2.5 1.96 4.44 0.23

21 100 205 6 3 2.29 5.06 0.22

22 120 205 9 3 2.35 5.97 0.26

23 100 205 12 3 2.28 4.41 0.15

24 120 205 12 2.5 2.51 6.24 0.14

25 120 205 9 2 2.53 6.28 0.23

26 80 230 9 2.5 1.20 3.68 0.41

27 100 180 12 2.5 2.31 5.13 0.18

R2 = 87.65%, R2(adj) = 73.23%

FW = 11.2 − 0.059 I − 0.144 V − 0.103 GFR + 8.33 N + 0.000943 I 2

+ 0.000435 V 2 + 0.0251 GFR2 − 0.302 N 2 − 0.000056 I ∗ V − 0.00107 I ∗ GFR

− 0.0218 I ∗ N + 0.00018 V ∗ GFR − 0.0168 V ∗ N − 0.134 GFR ∗ N (4)

R2 = 93.35%, R2(adj) = 85.59%
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Fig. 2 a Best WBG, b worst WBG

FH = 13.10 − 0.2089 I − 0.0561 V + 0.379 GFR + 1.51 N + 0.000575 I 2

+ 0.000039 V 2 + 0.00350 GFR2 + 0.008 N ∗ N 2 + 0.000477 I ∗ V − 0.001521 I ∗ GFR

+ 0.00060 I ∗ N + 0.000110 V ∗ GFR − 0.00270 V ∗ N − 0.1262 GFR ∗ N (5)

R2 = 91.76%, R2(adj) = 82.14%

4 Results and Discussion

4.1 Model Analysis

Model analysis is carried out by using surface plot representation. These 3D plots
are often used to provide a better understanding between process parameters and the
responses. Figures 3a–c represent the graphical demonstration between the penetra-
tions (P), front width (FW ) and front height (FH) with respect to I and V, respec-
tively. In first case, it is observed that with an increase in welding current penetra-
tion increases and it decreases with an increase in welding speed. This is due to
more molten metal with higher welding current which consequently increases the
penetration value, while an increase in welding speed reduces the deposition rate.

In second case, front width increases with an increase in welding current and
decreases with increase in welding speed. This may due to the more amount of
molten metal that leads to larger bead size. In third case, front height decreases with
an increase in welding current which may due to the solidification of more molten
metal. Again in terms of welding speed, only a minute change is observed for front
height.
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Fig. 3 a P versus I and V, b FW versus I and V, c FH versus I and V

4.2 Optimization Using Genetic Algorithm (GA)

Genetic algorithm (GA) is a popular computerized search and optimization algo-
rithm that resolves many complex nonlinear problems and shows a wide range of its
applicability in various fields of application [9]. The objective function of multiple
response factors is obtained using weighted combination of all responses. Equation 6
shows the formulated combined objective function to be maximized.

Maximize Y = W1P + W2FW + W3FH (6)

where P is the penetration which needs to maximize while minimizing the front
width (FW) and front height (FH) of the weld bead geometry. The lower bound and
upper bound of the current process is as follows, 80 ≤ I ≤ 120, 180 ≤ V ≤ 230, 6
≤ GFR≤ 12, 2 ≤ N ≤ 3. The optimization was achieved using built-in GA toolbox
MATLAB® 9.0. The simultaneous optimization of process performance produces 21
Pareto-optimal fronts as shown in Table 2. The minimum values of FW and FH were
found to be equal to 3.84mmand 0.01mm, respectively, whereas themaximumvalue
of P is found to be 2.84 mm. If we consider our target penetration value be 2.5 mm,
the optimal parametric combination obtained is I = 120 A, V = 181 mm/min, GFR
= 9.2 l/min and N = 2.4 mm. The predicted response values for P, FW and FH for
the optimal setting is obtained as 2.52 mm, 6.66 mm and 0.03 mm, respectively.

4.3 Industry Needs Based Optimization

The simultaneous optimization of P, FW and FH using genetic algorithm provide
21 optimal solutions known as the Pareto-optimal fronts. In arranging increasing
order of P, the result will provide optimum combination of process parameters for
specific value of P. The present work provides optimum parameters the any value
of P between 1.34 and 2.84 mm. This is an important requirement of fabrication
industry rather than obtaining single optimum parameters that optimize either single
of more than one response.
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Table 2 GA optimization results

Sl.
no.

Welding
current (I)

Welding
speed (V )

Gas flow
rate
(GFR)

Arc
length
(N)

Penetration
(P)

Front
width
(FW )

Front
height
(FH)

1 112 180 6.1 2.8 2.81 7.26 0.23

2 120 180 12 2.4 2.33 6.68 0.08

3 80 187 12 2.0 1.69 4.15 0.99

4 120 181 6 2.9 2.84 7.26 0.27

5 83 185 6.5 2.9 1.92 5.10 0.71

6 120 181 6 2.6 2.79 7.20 0.14

7 118 224 7 2.6 2.28 6.11 0.50

8 80 222 6.6 2.7 1.34 4.24 0.42

9 119 186 8 2.4 2.61 6.58 0.04

10 85 184 6.4 2.9 2.01 5.16 0.65

11 119 223 10.6 2.6 2.18 5.81 0.35

12 119 187 11 2.6 2.40 6.33 0.05

13 80 219 8.3 2.5 1.44 3.96 0.43

14 120 180 7.3 2.4 2.72 6.87 0.01

15 80 218 9 2.2 1.55 3.84 0.49

16 120 186 7 2.6 2.69 6.82 0.12

17 120 181 9.2 2.4 2.52 6.66 0.03

18 80 202 9.2 2.7 1.62 4.10 0.55

19 118 225 10.5 2.6 2.16 5.71 0.34

20 117 230 10.4 2.6 2.11 5.66 0.39

21 84 181 11.5 2.0 1.79 4.35 0.85

5 Conclusion

In this work, the gas tungsten arc welding (GTAW) investigation of Inconel 825 is
carried out using Box–Behnken (BBD) experimental design. The influence of weld
parameters on weld bead geometry such as penetration (P), front width (FW ) and
front height (FH) are studied. The developed statistical model using RSM analysis is
found accurate enough to predict the weld bead geometry of Inconel 825 weldments.
Model graph analysis indicates that an increase in I,P andFW increases anddecreases
with increase inV. Thismay due tomore amount ofmoltenmetal with higherwelding
current and less deposition rate with higher welding speed.

The parametric optimization using genetic algorithm is carried out for obtaining
a penetration of 2.5 mm (full penetration) while minimizing the FH and FW of the
weld bead simultaneously. Optimal parametric combination for the same is obtained
as I = 120 A, V = 181 mm/min,GFR = 9.2 l/min and N = 2.4 mm. Also, the results
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obtained during GA is found quite beneficial for the manufacturing industry within
the define parameters limits while welding Inconel 825.
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Stability Study of a Tapered Rotating
Sandwich Beam with Asymmetric
Configuration and Variable Gradient
Under Static Condition

M. Pradhan, P. R. Dash and S. Mohanty

Abstract The stability study of a rotating non-uniform sandwich beam with a
variable temperature gradient under static condition is carried out. The sequen-
tial steps used to reach the goal are applying extended Hamilton’s principle, non-
dimensionalizing the equations, selecting shape functions from previous work to
model the system mathematically depending on the boundary conditions, and using
the Galerkin methodology. The consequence of different parameters on the buckling
loads for static condition is studied and presented graphically.

Keywords Rotating sandwich beam · Non-uniformity parameter · Variable
temperature gradient · Buckling loads for static condition

Nomenclature

g Shear parameter
B Beam width
t Time
γ2 Shear strain in the core

(h2)x (h2)0
(
2 + x

l

(
(h1)0
(h2)0

)
α1 + x

l

(
(h3)0
(h2)0

)
α3

)

E(ξ ) Variation of modulus of beam elasticity
m Mass/unit length of beam
w (x, t) Beam deflection in transverse direction
ω Excitation frequency non-dimensionalized
E31 E3

/
E1

T (ξ ) Distribution of elasticity modulus
δ Temperature gradient parameter
g∗ g (1 + jη), complex shear parameter
h21 (h2)x/(h1)x
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(h1)x (h1)l
(
1 + x

l α1
)

h31 (h3)x
/

(h1)x
lh10 l

/
(h1)0

ρi Density of ith layer
ω Excitation function frequency
λ0, λ1 Rotation parameter

0 Uniform angular velocity of the beam around z′-axis

1 Introduction

With the aims of achieving superior properties like higher stiffness-to-weight ratio
and high-module, sandwich beams (SBs) have been used extensively in recent years
in comparison to ordinary beams in applications to engineering structures range
from helicopter rotor blades to aircraft panels. SBs are also affected by temperature
gradients, so those must be considered when designing the blades of gas and steam
turbines. However, varying the cross-sectional configuration of a SB proves to be
economical.

In previous work, Carnegie [1] established a theoretical expression for the work
done by a cantilever rotating blade. Tomar and Jain [2] evaluated a rotating beam to
find the effect of a uniform temperature gradient on it. The effect of temperature on a
non-uniform beam vibrating parametrically was studied byKar and Sujata [3]. Ko [4]
reviewed the flexural behavior of a tapered SB by considering uniformly distributed
masses. Kar and Sujata [5] studied the dynamic behavior of a rotating SB by changing
its boundary conditions. Kar and Ray [6] even analyzed the performances of SBs
with different boundary conditions to investigate the instability of the system. Using
finite elements, Lin and Chen [7] presented the dynamic stability of a rotating SB.
Dash et al. [8] showed that reducing the weight of an asymmetric SB makes the
system economical. The analysis of a revolving beam of linearly varying depth with
a temperature gradient is studied by Parida and Dash [9]. Pradhan and Dash [10]
analyzed the consequence of temperature gradient on a non-uniform SB asymmetric
in configuration and revealed that the stability was affected by taper parameter and
temperature gradient. Pradhan et al. [11] studied the consequence of a temperature
gradient on an asymmetric SB placed on a Pasternak foundation and found that the
stability depended on the foundation stiffness and the temperature gradient. The
response of viscoelastically supported beams are investigated by Saito and Otomi
[12].

The above brief literature survey shows that the effects of a uniform temperature
gradient on the system have been considered previously. However, the temperature
gradient for a non-uniform beam should be variable rather than constant. Till date, no
distinguished work has been done with variable temperature gradients. In the present
work, constant and variable temperature gradients are considered for analysis of the
system.
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Table 1 Different mechanical properties of materials considered

Mechanical
properties/materials

Density (kg/m3) Ultimate tensile
strength (Pa)

Modulus of elasticity
(Pa)

ASTM A36 Steel, plate 7.80 g/cc 550 MPa 200 GPa

Cu–Al Alloy
CuAl8Fe3

7.85 g/cc 470 MPa 170 GPa

Mechanical
properties/materials

Density (kg/m3) Ultimate tensile
strength (Pa)

Modulus of rigidity
(Pa)

Plywood 0.65 g/cc 13.8 MPa 620 GPa

1.1 Materials

In this analysis for the construction of three-layer sandwich beam, the structural steel
and copper–aluminum alloy are considered for upper and lower layers, respectively,
and plywood is used as viscoelastic middle layer. A suitable adhesive is used to
join the layers. The materials considered in the construction of the beam with their
different mechanical properties are given in Table 1.

1.2 System Modeling

Figure 1 shows the schematic of a tapered SB of length l rotating with constant
angular speed about the vertical axis. The system is acted upon by an axial force
P(t) = P0 + P1 cos(ωt), where P0 is the maximum static load and P1 is the maxi-
mum magnitude of the dynamic load. At the extreme left-hand end, the thicknesses
of the top, middle, and bottom layers are 2h10 , 2h20 , and 2h30 , respectively. The
corresponding thicknesses at the extreme right-hand end are 2h1l , 2h2l , and 2h3l
respectively. Neglecting temperature, Young’s module of elasticity for the top and
bottom layers is E1 and E3, respectively. The radial distance of the beam from the

Fig. 1 System modeling
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axis about which it rotates is b, which is referred to as the set-off distance. The mod-
ulus of rigidity of the core layer is given by G∗

2 = G2(1 + jη), which is a complex
quantity.

The assumptions underlying the governing equations of motion and the boundary
conditions of the physical systemare thosemade byPradhan andDash [10].However,
the following two additional assumptions are made herein.

1. The temperature gradient is assumed to obey Fourier’s law of heat conduction,
with heat transfer along the longitudinal axis of the beam only.

2. Every point in a given cross section is at the same distance from the heat source.
It is therefore assumed that the thermal gradient in the transverse direction for
the above mentioned cross section is zero.

The respective expressions for strain energy (V ) and kinetic energy (T ) and work
done are as follows:

V = 1

2

l∫

0

E1,x A1,xU
2
1,xdx + 1

2

l∫

0

E3,x A3,xU
2
3,xdx

+ 1

2

l∫

0

(
E1,x I1,x + E3,x I3,x

)
w,2xxdx + 1

2
G∗

2

l∫

0

A2,xγ
2
2 dx

T = 1

2

l∫

0

mw,2t dx + 1

2

2

0

l∫

0

⎡
⎣m(b + x)

x∫

0

w,2x dx

⎤
⎦dx + 1

2

l∫

0

m
2
0w

2dx

and

wp = 1

2

l∫

0

p(t)w,2x dx

whereU3 andU1 are the displacements along longitudinal direction in the lower and
upper layers, respectively; w,x = ∂w

∂x , w,t = ∂w
∂t , and γ2 are the strains due to shear in

the core and are given by γ2 = U1−U3
2h2

− Cw,x
2h2

.
Kerwin’s assumption [13] is considered to eliminate U3.
Applying Hamilton’s principle, namely that δ

∫ t2
t1

(
T − V + wp

)
dt = 0, the

subsequent non-dimensional equations of motion are acquired.

mw,t t +
[
1 + λ20

(
1 + E31h331

)

(lh10)2(1 + E31h31)

{
f

l2
− (

x + b
)2}

]
w,xxxx − 2λ20

(
1 + E31h331

)

(lh10)2(1 + E31h31)

(
x + b

)
w,xxx

+
[
− λ20

(
1 + E31h331

)

(lh10)2(1 + E31h31)
− λ20

{
f

l2
− (

x + b
)2} − 3g∗

(
1 + h12 + h32

2

)2

+ p
(
t
)
]
w,xx
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+ λ20
(
x + b

)
w,x +3

2
g∗lh10h12

(
1 + h12 + h32

2

)
(1 + α)

2(h2)0
C

γ2,x = 0 (1)

2(h2)0
C

γ2,xx − g∗

4
h212

(
1 + E31h331

1 + α2E31h31

)
(1 + α)

×
[
(1 + α)

2(h2)0
C

γ2 −
(
2(1 + ((h12 + h32)/2))

(lh10h12)

)
w,x̄

]
= 0 (2)

In the above

w,xxxx = ∂4w

∂x4
,w,xx = ∂2w

∂x2
, γ2,xxx = ∂3γ2

∂x3
, γ2,xx = ∂2γ2

∂x2
,

x = x

l
,U = U

l
,w = w

l
, t = t

t0
, C = (h1)l + (2h2)l + (h3)l

t0 =
[
ρ1A10l

4

E1(I1)0

] 1
2

, P0 = P0l2

E1(I1)0
, P1 = P1l2

E1(I1)0
, P = P0 + P1cos

(
wt

)
, ω = ωt0,

λ0 =
√(

m
2
0l

4

2(E1(I1)0 + E3(I3)0)

)

λ1 =
√(

3m
2
0l

2

2(E1(A1)0 + E3(A3)0)

)

The parameters those are cross-sectional dependent are

m = (1 − x) + x

(
(h1)l
(h1)0

)(
ρ2

ρ1

)(
(h2)0
(h1)0

(1 − x)

(
ρ3

ρ1

)
(h3)0
(h1)0

)
(1 − x)

+ x

(
(h2)l
(h1)0

)(
ρ2

ρ1

)
+

(
(h3)l
(h1)0

)(
ρ3

ρ1

)
x

g∗ = G∗
2h21(lh10)

2

E1,x
(
1 + E31h331

)

The end conditions those are to be satisfied at the extremes
[
1 + λ2

0(1+E31h331)
(lh10)

2(1+E31h31)

{
f
l2 − (

x + b
)2}]

w,xxx

− 2λ2
0(1+E31h331)

(lh10)
2(1+E31h31)

(
x + b

)
w,xx = 0

(3)

Or,

w,x = 0 (4)
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⎡
⎣ λ20

(
1 + E31h

3
31

)

(lh10)2(1 + E31h31)
− λ20

{
f

l2
− (

x + b
)2} − 3g∗

(
1 + h12 + h32

2

)2
+ p

(
t
)
⎤
⎦w,x = 0

(5)

Or,

w = 0 (6)

3

2
g∗lh10h12

(
1 + h12 + h32

2

)
(1 + α)

2(h2)0
C

γ2,x = 0 (7)

Or,

γ2 = 0 (8)

1.3 Approximate Series of Solution

The above-mentioned Eqs. (1) and (2) are simplified and mentioned as in the

w
(
x, t

) =
i=p∑
i=1

wi (x) fi
(
t
)

(9)

γ 2

(
x, t

) =
k=2p∑
k=p+1

γk(x) fk
(
t
)

(10)

wherewi and γk are the shape functions f i and f k are the generalized coordinates, and
wi and γk are chosen to satisfy as many boundary conditions as possible [14]. Here
as per Ray and Kar [6], the shape functions are chosen accordingly to the different
boundary conditions.

For the clamped–pinned case, we have
wi (x) = 2(i + 2)x (i+1) − (4i + 6)x (i+2) + 2(i + 1)x (i+3), γk(x) = (

k + 1
)
xk −

kx(k+1), where k = k − p. Putting the above equations into (1) and (2) and applying
the general Galerkin methodology yield the following equations of motion in matrix
form in the generalized coordinates.

[m]
{
Q̈1

} + [k11]{Q1} + [k12]{Q2} = {0} (11)

[k21]{Q1} + [k22]{Q2} = {0} (12)
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where

{Q1} = {
f1, . . . , f p

}T
(13)

{Q2} = {
f p+1, . . . , f2p

}T
(14)

Mi j =
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mwiw jdx (15)
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0
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)2}
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) 1∫
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4
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[k21] = [k12]
T

In the above, uk = 2h2
C γk , ul = 2h2

C γl , and w′
i = ∂wi

∂x .

f = (l + b)2 for, x = l, = b2, for x = 0, = l2

3 + b2 + bl, for other cases.
Equations (11) and (12) are simplified further to

[m]
{
Q̈1

} + [
[k] − P0[H ]

]{Q1} − P1cos
(
ωt

)
[H ]{Q1} = {0} (19)

where

[k] = [
k
] − [k12][k22]

−1[k12]
T (20)
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1∫

0

wi
′w′

jdx (21)
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[
k
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i j =
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0
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f
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w′′
i w

′′
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0
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1.4 Buckling Loads for Static Condition

Consideration of P1 = 0 and
{
Q̈1

} = 0 in Eq. (19) leads to eigenvalue problem
[k]−1[H ]{Q1} = (1/P0){Q1}. The reciprocal of the eigenvalues of [k]−1[H ] is
considered as the buckling loads for static condition (P0)crit for the first few modes.

2 Numerical Results and Discussion

Here a number of graphs are drawn considering uniform and variable temperature
gradients with the hub radius, rotation parameter, and taper parameters for their var-
ious values. To keep minimum number of figures, some of the results are elaborated
without figures. For certain parameter values, when considering a uniform rotating
beam without thermal gradient, the equations of motion reduced to those of Kar and
Sujata [5] and the results obtained are found to be similar.

Here ψ = ψ0(1 − ξ) is assumed as the temperature at any point ξ which is above
the reference temperature. As per Kar and Sujata [3], the variation of modulus of
elasticity of the beam can be written by choosing ψ = ψ0, the temperature at the
end ξ = 1 as the reference temperature as,

E(ξ) = E1[1 − λψ1(1 − ξ)], 0 ≤ λψ1 < 1

= E1T (ξ)

where λ is the coefficient of thermal expansion for the beammaterial, δ = λψ1 is the

temperature gradient parameter and T (ξ) = [
1 − δξ (1 − ξ)

]
, where δξ =

(
A
Aξ

)
δ is

the variable temperature gradient parameter. Here, the following is considered:

α = E1ξ A1ξ

E3ξ A3ξ
= E1T (ξ)A1

E3T (ξ)A3
= E1A1

[
1 − δ1ξ (1 − ξ)

]

E3A3
[
1 − δ2ξ (1 − ξ)

] ,

where δ1 and δ2 are the temperature gradients in the upper and lower layers,
respectively. Unless stated otherwise, the parameter values used are as follows:
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η = 0.01, b = 0.05, g = 0.1, λ0 = 0.05, λ1 = 0.1, δ1 = 0.1, δ2 = 0.2, and P0 = 0.05.

Figure 2 shows the effects of α1 on the buckling loads for static condition. The
buckling loads for static condition decrease with α1 for all the three modes, thus
making the system unstable. As shown in Fig. 3, the buckling load decreases with b
in a nonlinear manner. So, this parameter destabilizes the system.

The nature of the graph in Fig. 3 is shown also in Fig. 4, where the destabilization
of the system increases with δ1 because the static buckling load decreases. However,
the stability of the system is increasing with increase in δ2 as the static buckling loads
are increasing which is shown in Fig. 5.

Butwhenwe analyze considering variable temperature gradient, the consequences
are similar as that of constant temperature gradient; however, the static buckling loads
further decrease considering variable temperature gradient for top layer, and static
buckling loads further increase considering variable temperature gradient for bottom
layer as shown in Figs. 6 and 7 respectively.

Fig. 2 Dependence of
(
P0

)
crit on α1

Fig. 3 Dependence of
(
P0

)
crit on b
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Fig. 4 Dependence of
(
P0

)
crit on δ1

Fig. 5 Dependence of
(
P0

)
crit on δ2

Fig. 6 Dependence of
(
P0

)
crit on δξ1
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Fig. 7 Dependence of
(
P0

)
crit on δξ2

Fig. 8 Dependence of
(
P0

)
crit on 
0

The buckling loads for static condition increase in a nonlinear manner, with
increase in the values of 
0, which is depicted in Fig. 8, thus increasing the stability
of the system.

Stability of the system is found to be dependent upon the magnitudes of δ1 and
δ2. The stability of the system is dependent upon the magnitudes of δξ1 and δξ2 and
also upon the types of tapering of the top and bottom elastic layers, when variable
temperature gradient is taken into consideration.

To minimize the number of graphs, the effects related to α3 are not shown because
they are similar to those of α1. Furthermore, the buckling loads for static condition
are independent of η.
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3 Conclusion

Investigations were made for the static stabilities of a linearly tapered asymmetric
rotating SB subjected to a pulsating axial load with a variable temperature gradient
under clamped–pinned end condition. From the results, it is concluded that the sys-
tem stability worsens with increase of the hub radius, the taper parameters, and the
temperature gradient in the top layer. By contrast, faster rotation and larger tempera-
ture gradient in the bottom layer improve the system stability. It is also found that the
results vary depending on whether the temperature gradient varies or is uniform. The
system stability improves with a larger variable temperature gradient in the bottom
layer but degrades with a larger variable temperature gradient in the top layer.
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Weld Quality Prediction of PAW
by Using PSO Trained RBFNN

Kadivendi Srinivas, Pandu R. Vundavilli and M. Manzoor Hussain

Abstract Selection of process parameters in welding environment is more complex
while determining the weld bead quality. For the selection of best parameters, arti-
ficial intelligence tools like neural networks blended with stochastic optimization
technique like particle swarm optimization (PSO) proved to be very effective. In
this paper, an attempt has been made to predict the weld bead quality using neural
network trained PSO. Bead on plate experiments was conducted using plasma arc
welding on superalloy Inconel material. Multiple regression mathematical equations
developed by response surface methodology (RSM) were used for the analysis. The
developed methodology will be very useful for automation.

Keywords Particle swarm optimization · Bead on plate trails · Plasma arc
welding · Radial basis function neural networks

1 Introduction

Plasma arc welding (PAW) is said to be well-accepted arc welding process due to
its high productivity. The welding strength depends on the geometry of the weld
bead, material properties, and microstructure. The current study deals with weld
bead geometry analysis of plasma arc welded Inconel 617 superalloy plates, which
is reliant on several input process parameters such as welding current, voltage, speed
of weld, plasma and shielding gas flow rates, torch standoff distance, torch angles,
and others. At the same time, costly materials like superalloy Inconel 617 found
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more number of applications in high-temperature gas reactors and nuclear fuel power
plants and aerospace. Bead on plate experimentation found to be cost-effective to
provide information about the weld bead dimensions with less material wastage
before proceeding to the butt joints. So, automation of the process is very essential
to study the effect of process parameters on weld bead geometry, which reflects the
weld quality. Therefore, modeling of input–output relations, optimization of process
parameters, becomes important aspect in welding automation.

Garg et al. [1] used PSO technique to train artificial neural network (ANN) for
prediction of flank wear in drilling in response to four input parameters namely
drill diameter, feed rate, spindle speed, and spindle motor current. Later, they con-
cluded that this technique gives better prediction results compared to the backprop-
agation neural networks (BPNN). Dhas et al. [2] developed models to predict the
submerged arc weld (SMAW) quality applying genetic algorithm based on neural
network (NNGA) and neural network-based particle swarm optimization (NNPSO)
techniques. Finally, they reported that NNPSO has advantage when compared with
other developedmodels in terms of computational time and accuracy.Ahmed et al. [3]
employed two different artificial intelligence technique (AIT)-based models namely
multilayer perceptron NN and RBFNN and recommended that RBFNN is powerful
tool for analysis and modeling of prediction of weld bead geometry in shielded metal
arc welding. Anand et al. [4] performed experimentation on Incoloy 800H using fric-
tion stir welding. Later, they developed BBPNN, IBPNN, GANN, QPNN, LMNN
models and found that GANN is performing better than other. Cheruku et al. [5] used
PSO-based clustering approach along with DBI index as fitness function for medi-
cal datasets. Later, they found from the results that PSO-RBFNN is more accurate
when compared to conventional neural network classifiers. Srinivas et al. [6] devel-
oped regression models from conducting experiments on experimentation on PAW.
Further, they developed BPNN and RBFNN models and concluded that results of
RBFNN model prediction are closer to experimental values with more accuracy. Hu
et al. [7] applied PSO-RBFNN algorithm for prediction of regional logistics demand.
In their work, they concluded that PSO-RBFNN overcomes its own drawbacks and
achieves much better prediction and optimization results. Malviya et al. [8] investi-
gated the weld bead quality of MIG welding by collecting data from the design of
experiments. Further, they used PSO to tune various neural networks in both forward
and reverse directions. Later, they compared percentage deviation in prediction of
different parameters byPSO-tunedMLFFNNandRBFNN, respectively. Praga-Alejo
et al. [9] developed GA-based RBFNN for laser penetrated welding process. In that
work, they stated that this model performs better for predicting the responses in weld-
ing. Shanmukhi et al. [10] performed modeling of multi-input–multi-output electro-
discharge machining processes using RBFNN. They implemented batch mode of
training for developed RBFNN using GA and PSO. In that work, they depicted that
PSO-RBFNN performs better compared to GA-RBFNN. Datta et al. [11] developed
MLFNN, RBFNN, counter propagation neural networks to carry forward and reverse
mapping ofMIGwelding process. They found in theirwork that optimization toolGA
performs better compared to BPA. Ai et al. [12] have done laser welding of dissimi-
lar metals and used GA-RBFNN for process modeling and parametric optimization.
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Finally, they concluded that the experimental results of weld seam geometry are in
good agreement with the optimal weld seam. Zhou et al. [13] performed experimen-
tation on multiaxis ball-end milling on Inconel 718 material and for optimization
gray relation analysis coupled with RBFNN and GA. They found that a considerable
increment in the gray relation grades after using PSO optimization.

From the extensive literature survey, it is observed that many of the researchers
are using neural network techniques extensively in the modeling and GA-PSO as
optimization tools for process optimization. Researchers are also coupling GA and
PSO technique with neural networks and obtaining reasonably good results. In this
work, an attempt is made to determine the optimal weld bead parameters for plasma
arc welding of Inconel 617 using PSO-RBFNN approach.

2 Methodology

2.1 Experimental Procedure

In the current work, Inconel 617 superalloy sheets of 2mm thick are used for the base
material and melt in mode plasma arc welding is performed on it. In order to find the
range of process parameters for full-depth penetration, pilot experiments are carried
out initially. The weld speed (N), weld current (I), and plasma gas flow rate (G)
are taken as the process parameters. A weld speed range of 250–300 mm/min, weld
current range of 80–105 A, and gas flow rate range of 2–2.5 L/min are considered
for the experimentation.

In the design of experiments, central composite design (CCD) method is consid-
ered for the conduction of experiments. The welded plates are cut along the cross
section by using wire cut EDM. The cut sections of weld bead are mounted on
specimen mounting machine and etching is performed. These specimens are used to
find the bead dimensions namely front width (FW), back width (BW), front depth
(FD), and back depth, (BD) respectively. The measured data is feed into Minitab to
investigate and to find the multiple regression equations.

2.2 Problem Statement

Radial basis function neural network has excellent ability to estimate any nonlinear
mapping. RBFNN has better fitting capability and higher prediction accuracy and
gives noise-free data. The convergence rate of RBFNN is faster than other neural
networks compared to BPNN. On the other hand, stochastic optimization technique
like particle swarm optimization technique (PSO) falls into the local optimum values
instead of global optimum and its convergent rate is also low. To overcome the
drawbacks of PSO and RBFNN combining, these two approaches may yield better
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Fig. 1 Physical model of
PSO-RBFNN network

results [7]. In this paper, PSO algorithm is used to optimize the weights and threshold
values of RBFNN. The architecture of the PSO-RBFNN model shown in Fig. 1.

2.3 Modeling and Optimization Methods

Radial Basis Function Neural Network
The three layers of the RBNNN are input, hidden, and output layers. The input of
three neurons considered as weld speed (N), weld current (I), and plasma gas flow
rate (G). The output layers of the network consist of four neurons namely FW, BW,
FD, and BD. A systematic study was performed to determine the number of hidden
neurons. In the training period, normalized input data feeds into the network by
generating 1000 cases along with 20 experimental test cases. Transfer functions of
the neural network always play key role in the prediction of the network performance.
The following are the transfer functions considered for the input, hidden, and output
layers.

Input layer: Linear y=x
Hidden layer: Gaussian y = e

(−||x − μ||2/2σ 2
)

Output layer: Log−sigmoid y= 1/1+e−a1x
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Fig. 2 PSO parametric
study for number of neurons
versus best fitness

Particle Swarm Optimization
To determine the number of hidden neurons in the neural network, study has been
conducted. Number of hidden layers varied systematically to determine the best fit-
ness value and the graph obtained shown in Fig. 2. For this study, the swarm size,
inertia weight and number of generations are kept equal to 0.1, 10, and 50, respec-
tively. Further, parametric study is carried out to evaluate the optimal parameters of
the PSO.

3 Results and Discussion

The multiple regression equations representing the front width, back width, front
depth, and back depth ofweld bead are given in Eqs. (1), (2), (3), and (4), respectively.

FW = 12.4 + 0.443 I − 0.0304 N − 20.73 G

− 0.001516 I ∗ I + 0.000157 N ∗ N + 5.73 G ∗ G

− 0.000320 I ∗ N − 0.0112 I ∗ G − 0.01520 N ∗ G (1)

BW = −16.8 − 0.651 I + 0.051 N + 35.1 G + 0.005873 I ∗ I

+ 0.000260 N ∗ N − 5.88 G ∗ G − 0.001360 I ∗ N

+ 0.0280 I ∗ G − 0.0384 N ∗ G (2)

FD = 7.12 − 0.114 I − 0.0899 N + 9.18 G + 0.001847 I ∗ I

+ 0.000206 N ∗ N − 2.34 G ∗ G − 0.000556 I ∗ N

− 0.0148 I ∗ G + 0.00900 N ∗ G (3)
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Fig. 3 Percentage error of
responses in PSP-RBFNN
approach

BD = 15.0 − 0.076 I − 0.1355 N + 5.27 G + 0.001137 I ∗ I

+ 0.000348 N ∗ N − 1.08 G ∗ G − 0.000472 I ∗ N

+ 0.0208 I ∗ G − 0.00760 N ∗ G (4)

The above multiple equations are used to train the neural network by generating
more data. After training the neural network with the PSO-RBFNNmodel, themodel
predicted values are recorded for the 20 experimental cases to know the accuracy
of prediction. This is done by writing a test program in MATLAB environment.
The percentage error deviation obtained for responses are {−9.708, 10.79}, {−
10.84, 10.42}, {−11.34, 11.92} and {−11.44, 10.19} for FW, BW, FD, and BD,
respectively. The percentage error graphs of all the responses shown in Fig. 3.

4 Conclusions

Neural network-based approach PSO-RBFNN is developed to model the input–out-
put relations and weld bead quality prediction for plasma arc welded Inconel 617
superalloy bead on plate experimentation. Huge data generated with multiple regres-
sion equations is used to train the established neural network model. From the study,
it is observed that PSO-RBFNN has accessible to RBFNN for better level of adapt-
ableness. Therefore, it is right choice for searching the optimal solutions in welding
and its bead quality prediction. And also, PSO execution is simple and flexible. The
average error prediction of the responses is also reasonably in accepted level.
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Static Loading Analysis of Connecting
Rod Used in Four-Wheeler (SUV)
by FEA

Atul Singh Rajput and Mohammad Hamza

Abstract Connecting rod is a significant element in internal combustion engine.
The main tenacity of a connecting rod is transmission of the reciprocating motion
of the piston to the rotary motion of the crankshaft. There are dissimilar materials
and production methods are used to manufacture a connecting rod. Connecting rods
are commonly composed of steel alloy or aluminum alloy or titanium alloy and it is
usuallymanufactured by drop forging process. This article explains the finite element
analysis of connecting rod. In the present work, connecting rod is made of materials
forged 4340 AISI Steel, TiAl4V Titanium alloy and 7075 Aluminum alloy for sport
utility vehicles (SUV) were compared on the basis of total deformation, Von Mises
stress, and Von Mises strain. A two-dimensional drawing is prepared from the cal-
culations. A parametric model of connecting rod is modeled using SOLID WORKS
16.0 software. Analysis is carried out by using ANSYS workbench 16.0 software.
The best combinations of parameters like Von Mises stress and strain, deforma-
tion, etc. for four-wheeler connecting rod were done in ANSYS workbench16.0 and
finally, results are compared with different material.

Keywords ANSYS · Connecting rod · Finite element · SUV · Static loading

1 Introduction

The internal combustion engine is a crank-slider mechanism, where the piston is the
slider in this case. The piston is stimulated up and down by the rotary motion of
crankshaft in its four strokes specifically suction, compression, expansion or power,
and exhaust stroke. The piston is placedwithin a combustion compartment. This force
changes the connecting rod, crankshaft over a distance, which transforms chemical
energy into required mechanical energy [1].
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The piston and the crankshaft are intermediately connected with the connecting
rod. Minor part of the connecting rod is linked to the piston and big end to the
crankshaft. It joins the pistonwith the gudgeon pin [2]. The purpose of the connecting
rod is to transform piston’s linear motion into crankshaft’s rotary motion. Force is
applied to connecting rod generated by gas pressure and the interior force of the
interchanging body [3].

Finite element analysis transacts with structural analysis with many parameters
which modifies its working and explains the better result to eliminate the difficulties
connected with it. The calculation of stresses and strains is done in FEA through
structural analysis, by applying the structural model in ANSYS16.0. The structural
analysis is implemented to form a higher and a lower stress zone from the given data
of the material, boundary condition, forces.

2 Theoretical Calculations of Connecting Rod

A connecting rod is an internal combustion engine supporter which is engaged to
exchange the compressive forces and force of tensile. The connecting rod is supposed
to be same at both ends hinged for buckling around x-axis and as so on both ends are
set for buckling around y-axis. Through x-axis and y-axis, the connecting rod should
be evenly tough for buckling [4].

A = cross-sectional area.
l = length.
σ c = compressive yield stress.
F = crippling load.
Ixx and Iyy = moment of inertia (MI) around x-axis and y-axis, respectively.
Kxx and Kyy = gyration radius around x-axis and y-axis, respectively.

Rankine’s–Gordon formula,

F about x-axis = σc A

1 + a
[

l
Kxx

]2

2.1 Pressure Calculation for 2000 cc Engine

Medium size SUV specifications of engine type air-cooled four-stroke
Stroke × Bore (mm) = 84.0 × 89.9 = 7551.6 mm2 Displacement = 1,993 CC
Maximumpower= 280 hp (209 kW)@5,200 rpmmaximum torque= 415Nm@rpm
Ratio of compression = 9.6:1 Petrol C8H18’s density = 737.21 kg/m3

Mass = Density × Volume = 737.22E−9 × 1993E−3 = 1.469 kg
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Temperature = 550 K Petrol’s molecular weight = 114.228 g/mole Now, from the
gas equations,

P = (1.469 × 72.86 × 550)

1993
== 29.54 MPa

2.2 Design Calculation of 7075 Al Alloy

Flange thickness and section web = t, section width = 4t
Section height, H = 4 × t , section area, A = 2(4 × t × t) + (3 × t × t) = 11t2

(Fig. 1)

IX X

IYY
= 3.2 Now, KXX =

√
IX X

A
=

√
34.91t4

11t2
= 1.78t

Connecting rod length (L) = 2 × stroke = 2 × 89.9 = 179.8 mm
The maximum gas force,

Pgas = 163,703.86 N

Now, Rankine’s–Gordon formula [5],

F = Psa × Factor of Safety = 163,703.86 × 1.5 = 245.555.80 N, σc = 503 MPa

Rankine Constant, a = σc

�2E
= 503

�2 × 0.7170 × 105
= 0.00071, t = 8.9 ≈ 9 mm

Now, Flange thickness and section web = t = 9 mm

Fig. 1 In section standard
dimension
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Section width, B = 4 × t = 4 × 9 = 36 mm, section height H = 5 × t = 5 × 9 =
40 mm,
Section area, A = 2(4 × t × t) +3 × t × t = 11t2 = 891 mm2

Crank end height = H × 2 = 1.1 × H = 44 mm, piston end height = 0.8 × H =
32 mm.

2.3 Design Calculation of Forged 4340AISI Steel

Now, similarly, Flange thickness and section web = t = 9.5 mm
Section width, B = 4 × t = 4 × 9.5 = 38 mm, height, H = 5 × t = 5 × 9.5 =
47.5 mm
Sectional area, A = 2 × (4 × t × t) +3 × t × t = 11 × t2 = 992.75 mm2

Crank end height = H × 2 = 1.1 × H = 52.25 mm, piston end height = 0.8 × H =
38 mm.

2.4 Design Calculation of TiAl 4V

Now, Flange thickness and section web (t) = 4.8 mm, B = 4 × t = 4 × 9.5 =
19.2 mm
H = 5 × t = 5 × 9.5 = 24 mm, A = 2(4 × t × t) + 3 × t × t = 253.44 mm2

Crank end height = H × 2 = 1.1 × H = 26.4 mm, piston end height = 0.8 × H =
19.2 mm.

3 Material Properties

The different materials used for the connecting rod are Forged 4340AISI Steel, 7075
Al Alloy, and TiAl 4V. The required mechanical properties for analysis of all the
materials used for connecting rod are shown in Table 1.

4 Results and Discussions

For the analysis of connecting rod 24,556 N, force is applied as per the numerical
results obtained in the design calculations at small end keeping big end of connecting
rod fixed.
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Table 1 Material properties

Parameters
material

Elastic
modulus
(GPa)

Ultimate
tensile
strength
(MPa)

Yield
compressive
strength
(MPa)

Poisson’s
ratio

Density
(kg/m3)

Forged
4340AISI
steel

205 710 698 0.29 7850

7075Al alloy 71.7 503 501 0.33 2810

TiAl 4V 113.8 890 880 0.34 4430

4.1 Analysis for Material Forged 4340AISI Steel

The total deformation of connecting rod after applied force of 24,556 N is shown
in Fig. 2. Small end of connecting rod will show the maximum deformation, and
there will be no deformation at the bigger end of connecting rod as it is fixed. The
maximum deformation of 0.102 mm will occur at small end.

From Fig. 3, the numerical estimated values of maximum and minimum Von
Mises strain occurring at small and big end of connecting rod during static analysis

Fig. 2 Total deformation of
forged 4340AISI steel
connecting rod

Fig. 3 Von Mises strain of
forged 4340AISI steel
connecting rod
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Fig. 4 Von mises stress of
forged 4340AISI steel
connecting rod

Table 2 Comparison of results

Sr. no. Type forged 7075 Al alloy TiAl 4V 4340AISI steel

1 Total deformation (mm) 0.102 0.292 0.184

2 Equivalent strain 1.777e−3 5.079e−3 3.201e−3

3 Equivalent stress (Pa) 3.638e8 3.642e8 3.643e8

4 Weight (kg) 0.365 0.130 0.206

5 Stiffness (MN/m) 240.745 84.095 133.456

for force of 24,556N is 0.00177 and 2.485e−7, respectively. VonMises strain regions
are very correctly distinguished in the figure of the present connecting rod model.

FromFig. 4, it is observed thatmaximum stress occurs at small end of the connect-
ing rod after applying force of 24,556 N and minimum amount of stress is developed
at big end of connecting rod which is fixed.

5 Comparison of Results

For current study, force of 24,556 N is used for analysis of three different materials of
connecting rod. The parameters found out by ANSYS workbench 16.0 are tabulated
in Table 2.

6 Graphs

Finite element analysis of connecting rod under static loading condition has been
done by ANSYS workbench 16.0 for the force of 24,556 N. The results obtained for
different materials of connecting rod are plotted in the below graphs in Fig. 5.
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Fig. 5 Graph of total deformation for different specimens

7 Conclusions

• By evaluating the outcomes of FORGED 4340AISI STEEL, 7075 AL ALLOY,
and TIAL 4V used for connecting rod analysis, it is found that equivalent Von
Mises stress for all the materials is approximately the same.

• From the static analysis of the connecting rod, the stress is found maximum at the
small end.

• Relating the atypical consequences found from the investigation of connecting
rod, it is concluded that the deformation of FORGED 4340AISI STEEL is less
than the 7075 AL ALLOY, so FORGED 4340AISI STEEL can be exercised for
manufacturing of connecting rod for extended permanency.
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Design and Implementation of Product
Embodied Riser for Energy Conservation
in an Aluminum Casting Process

K. Prabhuram, V. Subrammaniyan and M. Thenarasu

Abstract Traditionally in the foundry industrial practices, after the casting process is
done, the runner and the riser are removed and reused tomanufacture newcomponents
by re-melting them. This paper suggests an idea to design the riser in order to form a
by-product of a desired shape on solidification so that the energy spent on re-melting
these riser components is cut down. In this method, the solid riser obtained after
solidification of the casting is used as a raw material or a semi-finished product and
subjected to other processes without forming further cast products by re-melting it.
The casting method adopted to experimentally verify the claim is green sand mold
casting method to cast a cuboid pattern of cast aluminum grade LM4. A simple
geometry of a cylinder of diameter 35 mm was chosen as the riser geometry and the
mold was designed to house the actual product of a cuboid and the by-product as the
cylinder. The results of this experiment confirm that 23.54% of energy conservation
is achieved by the implementation of this method. The last section of this paper
provides insights on the environmental impact of this method when adopted and
applied to the foundry industries on a global scale. Since this method brings down
the energy requirements of the casting industries, it highly benefits the industry in
both economic and environmental aspects. This validates the need for innovation in
the designing of newer manufacturing concepts to end up beneficial to the world.

Keywords Optimal riser design · Energy conservation · Metal casting · Product
embodied risers · Carbon footprint

1 Introduction

Metal casting is the basic manufacturing process for about 90% of the manufactured
metal products in the world [1]. Risers are one of the basic components of a sand
casting process. Risers are used to reduce defects due to shrinkage and other factors.
Once the casting is solidified, the risers are removed to be subjected to re-melting
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leading to an increase in energy consumption. In order to cut down the gratuitous
wastage of energy, the riser can be designed in a way such that a near-product
is embodied in the dimensions of it. Such progressive ideas to conserve energy
are indispensable for making foundries to be environmentally and economically
beneficial.

Generally, the riser volume is optimized to conserve energy in the process of cast-
ing, thereby improving the yield therefore decreasing the energy wasted. Morthland
et al. [2] improved the energy conservation in the process of casting by minimizing
the gate size and the volume of the riser, while ensuring that the product is without
defect. Tavakoli et al. have done topology optimization on the riser by using finite
element analysis and other numerical computing methods such as SIMP method to
incorporate nonlinear unsteady heat transfer during casting [3]. The application of
certain concepts to result in optimal design is essential. One such technique was pro-
posed tomake use of parabolicmetal flow concept in the design of top risers to reduce
microporocities [4]. Mathew et al. (2016) have worked on a method to recover the
dissipating heat from the solidifying casting by using shots of three different metals,
namely aluminum, copper, and steel. On comparison, copper shots have given better
results when used to preheat the rawmaterials [5]. Energy audits are an effective way
to monitor the energy consumption in a foundry. The importance of periodic energy
audits is highlighted by Prashanth et al. [6]. A case study conducted in the foundry
industries of Scandinavian countries by Patrik et al. shows that more than half of the
foundries lack energy strategy and others’ energy strategies are primarily financially
motivated [7].

2 Methodology

The method chosen for this experiment is green sand casting method.

2.1 Riser Design

Some of the possibilities for the shape of the riser for sand casting processes are
shown in Fig. 1. Factors to be considered while designing the risers are [8],

Fig. 1 Various shapes of risers
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• Risers serve as the reserve for the molten metal as the molten metal solidifies. The
molten metal from the riser fills the cavity during shrinkage of the product.

• Machining allowances.
• Risers prevent porosity due to non-uniform solidification as it has high head.

Thus, the actual dimension of the risers should be greater than the dimension
required. A 35 mm cylindrical pattern is chosen as the riser geometry.

2.2 Mold Making and Metal Pouring

A cubical block of length 75 mm, width 75 mm, and height 50 mm was chosen as
the pattern. Molding green sand was prepared by an appropriate sequence of mixing
quartz, clay, charcoal powder, water, and other additives [9]. The molding sand was
placed around the pattern and compacted to form the mold. The top gate riser system
was made in the cope. The sectional view of the mold and cylindrical riser is shown
in Fig. 2. The material chosen for this study is cast aluminum LM4 because the riser
is to be obtained as a by-product of this process. This by-product will be subjected to
other processes such asmachining alongwith themain product. Thus, the selection of
a metal with better machinability is essential. Aluminum LM4 being intermediately
machinable is a fairly better choice [10]. The rawmaterial was melted in an electrical
furnace to about 1000 K and poured into the mold prepared. K-type thermocouples
were placed near the riser and the mold cavity to observe the temperature change
[11] of the molten metal during solidification [12].

Fig. 2 Cut section of mold
cavity
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3 Results and Discussion

The obtained product after the solidification of the molten metal is shown in Fig. 3.
The temperature change was recorded from the thermocouple, and a temperature–
time graph (Fig. 4) is plotted for both the products in the mold cavity and the cylin-
drical riser component. This cooling is governed by the transient diffusion heat
Eq. (1).

K
(

∂2T
∂x2

+ ∂2T
∂ y2

+ ∂2T
∂ z2

)
= ∂q

∂ t
(1)

Fig. 3 Cast product

Fig. 4 Rate of cooling of the riser and the block
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Fig. 5 a Riser micro-structure, b block micro-structure

where heat flux (2),

q = ∫ ρc dT (2)

T is the temperature, and K is the thermal conductivity of LM4. Using chvorinov’s
rule, the calculation of the estimated time taken for the thorough solidification of the
product is done. After the product is thoroughly solidified, the riser is detached from
the product. From Fig. 4, it is observed that there is no significant deviation between
cooling paths of the riser and the product. That implies that their cooling rates differ
very insignificantly. Since there is very less difference between the cooling rates,
the mechanical properties of the actual product and the by-product do not differ to a
considerable extent. This proves that this method can be used to obtain by-product
with similar mechanical properties of the actual product.

The values of the Brinell hardness test of the block are 87, 102, and 94, and the
values of riser are 95, 89, and 105. From the values, it is inferred that the mechanical
properties do not vary to a considerable extent. The micro-structures of the riser and
the block are compared (Fig. 5). This proves that there is only a lesser possibility of
change in the metallurgical properties of the obtained products.

3.1 Estimated Energy Savings and Impact
on the Environment

The required energy to melt the metal is 1809 kJ. It is calculated from the power
input to the furnace. The properties of aluminum LM4 are given in Table 1.

The specific energy consumption of the metal is calculated to be 1775.4 kJ.
In order to calculate the energy that will be consumed by the top gate riser when

it is subjected to re-melting, the ratio of their volumes is used (3).

Volume of cylindrical riser obtained = 8.659 × 10−5 m3.
Ratio of the cylinder to the total volume, R = 23.54%.
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Table 1 Properties of chosen
aluminum LM4

Density ρ Specific heat
capacity c

Volume V Molten mass
ρ × V

2770 kg/m3 0.91 kJ/kg K 3.6784 ×
10−4 m3

1.019 kg

Energy that can be saved = specific energy consumption × R

= 417.93 kJ (3)

Energy savings = 417.93

1775.4
× 100 = 23.54% (4)

Data shows that the melting of metal during a casting process consumes a major
part of the input energy (Fig. 6). Thus, by modeling the riser in order to obtain a
by-product, about 23.54% of the energy that is spent on re-melting can be saved
during the casting process.

This method is very beneficial when applied on a global scale. This exact method
cannot be generalized to all the sand castings produced in the world as the size
and dimensions of the components vary. However, the impact of this method on the
environmental and the economic benefits is validated. Figure 7 gives the consumption
by source of energy. It can be clearly seen thatmost of the energy sources of foundries
are high emitters of carbon dioxide. By application of the method, not only carbon
dioxide emissions are brought down, but also the overhead costs encountered by the
company due to electricity and fuel consumption are also reduced. This drop in the
expenses of an industry is very compelling for the foundries that have financially
motivated energy strategies.

Fig. 6 Consumption of
energy by various processes
in casting [13]
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Fig. 7 Energy sources for
melting [1]

4 Conclusion

From the experiment, the possibility of the design of product embodied risers and the
importance of their implementation for energy conservation and economic benefits
for the foundry industry have been validated. In the above-chosen example, the
cylindrical portion attached to the cube is obtained only by casting. The cylindrical
component can be further rolled or extruded and joined by welding which is less
energy-consuming. The cooling rate of the riser is comparatively higher because of
the higher area-to-volume ratio. For the material properties of aluminum to change
considerably, the cooling rate of the casting should be about 375 K/min [14]. But the
present cooling rates fluctuate only between 10 and 20 K. Hence, material properties
and the micro-structure remain unchanged. This method can be applied to few other
processes such as manufacturing tapered components. Most of the available energy
conservation and efficiency strategies are financially not attractive and require more
investment to have the industry running at higher energy efficiency. However, this
method will turn out to be very attractive for most of the foundry industries because
the by-product of the actual process is also valuable equally in the market with a
reduced expense of energy costs due to manufacturing.
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Reliability, Availability
and Maintainability Analysis
for Transportation Vehicles—A Case
Study in APSRTC

E. Govindarajulu and S. Sai Rakesh

Abstract Performance of a system depends on the reliability of its subsystems if
any, the maintenance efficiency, and the operating conditions. Failures are more
frequent if the size and complexity of the systems increase and the effect of these
failures on system performance is critical. Therefore, reliability and maintainability
analysis is required to identify the bottlenecks in system for designed reliability and
maintainability. In this paper, a methodology has been presented and is applied on
road transportation vehicles in Andhra Pradesh State Road Transport Corporation
(APSRTC) as a case study. The best fit for time between failures (TBF) of subsystems
is identified with Anderson–Darling (A–D) values and the respective parameters are
calculated. Also, availabilities are estimated for all types of vehicles and bottlenecks
are identified. This method will help to identify the optimal maintenance intervals
for each subsystem as well as the system.

Keywords Reliability · Availability ·Maintainability · Time between failures ·
Time to repair · Road transport passenger vehicles

1 Introduction

Since the failure of any system cannot be prevented completely, it is important to
minimize its probability of occurrence and its impact if they do occur [1]. Most of
the complex mechanical systems consist of many subsystems. The performance of
this system is mostly affected by reliability, availability, and maintainability of its
subsystems/components.

Reliability analysis is used as a tool for the planning and operation of these sys-
tems. Reliability analysis will help to identify the critical and sensitive subsystems
that have amajor effect on system failure. Therefore, a focus on reliability is necessary
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for the improvement of equipment performance and to ensure the equipment’s avail-
ability for the operation. Reliability and pattern of failures of a system/component
may be affected by external factors like operating conditions, environmental stress,
and the experience of the operator. Reliability analysis of such system is required to
get realistic information from the operating environment. To maintain the designed
reliability and availability characteristics and to achieve the expected performance,
an effective maintenance plan is required.

Maintainability analysis is to determine the conditions under which the mainte-
nance or repairs are to be accomplished. There are two basic categories of mainte-
nance are there, one is scheduled (or preventative)maintenance and the other is forced
(or corrective) maintenance. Scheduled maintenance is performed at constant time
intervals even if the system is working satisfactorily. Such maintenance will prolong
the life of components, decrease the number of failures, and increase the MTTF of
the system. Corrective maintenance follows in-service failures. As soon as the failure
occurs, replacement, adjustment, or repair of a component is done to bring back the
system to normal operating state [2]. These maintenance actions are called mainte-
nance plan for a system. The first guideline formaintenance planewill be given by the
manufacturer. This will then be optimized depending upon the failure rates, working
conditions, desired performance levels, etc. To this end and to develop an optimal
maintenance/inspection plan, learning about the existing maintenance procedures of
equipment and the statistical analysis of field data is essential.

In this paper, we described a problem that has not addressed well in the literature
is that the reliability andmaintainability analysis of road transport passenger vehicles
with operational data from maintenance sheds.

The next is data collection, sorting, and classification as per standards. Then the
assumption validation i.e., the independent and identically distributed (i.i.d) nature
of TBF and TTR. For this commonmethods used are trend test to detect the pattern of
failure and serial correlation test for the dependency of multiple repairable systems
are explained [3]. TheAnderson–Darling test is used for the identification of the best-
fit distribution for both TBF and TTR if the assumption is valid. If the assumption
is not valid, then it may not be appropriate to do reliability analysis with statistical
techniques; therefore, a non-stationary model such as non-homogeneous Poisson
process (NHPP) must be fitted. The approach for fitting an NHPP to non-stationary
data is different from the techniques involved in fitting a distribution function to i.i.d.
A functional form that has been most commonly applied to repairable systems is the
NHPP model based on the power-law process [4].

2 Data Collection, Analysis, and Results

Case study: Road transport passenger vehicles used to haul’s passenger was consid-
ered as the case study. Any vehicle, either gas or diesel, can be described as a highly
complex machine with different main and subsystems that have to interact in such a
way that it has to perform in accordance with its design parameters. It can then fulfill
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its primary function of hauling predetermined calculated maximum loads at certain
calculated running times [5].

For a vehicle to be in the state of availability means that it is not out of operation
due to preventive maintenance or inoperable due to a failure. Availability depends
not only on maintenance downtimes but also on the probability of the vehicle’s
failure to perform its functions (unreliability effect). The stochastic nature of road
transport passenger vehicle breakdowns and the corrective maintenance is to fix
them are problems to keep track of the availability of the road transport passenger
vehicle. If more road transport passenger vehicles are withdrawn from a fleet due
to failure, the fleet operator cannot provide the required transportation capacity to
cover the scheduled services. From the analysis of the operation data obtained from
APSRTC., a sample of TVG (ordinary passenger vehicle/bus), collected in the year
2017–18, it follows that about 25% of all the failures found in TVG are related to
transmission problems and brake problems (27%). To enhance the availability of the
fleet, there is a need to identify the bottlenecks in transportation vehicles.

2.1 Data Collection and Sorting

Reliability and maintainability analysis of road transport passenger vehicles is based
on the realistic data of operation and maintenance collected on sixty passenger vehi-
cles. The data are collected from actual maintenance shed of APSRTC. The operation
and maintenance of buses in various conditions were observed, which provides the
reliable and extensive information necessary for availability analysis.

To analysis the data for availability characteristics of a system, the basic steps
must be performed are data collection from maintenance records of maintenance
shed, sorting, and classification (i.e., TBF, TTR, TTF, frequency of failure, total
uptime, total downtime, total maintenance hours, etc.) of data, which is shown in
Table 1.

After sorting and classification of the data, the next is to identify the most frequent
occurrences using Pareto chart for the failures system as shown in Fig. 1.

Similarly, for all types of vehicles, data have been collected and sorted as per
standard format and (i.e., TBF, TTR, TTF, frequency of failure, total uptime, total
downtime, total maintenance hours, etc.) are shown in Fig. 2.

2.2 Analysis of TBF and TTR Data

If the data are independent identically distributed (i.i.d), then the data are analyzed
to determine the characteristics of failure time and repair time distributions of each
subsystem of vehicles to estimate the availability. For this, the best-fit probability
distributions are used. To identify the best-fit distribution for the given failure and
repair data of each subsystem, the maximum likelihood estimation method with
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Table 1 Failure, repair, and logistic delay time of TVG vehicles

Vehicle number Repair time (h) TTR Logistic delay (h) TBF (h) Total time (h)

2742 TVG BS3 5.10 1.00 570.30 576.40

5937 TVG BS2 3.00 0.15 975.15 978.30

712 TVG 0.30 0.30 2340.30 2340.90

35 TVG 3.00 0.30 3426.00 3429.30

T21 TVG 1.00 0.30 3573.00 3574.30

191 TVG 19.00 2.00 5372.00 5393.00

79 TVG 3.00 2.00 6439.00 6444.00

805 TVG 1.00 1.00 6831.00 6833.00

35 TVG 6.00 2.30 7321.30 7329.60

712 TVG 2.00 2.00 516.00 520.00

4908 TVG 19.00 5.00 2859.00 2883.00

5937 TVG 6.00 1.00 5506.00 5513.00

5939 TVG 8.00 3.00 5820.00 5831.00

6005 TVG 2.00 1.00 5815.00 5818.00

0072 TVG 7.30 0.30 7085.30 7092.90

5942 TVG 1.00 2.00 5084.00 5087.00

344 MTVG 1.50 0.40 4986.00 4987.90

Total 88.20 24.05 74,519.35 74,631.60

Fig. 1 Pareto chart for TVG vehicle

Fig. 2 Pareto chart for all vehicles
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Anderson–Darling (A–D) goodness-of-fit test is used. A lower value indicates that
the distribution fits the data better.

2.3 Availability Analysis

Availability is an important metric used to assess the performance of repairable sys-
tems and includes both the aspects of reliability and maintainability of a component
or system. Classification of availability based on the types of downtimes used for
computation can be found in many regular textbooks such as in [5]. Inherent avail-
ability (AInh) is defined as the steady state availability when only CM time of the
system is considered and achieved availability (Aach) considers only active main-
tenance time. On the other hand, operational availability

(
Aop

)
considers the total

down time. This can also be termed as posterior availability based on actual events
that happened to the system when it had been in operation.

Aach = MTBF

CM time+ PM time+MTBF
(1)

AInh = MTBF

CM time+MTBF
(2)

Based on the above definitions, availabilities of each vehicle/fleet are estimated. Ref-
erence source not found. and (1). In these definitions, CM time reflects the efficiency
and speed of the maintenance personnel, as well as their expertise and training level.
PM is to prolong or to mitigate failures of a component or system. But the total
downtime includes CM, PM, and logistic delay times.

Inherent and achieved availabilities are calculated for different types of buses and
are shown in Table 2.

From the data available in Table 1, the MTBF of the system is 4570.98 h, and the
MTTR is 4.92303 h.

Therefore, inherent availability (AInh) of TVG vehicle is 4570.98/(4570.98 +
4.92303) = 99.88%.

Table 2 Vehicle class and its
availability

Type of bus Achieved availability
(%)

Inherent availability
(%)

TVG 97.40 99.88

SML 99.20 99.86

UD 95.00 99.91

SL 96.30 99.77

EXP 81.60 99.97
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For getting achieved availability, PM’s downtime is required and are calculated
by using major repair time and minor repair time of the components, i.e., 82 major
repairs occurred and each repair will be completed in 2 h, and similarly, 85 minor
repairs occurred and each repair will complete in 1 h. To complete these major
and minor repairs, the total downtime required is 290 h per 15 vehicles. Preventive
maintenance (PM) time for a vehicle is 102.352 h. Similarly, corrective maintenance
downtime = 4.923 h. Therefore,

achieved availability (Aach) = 4570.98/(4570.98+ 4.92303+ 102.352)

= 97.40%

Similarly, the achieved availabilities of all other types of buses are calculated and
shown in Table 2.

3 Conclusion

This paper presents a methodology for the identification of appropriate model for
system having multiple repairable units. This paper discusses different scenarios for
analyzing multiple repairable units, based on trend, intensity. The framework pre-
sented in the paper enables to identify the critical subsystems that are failure frequent
and having the weaknesses in maintenance activities. The presented methodology
was verified for the on-road transport passenger heavy vehicles as case study. It is
found that the transmission and braking systems are the bottlenecks in transporta-
tion vehicles. Availabilities are estimated for each subsystem with the i.i.d failure
and maintenance data. The results of the analysis can be used to develop an optimal
inspection/maintenance schedule for subsystems and for the entire system.
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A Novel Approach for Utilization
of Walnut Shell Ash as Reinforcement
in Aluminum Matrix Composites

Parasa Yugandhar Babu, Phani Kumar Jogi, K. Ramakanth
and P. Ravindra Babu

Abstract This paper aims to propose a solid waste management technique through
a novel utilization of the agro solid waste in production of the industrially required
materials. In this paper,Walnut ShellAsh (WSA) in twodifferent percentages of 2 and
4%has been used as reinforcement inAluminum-6061matrix to fabricate composites
through stir casting technique. The composites casted are tested for density, hardness,
microhardness, and sliding wear properties. Captivatingly casted composites have
shown a great improvement in all aspects, reduction in density with an increase in
reinforcement, and increase in hardness and resistance to wear with an increase in
% of reinforcement; this is because of the formation of an efficient bonding between
reinforcement and the matrix material. This paper also presents the effect of aging
on the composite’s hardness and found that aging has increased the hardness of the
materials.

Keywords Walnut shell ash · Stir casting ·Microhardness · Sliding wear

1 Introduction

Aluminum matrix composites have been extensively studied as an attractive choice
for more industries because of their interesting properties like high strength to weight
ratio, stiffness, and wear resistance than that of the alloy. Though this composite has
many loftier properties compared to the alloys, their usage in the industry was limited
because of their expensiveness incurred in reinforcements and processing techniques.
So, in the present scenario, search for alternative reinforcementmaterials has become
the need of hour in thematerial industry. Though nations spend a lot ofmoney on solid
waste management still grappling with the challenge of preventing environmental
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degradation due to non-systematic waste management. A proper utilization of this
wastewould reduce the degradation of the natural resources. For this, a concept called
“waste hierarchy” was formed. This hierarchy consists of 3 Rs as Reduce, Reuse,
and Recycle. Current researches are concentrating to convert the waste materials into
green materials that would be used in industrial applications. The recycling of solid
waste may be taken as an alternative for reinforcing material in the production of
AMC’s. A very few researchers have shown interest on this problem and exhibited
their works and a few of them including, HimaGireesh et al. [1], have reinforced pure
aluminum with Aloe Vera powder and fly ash and derived that the composites thus
produced have an apparently low density and increased in the ultimate tensile yield
strengths of the composites. Ravi Kumar et al. [2] have fabricated composites with
ZrO2 and coconut shell ash (CSA) with different % starting from 0 to 10%. And, they
found that the density was decreased to an extent and has increased further increase
in the reinforcement %. Flexural strength of CSA composites has pull rank the ZrO2

composites. Alnema et al. [3] have fabricated aluminum matrix hybrid composites
with a fixed weight % of reinforcement of 10% with various ratios of 1:10, 2:8, 3:7,
and 4:6 of bamboo leaf ash (BLA) and SiC and observed that with an increase in
the BLA content, hardness and ultimate tensile strength has increased with decrease
in the % elongation. Usman et al. [4] studied the properties of the composites
fabricated with bagasse ash (BA) with a % variation from 0% to 30 vol% and found
that composites with 10 vol% reinforcement are good in ultimate tensile strength and
impact strength. Alaneme andAdewale [5] implemented hybrid composite technique
with rice husk ash (RHA) and SiC reinforcements mixed in different weight ratios
to prepare 5, 7.5, and 10 wt% reinforced composites and studied their corrosive
resistance in NaCl solution and found that the results of the hybrid composites are
comparablewith that of the composites reinforcedwithSiCalone. Prasad andKrishna
[6] have prepared composites of aluminum reinforced with RHA with stir casting
technique and observed that the porosity, tensile strength, hardness, and toughness
have increased compared with the pure alloy.

In this present study, we are interested to follow the footprints of the earlier
researchers in using the organic reinforcements to fabricate AMC’s and would like
to investigate their density, porosity,macrohardness,microhardness, and slidingwear
characteristics. The primary aim is to fabricate an organically reinforced composite
which is economically superior in the desired properties.

2 Materials and Methods

2.1 Materials

For present research, Aluminum-6061 of φ80 mm was selected as matrix mate-
rial with Walnut Shell Ash (WSA) as reinforcement. The chemical composition of
Al6061 was tabulated in Table 1.
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Table 1 Chemical composition of Al-6061

Constituent Si Fe Cu Mn Mg Cr Zn Ti Al

% 0.65 0.7 0.25 0.15 0.9 0.07 0.25 0.15 Reminder

2.2 Methods

Preparation ofWalnut Shell Ash (WSA). The drywalnut shell is collected fromwaste
at dry fruit market in Vijayawada. These walnut shells are burned in a metallic drum
at a temperature of 3500 °C for 1 h and then that burnt shells are made into coarse
powder by using a hammer; this coarse ash powder was milled in planetary ball mill.
The ash then obtained was further heated in muffle furnace to decarbonize the ash
by removing the carbonaceous material present in the burnt ash and then that WSA
was sieved in a sieve shaker at various mesh sizes of to a grit size of 150 µm.

Fabrication of Composites: A bottom pouring stir casting machine is employed
for fabrication of composite materials. A die of size 200 × 200 × 7 mm is used for
casting purpose. A weighted quantity Al6061 alloy bar was charged into the furnace
crucible and heated above the liquidus temperature of the alloy and was maintained
there, and a calculated amount of reinforcement was added to the molten metal and
was stirred for 5 min at 600 rpm using mechanical stirrer. The molten metal was then
poured into the die which was preheated to a temperature of 400 °C.

Density and porosity Measurement: The porosity levels of a material can be eval-
uated by comparing the densities of the produced composite’s theoretical (ρ th) and
experimental (ρex). The experimental density was evaluated by the density testing
apparatus. The fundamental rule of mixture is employed for calculating theoretical
density [6].

m th = ρmVm + ρrVr (1)

where ρm theoretical density of matrix, vm is the volume fraction of matrix, ρr is
theoretical density of reinforcement, and vr is the volume fraction of reinforcement
[6]. Porosity = (ρ − ρex/ρ th) * 100.

HardnessTest: Tomeasuremicro andmacrohardness of the fabricated composites,
specimens of 10 × 10 × 7 mm are prepared and their surface was polished. Vickers
microhardness testing is employed formeasuringmicrohardness andBrinell hardness
testing machine was employed for measuring macrohardness. An average of three
samples was taken to determine the hardness of the specimens.

Sliding Wear: The pin-on-disk apparatus was employed to conduct dry sliding
wear tests at room temperature with varying sliding distance, sliding speed, applied
load against EN18 stainless steel diskwithφ100mmand 8mm thickness. The surface
of disk was cleaned with abrasive paper of grit size 120 for every experimental trial.
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3 Results and Discussion

Walnut Shell Ash reinforced composites are successfully fabricated in two different
compositions and are tested for mechanical properties. The results are discussed in
detail in the subsequent sections.

3.1 Density and Porosity

Table 2 clears the density of the composites decreased with increase in the con-
tent of WSA; this is because of the presence of low-density WSA in a fraction of
composition. The theoretical and experimental densities variation is shown in Fig. 1a.

There is a difference observed between the theoretical and experimental densities;
this is because of the presence of porosity in the casted composites. The porosity of
theWSA composites increased with an increase in the content of reinforcement. The
maximum value obtained is at 4% reinforcement recorded as 4.18%. The maximum
porosity level that might be accepted for AMC’s is limited to 4% [6]. Figure 1b shows
the variation of porosity for various composites.

Table 2 Density and
porosity of composites

Sample code Experimental
density
(g cm−3)

Theoretical
density
(g cm−3)

Porosity (%)

Al1 2.63 2.7 2.59

Al2 2.58 2.68 3.73

Al3 2.52 2.63 4.18

Fig. 1 a Comparison of variation of densities of WSA composites, b variation of porosity %
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Fig. 2 Variation of hardness
and Y error plot was plotted
to show the range of the
hardness values as the
hardness values are taken as
an average of three samples

3.2 Hardness Measurement

The hardness values of the pure alloy and the composites with 2 and 4%WSA com-
posites increased with increasing content of WSA. This shows that the presence of
the WSA particle has improved the overall hardness as the matrix material is so soft
and the reinforcing particles are hard enough to provide the required hardness to
the composite. Figure 2 shows the variation of hardness with the change in
reinforcement %.

3.3 Wear Test Results

The wear test was conducted and the average wear rates of various composites at
different sliding distance and loads are measured and these are plotted on the graph
below illustrative.

Figure 3a shows the variations of average wear rate of pure alloy with varying
sliding distance and load. It is observed that at 35 N load the average wear rate is
14.8 × 10−3 mm3 m−1. With decreasing in the load, the wear rate is also decreased
and it is recorded that at 15 N load the average wear rate is 6.818× 10−3 mm3 m−1.

Figure 3b shows the variation of averagewear rateswith increase in load and travel
distance for 2% WSA composites. It is observed that there is a very high average
wear rate when the specimen is loaded with 25 N and made to slide for a distance
of 1 km and is recorded as 9.8 × 10−3 mm3 m−1. Figure 3c shows the variation of
average wear rates with increase in load and travel distance for 4%WSA composites.
It is observed that there is a very high average wear rate when the specimen is loaded
with 25 N and made to slide for a distance of 750 m and is recorded as 7.7 × 10−3

mm3 m−1. Figure 3d shows the variation of wear rates of composites varying with
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Fig. 3 Average wear rate graphs for various combinations. a Al1—wear rate versus travel distance
at various loads, b Al2—average wear rate versus travel distance at various loads, c Al3—wear
rate versus travel distance at various loads, d 13—comparison of various wear rate versus loads for
various composites

the % of WSA. It is found that the composites with 4% of WSA have outperformed
all the remaining materials providing a low average wear rate.

4 Conclusions

• It is observed that the composites have outperformed the pure material in terms
of density and it is recorded 2% WSA composites resulted 3.72% decrement in
density and 4%WSA composite has also shown a similar tend with 5.70% as top.

• The microhardness of the samples is measured and recorded that the composites
have shown an increment of 7.9% and 10.09% for 2% and 4% WSA composites,
respectively, compared with the pure alloy.

• In dry sliding wear test, it is recorded that the composite with 4% WSA has
outperformed all the samples recording a lower average wear rate of 6.81 × 10−3

mm3 m−1. Compared with the pure alloy, it is nearly 30% decrement in average
wear rate.
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Analysis of Different Types of Micro
Grains in Stick Welded Mild Steel Plates

Bijaya Kumar Khamari, Swapan Kumar Karak, Pradip Kumar Sahu,
Surya Narayan Panda and Bibhuti Bhusan Biswal

Abstract Nowadays, arcwelding is themost essential thing in everyfield.Therefore,
researchers are focusing on the improvement of the quality of the arc welding. For
that microstructure plays a major role in this work, mild steel plates were taken as
workpiece material to do welding operation in stick welding. V-edge was prepared
to conduct butt welding between the plates which has to be joined by application
of 120 A current. After cooling, the microstructure of the welded specimen was
observed. Importantly, twomain constituents’ ferrite and pearlite were foundmostly.
Eight varieties of ferrite were analyzed in fusion zone and heat-affected zone. The
primary ferrites were distinguished in the heat-affected zone and the Widmanstatten
ferrites in fusion zone in between the dendritic structures. The primary ferrites have
been more circular in nature and the Widmanstatten ferrites were columnar. The
mechanical properties also vary due to the variation of ferrite structures. Pearlites
were observed in between the ferrites with more percentage of carbon content which
is the most distinguished feature of pearlite grains.

Keywords Mild steel ·Microstructure · Ferrite · Pearlite ·Widmanstatten
ferrites · V-groove · Butt joint · Stick welding
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1 Introduction

Electricity is the major requirement for arc welding to join metal with the same
or different metal with the help of an arc that is created between base metal and
electrode to melt the workpiece. To the same or different metals are joined by the
help of arc that is formed between workpiece and electrode. The heat of the arc melts
the workpieces and after solidification, a prefect’s joint is constructed. After welding
operation, the microstructure of the sample can be examined. Lakshminarayanan
et al. [1] varied different welding processes like SMAW, GMAW, and GTAW by
taking stainless steel as workpiece material to investigate the microstructure and
different mechanical properties. Ebrahimnia et al. [2] have been taken four different
shielding gases to find out the influence on the microstructure of the welded sample.
Buchely et al. [3] used hardfacing alloys as filler material to weld ASTMA36 carbon
steel in SMAW welding process. Three hardfacing alloys were used. First was CR
rich alloy, second was W rich alloy, and third was complex carbide alloy has been
used and the effect was studied in the microstructure of welded specimen. Kacar
and Baylan [4] considered X5CrNi18-10 grade austenitic and X20CrMo13 grade
martensitic stainless steel as workpiece material in manual metal arc welding to
investigate the microstructure and different mechanical properties.

Sadeghian et al. [5] investigated the microstructure and mechanical properties of
the welded samples by taking UNS S32750 super duplex stainless steel (SDSS)/API
X-65 high strength low alloy steel as workpiecematerials. Arivazhagan et al. [6] con-
ducted three different welding processes to find out the microstructure and mechan-
ical properties of the welded specimens. Fujii et al. [7] observed the mechanical
properties and microstructure of titanium plates of 2 mm thick. Here, the vari-
able parameter was welding speed which is key factor for change in microstructure
and mechanical properties. Ghomashchi et al. [8] investigated the microstructure
of shielded metal arc welded steel samples. The grain boundary and different con-
stituents of microstructure like different types of ferrites and pearlites were clearly
presented in their work.

This paper identified the different types of ferrites and pearlites that have
been found in stick welded mild steel plates and how the constituents affect the
microstructure and hardness which are very different from the base metal.

2 Material and Methodology

Mild steel plates were considered as working material for stick welding. For welding
operation, V-groove has been prepared on 5-mm-thick material and welding was
done by applying 120 A current. The length and width of the workpiece were taken
to be 10 cm and 5 cm, respectively. The welding operation has been conducted by
taking E6013 as welding electrodes. The model and real welded plates are presented
in Figs. 1 and 2, respectively.
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Fig. 1 a Workpiece model with dimensions, b welded model with dimension

Fig. 2 Real welded sample

2.1 Optical Microscopy

The samples were grinded using belt grinder. After completion of grinding, the
samples were polished using emery papers viz. 1/0, 2/0, 3/0, and 4/0 in a progressive
manner. Now, the samples were cloth polished using Alumina paste and finally,
diamond polished to get a fine mirror appearance on the surface which needs to be
observed under the microscope. After polishing, the etchant was prepared. 4% Nital
was used as an etchant for mild steel samples. Preparation of 4% Nital involved
measuring 96 mL using measuring flask in which 4 mL of concentrated nitric acid
was added. The polished samples were taken and dipped in the etchant for a few
seconds and the sample was kept in a Petri dish. After etching, the samples were
taken for microstructural observation under optical microscope.
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Fig. 3 Different types of ferrite in microstructure

3 Result and Discussion

3.1 Microstructure Analysis

The microstructure of the welded mild steel contains both ferrite and pearlite. The
category of different types of ferrite was presented in Fig. 3 and their microstructures
were shown in Fig. 4, respectively.

Continuous grain boundary ferrite and allotriomorphic primary ferrites were pre-
sented in Fig. 4(1, 2), respectively. These structures were continuously spread like a
river. Then the idiomorphic and intergranular primary ferrites were shown in Fig. 4(3,
4) which was situated in a small area in between the pearlite structures. The pri-
mary and secondary Widmanstatten ferrites were shown in Fig. 4(5, 6), respectively.
Lastly, idiomorphic intergranular and NMIs intergranular Widmanstatten ferrites
were columnar and needle-like structures which were presented in Figs. 4(7, 8),
respectively.

Mostly, the microstructure of mild steel was done with 50-µm scale and all the
mentioned structures are found in fusion zone and heat-affected zone of the welded
plate.

4 Conclusion

Afterwelding of the basemetal, the originalmicrostructure of the basemetal changed
and new structures have been formed due to heat input and input parameters. The
microstructure of fusion zone is dendritic in nature due to melting of the base metal
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Fig. 4 Microstructure of different ferrites from 1 to 8 as per Fig. 3
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andwelding rodwhichwas formed aweld pool. Due to recrystallization of themicro-
grains from the liquid state to solid state, dendritic structures are formed. Mostly,
in fusion zone, the Widmanstatten type of ferrites was formed. The primary ferrites
were seen in heat-affected zone.
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Optimization of Process Parameters
on Abrasive Jet Machining of Ceramic

Indranil Mandal, Thia Paul and Biswanath Doloi

Abstract In this present work, fabrication of abrasive jet machining (AJM) setup
and parametric study of various process parameters in AJM setup have been carried
out.Main important output response ismaterial removal rate (MRR) during theAJM.
The main input variables that affect the output responses are nozzle diameter (ND),
gas pressure and stand-off distance (SOD). Silicon carbide abrasive with grit size of
100 µm has been chosen to find out the effect of process parameters during making
holes on ceramic plate. Experiments have been done by selectingL9 orthogonal array,
and results have been optimized with response surfacemethodology. ANOVA is used
to identify the significant process parameters. Statistical results (at a 95% confidence
level) show that the percentage contribution of nozzle diameter, stand-off distance and
gas pressure on metal removal rate is 42%, 46.9% and 9.7%, respectively. The result
shows that the maximum MRR value of 0.018 g/s has been obtained by Taguchi’s
optimizationmethod. From the results obtained byANOVA, it has been found out that
the stand-off distance is the most significant parameter. Contour plot has been used
to determine desirable material removal rate and corresponding operating conditions
during abrasive jet machining of ceramic.

Keywords AJM · Taguchi method ·MRR · ANOVA

1 Introduction of Abrasive Jet Machining (AJM) Process

Abrasive jet machining is a non-conventional machining process which is applied for
machining of various super alloys, electronics devices and also for brittle materials
such as ceramic and glass. In AJM, fine abrasive grits along with air or gas are
mixed in a mixing chamber and impinge on the surface of the workpiece with high
velocity through a nozzle. As a result of this, erosive action takes place, andmaterials
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are removed from the surface of the workpiece. Research work on AJM has been
performed by various researchers.

Models of erosion are compared with the efficiency of machining of ceramic
materials during AJM Process. Deterioration of strength does not take place. Micro-
machining of ceramic materials without any damage can be done in AJM Process
[1]. The effect of input process variables on holes produced and material removal
rate during abrasive jet drilling on glass sheet are presented. MRR increases as gas
pressure increases [2]. During machining of brittle materials in AJM, abrasive par-
ticles impinge on the surface, and cracks are propagated due to which materials are
removed. An analytical model has shown that removal of metal depends on various
properties of workpiece material such as geometry [3]. AJM process is effectively
used for machining of brittle and hard materials by using silicon carbide abrasive.
The effect of input variables on MRR and MFR during AJM has been presented.
MRR and MFR are increased as stand-off distance increases [4]. During AJM pro-
cess, the penetration rate and material removal rate are dependent on mixture ratio,
size of abrasive grains, gas pressure and stand-off distance. MRR and penetration
rate are increased as mixture ratio increases [5]. Taguchi method of optimization and
ANOVA are applied for machining of ceramic tiles in AJM for finding the effect
of input variables on kerf width and MRR. Ceramics are widely used all over the
world for their main characteristics of high module of elasticity and high toughness.
Ceramics are used as tiles in space shuttle program, roof tiles as coatings of jet engine
turbine blades, pipes, etc. [6].

2 Experimentation

In this present work, AJM setup has been fabricated for finding out the effect of pro-
cess parameters on output responses during drilling on ceramic plate. Taguchimethod
of optimization has been performed based on the results of structured experimental
plan.

2.1 Experimental Setup Details

AJM setup of size 200.66 cm× 91.44 cm× 60.96 cm has been fabricated as shown
in Fig. 1 which consists of mixing chamber, nozzle, compressor, machining chamber,
FRL unit and pressure gauge and nozzles of brass material of different sizes (2, 2.5
and 3 mm).
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Fig. 1 Abrasive jet machining setup for making holes on ceramic tile at different nozzle diameters,
SODs and pressures

2.2 Design of Experiments and Observed Data

The main input parameters for this experiment are gas pressure, SOD and nozzle
diameter (ND). In this method, all of the S/N ratio values of MRR were calculated
based on higher the better quality principle. L9 orthogonal array has been used,
i.e., total nine set of experiments were conducted. Three different levels of process
parameters were selected to carry out the experiment as shown in Table 1. Table 2
represents the experimental plan and observed MRR.

From Table 2, it has been found out that larger MRR of 0.018 g/s is obtained
at parametric combinations such as ND of 3 mm, SOD of 9 mm and pressure of
4.6 kgf/cm2.

3 Results and Discussion

For optimization, Taguchi method was implemented to observe the effect of input
process parameters on output response, i.e., material removal rate. ANOVA test was
performed for finding out the most significant parameter in AJM process.

Table 1 Process parameters with various levels

Sl. no. Parameters Level 1 Level 2 Level 3

01 Nozzle diameter (mm) 2 2.5 3

02 Stand-off distance (mm) 5 7 9

03 Pressure (kgf/cm2) 4.2 4.6 4.9
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Table 2 Experimental design matrix and observed MRR

Sl.
no.

Nozzle
diameter
(mm)

SOD
(mm)

Pressure
(kgf/cm2)

W1 (g) W2 (g) Machining
time (s)
(T )

MRR
(g/s)
(W1 −
W2)/2

1 2.0 5 4.2 141.56 141.50 10 0.006

2 2.0 7 4.6 141.43 141.29 12.72 0.011

3 2.0 9 4.9 141.29 141.06 17.69 0.013

4 2.5 5 4.6 141.06 140.89 14.17 0.012

5 2.5 7 4.9 140.89 140.69 12.5 0.016

6 2.5 9 4.2 140.69 140.57 7.06 0.017

7 3.0 5 4.9 140.57 140.38 15.83 0.012

8 3.0 7 4.2 140.38 140.17 16.15 0.013

9 3.0 9 4.6 140.11 139.95 8.89 0.018

where W1 and W2 are weight before machining and weight after machining, respectively

3.1 Optimization of Process Parameters

The experimental results have been transformed intomeans and signal-to-noise (S/N)
ratio, and it is shown in Table 3. The mean and S/N ratios for MRR have been
calculated by statistical software “MINITAB 16.”

From the response table ofS/N ratio (Table 4), the rank order of process parameters
has been achieved as stand-off distance, nozzle diameter and gas pressure.

Figure 2 depicts the S/N ratio variation for MRR with respect to input process
parameters. From the plot, it has been observed that the MRR is increasing and
decreasing as the nozzle diameter increases, whereas for SOD, MRR is increasing,

Table 3 Mean value and signal-to-noise ratio for MRR

Sl. no. Nozzle dia
(mm)

SOD (mm) Pressure
(kgf/cm2)

MRR (g/s) S/N ratio Mean value

1 2.0 5 4.2 0.006 −44.4370 0.006

2 2.0 7 4.6 0.011 −39.1721 0.011

3 2.0 9 4.9 0.013 −37.7211 0.013

4 2.5 5 4.6 0.012 −38.4164 0.012

5 2.5 7 4.9 0.016 −35.9176 0.016

6 2.5 9 4.2 0.017 −35.3910 0.017

7 3.0 5 4.9 0.012 −38.4164 0.012

8 3.0 7 4.2 0.013 −37.7211 0.013

9 3.0 9 4.6 0.018 −34.8945 0.018
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Table 4 Response table for
signal-to-noise ratio for MRR

Level Nozzle dia
(mm)

Stand-off
distance (mm)

Pressure
(kgf/cm2)

1 −40.44 −40.42 −39.18

2 −36.57 −37.60 −37.49

3 −37.01 −36.00 −37.35

Delta 3.87 4.42 1.83

Rank 2 1 3

Fig. 2 Main effects plot of S/N ratio for MRR

and for gas pressure, theMRR is increasing and then remains constant for gas pressure
variation from 4.6 to 4.9 kgf/cm2.

3.2 Analysis of Variance (ANOVA)

For the identification of the main statistically significant process parameters and for
determining the percentage contribution of process parameters on MRR, ANOVA
test was performed at a significance level of 95% confidence level. Table 5 shows
the results of ANOVA test of S/N ratio data for MRR.

The conclusion made from above Table 5 is that nozzle diameter and stand-off
distance are significant factors as corresponding P values are less than 0.05, and
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Table 5 Results of analysis of variance of S/N ratio for MRR

Source DF Seq SS Adj SS Adj MS F P % contribution

ND 2 26.9381 26.9381 13.4691 30.86 0.031* 42

SOD 2 30.0600 30.0600 15.0300 34.43 0.028* 46.9

Pressure 2 6.2258 6.2258 3.1129 7.13 0.123 9.7

Residual error 2 0.8730 0.8730 0.4365 1.4

Total 8 64.0970 100

S = 0.6607 R2 = 98.6% R2 (adj) = 94.6

*Significant factor
where DF degrees of freedom, Seq SS sequential sum of squares, Adj SS adjusted sum of square,
Adj MS adjusted mean square and F fisher ratio

the developed model is significant. From the results obtained by ANOVA, it has
been established that the most significant parameter is stand-off distance (SOD) for
controlling MRR in AJM based on the present analysis as it has highest percentage
of contribution of 46.9% compared to that of gas pressure and nozzle diameter.

3.3 Contour Plot Showing MRR Variation

Contour plot represents output response variable (MRR) related to input predictor
variables (SOD, gas pressure and ND). Contour plot is preferable for obtaining
desirable condition for drilling on ceramic tile. Figure 3 shows the preferable range
of gas pressure and ND to obtain maximum MRR. The preferable range of gas
pressure lies between 4.3 and 4.6 kgf/cm2, and the SOD is 9 mm. As gas pressure
goes away from its preferable range, theMRR decreases. There is no change inMRR
level within the preferable range of gas pressure. The preferable range of SOD lies
between 7 and 9 mm, and ND lies between 2.3 and 3 mm. MRR increases with
increase in SOD.

Fig. 3 Contour plot of MRR versus SOD, pressure and contour plot of MRR versus SOD, ND
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4 Conclusions

AJM setup has been properly designed and fabricated to carry out drilling operation
Based on Taguchi method of optimization and analysis of variance (ANOVA) test,
following conclusions can be drawn:

i. MaximumMRR value of 0.018 g/s was obtained at optimum parametric condi-
tions such as gas pressure of 4.6 kgf/cm2, SOD of 9 mm and nozzle diameter of
3 mm during AJM process.

ii. Statistical results at a 95% confidence level show that the SOD, nozzle diameter
and gas pressure have percentage contribution of 46.9, 42 and 9.7% on MRR,
respectively, by using abrasive particle of size 100 µm.

iii. From the results obtained by ANOVA, it has been found that the stand-off dis-
tance is the most significant parameter during abrasive jet machining of ceramic
tile.
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Multi-objective Optimization
of Al–Al2O3 MMC During Electro
Discharge Machining Using Desirability
Function Approach

Manas Ranjan Panda, Sasank Sekhar Panda and H. K. Narang

Abstract The manufacturing industries particularly aerospace and automobile
industries are always in the search of advanced materials. Al–Al2O3 metal matrix
composites (MMC) can be a good choice because of its excellent mechanical prop-
erties, so it became very much essential for the researchers to study its mechanical
properties. Evidence shows that addition of aluminium oxide as reinforcement helps
in improvement of mechanical properties of the composites materials. In the present
study, Al–Al2O3 MMC is prepared and machined using Electro Discharge Machin-
ing (EDM) to know the effect of process parameters. The process parameters chosen
for this experiment were voltage (V ), discharge current (Ip) and duty cycle (t), while
responses were chosen as material removal rate (MMR) and surface roughness (Ra).
Taguchi L9 orthogonal array was selected for conducting experiments. Results of
the experiments were analysed using desirability function to get an idea about the
optimum parameter setting of the selected process parameters.

Keywords Al–Al2O3 composite · EDM · Desirability function · Taguchi method

1 Introduction

Composite materials possess low specific gravity which helps in enhancing prop-
erties like strength and elastic modulus, and thus, it has huge demand in the areas
of aircrafts, aviation, automobile industries and advance manufacturing. Compos-
ite materials were prepared from two or more composing materials which have
noticeably different chemical or physical compositions [1]. The constituent elements
largely comprise a reinforcing material, fillers and a composite matrix binder which
differ in form or composition on a macro-scale. The constituent components hold
their very own characters, i.e. they do not merge totally into each other despite the
fact that they act combine. Typically, the constituent material shows an interface
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between each other and can be distinguished physically. Composites having hetero-
geneous structures suit the significance of explicit capacity and configuration, mixed
with properties which limit the extension for characterization. In any case, the new
assortments of composites are being prepared, each with their very own particular
reason and qualities like the flake, filled, particulate and laminar composites. Parti-
cles or fibres reinforced in a matrix of another material are the most appropriate case
of everyday composite materials, which are mainly used for structural parts. The
major advantages of aluminium-based MMCs are high strength, controlled thermal
expansion coefficient, enhanced electrical properties, high temperature properties,
etc. [2].

The present investigation deals with machinability of metal matrix composites
(MMCs) focused around parametric examination and multi-objective optimization
in connection to machining execution highlights. Al is chosen as the matrix material
because of its good electrical andmechanical propertieswhich is verymuchnecessary
for the composites in various work environments. Al is also less costly, readily
available and has excellent corrosion resistance properties. Al2O3 is chosen as the
reinforcing material because it is found in enhancing hardness, wear resistance and
tensile strength of the Al metal matrix composites.

AMMCs have higher specific strength and stiffness than that of traditional engi-
neering materials; besides this, it also has enough thermal fatigue resistance and
adequate creep strength even at high temperature. Traditional machining of such
materials gives excessive tool wear, poor material removal rate and increased surface
roughness, thereby reducing the tool life. Thus, to overcome from these challenges,
many researchers have utilized electro discharge machining to successfully machine
composite materials. This will minimize noise and dust problem. In addition to this,
it reduces extensive plastic deformation and subsequent heat generation associated
with conventional machining. Electro Discharge Machining appears to be promising
technique including higher machining rate with good precision, for machining of
composites.

2 Literature Survey

Rani et al. [3] researched the impacts of EDMonAl606130%Al2O3 MMCs. Selected
parameters are T on, T off and peak current, while the responses were chosen as MRR
and TWR. High machining rate was seen with high current and high pulse on time.
Tool wear rate considerably increased with less pulse on time and low peak cur-
rent. To know the surface phenomena, Kumar et al. [4] highlighted the performance
parameters asMRR, TWR, surface roughness (SR) and mentioned that with increase
in peak current and pulse on time, surface roughness increased. Chen andMahdivian
[5] investigated that the electric spark is developed from different wave forms cur-
rent and voltage of several electrical circuits, and it was shown that material removal
rate is a function of discharge energy. Hocheng et al. [6] examined the relationship
between the process parameters which are Ton time and peak current. Larger peak
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current and Ton time are prescribed so as to do the EDM machining effectively.
Singh et al. [7] investigated electro discharge machining on Al/10%SiCp composites
using Taguchi technique coupled with grey relational analysis. They deliberate the
multi-objective optimization of the machining parameters with metal removal rate,
tool wear rate, taper produced, radial overcut and surface roughness. Velmurgan et al.
[8] studied the effect of pulse on time, current, voltage, flushing pressure by taking
MRR and TWR along with surface roughness as responses, and in this study, the
material is chosen as Al 6061 MMC reinforced with 10% SiC. Purohit and sahu [9]
studied a unique approach of hybrid optimization combined with PCA to identify
the effect of process parameters on the responses. The process parameters were cho-
sen as pulse on time, peak current, gap voltage with the responses like MRR and
TWR. Further TOPSIS algorithm was implemented to convert multi-response into
single response optimization. Jung and Kwon [10] have attempted to find the optimal
condition for EDM machining of micro-holes with maximum aspect ratio with the
help of Grey-Taguchi analysis and found that electrode wear along with clearance at
entrance and exit has significant effect during machining.

Form the above survey, evidence suggests that theAl-based composites are gaining
interest, but no research has been carried out on Al–Al2O3 metal matrix composite
for multi-response optimization during EDM machining. Hence, it became very
much interesting to know the behaviour of machining parameters of EDM during
multi-objective optimization.

3 Experimentation

3.1 Fabrication of Al–Al2O3 Composite

The first challenge to this study is to identify a good and economical method to pro-
duceAl–Al2O3 composite with suitable proportion of Al2O3 in themixture. From the
extensive literature survey, it was found that powder metallurgy is the best method
to produce this composite because of advantages like better hardness and good com-
pressive strength. The weight percentage of Al2O3 is taken as 10%, as literatures
show that the composite gives best mechanical properties when the percentage of
Al2O3 is 5–15% in the composite. All the experiments are performed in a die-sinking
type EDM machine as shown in the Fig. 1.

Mixing and blending of the composite are carried out in a ball planetary mill
machine. The mixture further compacted by an universal testing machine with con-
tinuous loading. In total, nine numbers of samples were prepared of size 25 mm
diameters with 5 mm thickness. A stainless steel die of 25 mm diameter of outer
diameter with a compressive force of 20 ton is used while fabrication. The green
samples obtained from the above process were further sintered in a tubular furnace
(shown in Fig. 2) at a temperature of 605 °C and a holding time of one hour. Samples
were brought to room temperature by air cooling for the next 24 h.
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Fig. 1 EDM machine

Fig. 2 Horizontal tubular
furnace

3.2 Taguchi Design and Electro Discharge Machining

The current research is mainly intent to identify the effect of major machining param-
eters on different performance parameters during machining. Transformer oil is used
as dielectric fluid with a cylindrical copper tool having diameter of 10 mm is used
for the machining. Tool is made as anode, and workpiece is held on the vice con-
nected to the cathode of the D.C. power supply. The time of machining is fixed to
ten minutes for all the nine specimens. All the specimens are thoroughly cleaned to
remove impurities present over the machining surface. Figure 3 shows the samples
after machining.
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Fig. 3 Test samples after
machining

Table 1 Process parameters
with its levels

Parameters Voltage (V ) in
Volts

Peak current
(Ip) in Amp

Duty cycle (t)

Level 1 50 7 75

Level 2 60 8 100

Level 3 70 9 125

Based on the literature review, the process parameters which have significant
effect on the machining were chosen, and the parameters with its levels are given in
Table 1.

3.3 Measurement of Performance Parameters

MRR: The material removal rate is measured with the help of volume calculation
method. In this method, the weight of each specimen before machining and after
machining is measured with the help of an electronic balance weight measuring
machine. The formula used for MRR calculation is given:

Material Removal Rate in mm3/min, MRR =
(
Wi − W f

ρ × T

)
(1)

where ρ = density of the composite material = 2.29 × 10−3 gm/mm3, T = Time in
minutes = 10 min.

Surface Roughness: The surface texture at the machined surface of specimen is
measured with the help of a diamond stylus Talysurf machine is shown in Fig. 4.
The quantitative evaluation is done to identify the effect of machining parameters of
EDM on the surface after machining, and the same surface can be compared with
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Fig. 4 Surface roughness
measuring device with
diamond probe

Table 2 Taguchi experimental design and performance parameters

Sl. no. Voltage (V ) Current (Ip) Duty cycle (t) MRR
(mm3/min)

Surface
roughness (Ra)

1 7 50 75 4.464 6.851

2 7 60 100 3.821 5.682

3 7 70 125 1.517 7.685

4 8 50 100 1.4712 6.932

5 8 60 125 5.958 5.882

6 8 70 75 3.347 5.684

7 9 50 125 6.9891 7.736

8 9 60 75 4.6287 6.024

9 9 70 100 8.1652 7.035

other machined surface. The experimental runs as per Taguchi design along with
performance parameters are given in Table 2.

4 Result Analysis

4.1 Desirability Function Approach

Themethod starts with finding the individual desirability index for each performance
parameter. The desirability index can be calculated with the help of functions taken
fromDerringer et al. The desirability index formaterial removal rate can be calculated
for larger-the-better criteria given by
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DMRR =
(

y′ −ymin
ymax − ymin

)r

, if ymin ≤ y′ ≤ ymax (2)

DMRR = 0, if y′ ≤ ymin and DMRR = 1, if y′ ≥ ymax.
The desirability index for surface roughness can be calculated for smaller-the-

better criteria given by

DSR =
(

y′ −ymax
ymin − ymax

)r

, if ymin ≤ y′ ≤ ymax (3)

DSR = 1, if y′ ≤ ymin and DSR = 0, if y′ ≥ ymax, where y′ is the response
value against each individual run, and ymax and ymin are the maximum and minimum
response values among all experimental runs. r represents the weight = 1, and the
upper limit and lower limit of the performance parameters from the Taguchi design
were presented in Table 3.

The overall desirability index, which is nothing but the combination of desirability
values of both the response, can be calculated by using following formula [11] where
Di is individual responses and k is the total number of responses.

D0 = (D1 × D2 × D3 · · · Di )
(1/k) (4)

Table 4 shows the calculated desirability values of all individual responses along
with overall desirability index. The higher the value of D0 indicates better MRR
with lesser roughness. Since the objective of this research is to maximize overall

Table 3 Upper limit (ymax)
and lower limit (ymin) of
MRR and SR

Performance parameters Upper limit Lower limit

Material removal rate (MRR) 8.166 1.473

Surface roughness (SR) 7.74 5.69

Table 4 Calculated
desirability values responses
and overall desirability index
along with S/N ratio

Sl. no. DMRR DSR D0 S/N ratio

1 0.4469 0.433659 0.440222 −7.12657

2 0.3508 1.003902 0.59345 −4.53231

3 0.0066 0.026829 0.013281 −37.5356

4 0.0000 0.394146 0.003432 −49.2893

5 0.6701 0.906341 0.779322 −2.16567

6 0.2800 1.002927 0.529918 −5.51582

7 0.8242 0.001951 0.040101 −27.9368

8 0.4715 0.837073 0.628231 −4.03762

9 0.9999 0.343902 0.586397 −4.63617
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Fig. 5 Main effect plots

desirability index through optimal process setting, the signal-to-noise ratiowas found
out by using larger-the-better formulae and tabulated below.

Taguchi analysis is made by using MINITAB software with overall desirability
index as output response. The main effect plot for S/N ratios of all the experimental
run is given in Fig. 5. As the S/N ratio is calculated by taking larger-the-better criteria,
hence, it is quite evidence that the optimal parameter setting is voltage 60 V, peak
current 9 A and duty cycle 75.

5 Conclusion

In this study, an extensive experimental investigation was carried out to observe the
behaviour of EDM process parameters and their effect during machining of Al–
Al2O3 metal matrix composite. The study also aims to show the importance of each
process parameter on the responses during machining. The analysed result shows
that among all the three process parameters supply voltage plays a vital role for the
chosen responses. The optimal parameter setting is found to be voltage at 60 V, peak
current at 9 A and duty cycle at 75. The study concludes that Al–Al2O3 metal matrix
composite with reinforcement weight percent of 10% can be machined effectively
in EDM.
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Parametric Optimization of Permeability
of Green Sand Mould Using ANN
and ANFIS Methods

Prafulla Kumar Sahoo, Sarojrani Pattnaik and Mihir Kumar Sutar

Abstract In foundry industries, various additives are used to increase the sandmould
properties such as green strength and permeability number. In the present paper, cam-
phor has been used as additive to enhance the mould’s permeability so as to improve
the casting quality. The optimum quantity of camphor that can be added to the sand
mixture was found to be 1 wt%. Further, prediction of green sand mould permeabil-
ity number has been done using both artificial neural network (ANN) and adaptive
neuro-fuzzy interference system (ANFIS). The models were built using experimen-
tal data as per Taguchi’s L27 orthogonal array (OA). The predicted permeability
numbers by both models were found to be very close to that of experimental values;
however, the predictability of ANFIS model was found to be better than ANNmodel
as the error percent was less in former case.

Keywords ANN · ANFIS · OA · Permeability · Camphor

1 Introduction

Green sand moulds have been widely used for casting all types of materials. Sand is
the main moulding material as it possesses desired foundry properties such as ade-
quate refractoriness to withstand high temperature of the melt, good modulability to
form moulds, good permeability so that gases and hot air can escape easily from the
mould, chemical stability to remain unreactive with the hot melt and good collapsi-
bility so that casting can be taken out easily [1]. Binders are used to provide cohesion
to the foundry sand moulds so that it would gain enough strength to hold its shape
after ramming. Binders in excess quantity when added to the foundry sand cause
decrease in mould permeability which would otherwise cause casting defects such
as blowholes and pinhole porosity [2]. The moisture content of green sand is nothing
but the unbound water and a fraction of fragile physical bonding of water which can
be removed on heating the mould at 105–110 °C [3]. If the moisture content rises
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in the mould, the binder absorbs the water which causes its swelling thereby pushes
the sand grains apart, and it results in decreased mould density and permeability.

Casting properties are verymuch affected by sandmould properties which depend
on many controllable factors such as sand grain fineness number, clay and moisture
content, percent of additives, degree of ramming, type of metal being cast and size
of the casting [4]. It is very difficult to control all the factors at a time, and thus, few
factors/parameters are kept constant,while others are varied.However, it is verymuch
essential to determine the optimum level of each chosenmoulding sand parameter for
producing a sound casting. Permeability is one of the important sandmould properties
which can be controlled by adequate venting, reduced ramming blows, increasing the
sand grain size, etc. [5–7]. Chevan and Nanjundaswamy [8] found that the addition
of flyash increased the mould’s permeability. Seidu and Kutelu [9] determined that
the sawdust containing sand mould showed higher green strength, whereas coal dust
containing sand mould exhibited improved sand porosity and permeability.

Shehu and Bhatti [10] used yam flour as binder for making sand moulds which
can be used in local foundries in Nigeria. The authors testedmould properties such as
permeability, green and dry compressive strengths, collapsibility and shatter index.
The results obtained from the aforementioned tests showed that the yam flour can be
successfully used as sand binder for casting malleable iron and non-ferrous metals.
Ameen and Hassan [11] studied about the effect of additives, namely oat flour,
glycerine and sodium carbonate (Na2CO3) on the mechanical properties of carbon
steel casting. The results revealed that the sand mould containing Na2CO3 exhibited
improved casting mechanical properties. Solenicki et al. [12] determined the thermal
conductivity of moulding sand mixtures using a specially designed instrument in
order to control the scabbing defects, a very common problem occurring in green
sand mould system.

Presently, many research works on improving the permeability of moulding sand
using various additives such as flyash, coal dust and sawdust have been done. How-
ever, till now, there is not any literature where camphor powder has been used as
additive to enhance the mould permeability. Camphor is a cheaply available crys-
talline organic compound whose melting temperature is about 179 °C and boiling
temperature is about 204 °C. In the present work, camphor in the form of fine powder
has been added to the moulding sand mixture containing silica sand, bentonite and
water. The percent of camphor was varied from 1 to 3 wt% so as to determine its
optimum quantity for increased mould permeability. The experiments were set as
per Taguchi’s L27 OA, and further, ANFIS and ANN models were developed based
upon the experimental data to predict the mould’s permeability number. Also, the
predicted results were compared with the experimental ones to know the percentage
of error by both methods.
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2 Experimental Procedure

The three input process parameters at three levels, i.e. low (−1), medium (0) and high
(+1) (Table 1) chosen in this study are clay percent, camphor powder and moisture
content, and output process parameter is sand permeability number. The selection of
the levels of the camphor powder was based on trial and error experiments conducted
in the laboratory before going for real experimentation. It was found that below1wt%
of it did not significantly improved the permeability of the sand mould, and above
3 wt% of it reduced the mould strength though increased the mould’s permeability.
Thus, the percent of camphor powder was limited to 3 wt%. The standard AFS sand
specimens (2-inch height × 2-inch diameter) were prepared for determining the
permeability number. The accuracy of the model depends on the number of training
data, i.e. the more the data, the more the accuracy of the model. Therefore, Taguchi’s
L27OAhas been used to conduct the experiments. The chemical properties and grain
shape of the silica sand are shown in Table 2 and Fig. 1.

Table 1 Input process parameters with their levels

Parameters (%) Levels

– 1 0 +1

Camphor 1 2 3

Clay 8 9 10

Moisture 4 5 6

Table 2 Chemical properties of silica sand

Key constituents SiO2 Al2O3 K2O NaO MgO CaO Fe2O3 TiO2

wt% 95.61 1.74 0.31 0.01 0.01 0.02 0.62 0.04

Fig. 1 Grain shape of silica
sand used in sand mould
preparation
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Fig. 2 Structure of neural network model

3 Methodology

3.1 ANN

The ANN structure is usually in three layers, namely input, hidden and output layers.
Nowadays, advanced technique like ANN is also implemented in foundry industries
to control the input process parameters of green sand mould for obtaining defect-
free casting. Designing and training of the ANN model were done using MATLAB
neural network toolbox 8.3. The experimental data in the form of input and target
values has been stored in the workspace of the MATLAB. Figure 2 shows that the
structure of the neural network model. The aforementioned input parameters were
the inputs of themodel, and the permeability was the output parameter. Using 70% of
experimental data, the ANNmodel was trained, and further, the model was validated
using 15% of experimental data.

3.2 Neuro-Fuzzy Model

The input process parameters and output process parameter remained same for ANN
and ANFIS models. The training data was loaded to ANFIS using MATLAB Fuzzy
Logic Toolbox 2.2.16, and it automatically created a Sugeno-type FIS for learning
input and output data using Gaussian-type membership function. The structure of
neurons and layers created by ANFIS model is shown in Fig. 3. The actual results
by experimentation and the predicted results by both models have been presented in
Table 3.

4 Results and Discussions

The analysis of mean (ANOM) was conducted on the experimental data, as shown
in Table 4, and it is very clear that the optimum percent of camphor content in the
moulding sand mixture is found to be 1 wt%. The camphor powder is the most
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Fig. 3 Structure of neurons and layers of neuro-fuzzy model

significant process parameter influencing the mould permeability as it is ranked 1,
which is followed by clay content. It was found that the increase in camphor content
beyond 1 wt% led to decrease in mould’s permeability. It might have occurred due to
agglomeration of camphor particles at few places leading to nonuniform distribution
in the sand mixture. The highest mould permeability can be achieved when the sand
mixture contains 1 wt% camphor, 10 wt% clay and 6 wt% moisture.

70, 15 and 15% of experimental data were used for training, validation and testing
the models. From the regression plot for ANN, it was found that the regression
value for training was 0.95541, which is very close to 1 showing linear relationship
between input and output. Similarly, the regression values for validation and testing
were found to be 0.91127 and 0.88709. The results are predicted by both ANN and
neuro-fuzzy models as shown in Table 3, it is observed that the maximum percentage
of error in ANFIS model is 3.77%, and in case of ANN, the maximum percentage of
error is 4.11%. It shows that the ANFIS model can predict the sand mould properties
better than ANN model owing to its better learning and generalization capability
at relatively less time. From the analysis it is observed that both the models have
predicted as par with the experimental values and are in good agreement with that
of the predicted values.
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Table 3 Experimental and predicted results of permeability number of sand mould

Sl.
No

Camphor
powder

Clay Moisture Permeability
no.
(experimental)

ANN
(predicted)

ANN
(%
error)

ANFIS
(predicted)

ANFIS
(%
error)

1 1 8 4 277 266.42 3.82 279 0.72

2 1 8 5 265 271.41 2.42 267 0.75

3 1 8 6 272 277.50 2.02 276 1.47

4 1 9 4 249 235.11 5.58 252 1.20

5 1 9 5 266 244.77 7.98 267 0.37

6 1 9 6 259 258.45 0.21 269 3.86

7 1 10 4 247 212.72 13.88 262 6.07

8 1 10 5 231 210.48 8.88 234 1.29

9 1 10 6 221 219.12 0.85 224 1.36

10 2 8 4 258 242.65 5.95 259 0.39

11 2 8 5 241 249.98 3.73 243 0.83

12 2 8 6 233 251.44 7.91 236 1.29

13 2 9 4 230 224.21 2.52 233 1.30

14 2 9 5 224 222.41 0.71 248 10.71

15 2 9 6 217 220.60 1.66 225 3.69

16 2 10 4 209 195.46 6.48 214 2.39

17 2 10 5 198 195.53 1.25 205 3.53

18 2 10 6 200 198.90 0.55 201 0.5

19 3 8 4 222 225.32 1.50 222 0

20 3 8 5 218 230.11 5.56 221 1.36

21 3 8 6 213 228.95 7.49 217 1.88

22 3 9 4 226 219.45 2.90 229 1.33

23 3 9 5 216 210.39 2.60 246 13.89

24 3 9 6 206 200.86 2.50 240 16.51

25 3 10 4 203 193.51 4.67 207 1.97

26 3 10 5 201 189.61 5.67 238 18.41

27 3 10 6 195 198.08 1.58 204 4.62

Table 4 ANOM of sand
mould permeability number

Input
parameter

Camphor
powder (%)

Clay (%) Moisture (%)

Level

1 254.1 244.3 235.7

2 223.3 232.6 228.9

3 211.1 211.7 224.0

Delta 43.0 32.7 11.7

Rank 1 2 3
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5 Conclusions

The conclusions drawn from present work are given below:

• Camphor powder can be used as additive for increasing the sand mould’s
permeability.

• The optimum quantity of camphor powder that can be added to the sand mixture
is 1 wt%, and thereafter, permeability decreases.

• The highest mould permeability can be achieved when the sand mixture contains
1 wt% camphor, 10 wt% clay and 6 wt% moisture.

• ANFIS model better predicted the permeability number of sand mould as regards
to ANN model.
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Accurate Estimation of Mixed-Mode
Stress Intensity Factors Using Crack
Flank Displacements

S. Sajith , K. S. R. K. Murthy and P. S. Robi

Abstract Accurate estimation of mixed-mode stress intensity factors is essential
for the fracture and fatigue studies of structural components. A recently proposed
displacement-based method utilizing the nodal values of crack opening and crack
sliding displacements for the estimation of stress intensity factors is discussed in
this work. Convergence characteristics of the present method are studied using finite
element meshes of various mesh densities. The performance analysis of the present
method is carried out using various benchmark examples available in literature, and
the SIF solutions are compared with the commonly used techniques such as dis-
placement extrapolation, interaction integral and J-integral techniques. The present
method requires less computational efforts only than its path independent integral
counterparts. Furthermore, unlike the other popular displacement method considered
in this study, the present method also provides the sign of the mode II stress inten-
sity factor. This enables the present method to be used for the fatigue crack growth
simulations.

Keywords Stress intensity factor · Crack · Mixed mode fracture ·
Displacement technique · Fatigue crack growth

1 Introduction

In linear elastic fracturemechanics, the strength and structural integrity of the cracked
structured are evaluated using the stress intensity factor (SIF), proposed by Irwin [1].
SIF also plays a vital role in estimating the fatigue life of structural components [2].
Due to which many analytical, experimental and numerical methods are in use for
the SIF determination.

A summary of analytical and semi-analytical solutions for SIF solutions of sim-
ple geometries is available in the handbooks [3, 4]. Various numerical methods,
especially finite element methods (FEM) and boundary element-based methods, are
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widely used for the estimation of SIFs in practical applications. The development
of quarter-point singular element (QPE) [5] solved the problem associated with the
crack tip singularity. Several FEM-based methods employing QPEs at the crack
tip have been developed [6–8]. These SIF determination methods can be broadly
classified into stress based, displacement based and energy based. The commonly
used SIF estimation methods are displacement extrapolation technique (DET) [9],
displacement correlation technique (DCT) [10], interior collocation technique [11],
J-integral [12] and interaction integral (I-integral) [13].

The path independent integral methods and the DET are widely used in com-
mercial finite element packages such as ANSYS and ABAQUS. The independent
path methods offer an accurate solution, but the evaluations have to be performed on
a number of contours, which in turn requires more computational effort. The inte-
rior collocation method offers accurate solutions but requires special mesh pattern
around the crack tip. The DET technique is incorporated into the commercial FE
package such as ANSYS (KCALC command), but for mixed-mode loading, it fails
to provide the sign of the mode II SIF and thus cannot be used for the fatigue crack
growth simulations.

In damage tolerance analysis and in fatigue crack growth studies [2, 14, 15] involv-
ing numerous steps of analysis, an accurate and simple method for the determination
of mixed-mode I/II stress intensity factor is preferred. Recently, Sajith et al. [16]
proposed a simple and efficient technique for the determination SIFs under mixed-
mode loading. The primary objective of this study is to emphasize the importance of
the proposed SIF evaluation method using additional benchmark problems.

2 Theoretical Background

The method proposed is based on the generalized Westergaard’s approach proposed
by Sanford [19] and using the modified Airy’s stress function for mode I (opening
mode) and mode II (shear mode). The detailed formulations of the proposed tech-
nique are given in [16, 17]. The proposed technique utilizes the crack flank opening
displacement (COD) and crack flank sliding displacement (CSD) for the estimation
of the mixed-mode (I/II) SIFs.

The crack tip displacements under opening mode (mode I) and sliding mode
(mode II) in terms of three parameters can be written as [16]

uI = A0

2G
r1/2

[
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2
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where uI,vI are the opening mode displacements obtained from FE analysis in x
and y directions, respectively (Fig. 1), and uII, vII are sliding mode displacements
(Fig. 1a). κ = (3 − ν)/(1 + ν) for plane stress conditions. G is the modulus of
rigidity and ν is Poisson’s ratio.A0, A1, B0 and C0,C1, D0 denotes coefficients of
Generalized Westergaard [18] in opening and sliding modes, respectively. The COD
and CSD can be superimposed to obtain the mixed-mode (I/II) displacements.

u = uI + uII and v = vI + vII (3)

Figure 1b shows a typical crack tip mesh pattern along with the QPEs. The points
1 and 2 are at the quarter-point nodes at opposite crack flanks (with node 1 being
at θ = +180◦ and node 2 at θ = −180◦, respectively) and nodes 3 and 4 are the
corner nodes of the crack flank QPEs. Referring to Eq. (3), for θ = ±180◦ (i.e., at
the crack faces) the u and v components of the displacement in mixed-mode loading
conditions can be obtained.

The crack opening displacements �v and �u in any loading is given as

�v = v180◦ − v−180◦ = A0(κ + 1)

G
r1/2 − A1(κ + 1)

3G
r3/2

Fig. 1 a Coordinate system around the crack tip and b QPEs around the crack tip
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�u = u180◦ − u−180◦ = C0(κ + 1)

G
r1/2 − C1(κ + 1)

3G
r3/2 (4)

By solving the above Eq. (4) at two radial locations r1(or r2) and r3(or r4) on the
crack flank for A0 and C0, one can calculate the mixed-mode SIFs KI and KII as

KI = √
2π A0 and KII = √

2πC0 (5)

It can be noticed from Eqs. (4) and (5) that actual signs (positive or negative) of
the SIFs (which depends on the direction of the crack front and the loading direction)
can also be furnished by the proposed technique.

3 Numerical Examples

Numerical evaluation is carried out for the performance validation of the present
method, and benchmark problems available in the literature are utilized for this
purpose. FE analysis of the benchmark examples considered in this study is carried
out using the commercial software ANSYS. Meshing is done using eight-noded
isoparametric quadrilateral (Q8) elements, and collapsed Q8 QPEs are used around
the crack tip to form a spider web pattern. For modeling the material response, plane
stress conditions are assumed. Young’s modulus E = 1.0, Poisson’s ratio ν = 0.3
and the applied stress σ = 1.0 are assumed in all the example problems. SIFs are also
computed using the DET available in ANSYS (KCALC), J-integral and I-integral
techniques. In order to study the efficacy of the crack flank displacement technique,
these values along with the published solutions are compared with that obtained
using the present technique.

3.1 Slant Edge Cracked Plate Subjected to Bending Loads

The benchmark example assessed here is a slant edge cracked plate (SECP) subjected
to bending loads (as shown in Fig. 2a). The geometric parameters for this problem
are h

/
b = 1.0, h1

/
h = 1.5 and a/b = 0.3, 0.4, 0.6. Due to lack of symmetry,

the whole domain is modeled using finite elements. Figure 2b–d shows the three
different finite element meshes employed to study the convergence characteristics of
the proposed method using the SECP configuration with a/b = 0.4. The ratio of the
length of QPE to the crack length

(
LQ

/
a
)
of meshes of different mesh density is 0.4,

0.2 and 0.1 for mesh 1, mesh 2 and mesh 3, respectively. The number of elements
(NE) and number of nodes (NN) in each mesh are also shown in Fig. 2. Tables 1 and
2 show the results of the analyses for the normalized KI and KII, respectively.

It is very interesting to notice from the results of Tables 1 and 2 that accurate
values of both the SIFs KI and KII have been estimated by the present technique.
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Fig. 2 a Geometry of SECP and b–d different meshes used for finite element analysis

Table 1 Normalized mode I SIFs

a/b Mesh KI
/

σ
√

πa

Chen [19] Present DET I-integral

0.3 Mesh 1 0.687 0.6859 0.6859 0.6876

Mesh 2 0.687 0.6873 0.6873 0.6875

Mesh 3 0.687 0.6878 0.6878 0.6876

0.4 Mesh 1 0.727 0.7252 0.7252 0.7280

Mesh 2 0.727 0.7268 0.7264 0.7280

Mesh 3 0.727 0.7278 0.7275 0.7281

0.6 Mesh 1 0.883 0.8824 0.8823 0.8836

Mesh 2 0.883 0.8833 0.8834 0.8837

Mesh 3 0.883 0.8836 0.8837 0.8838

Furthermore, the convergence of the extracted SIFs can be noticed from Tables 1 and
2. The results in Tables 1 and 2 clearly show that the proposed technique is capable of
providing accurate the mixed-mode (I/II) SIFs even in the relatively coarse meshes
similar to that of J and I integrals. It can be noted from the above examples that the
maximum percentage relative error in the computed SIFs by the present technique
is less than 1%.
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Table 2 Normalized mode II SIFs

a/b Mesh KII
/

σ
√

πa

Chen [19] Present DET I-integral

0.3 Mesh 1 0.314 0.3116 0.3119 0.3145

Mesh 2 0.314 0.3125 0.3128 0.3144

Mesh 3 0.314 0.3135 0.3133 0.3144

0.4 Mesh 1 0.316 0.3155 0.3153 0.3161

Mesh 2 0.316 0.3154 0.3151 0.3159

Mesh 3 0.316 0.3151 0.3151 0.3159

0.6 Mesh 1 0.345 0.3477 0.3478 0.3437

Mesh 2 0.345 0.3456 0.3455 0.3436

Mesh 3 0.345 0.3443 0.3445 0.3436

4 Conclusions

A simple and efficient displacement-based method, using the crack flank displace-
ments, is evaluated in this work for the estimation of mode I, mode II and mixed-
mode I/II stress intensity factors. The results presented in this paper clearly show
that irrespective of the mesh refinement, the present method is capable of estimation
of accurate values of SIFs. The proposed method is also providing the sign of the
mode II stress intensity factors which makes it convenient to use for the fatigue crack
growth simulations. Owing to the simplicity and ease of implementation, the present
method can easily be employed in the existing commercial FE packages.

Notes
The present work is an extension of [16] using different benchmark examples to
show the efficiency of the crack flank displacement-based method over a wide range
of typical cracked configurations. More detailed explanations about the proposed
method and the complete theoretical formulations can be found in [16].
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Performance Comparison of Nanofluids
in Laminar Convective Flow Region
Through a Channel
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Farzad Hossain, Mohammad Ahnaf Shahriar and A. K. M. Sadrul Islam

Abstract In this numerical study, the thermal performance of Al2O3–H2O, CuO–
H2O, SiC–H2O and TiO2–H2O nanofluids has been analyzed for laminar flow region
of a channel which is fully developed. For this purpose, the figure of merit (FOM),
power for pumping, Nusselt number enhancement ratio and heat transfer coefficient
ratio of base fluid and nanofluids are calculated for constant Reynolds number and
(1–5%) volume concentration of four nanofluids. The computational analysis and
results show that the FOM is higher for Al2O3–water nanofluid compared to others
at constant Reynolds number. On the other hand, the Nusselt number enhancement
ratio is higher for CuO–water nanofluid compared to others, and Al2O3–water shows
higher enhancement ratio of heat transfer coefficient compared to others, and this is
happened because of the higher thermal and physical properties like thermal con-
ductivity, density and viscosity of the Al2O3–water. And at constant heat transfer
coefficient, the pumping power has been reduced for all the nanofluids compared to
pure water, and Al2O3–water shows more reduction of pumping power compared to
other nanofluids.

Keywords Figure of merit · Pumping power · Nusselt number enhancement ratio ·
Heat transfer enhancement ratio

1 Introduction

From the last few decades, the importance and research on nanotechnology are the
most fundamental and effective topics of thermal engineering. At present to improve
heat transfer efficiency and heat transfer rate, nanoparticles are used with base fluids.
Beside this, the utilization of pumping power to get this enhancement is also less, and
this is the most advantage thing to using nanoparticles in working fluids. Basically,
by adding small amount of solid particles with the base or working fluid, the ther-
mal conductivity of the fluid can be increased noticeably. And by using this concept,
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researchers have beenmade nanofluid which is the combination of base fluids (water,
engine oil or ethylene glycol) and very small amount of solid particles at nanoscale
size (1–100 nm). Al2O3, CuO, TiO2, SiC, SiO2, Fe2O3, MgO, etc. particles are used
as nanoparticle to mix with base fluids. Different researchers carried out their inves-
tigation on nanofluids at heat transfer application. Xuan and Li 2003 [1] worked on
Cu–water nanofluid through a 10-mm inward distance across tube for convective
transfer of heat. The results from their investigation reveal that at turbulent, the fric-
tion factors for volume fraction 1 and 2% of nanofluids are showed similar value
compared to pure water. Williams et al. 2008 [2] experimentally carried his study on
the convective turbulent heat exchange of alumina–H2O and zirconium–H2O water
nanofluids in a tube. They investigated that nanofluids provide enhancement of heat
exchange and behavior of viscous pressure drop. Rea et al. [3] led an investigation
on the convective warmth exchange and weight drop of alumina–H2O and zirco-
nium–H2O nanofluids in a tube for laminar flow which width is 4.5 mm (inward).
But from their discoveries, there is no deviation in convective heat exchange and
weight drop of nanofluid has been found. Heris et al. [4] played out an exploratory
investigation to decide the loss of pressure and transfer of heat qualities of Al2O3–
H2O and CuO–H2O nanofluids through a triangular conduit under uniform heat flux
at laminar flow area. Their outcomes demonstrated that, at similar/constant volume
concentration and Reynolds number, utilizing CuO nanoparticle is less beneficial
than Al2O3 nanoparticles. Yu et al. [5] worked with SiC–water nanofluid for turbu-
lent flow and a comparison parameter the figure of the merit which is denoted by
heat transfer enhancement and pumping power ratio were presented in their study.
Their result showed that SiC–water nanofluid provided the value of FOM 0.8 and
Al2O3–water nanofluid provided the value of FOM 0.6 which indicates that SiC–
water nanofluid is more favorable in case of pumping power penalty. Yu and Dong
[6] studied on convective thermal performance investigation of nanofluids (Al2O3–
water and Al2O3–polyalphaolefin) for cooling applications, and their result reveals
that in case of constant pumping power condition, the nanofluid’s and the base fluid’s
overall effectiveness will not be changed significantly when both the hydrodynamic
and thermal performances are considered. Sarkar [7] carried out his research work
on performance analyses of the nanofluids Al2O3, TiO2, CuO and Cu as cooling
application for cooled gas cooler (shell-and-tube) in CO2 refrigeration cycle which
is transcritical. Their research shows that the effectiveness of nanofluid is preferable
to use it as coolant in the gas cooler to develop and improve the performance of
the cycle of CO2 refrigeration. Monjur [8] investigated on energy savings of heat
exchanger, and they showed that for constant heat transfer coefficient, Al2O3–water,
CuO–water and TiO2–water required less pumping power and volumetric flow rate
compared to pure water. Ingole et al. [9] investigated on pumping power of car radi-
ator by using Al2O3–water nanofluid, and they find that 2% volume concentration
of Al2O3–water need 23.81% less pumping power compared to pure water.

The above maximum researches only show higher heat transfer rate by using
nanofluids, but very few papers show the justification of required pumping power
study to get the higher heat transfer rate and also comparison between nanofluids
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on the basis of required pumping power. So in the present work, the thermal per-
formance of four nanofluids Al2O3–H2O, CuO–H2O, SiC–H2O and TiO2–H2O has
been studied, and the results are compared on the basis of pumping power require-
ment. Moreover, the figure of merit (FOM), Nusselt number enhancement ratio, heat
transfer coefficient ratio and pumping power of base fluid along with nanofluids are
calculated for constant Reynolds number and (1–5%) volume fraction. Basically,
the overall performance of water-based nanofluids in the forced convective lami-
nar regime is discussed in terms of three merits criteria. They are Nusselt number
enhancement ratio, heat transfer enhancement ratio and figure of merit (FOM). The
first two ones are usually used to compare different fluids of heat transfer, while
other can be mainly used to evaluate nanofluid’s overall energetic performance for
operating condition in a real system. Meanwhile, a higher value of figure of merit
represents more gain in the heat exchange enhancement compared to the pumping
power increment.

2 Physical Geometry and Boundary Condition

Parallel plates with a steady heat flux on both walls are presented to examine the per-
formance of all the nanofluids through the channel of Fig. 1 by employing numerical
method using ANSYS fluent software. The distance between two horizontal plates
is 4 mm, and length is 600 mm length. A constant uniform heat flux of 500 W/m2

is applied on the wall boundary of the parallel plates, and fluid is permitted to flow
with constant temperature of 303 K at the opening of the parallel plates with a pre-
sumption of no slip condition on the parallel plate’s wall which are considered. All
the heat exchange and fluid dynamic parameters are extricated after the thermal and
hydrodynamic improvement of the fluid stream, and in this case, for taking all the

Fig. 1 Corresponding geometry of present work with mesh
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measurements the standard entrance length is considered x/D = 60. For calculating
the heat transfer enhancement and pressure loss, the temperatures are taken at line
which is situated 590 mm from inlet, and pressures are taken at lines which are
situated from 565 to 555 mm from the inlet.

3 Numerical and Computational Method

WeuseANSYS (fluent) which is commercial computational fluid dynamics software
for this numerical analysis. All the governing equations for momentum,mass, energy
and laminar quantities have been solved by adopting a control volume technique. A
simple algorithm has been used for velocity pressure coupling purpose, and a second-
order upwind method has been used to solve energy and momentum equation. At
inlet laminar inlet velocity and at the outlet boundary pressure, outlet is considered.
Under relaxation factors, 0.4 for pressure, 0.76 for momentum, 1 for energy and 0.9
for density equation are considered for parallel plate. All the used nanoparticles with
volume fractions (1, 2, 3, 4 and 5%) are mixed with water separately and tested with
a wide range of Reynolds number 400–1100 and then results are compared with base
fluid water.

4 Methodology

The governing equations for continuity, momentum and energy for forced convection
under laminar steady-state flow conditions are represented as follows:

Continuity equation: In steady flow, the conversations of mass eqn:

∂u

∂x
+ ∂v

∂y
= 0 (1)

Momentum equation: For laminar flow, the momentum equation:

ρ

(
u

∂u

∂x
+ v

∂u

∂y

)
= μ

∂2u

∂y2
(2)

Energy equation:

(Ein − Eout ) = k
d2T

∂x2
dxdy + k

d2T

∂y2
dxdy = k

(
d2T

∂x2
+ d2T

∂y2

)
dxdy (3)



Performance Comparison of Nanofluids in Laminar … 515

5 Thermal and Fluid Dynamics Properties

The Reynolds number for nanofluids:

Re = ρn f UavDh

μn f
(4)

Average Nusselt number:

Nu = hcDh

Kn f
(5)

Rate of heat transfer

Qnf = mnf CPnf �T (6)

Average heat transfer coefficient hc:

hc = Qnf

Aw(�T )
(7)

Temperature difference:

�T = (Tw − To) − (Tw − Ti ),

ln
(
Tw−To
Tw−Ti

) (8)

Pressure difference:

�P = f LρU 2

2Dh
(9)

Nusselt number enhancement ratio

= Nun f
Nubf

(10)

Overall heat transfer coefficient enhancement ratio

= hn f
hn f

(11)

The pumping power per unit length:

W = (π/4)D2Uav�P

L
(12)
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The figure of merit,

FOM =
(
hn f
hbf

)(
Wbf

Wnf

)
(13)

6 Thermophysical Properties of Nanofluids

Dynamic viscosity: There are several equations for dynamic viscosity; among them,
we use Pak and Cho [10] equation for TiO2, Nguyen [11] equation for CuO, Maiga
[12] equation for Al2O3 and Chein [13] equation for SiC. The equation can be
expressed as:

For TiO2–water nanofluid:

μn f = μb f (1.0683 + 4.70∅ + 167.7∅2) (14)

For CuO–water nanofluid:

μn f = μb f (1.475 − 0.319∅ + 0.051∅2 + 0.009∅3 (15)

For Al2O3–water nanofluid:

μn f = (
1 + 7.3∅ + 123∅2

)
μ f (16)

For SiC–water nanofluid:

μn f = μb f
[
1 + 10.6∅ + (10.6∅)2

]
(17)

Thermal conductivity: There are several thermal conductivity equations; among
them, we use Pak and Cho [10] equation for TiO2, CuO and Al2O3. For SiC, we use
Maxwell [14] mode equation. The following formulas are:

For TiO2–water nanofluid:

Knf = (1.0084 + 2.1796∅) (18)

For Al2O3–water nanofluid:

Knf = Kbf (1.0021 + 7.3349∅) (19)

For SiC–water and CuO–water:

Knf = Kp + 2Kbf + 2
(
Kp − Kbf

)∅
Kp + 2Kbf − (

Kp − Kbf
)∅ × Kbf

(20)
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Density: (Xuan and Roetzel, 2000) [15] eqn

ρn f = ρp∅ + ρb f (1 − ∅) (21)

Specific Heat: Pak and Cho, 1998 [10] equation:

Cnf = (1 − ∅)Cw + ∅Cp (22)

7 Code Validation Test

For channel flow, at uniform velocity and constant heat fluxwater was passed through
it and a range of Reynolds number (400-1100) were considered for calculating Nus-
selt numbers to validate the present work with validated equation of Nusselt number
for channel flow. At fully developed zone, obtaining Nusselt number is compared
with the constant value of Nusselt number 8.23 at constant heat flux for parallel plate
and with the Pahor and Turtor [16] theoretical equation which is shown in Fig. 2.
Pahor and Turton (1959) equation:

Nu = 8.24

(
1 + 3.79

Pe2
+ . . .

)
, Pe � 1Pe = PKeclet number; (23)
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Fig. 2 Comparison of Nusselt number between experimental equation and current study for
different Reynolds number of water
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Nu = 8.118(1 − 0.031Pe), Pe � 1 (24)

8 Results

Displayed Fig. 3 indicates the effective heat transfer coefficient for Al2O3–water,
CuO water, SiC–water and TiO2–water nanofluids at a constant volume fraction of
3%. Other percentages showed similar trends. The result indicates that for all vol-
ume fractions ofAl2O3 nanoparticles, the heat transfer coefficient is higher than other
nanofluids. Similar trend has been also described by Mohammed et al. [17] and Koo
and Kleinstreuer, [18]. Figure 4 shows the differentiation of pumping power require-
ment per unit length of Al2O3–water nanofluid with different values of heat transfer
coefficient and volume concentration. From graphs, it is clear that by the increment
of the values of heat transfer coefficient, the pumping power becomes higher in
case of same volume concentration. For ∅ = 1–5%, the pumping power for Al2O3–
water nanofluids is reduced by 20–75% compared to water for same heat transfer
rate. Other nanofluids provide similar trends. For CuO–water, the pumping power
is reduced by 5% to 55%. For SiC–water and TiO2–water nanofluids, the pumping
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power reduction is almost same 4–45% compared to pure water. Figure 5 shows, the
change of pumping power with different heat transfer coefficient at constant volume
fraction of 3%. Hence, the results of Fig. 5 indicates that Al2O3–water requires lower
pumping power in comparison to others for all volume fractions. From Fig. 6, it is
analyzed that Nusselt number enhancement ratio is increasing with the increase of
volume fraction. Nusselt number enhancement ratio for Al2O3 is less than other three
nanofluids. From Fig. 7, it is observed that with the increase of volume fractions, heat
transfer coefficient enhancement ratio is also increasing. Here, Al2O3 shows more
enhancement ratio than other three nanofluids, and TiO2 gives less enhancement ratio
comparatively with others. In Fig. 8, the FOM vs. volume fraction graph is shown
which indicates that with increasing of volume fraction, FOM is also increasing at
constant Reynolds number. For Al2O3–water, FOM is higher than other nanofluids;
CuO and TiO2 show almost same result. And more value of FOM indicates more
heat transfer enhancement.

To analyze the performance of all used nanofluids, a comparison Table 1 has
been introduced below. In this table, for all the nanofluids at a uniform heat transfer
coefficient of 700 W/m2-k for the optimum 3% volume concentration, the pumping
power benefit, reduction in volumetric flow rate, pressure difference and mass flow
rate have been analyzed for channel. For optimum 3% volume fraction of channel,
pumping power benefit of Al2O3 is more than other nanofluids, and it is examined
that SiC shows less pumping power benefit among them. Similarly, the mass flow
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rate reduction for TiO2 is less than other nanofluids, and Al2O3 gives more reduction
in mass flow rate.
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Table 1 Differentiation of performance of all the used nanofluids (∅ = 3%) with base fluid water

Type of fluid parameter Water 3% Al2O3 3% CuO 3% SiC 3% TiO2

Heat transfer coefficient
(W/m2-K)

700 700 700 700 700

Reynolds number 967 488 597 585 630

Nusselt number 9.1 7.50 8.43 8.41 8.4

Pressure loss (Pa/m) 0.7935 0.5032 0.67121 0.71838 0.6856

Pumping power per unit
length (W/m)

0.000387 0.000147 0.000249 0.000280 0.000282

Power advantage (W/m) – 0.000240 0.000138 0.000107 0.000105

Power advantage (%) – 62% 36% 28% 27.5%

Velocity (m/s) 0.09685 0.05958 0.07275 0.07789 0.07838

Volumetric flow rate
(m3/s)

0.000004868 0.00000299 0.000003657 0.0000003915 0.000003940

Reduction in volumetric
flow rate (%)

– 38.47% 24.87% 19.58% 19.06%

Mass flow rate (Kg/s) 0.004849 0.003250 0.004246 0.004160 0.004279

Reduction in mass flow
rate (%)

– 33% 12.47% 14.2% 11.77%

9 Conclusion

In the present work, four different nanofluids Al2O3–water, CuO–water, SiC–water
and TiO2–water have been studied through typical parallel plates to observe the per-
formance comparison between them on the basis of heat transfer enhancement and
the pumping power benefits. Among the four nanofluids, Al2O3–water shows more
heat transfer enhancement ratio compared to others, and also to get this more heat
transfer, Al2O3–water required lower pumping power compared to others which is
cleared from the graph of FOM. Beside this, Al2O3–water also needs lower volu-
metric/mass flow rate for getting higher heat transfer compared to water and other
nanofluids which is also cleared from comparison table. However, TiO2–water pro-
vides lowest performance between all, and CuO–water and SiC–water show almost
same performance in heat transfer application on the basis of FOM and pumping
power benefit.
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Microstructural and Mechanical
Behaviour of Al6061/Gr/WC Hybrid
Metal Matrix Composite

Gangadhara Rao, Pandu R. Vundavilli and K. Meera Saheb

Abstract This paper aims to analyse the microstructural and mechanical behaviour
of aluminium hybrid metal matrix composite produced by the stir casting process.
Initially, test samples are prepared using Al6061 alloy as matrix and graphite (Gr)
as reinforcement by varying its weight concentrations in 3, 6, 9 and 12%. The anal-
ysis showed that adding Gr by 9 wt% resulted in better tensile strength, percentage
elongation and hardness. Consequently, hybrid composites were produced by rein-
forcing with two metal powders, Gr at 9 wt% and varying Tungsten carbide (WC)
wt. Percentages by 1, 2 and 3 wt%. Samples are again tested for tensile strength, per-
centage of elongation and hardness as cast and T6 heat treated. The results showed
that heat-treated samples showed superior mechanical behaviour than at the as cast
conditions.

Keywords Aluminium hybrid metal matrix composites · Stir casting · T6 heat
treatment ·Mechanical properties

1 Introduction

Tailor-made metal matrix composites due to their enhanced microstructural and
mechanical properties are finding application in a variety of engineering fields [1,
2]. Aluminium metal matrix composites (AlMMCs) are engineered a combination
of metal as matrix material and other material particles as reinforcement material.

Gangadhara Rao (B)
Department of Mechanical Engineering, Aditya College of Engineering & Technology,
Surampalem 533437, India
e-mail: audibalav@gmail.com

P. R. Vundavilli
School of Mechanical Sciences, IIT Bhubaneswar, Bhubaneswar 752050, India
e-mail: pandu@iitbbs.ac.in

Gangadhara Rao · K. Meera Saheb
Department of Mechanical Engineering, JNTUK, Kakinada 533002, India
e-mail: meera.aec@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
L. Li et al. (eds.), Advances in Materials and Manufacturing Engineering, Lecture Notes
in Mechanical Engineering, https://doi.org/10.1007/978-981-15-1307-7_59

525

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1307-7_59&domain=pdf
mailto:audibalav@gmail.com
mailto:pandu@iitbbs.ac.in
mailto:meera.aec@gmail.com
https://doi.org/10.1007/978-981-15-1307-7_59


526 Gangadhara Rao et al.

Besides beingvery light inweight, good strength and stiffness, they also exhibit excel-
lent tribological properties which are rather a difficult finding in monolithic and alloy
metals. Lightweight MMCs find their applications in automobile, aerospace, struc-
tural and other fields. Al6061/Gr/WC are extensively used in applications like ultra-
precision instruments, satellite, wireless communications, a heat sink formicrochips,
heat exchanging devices and thermally stable metrological equipment owing to their
low wear and coefficient of friction, low density and high thermal conductivity.

Hamid et al. [3] investigated the mechanical properties and microstructure of
Al6061alloy as matrix and nano Al2O3 particles as reinforcements. The results
showed improvement in reinforcement particle uniform distribution. Also, Ponu-
goti et al. [4] used stir casting to produce Al6061/ Gr MMCs using pit furnace,
and their findings showed a considerable improvement in the tribological proper-
ties of composites. Furthermore, Samal et al. [5] used silicon carbide and graphite
as reinforcements in the MMCs, and they observed negligible improvement in the
hardness but appreciable improvement in compressive, flexural strength and density
of the composites. Reddy et al. [6] reported that friction surfacing of titanium alloy
would enhance the tribological properties of AlMMCs. Omrani et al. [7] showed that
graphite reinforcement would improve the self-lubricating properties of AlMMCs.
Kumar et al. [8] work on Al6061-WC-Gr hybrid MMCs reveals good improvement
in physical, mechanical and the tribological properties of the composites. However,
it suffers one of the important T6 heat treatment. In the present paper, an attempt
is made to fabricate and improve the microstructural as well as mechanical proper-
ties of Al6061/Gr and Al6061/9%Gr/WC hybrid MMCs. Both composites are tested
under two standard testing methods, i.e. (1) as cast and (2) heat-treated condition,
respectively. In order to enhance certain mechanical properties, such as hardness,
tensile strength and percentage elongation of Al6061/Gr to some extent, another
reinforcement, namely tungsten carbide (WC) is introduced into the Al6061/9%Gr
MMCs.

2 Fabrication of the Composites

In the present work, Al6061 is used as matrix material with two metal powders,
namely graphite and tungsten carbide as reinforcements. The preparation of the
metal matrix composite is carried out in a pit furnace. Initially, the matrix metal,
Al6061 alloy is heated above its supercritical temperature in a graphite crucible
and liquefied. Once the melt reaches a stabilized temperature, the stirring process is
started using amechanical stirrer. During this stirring process, the preheated (200 °C)
predetermined (3, 6, 9 and 12) wt% Gr is added to the melt. Proper care is taken
while mixing the graphite powder since it is light in weight compared to Al6061.
The stirring process is continued for some time (for about 10 min) until a uniform
distribution of graphite particulate in the matrix melt is observed. To avoid oxidation,
the entire melting process is carried under a controlled environment. Then, the liquid
composite melt is poured into preheated (325 °C) die of size 120 × 120 × 8 mm
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Fig. 1 Schematic diagram
showing the steps involved in
heat treatment process

and allowed to solidify properly. During the casting process, hexachloroethane is
used in order to avoid oxidation. These samples are tested for mechanical properties,
and, that weight percentage of the sample which shows better properties is further
analysed in hybrid composites. A similar procedure is adopted to produce hybrid
composites with WC reinforcements with varying wt. percentages.

2.1 Solutionized Heat Treatment

The fabricated Al6061/Gr specimens are heat treated and aged at T6 condition.
During this process, the composites are exposed to solutionizing at 535 °C for one
hour then quenched in water. Further, these quenched specimens are aged at 172 °C
for ten hours and quenched in air. From these specimens, the optimal percentage of
graphite is decided. Similar treatment is applied for Al6061/9%Gr/WC composites.
The processes of T6 treatment are shown in Fig. 1, respectively.

2.2 Microstructural Analysis

The microstructural analysis of Al6061/9%Gr and Al6061/9%Gr/3%WC is shown
in Fig. 2. The images indicate the percentage of Graphite and WC in Fig. 2a, b.

Graphite is not visible due to pitting action of the polishing and etching process
because Gr is a very soft material and better known for its self-lubricating qualities.
So, we can observe only debris in the image. In contrast to graphite, WC particles
are observed vividly because they are hard in nature.
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(a) (b)

Graphite

Tungsten carbide

Fig. 2 Schematic diagrams showing the SEM images for a as cast Al6061/9%Gr b heat-treated
Al6061/9%Gr/WC

3 Mechanical Properties

The mechanical properties of Al6061/Gr and Al6061/Gr/WC specimens are tested
both at the cast and heat-treated conditions, respectively. Figure 3 shows the speci-
mens used to conduct tensile and hardness test and are cut from the preparedAlMMCs
castings as per the ASTM B557: 2006 and ASTM IS 1501:2002 standards, respec-
tively. The universal testing machine (model: TUV-C-200) and Brinell’s hardness
testing machine (model: Excetek-EX40) are used in this study. For Brinell’s hard-
nessmeasurement, a steel ball with a diameter of 5mm is used as indenter and applied
a load of 250 kgf for 25 s. To avoid the measurement uncertainties, the hardness of
the sample is measured at three distinct locations, and the average value of the three
readings is considered as the hardness of the sample.

Fig. 3 Schematic diagram showing: a tensile test specimen and b hardness
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4 Results and Discussions

Initially, metal matrix composites of Al6061/Gr with the designated percentage of
0, 3, 6, 9 and 12 wt% are prepared and tested for their mechanical properties such
as tensile strength, percentage of elongation and hardness shown in Fig. 4a, c and
e, respectively. It can be observed from the plots that heat-treated specimens have
shown superior mechanical properties compared to the cast conditions. Figure 4a

Fig. 4 Schematic diagrams showing a and b hardness, c and d tensile strength, e and f percentage
of elongation—as cast and heat-treated condition
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compares the hardness with varying Gr wt. percentage at both cast as well as heat
treatment conditions. The hardness is found to be showing a declining trend with
an increase in Gr wt. percentage at both conditions; however, it is more pronounced
with the heat-treated condition. This may be due to the formation of precipitates in
the matrix alloy during the process of solutionizing and age hardening in T6 heat
treatment. Similarly, Fig. 4c shows the comparison of tensile strengthwith increasing
Gr wt. percentage. It can be observed that the tensile strength shows an increasing
trend with increasing Gr wt. percentage at both testing conditions. Figure 4e shows
the performance of percentage elongation with Gr wt. percentage. The percentage
of elongation showed an increasing trend until 9% Gr, but after that, it showed a
decreasing trend in both cast and heat treatment conditions. This may be due to an
increase in graphite percentage lead to poor interfacial bonding strength. So, the
composite would fail before much elongation. The maximum tensile strength of
250 MPa and a maximum of 12 percentage of elongation are observed at 9% Gr,
respectively. Therefore, based on the above parameters, 9% Gr as reinforcement will
be the best composition.

In order to improve the hardness, WC of weight percentage 1, 2 and 3% is added
to the metal matrix of Al6061/9%Gr MMC, respectively. The mechanical properties
of Al6061/9%Gr/ WC as cast and heat-treated condition are plotted in Fig. 4b, d and
f, respectively. Figure 4b clearly shows the addition of WC results in an increasing
trend in the hardness at both as cast and heat-treated conditions. A similar trend is
observed with tensile strength which can be observed in Fig. 4d.

However, the percentage of elongation shows a decreasing trend with an increase
in the WC percentage. The reduced percentage of elongation can be attributed to the
hard nature of WC particulates which opposes the grain boundary sliding. However,
the maximum variation in percentage elongation at 3%WCwt. compared to 0%WC
wt. is around 14% which is minimal.

Therefore, it can be concluded that the addition of WC for Al6061/9%Gr/
increased the hardness and tensile strength appreciably and reduced the percentage
of elongation by a small margin forT6 heat treatment as well as cast conditions.

5 Conclusions

The present paper deals with the investigation microstructural and mechanical
behaviour of Al6061/Gr and Al6061/Gr/WC MMCs in both cast and heat-treated
conditions. The mechanical properties, such as tensile strength and percentage elon-
gation, have shown an improvement in their values when the percentage of graphite is
increased from 3 to 9%, and the hardness values have shown a decreasing trend dur-
ing the above period. Further, the hybrid AlMMCs (Al6061/9%Gr/ WC) also tested
for their mechanical properties and identified that the heat-treated hybrid MMCs are
found to exhibit superior performance when compared with the as cast specimens.
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Experimental Investigation on Friction
Stir Welding of Dissimilar Alloys AA7075
and Pure Copper: Effect of Tool Material
and Process Parameters on Mechanical
Properties

B. Supraja Reddy and B. Ram Gopal Reddy

Abstract In this study was analyzed the effect of tool material, tool geometry and
process parameters on mechanical properties and microstructure of friction stir dis-
similar welded AA7075 and pure copper joints. Different welded samples were
produced by varying tool material H13 and HSS, tool geometry like cone pin length
4.8 and 5 mm, the rotational speeds 750 and 900 RPM, and in all experiments, the
feed and tilting angle are constant at 16 mm/min and 2°. These parameters were used
for better understanding the effect of dissimilar AA7075 and pure copper welded
joints on tensile strength, microstructure and hardness. Results showed that the good
strengthen AA7075 and pure copper friction stir welded joints could be obtained
when a tool is H13 material and cone-shaped tool. H13 tool gives quality AA7075
and pure copper friction stir welded joints compare to HSS tool at speed of 750 Rpm,
feed of 16 mm/min and tilting angle 2°.

Keywords Friction stir welding · Tool material · Tool shape · Process
parameters ·Mechanical properties

1 Introduction

As one of the joining of dissimilar materials is increasingly used in various indus-
tries like automotives, aerospace, ship buildings and electronics industries, joining of
two metals using fusion welding is very difficult because of poor welds result from
formation of brittle and hard intermetallic compounds in a large scale at welded
joints. Al–Cu alloys are used in various applications especially used in engineering
structures because of their unparalleled efficiency, but it was very difficult to perform
high-quality welds and difficult to avoid formation of intermetallic compounds by
fusion methods. Friction stir welding (FSW) is especially used for solid-state joining
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Fig. 1 FSW process

process because of heat generated by the process does not reach the melting tem-
perature of the material to be joined [1, 2]. Friction stir welding (FSW) is capable
of joining dissimilar metals without melting, the formation of brittle intermetallic
compounds can be reduced, and the grain boundaries due to liquation can be elimi-
nated and also avoid many metallurgical reactions between dissimilar metals at the
elevated temperatures [3]. The defect-free welded joints are obtained mainly based
on the tool material, shape of the tool pin and material flow behaviors [4] (Fig. 1).

Khaliq et al. focused on effect of tool materials and design of tool on mechani-
cal properties of welds and also observed that Hchcr tool gives better performance
than HSS tool for AA6061-O friction stir welded joints [5]. Mohammed et al. were
showed the relation between design of tool pin andmaterial flowofAA7075-AA6061
dissimilar friction stir welded joints. They were observed that well-known forma-
tion of onion rings and introducing a flat on the cone of the tool pin changes the
flow of material at stirred zone and affect the tensile strength and hardness of the
welded joint [6]. UgenderSingarapu et al. study the effect of friction stir welding
process parameters on mechanical properties of AZ31B magnesium alloys. They
were reported that the successful AZ31B magnesium friction welded joints found at
tool material of SS, HSS and H13, rotational speed of 900–1400 rpm and welding
speed of 25–75mm/min, and the results are validated through ANOVA [7]. Richmire
et al. showed tool rotation and traverse speed influence the stir zone for AM60 Mg
alloy friction stir welded joints. They were determined that both toll rotation and
traverse speed posses significant effects on the stirred zone hardness and also the
interaction between the two factors were statistically assessed using Taguchi method
[8]. Ilangovan et al. were investigated the effect of tool pin on microstructure and
tensile strength of AA6061-AA5086 friction stir welded joints. They were observed
that threaded and tapered cylindrical tools yielded defect-free joints compared to
straight cylindrical tool and also observed formation of finer and uniformly precipi-
tates and fine grains joints were fabricated by threaded pin compared to tapered pin
[9]. Bozkurt et al. focused on the effect of tool material on AA2124-T4 alloy metal
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MMC friction stir welded joints and used uncoated tool, coated tools with CrN and
AlTiN. They were observed macrostructures, microstructures, tensile strength, wear
resistance and chemical analysis for different tool materials, and results showed that
the good welds are obtained for AlTiN-coated tool [10]. Karimi et al. were applied
friction stir welding successfully on 1100Al alloy and AISI 1045 steel and studied
the effect of tool material and pin offset on tensile and microstructure of joints. They
were reported the best tool for welding of 1100 Al alloy, and AISI 1045 steel was
WC tool with 1 mm offset at Al matrix [11]. In this investigation shows performance
of tool material on dissimilar friction stir welded joints.

2 Experimental Work

The experiment was done on AA7075 and pure copper dissimilar friction stir welded
joints with the thickness of 5 mm plates as shown in Fig. 2. The welding plate’s
dimensions are 150 mm x 100 mm x 5 mm. The specimens were cut as per ASTM
E8 M Standards by wire cut method as shown in Fig. 3. The welded joints were
produced by single-pass method on vertical milling machine. The copper placed in
advancing side and AA7075 in retreating side as shown in Fig. 2.

The H13 and HSS tools are used in this investigation with cone-shaped probe.
The shoulder diameter is 20 mm, pin length is 4.8 mm, and tool tilting angle is 2°

with respect to Z-axis. The chemical composition of dissimilar metals AA7075 and
pure copper is shown in Table 1.

The AA7075 and pure copper friction stir welded butt joints welded by vertical
milling machine and used single-pass method. The production of quality weld needs
a selection of tool material for specific metals and also tool shape. Different tool
materials, process parameters and mechanical properties for AA7075 and pure cop-
per friction stir welded joints are shown in Table 2. The tensile tests were carried
at room temperature, according ASTM Standards using FIE/UTN-40 machine and
microstructures done in ASTM E112. The hardness test done on Brinell hardness
testing machine. The tensile specimens are shown in Fig. 3. The welded butt joints

Fig. 2 FSW experimental
setup
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Fig. 3 Specimens

Table 1 Chemical composition of AA7075 and pure copper

AA7075 Al
89.56%

Cu
1.302%

Mg
2.378%

Zn
6.096%

Pure copper Cu
99.66%

Table 2 Tool materials, process parameters and mechanical properties

S.
no.

Tool
material

Tool
shape

Speed
(RPM)

Feed
(mm/min)

Tensile
strength
(Mpa)

Hardness
(HBN)

Elongation
(%)

1 H13 Cone 750 16 105.91 103.2 2.3

2 HSS Cone 750 16 50.99 98.87 2.64

3 H13 Cone 900 16 67.08 102.33 1.13

4 HSS Cone 900 16 66.43 109.33 1.62

produced by different toolmaterials, process parameters and investigated its effect on
tensile properties and microstructures. The tool shape was shown in Fig. 4. AA7075
plate placed in advancing side, pure copper placed in retreating side, and these plates
are welded by cone-shaped tools of material H13 and HSS.

Figure 5 shows the formation of AA7075, and pure copper friction stir welded
joints are welded by H13 tool using speed 750 Rpm, feed 16 mm/min and tilting
angle is 2°. Figure 6 shows the formation of welded joints are welded by HSS tool
and using speed 750 Rpm, feed 16 mm/min and tilting angle is 2°. H13 tool gives
quality welds compared to HSS tool for AA7075 and pure copper friction stir welded
joints.
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Fig. 4 FSW tool

Fig. 5 Formation joint for
H13

Al cu

Fig. 6 Formation of joint
for HSS

Al cu

3 Results and Discussions

3.1 Tensile Strength

In this investigation discussed about effect of tool materials on tensile strength of
dissimilar AA7075 and pure copper welded joints. Two different materials were used
in this work, and Fig. 7 shows the tensile strength for welded joints. The maximum
strength joints occurred at H13 tool, speed of 750 rpm and feed of 16 mm/min
compared to other tool and parameters because of excessive heat and lack of heat.
The elongation varies the tensile strength.
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Fig. 7 Tensile strength for H13 and HSS Tools
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Fig. 8 Hardness for H13 and HSS tools

3.2 Hardness

The speed increases as the hardness decreases for Al/Cu dissimilar joints using H13
tool as shown inFig. 8. The speed increases as the hardness also increases forHSS tool
shown in Fig. 8. Dynamic recrystallization eliminated the strain hardening because
of fine grains. The hardness wasmore in stirred zone compared to heat-affected zone.
The maximum hardness occurred at 750 rpm for H13 tool.

3.3 Microstructure

In this investigation observed that the flow of material at joint interface as shown in
Fig. 9. The figure shows copper deposited on aluminum side, and the interface shows
the coarse grains effect of Tool HSS at the joint. Figure 9 had shown the interface
shows the fine grain effect of Tool H13 at the joint. The fine grain structure occurred
at H13 compared to HSS.

Figure 10 shows the SEM analysis of magnification (15 kV × 500 SE 100 um)
for H13 and HSS Tools. It shows the better joint formation for joints using H13 tool.
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cu

Al
cu

Al

Fig. 9 Microstructure for HSS and H13 tools

Fig. 10 SEM images for HSS and H13

4 Conclusions

This investigation focused on effect of tool material on AA7075 and pure copper
friction stir welded joints. In this present work, the effects of tool materials on
mechanical and microstructure of joints were investigated. In this study observed
that when the rotational speed increases the tensile strength decreases for dissimilar
metal joints. The quality welds obtained, when the tool material H13, rotational
speed of 750 rpm, feed of 16 mm/min and tilting angle of 2°. These parameters give
better mechanical properties for tensile strength as well as hardness. H13 tool gives
quality welds for AA7075 and pure copper dissimilar joints because of excellent
combination of high toughness and fatigue resistance compared to HSS tool. The
H13 tool changes the material flow of the stirred zone is effect on tensile strength
and hardness of the dissimilar joints. Finally, this study shows H13 tool was better
for AA7075 and pure copper friction stir dissimilar welded joints compared to HSS
tool.
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Experimental Investigations
of Glycerin/Al2O3 Nanofluid
in the Hydrodynamically Developing
Region for Automotive Cooling
Applications

Kondru Gnana Sundari, Lazarus Godson Asirvatham,
Joseph John Marshal, T. Michael N. Kumar and Mona Sahu

Abstract The research work presented in this paper is about the experimental inves-
tigations of the convective heat-transfer behavior of glycerin/Al2O3 nanofluids at the
entry regions (hydrodynamically and thermally developing) analyzed for a boundary
condition having heat flux as constant. Different concentrations of Al2O3 nanoparti-
cles of 0.05, 0.1, and 0.15 vol.% aremixedwith glycerin andwater at 50:50 ratio. The
mass flow rate is kept under laminar flow condition by varying the Reynolds number
between 500 and 2000. The testing condition of the heater section has a diameter of
25.4mm and a length of 500mm is tightly woundwith coil representing a heater. The
thermophysical properties and the variations of Nusselt numbers are experimentally
studied. The results show an enhancement of 42% of the heat-transfer coefficient at
a Reynolds number–2000.

Keywords Glycerin · Alumina · Radiator · Heat transfer

1 Introduction

The essential study of heat-transfer propagation of enhancement of various fluids
had become a significant aspect of concern in automobile and electronic industry.
The extensive review of the thermal properties has become essential parameters of
innovative research. As the energy consumption has become a concerned parameter
to be reduced and at the same verge, the system which improves the efficiency of
heat transfer has always been a demand for new methods of heat-transfer techniques
[1]. The first time colloidal mixture of nanoparticles (1–100 nm) in a base liquid was
called as nanoparticle fluid suspensions [2, 3]. The dispersion of nanosized particles
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in the base fluid significantly improves the flow of mixing and enhanced properties
in thermal conductivity when compared to the working base fluid. In the past, many
fluids like water, oil, ethylene glycol, etc., were used for improving the heat transfer
[4]. Many new techniques are developed to enhance the heat absorption rate of con-
ventional fluids to improve the thermal efficiency. However, the efficiency is very
low for the conventional fluids when applied in the heating and cooling industries.
Many automobile cooling mechanisms have working fluid as water, ethylene gly-
col and sometimes glycerol has been used as conventional working fluids called as
coolants in automobile radiator for years [4]. However, the low thermal conductivity
of the working fluids really has drawn attention of many researchers, to find liquids
that provide higher thermal conductivity compared to that of conventional coolants
[5, 6]. Researchers have worked on enormous investigations on thermal conductiv-
ity, particle size, and shape by suspending the nanoparticles in different aqueous
solutions [7, 8]. Many metallic particles such as aluminum oxide, copper oxide, car-
bides, and CNTs, metals (Ag, Au, nanotubes) are used in preparing the nanofluids
for experimental purposes [9, 10]. The essential accessories for automobiles are a
car radiator which is used as a cooling device [11, 12]. The engine’s true size and life
depend on the working condition and heat-transfer performance of the radiator. The
radiators with significant heat-transfer performance will sustain different parameters
of higher efficiency engine, which leads to a smaller engine size as well as effective
fuel economy with less emission of gases. The redesign of the thermal fluid with sus-
pending nanosize particles in conventional fluids has been an innovative approach
[13, 14]. The ASTM engine coolant grade specifications for heavy-duty vehicles are
environmentally safe as they are neutral in their corrosive action on the engine parts
than ethylene glycol, glycerin-based coolants are cost-effective than ethylene glycol
and a helpful supportive of the renewable fuels industry. Glycerin is considered as a
greener alternative for the atmospheric conditions than that of ethylene glycol. So,
glycerin-based coolants are promising coolants when nanoparticles are suspended.

2 Experimental Work

The glycerin-based coolant-G13 is taken as the working fluid in the entire experi-
mental work and the setup is shown in Fig. 1.

The Al2O3 nanosize particles at dispersion rate of 50:50 ratio of G13/water are
sonicated for 20 min before sent through the experimental setup. The temperatures
in the thermocouples are noted at sixteen different points at ambient conditions in the
data logger which is connected to a laptop. To arrest every leak in the experimental
setup, the water is continuously pumped throughout the setup for half an hour. The
figure clearly represents the real-time engine setup which is wound with a coil. The
radiator, which has 49 tubes and cross flow in a function having a forced convection
fan behind, is attached to know the performance of the heat carried by the nanofluid.
The input heat which is 6919 W/m2 is given as a constant heat flux throughout the
experimental conditions. The readings are taken at ambient temperature to check



Experimental Investigations of Glycerin/Al2O3 Nanofluid … 543

Fig. 1 Photographic view of the experimental setup

the thermocouples reading in the sixteen thermocouples as the flow rate increases
at a particular heat flux which is constant throughout and the readings are noted for
different volume concentrations. The steady-state readings are taken at the end of
every flow rate. The errors of the measured parameters are and the uncertainty values
are recorded.

3 Results and Discussion

3.1 Thermophysical Properties

The thermal properties are measured for glycerin/Al2O3 nanofluid at various temper-
ature and different volume concentrations. The average values are recorded to know
the enhancement and accuracy of the derived parameters. Figure 2 clearly shows
the variations of the thermal properties as the volume concentration increases. The
addition of nanoparticles in base fluid increases, the thermal conductivity property
rises from 4.76 to 38.47% at the initial increase of temperature. Due to the ran-
dom motion of the nanoparticles which are solid particles in the base fluid results
in the enhancement of the thermal conductivity. The size of the nanoparticles helps
in the improvement of the thermal property when mixing in the base fluids. When
the temperature rises from 30 to 50 °C and volume concentration varies from 0.05
to 0.15 vol.% an average increase of 10.36–46.15% enhancement is observed in
glycerin/Al2O3 nanofluid. The viscosity of the nanofluid raises as the nanoparticles
concentration raises when the solid particles are dispersed in the G13 coolant. It
is noticed as the volume concentration increases, the viscosity of the base fluid is
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Fig. 2 Thermophysical
properties variation with
volume concentration
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lower than the nanofluid but reduces as the temperatures raise from 30 to 50 °C.
It is observed the increase of viscosity is 1.11–1.36 due to the suspension of low
concentration of nanoparticles.

3.2 Axial Profile of Nusselt Number at Re–1000

Figure 3 shows at the distance of 7.48 length on the axial profile which is at the
second local point the Nusselt number increases from 15 to 32 as the concentration
solid particles varies from 0.05 to 0.15 vol.%. It is observed that 62% of local heat-
transfer enhancement for 0.15 vol.% of nanoparticles is dispersed in the coolant for
a Reynolds number-1000.

The figure shows that the flow is a developing flow. TheNusselt number variations
indicate that the amount of heat absorbed at the entry length is higher in the heater
section. The thickness of the boundary-layer development signifies that the properties
causing for the increase in the thermal properties is due to the shear action and
Brownian motion of particles dispersed. The increase in the Nusselt number at the
entry length is because of the larger velocity gradient.
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Fig. 3 Effect of Nusselt
number on local points
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3.3 Effect of Nusselt Number as Colburn J Factor Varies
with Reynolds Number

The variation of Nu number as Colburn J factor varies with Reynolds number is
shown in Fig. 4. This Colburn J factor includes the changes of Prandtl number as the
Reynolds number varies. The development of the thermal boundary layer is effected

Fig. 4 Variation of Nusselt
number as Colburn J factor
with respect to the Reynolds
number

Reynolds Number 
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as the nanoparticles are dispersed and the heat-transfer enhancement is observed.
The heat transfer is tremendously increasing due to the addition of nanoparticles and
also effects the development of boundary layer. The addition of particular amount of
volume concentration of nanoparticles in the base fluid effects the boundary-layer
development which increases the heat-transfer rate.

4 Conclusions

• When the glycerin-based coolant is dispersed with Al2O3 nanoparticles, the ther-
mal conductivity increases as the temperature varies from30 to50 °C.Theviscosity
of the nanofluid decreases as the temperature ranges from 30 to 50 °C when the
nanoparticles are dispersed in the coolant

• AtaparticularReynolds number 2000, the enhancement of heat-transfer coefficient
increases from 28 to 42% which is a makeable enhancement.

• The results clearly show the Nusselt number at Reynolds number 1000 is higher
at the entry length as the nanoparticles are added results in the heat-transfer
enhancement.
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Experimental Investigation of Twin
Elliptic Orifice at Different NPR Levels

S. Parameshwari, Pradeep Kumar, S. Thanigaiarasu and E. Rathakrishnan

Abstract Jet study lays the proper foundation for future aircraft ad rocket system
design and development, for example, reduce jet noise in rocket, minimized nature
of infrared signature in fighter airplanes, etc. Keeping these concerns, the present
study is focused on the experimental investigation of twin elliptic orifice of aspect
ratio two. The aluminum material is used for the twin orifice by rapid prototyping
method. The total exit area of the orificewasmaintained as equivalent diameter (Deq)
of 7 mm. The test has been carried out at nozzle pressure ratios (NPRs) of two, three,
and four by using high-speed jet facility. The proximity between the twin orifices was
kept 1, 2, and 3 mm. Centerline pressure decay of jets was measured up to 20 Deq,
and these results indicate that the mixing rate of jets was effective at lower nozzle
pressure ratio compared to higher nozzle pressure ratio of two and three. In addition,
the closest proximity of 1 mm of twin orifice enhances the faster mixing along its
length of the jet field of the measured NPRs. The amplitude of pressure oscillations
was high at 4 Deq than other locations. The jet mixing was started at 2 Deq and ends
at 7, 8, and 9 Deq for 1, 2, and 3 mm proximity, respectively, of measured nozzle
pressure ratio range. The reason of the above results depends on orifice geometry,
aspect ratio, and nozzle pressure ratio of elliptic jet.

Keywords Centerline pressure decay · Twin elliptic jet · Pressure ratio
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1 Introduction

Jet study creates an impact toward the aerospace industries in the aircraft/rocket
developments. This also met immense application in the non-aerospace field such
as machine cutting, jet wiring, and metal deposition; the jet may be classified into
free jet, impinging jet, and co-flow jet [1]. Based on the exit configuration of noz-
zle/orifice, the jet is further classified as circular jet [2], elliptic jet [3], triangular jet
[4], and rectangular jet [5, 6]. Many researchers contributed their work on above-
mentioned jets and came upwith good results on jet spread and decay. Apart from that
few researchers worked on the controlled jet by means of employing controls such
as active control [7, 8] (micro jet, fluid injection) and passive control (tabs, wires,
shifted tabs [9–11]). Apart from the controlled circular, triangular, and rectangular
jet, the elliptic one gained the advantage with increased thrust and leads the future
development of rocket nozzles. Because the elliptic jet resulted in highest mixing
compared with circular component, the elliptic jet experiences better spread rate
relative to rectangular jets, circular jets, and triangular jets in the supersonic flows
[12]. The strength of axis switching gained as pressure ratio increases. The decay
along the jet centerline was captured using stereoscopic particle image velocimetry
that resulted in the nominal increase of entrainment rate of elliptic jet against the
circular one. Also axis switching is a typical feature mainly depending on jets’ ini-
tial conditions. Three-axis switching was found in the Ho and Gutmark [13] study.
Quinn [14] also observed the axis switching of two along the jet spread direction that
enables faster mixing. The elliptic jet may attain circular shape after 30 D (diameter
of nozzle exit) along the jet spread. To reduce this jet spread, Bajpai and Rathakr-
ishnan [15] introduced the concept of tabs (cross wire) which decreased the spread
rate by fifty percent. Either passive or active control introduced in the jet studies will
have associated penalty in terms of momentum deficit, which leads to thrust loss and
surplus of aerodynamic drag.

Hence, the orifice (absence of boundary layer) jet was concentrated with twin
nature of identical jet shape of elliptic. The edge-to-edge distance between the orifices
is varied from 1, 2, and 3 mm, and pressure ratio was selected for the present study
is 2, 3, and 4. The current study aims to focus on the impact of twinjet mixing of
orifice within the field.

2 Model Description and Experimental Setup

The twin elliptic orifice is made up of aluminum material from rapid prototyping
method. The aspect ratio of orifice is kept two and the proximity between the orifices
is considered as 1, 2, and 3 mm. The equivalent diameter of elliptic model exit area
is maintained with 7 mm in all proximity cases. For the current investigation, jets
mixing was tested at the nozzle pressure ratio of 2, 3, and 4. This paper explains
the experimental investigation of aerodynamic mixing process and associated shock
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pattern of twin elliptic sonic jets with a variable proximity range. Schematic diagrams
representing the geometrical details of the twin orifice facing minor axis is shown in
Fig. 1.

The experimental work has been carried out using the MIT (Madras Institute of
Technology) high-speed jet facility, in Fig. 2. An o-ring kept between the model
holder and the face of the flange at the model inlet face ensures that the attachment

Fig. 1 Geometric configuration of AR2 twin elliptic orifice

Fig. 2 Photographic view of the high-speed jet facility
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is leak-free. The high-pressure tank has a storing capacity of 15 bar which is inter-
connected with dryer, control valve, and settling chamber just before the open jet
exit. The control valve helps to regulate the flow with the desired NPR level, and
the shape of the settling chamber controls flow turbulence. To decrease the flow of
non-uniformity, the two wire-mesh screens are kept inside the settling chamber with
a distance apart from each other just before model entrance. The required pressure
ratio is attained by controlling the chamber pressure.

2.1 Transducer and Pitot Probe Specifications

The pressure systems (16 channel of 9010 transducers) help to measure the total
pitot pressure along the orifice centerline of designed elliptical orifice. The software
connectedwith transducer helps the user to acquire data anddisplays the total pressure
readings from all channels of a monitor which interconnected with computer. The
number of samples to be averaged is selected with the help of transducer with its
settings menu. The transducer accuracy is kept to be ±0.15% full scale (after the
re-zero calibration).

The inner and outer diameters of pitot probe are maintained of 0.4–0.6 mm,
respectively, for pitot pressure measurement of jet flow field. The twin elliptic orifice
exit to the pitot probe area ratio was (7/0.6)2 = 136.11, which is well above the limit
of 64 regarding the probe blockage as negligible [16]. The pitot probe is connected
with transducer with 1 mm silicon tube for all pressure readings [17]. The settling
chamber pressure was maintained within±2% during the experiments of the current
investigation for the pressure ratio of 2, 3, and 4. The pitot probe movement is kept
with a resolution of±0.1 mm in the linear translation of three-dimensional traverse.
The range of the pressure measurements was repeated within ±3%.

3 Results and Discussion

3.1 Centerline Pressure Decay Along Orifice Center

The jet issuing from orifice/nozzle propagates into the atmosphere toward down-
stream which increases the entrainment rate of jet. Further increase in entrainment
that carries mass entraining vortices will become transporting vortices along spread
path and this will be the initial step for jet characteristic decay [16]. However, poten-
tial core of subsonic jet is unaffected and flow velocity remains constant. Also for
supersonic jet, this jet core prevails full of wakes. The elliptic jet follows the strict
procedure that is ahead of potential core definition. The decay is different for elliptic
jet unlike the circular jet is uniform. Thus, the core length of the jet represents the
distance between the orifice exit and beginning point of the characteristic decay.
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Fig. 3 Axis centerline pressure decay of AR2 elliptic orifice with 1 mm proximity

Faster jet mixing is a representation of the faster jet decay. Therefore, to study char-
acteristics of twin elliptic orifice jet, the pitot pressure (Pot) is measured up to 20
Deq from the orifice exit along the jet axis direction which is non-dimensionalized
with the settling chamber pressure (Pos) and this is plotted as a function of non-
dimensionalized axial distance [17]. The distance between the orifices is kept 1, 2,
and 3 mm. For all proximity, the axes centerline pressure decay was plotted at all
measured NPRs.

From Fig. 3, the experimental results show that the total pressure oscillations
decrease as pressure ratio increases from 2 to 4. The mixing begins at x/Deq= 0 and
ends at 10 x/Deq. The decreased nature of centerline pressure decay plot indicates
faster mixing at pressure ratio of 4. Similarly, from Fig. 5, the elliptic jet shows faster
decay at NPR 4 than NPR 2 and 3.

Figure 5 also experiences similar nature as Figs. 3 and 4. From the results and
discussion, it reveals that NPR 4 with 1 mm proximity level has highest mixing and
this orifice is a better choice in the supersonic flowmixing than other studied orifices.
In addition, this implicates that the distance between the orifices and pressure ratio
controls the nature of jet flow [18].

Fig. 4 Axis centerline pressure decay of AR2 elliptic orifice with 2 mm proximity
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Fig. 5 Axis centerline pressure decay of AR2 elliptic orifice with 3 mm proximity

4 Conclusions

• The current study clearly focused that aerodynamics jet mixing is getting slow
down at NPR 4 compared to NPR 2 and NPR 3.

• The amplitude of pressure oscillations may be the reason for the least mixing of
twinjet. Therefore, orifice facing minor axis with 1 mm proximity at NPR 4 shows
faster decaywhich implies fastermixing took placed in the close vicinity of closure
of shocks.

• In addition to this, the jets mixing was initiated at 1x/Deq and ends with
10x/Deq along the jet axis direction at all proximity levels. Further study on flow
visualization may support waves that prevailed in the core of jet.
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Experimental Investigations on the Effect
of Wheel Size on an Industrial Trolley

Wilson Kumar Masepogu, Mona Sahu and Santhiyagu Joseph Vijay

Abstract Manual material handling using push–pull trolleys in small- andmedium-
scale enterprises (SMEs) has become an inevitable activity. A study was carried out
to find the best wheel size in pushing a newly developed industrial trolley. Three
various wheels of sizes 100, 125 and 150 mm diameters were used in this study. The
results present the best wheel size and comfortable handle height of the trolley for
five subjects of different stature at five varying loads. Experiments were conducted
in a laboratory for a selected population of five subjects with a varying stature 1650,
1740, 1780, 1790 and 1820 mm, with five different loads 75, 156, 188, 219 and
250 kg and with five different handle heights 900, 950, 1000, 1100 and 1150 mm.
Handle height of 1100 mm and a 150 mm diameter wheel size was found to be better
in reducing the effort required in pushing the trolley and in reducing the discomfort
experienced by the subjects.

Keywords Manual material handling ·Wheel size · Heart rate (HR) · EMG ·
Industrial trolley

1 Introduction

Industrial trolleys are widely used by the workers in all types of manufacturing
industries for material handling. During the material handling operations, the risk
factors lead to severe musculoskeletal disorders (MSDs). The workers should be able
to manoeuvre the trolleys with ease. Trolleys should be light in weight with optimum
handle heights and the wheel sizes [1]. The most influential factors were found
to be the cart weight and external load. Hence, workplaces involving pushing and
pulling should be checked for best practices in handling to reduce musculoskeletal
problems [2]. The guidelines for pushing and pulling task by considering shoulder
physical capacity are based on gender, handle height, exertion type (push or pull)
and handle orientation for these tasks. [3]. For 70–80% of users, shoulder height
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is the recommended handle height. Handles falling in this range reduce the strain
on the wrists and hands and reduce compression load at L5-S1 (lower back) [4].
Inadequate assistive devices, improper workstations and awkward postures can lead
to musculoskeletal disorders among workers. They can be reduced by ergonomic
interventions [5]. The pushing and pulling force at 1150 mm handle height would be
less compared to 1010 and 880mm handle heights. The exerted initial pushing forces
were less when 150 mm diameter wheels were used and more when 100 and 125
mm diameter wheels were used [6]. The push or pull forces are often distinguished
as initial forces sustained forces and ending forces which are required to move and
stop the object from a stationary position [7]. There is much importance to be given
during MMH tasks that need to be converted from lifting to pushing and pulling [8].
Electro-goniometry of the wrist is a feasible method for studying wrist movements
and limits of the human body joint angles. It helps in deciding the ergonomic design
aspects ofMMHdevices [9]. The use of the specialized design of experiments (DOE)
software is less time consuming, more efficient, insightful, comprehensive and less
error-prone than generating the same design by manual methods [10]. The purpose
of this study was to find the effect of wheel size on the performance of the trolley.
Push forces were measured using a force gauge, and heart rate of the subject was
measured using a Polar heart rate meter.

2 Materials and Methods

2.1 Test Subjects

Prior permissions were obtained from the Institution Human Ethics Committee,
Coimbatore, Tamil Nadu, for conducting laboratory experiments on human beings.
Five male students volunteered and actively participated as subjects. The age, height
and weight details of the students are given in Table 1.Written statements were taken
from these subjects confirming that they do not have any past records of any type of
MSDs.

Table 1 Age, height and
weight of the subjects

Subject. no Age (years) Stature (mm) Weight (kg)

1 19 1650 68

2 19 1730 59

3 18 1740 61

4 19 1750 85

5 19 1820 58
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2.2 Experimental Set-Up

Laboratory experiments were conducted on a push–pull trolley with four wheels
and a height-adjustable handle ranging from 900 to 1100 mm. Polypropylene caster
wheels of 100, 125 and 150 mm diameter with a uniform wheel width of 38 mm
were used. All the wheels were oriented towards forwarding direction before the
start of each experimental trial. The horizontal push bar was firmly welded to the
base structure of the trolley at 110° angle. A no-objection statement was obtained
from all the subjects for publication in revealing the human identity. The trolley with
the subject is shown in Fig. 1. The Polar RS100 h monitor was used to measure
the continuous heart rate of the subject during the experimental trials. The heart
rate would be detected by the transmitter utilizing the rear area of the electrode and
displayed in the wrist unit. It has an accuracy of±1% or 1 bpm, and themeasurement
ranges between 15 and 240 beats/min (bpm) at the temperature 25 °C/77 °F.

EMG sensor SX230 (Bipolar Precision, Biometrics Ltd. London, UK) has integral
electrodes with a fixed electrode distance of 20 mm. The EMG electrode was placed
by the followingmethod described by Lin et al. [6]. These sensors were fixed parallel
to the longitudinal axis on each subject’s bulk muscles, viz. flexor digitorum, deltoid
andupper trapezius.Anultra-high-quality signalwas obtainedusingSX230with very
little skin preparation. Every single data sample was squared first, and then, a moving
average was calculated. The real-time EMG signals were acquired and saved into
the micro-SD card. DataLOG unit was synchronized to Biometrics analysis software
v8.51 to acquire the data in real time and then saved to the laptop/PC for further
analysis. A high-pass filter was applied to eliminate the DC offsets due to membrane

Fig. 1 Side view of the test set-up
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potentials, and a low-pass filter was applied to filter out the undesirable frequencies
above 450 Hz. RMS filter was used for better amplitude values and using the vertical
markers.

2.3 Experimental Design

Design-Expert DX9 software was used to formulate the design of experiments.
Response surface methodology (RSM) was used for finding the effect of input vari-
ables inducing the output responses by varying them at the same time and carrying
out a finite number of trials. A three factorial with five-level central composite design
(CCD) matrix was framed to design the experiments to predict the effects of the load
in the trolley, wheel size and handle height on push force exerted by the subjects. The
twenty experimental combinations as shown in Table 2 were conducted to record the
push force. Equation 1 shows the second-order quadratic equation, where the coded
factors are quantitative and they are denoted by x1, x2, …, xk , where, β0 is the offset

Table 2 Design matrix coded factors with corresponding values

Run no. Design matrix coded factors Subject height
(mm)

Handle height
(mm)

Trolley load
(kg)Factor 1 Factor 2 Factor 3

1 1 −1 1 1780 950 169

2 1 −1 −1 1780 950 106

3 −1 1 1 1690 1050 169

4 0 2 0 1740 1100 138

5 −1 1 −1 1690 1050 106

6 0 0 0 1740 1000 138

7 0 0 0 1740 1000 138

8 −1 −1 1 1690 950 169

9 0 0 0 1740 1000 138

10 1 1 −1 1780 1050 106

11 2 0 0 1820 1000 138

12 0 0 0 1740 1000 138

13 0 0 −2 1740 1000 75

14 −2 0 0 1650 1000 138

15 −1 −1 −1 1690 950 106

16 0 −2 0 1740 900 138

17 0 0 0 1740 1000 138

18 1 1 1 1780 1050 169

19 0 0 2 1740 1000 200

20 0 0 0 1740 1000 138
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term, β i are the linear main effects, β ii are the quadratic main effects, β ij are the
linear-by-linear interactions, i and j are the index numbers for factors and ε is the
residual error term.

y = β0 +
k∑

i=1

βi xi +
k∑

i=1

βi i x
2
i +

∑

i

∑

j

βi j xi x j + ε (1)

2.4 Task and Procedure

Procedural instructions were given to all subjects about the tasks and experimental
trials. Three trials were conducted for each subject on all the three different wheels
for each set of run/combination, and the average was taken as the input data into the
CCDmatrix of the DOE software. Each subject was allowed to push the trolley at his
normal walking speed for a distance of 15 m. Initial pushing forces were recorded
using positive peak button on force gauge.

3 Results and Discussions

Figure 2 shows the heart rates of a subject when the trolley was pushed with a handle
height of 1100 mm and loads varying from 125 to 250 kg. In general, heart rates
increase with an increase in the load of the trolley. Heart rates differ for different
wheel diameters, but at loads ranging from 156 to 219 kg, there is minimal difference
in heart rates for wheel diameters 100 and 125 mm. Heart rates decrease with the use
of bigger diameter wheels indicating that the discomfort can be reduced. Figure 3
shows the effect of wheel diameter on heart rate for all five subjects. The values of
heart rates are almost the same for most of the subjects when wheel diameters of
100 and 125 mm are used. But the heart rates were lowest when the 150 mm wheel
diameter was used. The effect of wheel diameter is shown on the initial push force

Fig. 2 Load versus heart
rate at 110 mm handle height
for subject 2
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Fig. 3 Wheel diameter
versus heart rate at 1100 mm
handle height for all five
subjects

Fig. 4 Wheel diameter
versus push force (N) at
1100 mm handle height for
all five subjects

for all five subjects as in Fig. 4. It can be noted that the initial push forces were least
when the wheel diameter is 150 mm for most of the subjects. Figure 5 shows the
effect of wheel diameter on muscle activity. The % MVC is the least at the wheel
diameter of 150 mm for all subjects.

Appropriate permissions were obtained from the Managing Director of the gear
manufacturing company in Coimbatore, Tamil Nadu, South India, to carry out an
observational study. Workers in the company have expressed their difficulties in
using the existing trolleys. The newly developed trolley shown in Fig. 1 was used for
finding out the wheel size which would reduce the force required to push the trolley
which would give a lower heart rate. It was found that the usage of handle height
of 1100 mm reduced 25–35% of the pushing efforts (including force and heart rate)

Fig. 5 Wheel diameter
versus EMG (%MVC) at
1100 mm handle height for
all five subjects
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exerted by the subjects when compared to 900 mm handle height. It can be taken
as the most comfortable height for the population selected with the anthropometric
data (subject’s height/stature) ranges from 1650 to 1820 mm. The forces exerted,
the heart rate experienced, the muscle activity generated and the wrist extensions
were considerably low at a handle height of 1100 mm when compared to the other
handle heights. Ergonomical evaluations can be carried out for pushing and pulling
tasks at the workplace to assess the degree of forces exerted on the trolley by the
subject/worker. The push/pull forces are frequently distinguished as initial forces
required to move an object from a stationary position. Heart rate methodology was
generally considered a cost-effective method in ergonomics intervention to decrease
workload and to create favourableworking conditions. Unlike the energy expenditure
technique, this can be used as a simple practical approach in natural settings. There-
fore, the economic problems involved in ergonomics interventions can be solved
with much ease. Surface electromyography (sEMG) can be utilized as the best data
acquisition tool for ergonomic interventions to emphasize the possibilities of the
assessment of muscle activities. The results of the present study have shown that
there is a gradual decrease in the heart rate and the push force by using of the new
trolley with wheels having 150 mm diameter and a handle height of 1100 mm for
the selected population. EMG results confirm the results.

4 Conclusions

The outcome of this research is useful in selecting industrial trolleys for reducing the
discomfort experienced by industrial workers whose stature is in the range of 1650–
1820 mm. A 150 mm wheel diameter was found to be better than the wheels having
100 mm or 125 mm diameter. This study concludes that a handle height of 1100 and
a 150 mm wheel diameter will help the industrial workers to work comfortably and
eliminateWMSDs resulting in better occupational health and increased productivity.
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Multiobjective Scheduling in Flexible
Manufacturing System by Modified
Cuckoos Search Algorithm

B. Satish Kumar, G. Janardhana Raju and G. Ranga Janardhana

Abstract In this present work, an attempt is made to solve FMS scheduling problem
by considering the multiobjective using Modified Cuckoos Search Algorithm. Com-
bined Objective Function (COF) is formulated by considering two objectives with
equal weightage i.e., minimizing the machine idle time and minimizing the penalty
cost. The problem considered is 43 jobs need to be manufactured by processing on
16 machines is taken from literature. Matlab program is written to calculate COF
value and for finding best sequence, COF valueMCS algorithm is implemented. Best
sequence and COF values obtained by MCS algorithm are compared with values
obtained by other Algorithms like SPT, LPT, PSO, GA & CS. It is observed that
sequence obtained by Modified Cuckoos Search Algorithm is giving better COF
values.

Keywords Flexible Manufacturing Systems · Combined Objective Function ·
Modified Cuckoo Search Algorithm ·Multi Objective Scheduling

1 Introduction

Manufacturing scheduling is very important in FMS. In today’s highly competitive
world, FMS is important because of its need to accommodate fluctuation in demands
and fulfilling customer’s requirements with immediate effects. So, researchers are
trying to find solutions for FMS scheduling problem by developing the algorithms
to optimize the scheduling.
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Fig. 1 Typical view of FMS

FMS consists a group of machines which are coordinated and controlled by a
common control center. The scope for flexibility in the manufacturing systems is an
advantage; it is a very complex taskwhen it comes to scheduling of parts in a changing
environment. In this work, MCS algorithm is used to find the better sequence to get
better COF values (Fig. 1).

In FMS, most important objectives are:

• Machine idle time minimization
• Penalty cost minimization
• Increasing the production
• In-process inventories minimization
• Setup and tool changes time minimization
• Minimization of total elapsed time

In the present work, we have considered two objectives, i.e. Machine idle time
Minimization and penalty cost minimization, equal weightage is given for both the
objectives. It is emphasized to calculate the penalty cost and COF value for the
sequences obtained by using the various Algorithms for the COF.
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2 Literature Survey

Researchers gave importance for the FMS scheduling problem because of global
completion in manufacturing industry. Effective scheduling plays a main function to
face the competition in the market.

Burnwal et al. used CS Algorithm for optimization of scheduling in FMS [1].
Deb and Yang proposed a new met heuristic algorithm CS to find optimum solu-
tion for Scheduling Problem [2]. Farzad Khorsandi used Multiobjective uniform
diversity Genetic Algorithm for optimization of economic benefits for organizations
[3]. Gopikrishna and Nagabrahmam applied scatter search algorithm for optimizing
the schedules in FMS [4]. Jerald et al. used different Algorithms like GA, SA, MA
& PSOA for solving the Multi Objective Scheduling problem with the objectives of
minimizing the machine idle time and penalty cost for not meeting the due dates.
Results obtained by different algorithms are compared [5]. Kazim and Syed devel-
oped codes in C++ for getting optimum sequence of operation to reduce waiting
time of machine and maximize the machine utilization for FMS scheduling prob-
lems [6]. Lal and Waiker proposed scheduling by priority rules [7, 8]. Murthy et al.
developed an algorithm for optimizing the manufacture plans in FMS [9]. Persi and
Walter solved the problem of maximization of machine utilization [10]. Sankar and
Solberg applied MOGA for scheduling of 16 machines and 43 jobs problem and
obtained better results compared to other Algorithms [11]. Stecke and Solberg
have carried out modeling and simulation studies of FMS [12]. Udhayakumar and
Kumanan proposed PSO for integration between manufacturing schedule and MHS
in FMS [13–15]. Srinivas et al. proposed an efficient backbone-based quick link fail-
ure recovery multicast routing protocol [16]. Srinivas et al. developed L2R protocol
to generate an alternate path for link failures in backbone networks [17]. Mahesh
concluded that integration ofMRP and CRPwill be helpful to generate a near to opti-
mal production schedule [18]. Proposed methodology for scheduling optimization
of FMS Modified Cuckoos Search Algorithm.

CS is an optimization algorithm developed by Yang and Deb in 2009 [2]. The
original CS algorithm was usually used to solve benchmark or real-world problems
over continuous search space. Nowaday’smany researchers are using CSA to find the
optimum solution for different problems.MCSA [19] focuses to enhance the standard
CSA through replacing the random selection with the tournament selection as shown
in algorithm Fig. 2. MCSA has two modifications from the standard Cuckoos Search
Algorithm. The two modifications that are made to the CS with the aim of increasing
converging rate for implementing in more wider applications.

2.1 Problem Definition

Considered two sample problems: problem number one is considered randomly
shown in Table 1 and problem number two taken from literature, i.e. from the papers
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Fig. 2 Modified Cuckoos Search Algorithm

Table 1 Sample problem number 1 data

Part no. M/c no. (processing time
in min)

Due date (days) Batch size Penalty cost
(Rs./unit/day)

1 5 (4)–6 (5)–7 (1) 40 8 2

2 4 (2)–5 (3)–6 (2)–7 (5) 60 5 1

3 2 (1)–8 (1)–9 (2) 15 6 3

4 8 (2)–10 (2) 20 5 2

5 8 (1)–11 (3)–13 (4) 50 8 4

by Jerald and Sankar et al. [5] shown in Table 2 provides all the information required
for individual jobs.

The assumptions made in this work are as follows:

• There are 43 varieties of products to be manufactured
• Each type/variety has a particular processing sequences, batch size, deadline, and
penalty cost for not meeting the deadline.

• Each processing step has a processing time with a specific machine.
• Forty-three jobs have been taken and processing sequence on different machines
has been decided.

• One job will be processed on one machine at a time based on the sequence of parts
as per the required batch size.

Combined Objective Function (COF) is formulated by cosidering the two objectives
with equal weightage.

COF = W1 ×
(
PC

MP

)
+W2 ×

(
Xq

TE

)
(1)
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Table 2 Sample problem number 2 data

Part no. M/c no. (processing time
in min)

Due date (days) Batch size Penalty cost
(Rs./unit/day)

1 6 (1)–7 (1)–8 (1)–10 (2) 17 150 1

2 2 (1)–6 (1)–8 (2)–9
(2)–14 (4)–16 (2)

17 200 1

3 8 (1)–11 (3)–13 (4) 14 800 1

4 9 (4) 26 700 2

5 4 (5)–5 (3)–15 (4) 11 150 1

6 6 (5)–14 (1) 16 700 1

7 3 (5)–6 (3)–16 (5) 26 250 2

8 5 (4)–6 (5)–8 (1) 26 850 2

9 4 (1)–5 (5)–8 (1)–11 (1) 1 100 0

10 2 (2)–9 (1)–16 (4) 20 150 2

11 8 (4)–12 (2) 1 250 1

12 6 (2)–8 (4)–10 (1) 19 1000 3

13 6 (1)–7 (5)–10 (4) 25 700 4

14 4 (2)–5 (3)–6 (2)–15 (2) 22 1000 4

15 5 (4)–8 (3) 15 700 5

16 5 (3) 27 750 3

17 3 (1)–6 (4)–14 (1) 20 650 4

18 9 (2)–16 (3) 24 250 5

19 4 (1)–5 (5)–6 (2)–8
(2)–15 (5)

5 450 1

20 8 (2)–11 (4) 11 50 5

21 4 (5)–5 (5)–8 (4)–15 (4) 16 850 3

22 12 (5) 24 200 5

23 4 (2)–5 (1)–6 (5)–8 (4) 14 50 4

24 8 (4)–11 (4)–12 (5)–13
(4)

7 200 5

25 7 (3)–10 (2) 24 350 1

26 10 (2) 27 450 0

27 8 (5)–11 (5)–12 (4) 22 400 1

28 2 (1)–8 (1)–9 (2) 3 950 5

29 4 (1)–5 (5) 7 700 1

30 11 (3)–12 (5) 18 1000 1

31 8 (2)–10 (2) 2 800 2

32 2 (3)–6 (4)–9 (3) 15 800 1

33 5 (4)–6 (5)–15 (3) 27 500 4

(continued)
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Table 2 (continued)

Part no. M/c no. (processing time
in min)

Due date (days) Batch size Penalty cost
(Rs./unit/day)

34 3 (2)–6 (2) 12 300 4

35 3 (4)–14 (1) 9 900 2

36 3 (2) 20 700 2

37 1 (5)–2 (2)–6 (3)–8
(3)–9 (2)–16 (4)

22 250 4

38 2 (4)–8 (3)–9 (2)–16 (5) 8 50 1

39 6 (5)–10 (5) 9 500 1

40 2 (2)–6 (4)–9 (4) 7 250 5

41 5 (1)–8 (2)–15 (1) 22 800 4

42 2 (5)–6 (4)–9 (3)–16 (1) 19 400 2

43 1 (3)–5 (2)–6 (2)–8
(2)–15 (3)

15 550 3

Table 3 COF values for sample problem one

Sequence 1 Sequence 2 Sequence 3 Sequence 4 Sequence 5

Sequence 1,2,3,4,5 2,3,4,5,1 3,4,5,1,2 4,5,1,2,3 5,1,2,3,4

COF 0.3931 0.3923 0.4061 0.4833 0.382

W1 Weightage factor for minimizing the total penalty cost
W2 Weightage factor for minimizing the total elapsed time
PC Total penalty cost
MP Maximum penalty
Xq Total machines idle time
TE Total elapsed time.

3 Calculations and Results

For problem number one shown in Table 1, there are 120 possible sequences are
possible and code was written in MATLAB for calculating COF values by using
Eq. 1. Manual calculations were made for randomly selected sequence to find COF
Value and same were compared by writing the program inMATLAB, both the values
were got same. For problemnumber two shown in Table 2, appliedModifiedCuckoos
Search Algorithm [1] to find the best sequence which gives the best COF value.
MATLAB program run for 10 iterations, 20 iterations, 30 iterations, 40 iterations,
60 iterations and finally, for 100 iterations. It has been found that for less number of
iterations, results are not good as we increase the iteration number, it started giving
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Table 4 COF values obtained for sample problem two by different algorithms

Algorithm SPT [11] PSO [5] CS [1] MCS

20,23,38,19 27,30,38,10, 8,14,28,31, 19,21,28,31,

26,22,10 18,15,34,42, 3,42,26,33, 32,24,30,3,

34,18,36,11 5,33,8,37 22,20,5,24, 39,11,14,15,

25, 5, 16,2, 23,25,9,2, 12,41,18,7, 41,12,13,17,

40,4,41, 31 35,43,20,6, 10,19,23,38, 16,33,35,8,

Sequence 7,24,28,17 4,36,19,17, 4,35,40,37, 43,4,36,18,

6, 9, 35,37 24,39,31,12, 21,15,17,39, 40,34,22,37,

37,15,39,42 28,32,26,16, 6,2,34,1, 42,6,29,7,

27, 33,3,43 14,22,3,1, 29,27,16,36, 27,25,10,20,

19,13, 12,32, 11,41,29,40, 30,25,32,13, 2,23,1,5,

30, 8,14,21 21,13, 7 43,11, 9 38,9,26

CoF 0.3240 0.2983 0.2646 0.1419

better results, but after 40 iterations the value and sequences obtained were same
therefore, we have stopped at 100 iterations. For 100 iterations, we have run the code
for 5 times and at 100 iterations, every time we have good best sequence and CoF
value as same, and we got COF= 0.1419. COF values obtained by other researchers
using different algorithms are tabulated and compared shown in Table 4. Results
shows that for first problem, Sequence 5 is giving the better COF value shown in
Table 3. For problem number 2, MCS Algorithm is giving better COF value.

4 Conclusion

Many researchers are made an attempt to solve multiobjective scheduling problem
by implementing the different algorithm like SPT, PSO, CS. In the present work,
we have written program in MATLAB for calculating combined objective function
value which is the combination of two objectives, i.e. minimization of machine idle
time and minimization of penalty cost. Equal weightages are assumed for the both
the objectives. We have implemented MCSA for obtaining better sequence which
gives optimum COF value for the scheduling problem taken from literature, i.e. 43
parts to be processed on sixteen machines. It is observed that MCS is giving better
COF values. Finally, it is concluded that MCS is giving the better results than other
algorithms like CS, PSO, and SPT. In the future, we are planning to implement this
MCS Algorithm for much bigger size problem.
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Hidden Markov Modelling of High-Speed
Milling (HSM) Process Using Acoustic
Emission (AE) Signature for Predicting
Tool Conditions

P. Sachin Krishnan, K. Rameshkumar and P. Krishnakumar

Abstract Tool condition monitoring is an important activity to monitor and main-
tain the quality of products manufactured in any machining process without any
manual intervention. Hidden Markov models (HMM) are developed in this study
for predicting tool conditions in a High-Speed Milling of titanium alloy using a
carbide tool. Tool conditions are predicted using AE signatures captured during the
metal cutting operation. A correlation between AE features and tool conditions were
established using Baum-Welch and Viterbi algorithms. HMM models proposed in
this study are integrated with the K-means clustering algorithm. The clustered data
has been represented as an integer sequence and is divided into 3 tool states such
as ‘sharp’, ‘intermediate’ and ‘worn-out’. Three HMM models are created for each
state of the tool. Two AE features namely ‘Root Mean Square (RMS)’ and ‘Rise’
were used for developing HMMs. The performance of the HMMs is evaluated using
log-likelihood measure.

Keywords Condition monitoring · Acoustic emission (AE) · High-speed milling ·
Hidden markov model (HMM)

1 Introduction

Acoustic emission (AE) sensors are used to detect high-frequency elastic waves
that are generated during the metal cutting process. AE will happen in the higher
frequency range from 100 to 1 MHz [1]. The main advantage of AE-based tool-
condition monitoring is that AE signal will not interfere with the cutting process.
The frequency range of the AE emissions is much higher compared to other sensors
such as vibration.

Hidden Markov model is a doubly stochastic mathematical model, which can
predict conditions of the cutting tool dealing with dynamic and probabilistic events
occur in machining operations [2].
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HMM is initially used in the speech recognition process by Rabiner and Juang
[3]. Hidden Markov models are used for diagnosis and prognostics of tool states in
metal cutting operation using AE signature by Geramifard et al. [4]. Yu et al. [5]
proposed Hidden Markov models using AE and vibration sensors in a CNC milling
process. An intelligent fuzzy neural network approach was implemented by Jahromi
et al. [6] in a high-speed milling environment using AE signatures. Wear process in
the milling of titanium alloy was studied by Harris et al. [7]. Off late, Krishnakumar
et al. [8–10] studied the ultra-precision high-speed milling of titanium alloys using
the signals captured by AE and vibration sensor. A comprehensive review focusing
on sensors, signal-processing techniques applied for tool-condition monitoring were
reviewed by the researchers in the recent past [11–14].

From the literature review, it is observed that tool-condition monitoring sys-
tems are vital in an automated manufacturing environment to predict the tool con-
dition or process. The decision can be taken for maintenance or replacement of
tools/components of a machine/mechanical system without the intervention of a
human. In precision milling operations, better correlations with tool wear were
achievedusingAEsensors.Only a few implementations of doubly stochasticmethods
like Hidden Markov models exist for predicting the tool conditions.

2 Methodology and Experimental Set-up

In this paper, tool conditions of a carbide tool in ultra-precision high-speed milling
are predicted using Hidden Markov models. AE signals representing tool conditions
were captured and dominant features are extracted in the time domain. K-means
clustering algorithm is used for representing the tool-condition data as an integer
sequence for developing HMMmodels for each tool state. Log-likelihood measures
are used to predict the tool conditions. Methodology and experimental set-up are
shown in Fig. 1.

The AE sensor used in this study is ‘Micro 30D’ supplied byM/s Physical Acous-
tic Corporation (USA) and the operating frequency range is 100–350 kHz. Exper-
iments were conducted with optimum parameters. The tool flank wear right from
sharp state to worn-out state was recorded and plotted by conducting experiments.
This exercise is carried out to identify the tool conditions using surface roughness
plot. Using the surface roughness plot, tool conditions are identified and shown in
Fig. 2.
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Fig. 1 Methodology and experimental set-up

Fig. 2 Surface roughness
plot

2.1 Hidden Markov Model for Tool-Condition Monitoring
(TCM)

Hidden Markov model is an extension of the concept of Markov chain [3]. It means
that the input and output of the model are probabilistic. There are basically two types
of HMM, discrete HMM and continuous HMM. In this paper, discrete HMM is used
to represent the tool conditions. Figure 3 shows the first-order three states HMM.

(a) The number of hidden states in themodel which is denoted by ‘N’. Hidden states
are interconnected and transition can occur from one state to another. The three
hidden states are sharp-initial, sharp-intermediate and worn-out.

(b) The number of distinct observation symbol which is used to define a hidden
state which is denoted by ‘M’ is denoted as V = {v1, v2, v3, …, vM}.

(c) State transition probability matrix [A] is an N × N matrix, which gives the
probability values of transition from one hidden state to another.

It is denoted by [A] = ai j , where ai j = P
(
qt = Sj

∣∣qt−1 = Si
)
, 1 ≤ i , j ≤ 1
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Fig. 3 1st order three state
HMM [3]

(d) Observation symbols are connected with the model by the observation symbol
probability matrix [B]. It gives the probability that the observation symbol
represents a particular hidden state. This connects the observation with the
hidden states. It is denoted by [B] = b jm , where b jm = P

(
ot = vm |qt = Sj

)
,

1 ≤ m ≤ M
(e) Initial state distribution which defines the initial state of the model. It is denoted

by the symbol, π where, π = [πi ] in which πi = P(qi = Si ), 1 ≤ i ≤ N
(f) A basic HMM is denoted by the symbol λ (Parameters of HMM) and is defined

as: λ = (A, B, π).

3 HMM Implementation

3.1 HMM Training and Testing

HMM tool box in MATLAB developed by Murphy [15] is utilized in this study
for building the HMM for tool-condition monitoring. The observation sequence got
from the k-means clustering algorithm is provided as an input to HMM for training.
A total of 8177 data points were used for training and testing of HMMs. For training,
80% of the data from each state is selected. The remaining 20% is kept for testing
of the model. Training is carried out using the Baum–Welch algorithm [16]. For the
given AE observation sequence input, the Baum–Welch algorithm provides the final
transition, emission and state probabilities. Testing of HMMs is done with Viterbi
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and forward–backward algorithms [16]. The HMM which is having maximum log-
likelihood value will provide the index of the tool for that particular signal, i.e.
(P(O|λ)).

3.2 Results and Discussions

State transition probability matrix [A], emission probability matrix [B] and the initial
probability matrix [π ] were computed using the Baum–Welch algorithm using the
training sequences generated by the k-means algorithm. K-means algorithm is used
to generate sequences for ‘RMS’ and ‘Rise’ AE features. Baum–Welch algorithm
is used for training each state of the HMM. A state represents the condition of the
cutting tool. State parameters viz.λ1,λ2, andλ3 are computed using theBaum–Welch
algorithm. The state transition probabilities and emission probabilities are shown in
Table 1. The maximum probability is represented in the diagonal of the transition
probability matrix [A]. Maximum probability is the indication of the system tends to
remain in the same state most of the time.

Testing of the HMM model is carried out using Viterbi and forward–backward
algorithms. Testing is carried out using 20% of the AE data from each state of the
tool. The log-likelihood measure is used to identify the condition of the cutting
tool. It is to be noted that the observation sequence, say, ‘sharp-initial’ is correctly

Table 1 State transition and emission probabilities of AE-RMS and AE-Rise data

State transition probability, [A]—RMS

HMM1 (sharp–initial state) HMM1
(sharp–intermediate state)

HMM1 (worn-out state)

0.9880 0.0120 0 0 0 0 0 0 0

0 0.9943 0.0057 0 0.9987 0.0013 0 0 0

0 0 1 0 0 1 0 0 1

State transition probability, [A]—Rise

0.5690 0.2777 0.1533 0 0 0 0 0 0

0 0.6608 0.3392 0 0.4375 0.5625 0 0 0

0 0 1 0 0 1 0 0 1

Emission probability, [B]—RMS

1 0 1.6e−114 0 0 0 0 0 0

9.5e−10 0.9939 0.0061 0.9382 0 0.0618 0 0 0

0.8835 6.35e−16 0.1145 0.2046 0.3539 0.4415 0.2284 0.6379 0.1337

Emission probability, [B]—Rise

0.1811 0.5727 0.2462 0.0011 0.5527 0.4462 0 0 0

0.6564 0.1901 0.1535 0.3523 0.1379 0.5098 0.0065 0.9519 0.0416

0.1772 0.6477 0.1750 0.3772 0.1852 0.4376 0.3771 0.2264 0.3966
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Table 2 Log-likelihood values of test data (RMS and rise)

Log-likelihood values HMM1 (sharp-initial) HMM2
(sharp-intermediate)

HMM3 (worn-out)

RMS data

Testdata1 (sharp) −7.8640 −13.2406 −236.7144

Testdata2
(intermediate)

−800.8292 −792.0994 −2.1468e+3

Testdata3 (worn-out) −676.1572 -inf −217.0855

Rise data

Testdata1 (sharp) −176.516 −174.0160 −175.5962

Testdata2
(intermediate)

−1.5981e+03 −1.5924e+03 −1.60e+03

Testdata3 (worn-out) −406.542 −417.602 −403.325

classified if the log-likelihood value of HMM of ‘sharp-initial’ is higher compared
to the other two states of the tool. Similarly, for the other two states, log-likelihood
values are computed and compared with all the HMM’s. For all the states of test
data, the corresponding HMM model is providing maximum log-likelihood value
for AE-RMS data. This means, the proposed HMM model with AE-RMS feature
is predicting the tool conditions accurately. The log-likelihood values for testcases
extracted from ‘RMS’ and ‘Rise’ data for all the HMMs are given in Table 2.

In the case of HMMmodel using ‘Rise’ feature data, the log-likelihood values of
‘sharp-initial’ condition are misclassified as ‘sharp-intermediate’. The misclassifica-
tion is evident from the log-likelihood values shown in Table 2. The log-likelihood
value for HMM1 is supposed to be higher than the log-likelihood value of HMM2
in ‘sharp-initial’ condition for ‘Rise data’. The other two test data sets belonging to
‘sharp-intermediate’, and ‘worn-out’ are classified correctly by the HMM for ‘Rise
data’. The misclassification is due to the AE data collected from the narrow region of
‘initial-sharp’ state of the tool, where ‘sharp’ and ‘sharp-intermediate’ conditions of
the tool are difficult to distinguish. It is concluded that ‘AE-RMS’ feature has good
correlation with carbide tool conditions in high-speed machining of titanium alloys
compared to ‘AE-Rise’ feature.

4 Conclusions

Tool-condition monitoring of solid carbide tool in high-speed machining of titanium
alloy is proposed in this paper using AE signature. An experimental set-up was
established to study the ability of discrete Hidden Markov models to predict the
tool conditions by extracting AE features in time domain. Three tool states, namely
‘sharp-initial’, ‘sharp-intermediate’ and ‘worn-out’ were identified by experimental
results using surface roughness plot. Discrete observation sequences (Code-book)
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were created using the k-means clustering algorithm. Three different HMM models
were developed corresponding to three different states of the tools.

HMMswere trainedwithAE features of ‘RMS’ and ‘Rise’ using theBaum–Welch
algorithm. Tool states are defined using transition and emission probabilities. Testing
of the HMMs is carried out using 20% of the total data which are not used for the
training purpose. Viterbi and forward–backward algorithms were used for training.
HMM models are evaluated using log-likelihood measures.

The present study shows, among AE features of ‘RMS’ and ‘Rise’, HMMmodel
with ‘RMS’ AE feature is able to predict the tool states accurately. All the tool states
were predicted correctly by theHMMusing the ‘RMS’ feature.HMMwith ‘Rise’ fea-
ture misclassifies the ‘Sharp-initial’ observation sequences as ‘Sharp-intermediate’
state.

It is concluded that HMMs are able to classify the tool conditions accurately
in precision high-speed machining of Titanium alloys. AE feature, ‘RMS’ is having
good correlationwith toolwear. Further,HMMmodels can be extended for predicting
the tool conditions in real-time. Remaining useful life predictions using HMMs can
be taken up in future.
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Effects of the Activating Fluxes
on the Properties of the Tungsten Inert
Gas Welded Structural Steel

R. S. Vidyarthy, R. Bhattacharjee, S. Mohapatra and B. B. Nayak

Abstract Tungsten inert gas (TIG) welding process is a frequently recommended
welding process for joining and repairing of the structural steels. However, its lim-
itation towards the lesser depth of penetration decreases its productivity. Activating
flux tungsten inert gas (A-TIG) welding is an innovative solution to the lesser depth
of penetration without compromising the weld quality. In the current work, three
different oxides SiO2, TiO2 and Cr2O3 are used as a single-component activating
flux to develop the bead on plate-type welds on structural steel. Significant increase
in depth of penetration was registered in the A-TIG weldments as compared con-
ventionally TIG-welded samples. Weld bead geometry was studied through different
aspects such as penetration depth, width, depth to width ratio and area of weld-fusion
zone.

Keywords A-TIG welding · Activating flux · Bead geometry ·Microstructure ·
Microhardness

1 Introduction

Mild steel is a multipurpose engineering material frequently used in girders, nuts,
bolts, screws and structural steel are all manufactured using mild steel, owing to
its affordability and mechanical property. It is also used in the manufacturing of
various tools and equipment, for rail track, transmission towers and industrial build-
ing. Tungsten inert gas (TIG) welding is widely used in the industries for joining
of structural steels. However, due to the lesser depth of penetration, the productiv-
ity of the TIG welding process is a major issue during welding of thicker sections.
Multiple weld passes required for welding the thick sections (>3 mm) [1, 2]. This
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leads to other problems like angular distortion, corrosion sensitization and residual
stresses [3, 4]. To tackle these issues, nowadays, Tungsten Inert Gas welding with
flux (A-TIG) process is widely referred. Deep and narrow weld bead may obtain
with A-TIG welding. However, the study of activating fluxes during A-TIG welding
is limited to some of the materials like austenitic stainless steels, ferritic/martensitic
steel and duplex stainless steel only [5–7]. After an exhaustive literature survey, it
was observed that, significant works have not been reported on interaction of A-
TIG welding with mild steel. It is expected that, better understanding of mild steel’s
response to various activating fluxes could lead to drastic increase in productivity of
fabrication industries.

2 Materials and Method

In the current study, mild steel was used as the base metal. Optical emission spec-
troscope (OES) was used to analyse the chemical composition of the base metal
(0.1068% C, 0.9216% Mn, and 0.1661% Si). The ultimate tensile strength of the
base metal was 440± 5 MPa. The hardness of the as received base metal was found
131 ± 4 HV. Metal strips of specimen size 150 mm × 30 mm × 8 mm were pre-
pared for the welding purpose. SiO2, TiO2 and Cr2O3 were used as single-component
activating fluxes.

The “bead on plate” welds were prepared using A-TIG welding process. Welding
was donemanually to check the feasibility of theA-TIGwelding process duringman-
ual welding. Direct current straight polarity was used. Weld quality was inspected
through visual and macroscopic study. For macroscopic and microscopic study, sam-
ples were prepared by typical metallographic procedures including flattening using
belt grinder, abrasive paper and cloth polishing, followed by etching. Abrasive papers
containingSiCof 80–2000grit number are used formechanical polishing.After paper
polishing, samples were cloth-polished using alumina powder. Villela’s reagent for
about 55–60 s was applied for etching.

3 Results and Discussions

Microstructure of the base metal Optical microstructure of the as received base
metal is shown in Fig. 1a. Ferritic grains structure along with pearlite grains were
observed during the microstructure study. Lighter as well as darker brown ferrite
grains were observed. Black pearlite grains were also observed. Pearlites were gen-
erally seen as unidirectional colony wise formation in the base metal microstructure.
Similar kind of microstructure was also observed by Lakshminarayanan et al. [8].

Visual Inspection of weldments
Figure 2 shows the weldments welded at welding speed (WS) of about 120 mm/min
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Fig. 1 Optical
microstructure of the as
received substrate material

Welding Speed- 120 mm/min  

(a) (b) (c) (d)

Fig. 2 Appearance of without flux specimen after weld at welding current of a 120 A, b 140 A,
c 160 A, d 180 A

and at four different welding current (WC) values (a) 120 A, (b) 140 A, (c) 140 A
and (d) 160 A. Welding defects like spatter, surface porosity, discontinuity and weld
crater were not observed on the weld surface of any of the weldments (Fig. 2a–d).
Weld surfaces were also found free from the slag residue.

Figure 3 shows the coated plate before and after welding (“welding current
120mm/min and welding speed-180 A”). The sequence of the coating starts from the
uncoated region was (a) TiO2, (b) Cr2O3 and (c) SiO2, respectively. The weld bead
was found slightly differ in TiO2, Cr2O3 and SiO2 coated regions. Welding defects
like spatter, surface porosity, discontinuity and weld crater were not observed on the
weld surface of any of the A-TIG weldments (Fig. 4a–c). However, flux residue was
observed on the A-TIG weldments. The flux residue was later removed by simple
cleaning.
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Fig. 3 Figure shows the plate before and after welding (coated with various fluxes a TiO2, bCr2O3,
c SiO2)

Fig. 4 Macrostructures of the weld cross section of the weldments welded at “welding speed-
120 mm/min and welding current a 120 A, b 140 A, c 160 A, d 180 A without flux”; and “welding
current of 180 A and welding speed of 120 mm/min e without flux, f with flux TiO2, g with flux
Cr2O3, h with flux SiO2”

4 Macroscopic Analysis

Themacrostructure of theweld bead cross section of the conventional TIGweldments
and A-TIG weldments are given in Fig. 4a–h. Different weld zones, namely weld-
fusion zone, heat-affected zones and unaffected basemetal were observed in theweld
cross-sectional macrostructure. Welding defects like gas inclusion or welding cracks
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were not found during macrostructure study. However, significant change in depth
of penetration as well as in bead width was observed with varying welding current
(Fig. 4a–d) and with activating fluxes (Fig. 4e–h). With the increase in welding
current from 120 to 180 A, the DOP was found to have increased from 1.32 to
2.43 mm (Fig. 5a). Vasudevan et al. [9] also stated that the depth of penetration of
conventional TIG weldments increases with increase of current up to certain limit,
after that irrespective of current depth of penetration does not increases. The BWwas
found to have increased from 6.39 to 7.46 mm for currents value at 120 and 160 A,
respectively (Fig. 5b). A similar trend was observed forWA as it increased from 4.97
to 11.81 mm2 for welding current values of 120 and 180 A, respectively (Fig. 5d).
The increase in weld-fusion zone area could be attributed to increase in heat input by
increasing welding current [10, 11]. The D/W Ratio was observed to have increased
from 0.20 to 0.32 with the increase in welding current values of 120–180 A (Fig. 5c).
It is also proposed that the arc pressure is more effective at higher welding current,
and thus, it also help to increase in depth of penetration.

Significant increase in penetration depth was observed during welding with TiO2

(3.01 mm), SiO2 (2.81 mm) and Cr2O3 (3.35 mm) as compared to the TIG welding
without flux (2.43 mm) at a same process parameter “welding current of 180 A
and welding speed of 120 mm/min” (Fig. 5e). The weld bead width has shown
different behaviour with different fluxes. The bead width was found decreasing with

Fig. 5 Impact of process parameters on weld bead geometry “(a–d) at a welding speed of
120 mm/min” and “(e–h) at a welding speed of 120 mm/min and welding current of 180 A”
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Cr2O3 (6.94 mm) and TiO2 (7 mm) as compared to the conventional TIG weldments
(7.46 mm) (Fig. 5f). However, bead width was foundmore in case of SiO2 (7.85 mm)
as compared to the without flux weldments (Fig. 5f). D/W was found maximum in
weldments obtainedwith SiO2 (0.48) followed byCr2O3 (0.43) and then, TiO2 (0.36).
Almost 48% increase in D/Wwas observed in SiO2 (0.48) weldments as compared to
without weldments (0.32) (Fig. 5g). Weld-fusion zone area was found higher in case
of the A-TIG weldments as compared to conventional TIG weldments (11.81 mm2).
Maximum weld-fusion zone was found maximum in SiO2 (17.89 mm2) followed
by Cr2O3 (16.95 mm2) and minimum in TiO2 (12.34 mm2) (Fig. 5h). Increase in
penetration depth in presence of activating flux may be attributed to the reversal in
Marangoni convection. However, decrease in weld bead width could be due to the
arc constriction [12]. The activating flux used during the A-TIG welding, is used to
dissociate and mixed to the molten metal pool. This results in change in the surface
tension-temperature gradient from negative to positive. Surface tension–temperature
gradient change leads to deep andnarrowweld bead [13, 14]. It is also stated that a part
of the activating flux is used to evaporate. The evaporated activating flux captured the
electron from the arc column outer peripheral. This results in constricted arc column
and thus narrow weld bead [15, 16]. Impact of different activating flux on the weld
bead depends on the interaction properties between the base metal and activating
flux used [17].

5 Conclusions

1. Depth of penetration, bead width, weld-fusion zone area and depth to width ratio
increased with increase of welding current during TIG welding.

2. Depth of penetration, depth to width ratio and weld-fusion zone area were found
more in A-TIGweldments as compared to TIGweldments. However, bead width
decreased by applying the activating flux.

3. Activating fluxes influenced the weld bead geometry significantly during manual
TIG welding process.

4. Cr2O3 was found best among all three fluxes used to enhance the depth of
penetration and reduce the bead width.
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Powder Metallurgy Processing
of Rapidly Solidified Alloyed Cast Iron
Powders for Machine Components

S. K. Khuntia and B. B. Pani

Abstract Cast iron powders containing little amount ofAl, Cr, and Siwere produced
viawater atomization technique and then got annealed at 900 °C for removing oxygen
in hydrogen atmosphere. The advantages of rapid solidification remained undisturbed
in spite of high temperature. The powders after pre-compaction studies were cold
compacted up to 700 MPa pressure and then sintered at different temperatures like
720, 850, and 1000 °C. Growth like dimensional changes was observed in all the
samples. The sample which was compacted at 700 MPa and sintered at 1000 °C
showed 48 HRC hardness. High hardness values could enable these materials for
manufacturing high-strength machine components.

Keywords Water atomization · Cast iron powders · Compaction · Sintering

1 Introduction

In search of low and high performance powdered materials, rapid solidification tech-
niques can be adapted to produce ferrous-based structurally modified materials with
excellent properties. From Serby and others work [1–7], it is already found that high
carbon content alloyed steel and cast iron materials can be processed both in con-
ventional metallurgy and powder metallurgy processes to obtain very fine-grained
ferrite-carbide structure in the range of 0.2–5 µm by adopting proper thermal and
mechanical processing. By super-plastic deformation at ambient temperature, dif-
ferent high-strength and high-hardness machine components can be manufactured
from such fine-grained structurally modified materials [8, 9].

In the present investigation, an attempt has been made to manufacture rapidly
solidified cast iron powders. After proper characteristic studies, such powders have
been consolidated in cold compaction and sintering techniques to manufacture high-
performance machine components.
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Table 1 Chemical characteristics of rapidly solidified cast iron powders in wt%

C Al Si S Cr P Fe

3.49 2.1 1.3 0.012 1.6 0.03 Balance

Table 2 Physical
characteristics of rapidly
solidified cast iron powders

Apparent density (gm/cm3) 2.63

Flow rate (s/50 gm) 23

True density (pycnometric) (gm/cm3) 7.3

2 Experimental Procedure

Wrought iron was manufactured using arc furnace, and then, this wrought iron was
used as feedstock toproducewater atomized cast ironpowders using ahigh-frequency
induction furnace. During melting, requisite amount of additives was added to obtain
nearly 2 wt%Al, 1–2wt%Cr, and 1–2wt% Si in the cast iron powders. After sieving,
powders above 100mesh size were discarded and powders below 100mesh size were
taken for annealing. Some powders were annealed at 700 °C for two hours and the
rest were annealed at 900 °C for one hour.

2.1 Powder Characteristic Studies

The 900 °C annealed powders were characterized in various ways. The chemical
characteristic study is presented in Table 1, and the physical characteristic study is
presented in Table 2.

2.2 Powder Consolidation

The annealed powders were blended with 1% zinc stearate for better surface lubrica-
tion. The powders were cold consolidated using a 50-ton capacity universal testing
machine. Double action die set-up was used for compaction of powders. The 700 °C
annealed powders showed very poor compressibility. However, the 900 °C annealed
powders, when compacted within 300–700 MPa pressure, showed very good com-
pressibility. Thesewere considered for further processing. The green densities, which
were recorded in metric method, are presented in Tables 3, 4, and 5.
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Table 3 Green density,
Sintered density, and %
Growth in volume data for
compacts sintered at 720 °C

Compaction
pressure
(MPa)

Green
density
(gm/cm3)

Sintered
density
(gm/cm3)

% Growth in
volume

300 4.62 4.35 6.2

400 4.73 4.47 5.81

500 4.88 4.62 5.62

600 5.17 4.92 5.08

700 5.24 5.05 3.76

Table 4 Green density,
Sintered density, and
%Growth in volume data for
compacts sintered at 850 °C

Compaction
pressure
(MPa)

Green
density
(gm/cm3)

Sintered
density
(gm/cm3)

% Growth in
volume

300 4.63 4.32 7.17

400 4.71 4.42 6.56

500 4.84 4.55 6.42

600 5.19 4.88 6.27

700 5.23 4.95 5.65

Table 5 Green density,
Sintered density, and
%Growth in volume data for
compacts sintered at 1000 °C

Compaction
pressure
(MPa)

Green
density
(gm/cm3)

Sintered
density
(gm/cm3)

% Growth in
volume

300 4.42 4.3 7.44

400 4.72 4.4 7.27

500 4.85 4.53 7.06

600 5.19 4.86 6.79

700 5.22 4.93 5.88

2.3 Sintering Studies

Three different temperatures like 720 °C, 850 °C, and 1000 °C were selected for
sintering studies. A Therelek make sintering furnace was used for this case. The cold
compacted samples were sintered for one hour in hydrogen atmosphere. The sintered
densities along with % growth in volume are also presented in Tables 3, 4, and 5.

2.4 Microstructural and Hardness Analysis

SEM analysis of 700MPa compacted and 1000 °C sintered materials was done using
a scanning electron microscope which is presented in Fig. 2.
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The hardness test was done using a Rockwell hardness tester for 700 MPa com-
pacted samples which were sintered at 720 °C, 850 °C, and 1000 °C, respectively.
The hardness data are presented in Fig. 3.

3 Results and Discussions

3.1 Powder Characteristic Analysis

It is observed fromTable 1 that there are 2.1%Al, 1.6%Cr, and 1.3%Si present in the
cast iron powders. The presence of Aluminum helps in grain refinement in powders.
Chromium acts as a carbide stabilizer, and silicon enhances the A1 transformation
temperature up to 1000 °C. Table 2 shows that the flow-ability of the powders is
23 s/gm, which is a very good value for using the powders in automatic pressing sys-
tem for making PM components. The calculated apparent density can be effectively
utilized for die and punch design. Apparent density (2.63 gm/cm3) is quite good for
such kind of powders for component manufacturing.

3.2 Cold Compaction and Sintering Studies

Cold compaction study is a very important study for making use of such materials
for component making. When 700 °C annealed powders were cold compacted, the
powders showed very poor compressibility. This was so happened because here,
nearly 50% volume of the materials were either iron carbides or complex carbides,
which made the powders quite brittle and that is why these could not be compacted
well. When the powders were annealed at 900 °C, carbon from the powder surfaces
were removed due to surface decarburization, and thus, the surface of the powders
became ductile. That is why such powders were compacted well. Figure 1 shows that
no grain growth has taken place in the internal parts of the powders. Here, the cold
compacts are quite strong for further sintering studies.

From the sintering studies (Tables 3, 4 and 5), it is observed that green densities are
higher than sintered densities for different compaction pressures. The main reason
for such growth is attributed to pearlitic transformation of some of the iron carbides
during sintering. Hence, higher is the sintering temperature, higher is the pearlitic
transformation as well as the growth. From the same tables, it is also observed that
the growth amount is higher for lesser compaction pressures.
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Fig. 1 SEM micrograph of surface decarburized rapidly solidified alloyed cast iron powders

3.3 Microstructural and Hardness Studies

FromFig. 2, it is noticed that very fine-grained (2–3µm) ferrite-carbide structures are
present in fine-grained ferrite matrix in sintered compacts. These fine-grained ferrite-
carbide structures can provide very high hardness andwear-resistant properties in the

Fig. 2 SEM micrograph showing bonding among powder particles compacted at 700 MPa and
sintered at 1000 °C for one hour



594 S. K. Khuntia and B. B. Pani

Fig. 3 Hardness values for
compacts sintered at
1000 °C, 850 °C, and 720 °C
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compacts. From hardness studies, it was observed that 48HRC, 40HRC, and 34HRC
hardness valueswere found for samples sintered at temperatures like 1000 °C, 850 °C,
and 720 °C, respectively. The hardness values are presented in Fig. 3 with error bars.
This increase in hardness with temperature is probably due to increased diffusion
among powder particles at increased temperatures.

4 Conclusion

1. Surface decarburization at 900 °C annealing temperature helped in better
compaction of rapidly solidified alloyed cast iron powders.

2. Growth was observed in all samples after sintering. It increased with increase in
sintering temperature. Growth enhances porosity of the material and enables it
to be used as a self-lubricating bearing.

3. Fine-grained ferrite-carbide structures, in the range of 2–3 µm, were found in
ferrite matrix for samples compacted at 700 MPa and sintered at 1000 °C. The
presence of these structures increases the strength and wear resistance of the
processed material.
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Effect of Debond and Randomness
on Thermal Conductivities of Hollow
Fiber Composites

G. Srivalli, G. Jamuna Rani and V. Balakrishna Murthy

Abstract A hollow fiber composite provides more flexibility to tailor the required
material properties when compared to solid fiber composite. In the present work, an
attempt has been made to steady the micromechanical thermal behavior of a hollow
fiber composite using a finite element software ANSYS, and the thermal conduc-
tivities of the composite material are determined. The inner and outer diameters of
hollow fiber are selected for the volume fractions of void, fiber and matrix equal
to 0.2, 0.44 and 0.36, respectively. Finite element models are validated with rule
of mixtures for longitudinal conductivity and further extended for the prediction of
transverse thermal conductivity. Effect of fiber–matrix interface debond and fiber
randomness on thermal conductivity of the composite is studied for a range of val-
ues of conductivity ratio of fiber to matrix. From the present study, it is observed
that transverse thermal conductivity is influenced by debond and randomness, and
deviation in this property from that of a regular model is more with more mismatch
in the properties of constituents.

Keywords FEM · Thermal conductivity · Hollow random fiber · Interface debond

1 Introduction

Other than the structural analysis with micromechanical behavior, thermal analysis
also plays a vital role in various applications like electronics and aerospace sectors. In
order to improve the importance of thermal behavior, there is a need to concentrate
on every phase of material like fiber, matrix and at interfacial points. The study
of micro-mechanics is useful in obtaining the aggregate property of a composite
from properties its constituents, so that in the macro-analysis, a composite lamina
can be treated as a homogenous material with orthotropic properties. The properties
of a lamina are greatly influenced by the defects such as voids and debond at the
fiber–matrix interface and also on the randomness of fibers in the matrix.
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Benveniste [1] discussed the effective thermal conductivities of composites at
interfaces where thermal resistance at boundary exists based on the usage of har-
monics of spheroidal shape in oblate and prolate configurations. Wang [2] studied
a particular composite named aluminum nitride powder-filled polyimide (AIN/PI)
for finding thermal conductivity with effect to shape of particle and resistance of
thermal barrier at interface which showed positive effect and negative effect on ther-
mal conductivity, respectively. Lee [3] discussed a method by name generalized
self-consistent method (GSCM) to obtain the thermal conductivity effectiveness of
composites and observed a considerable effect on thermal conductivity with respect
to contact conductance and volume fraction. Hasselman [4] observed that because
of thermal barrier resistance at interface, the composite systems thermal conduc-
tivity effect rely on dispersed phase and dispersion size of volume fraction. Lu [5]
studied interfacial characteristic effect on effective thermal conductivity of randomly
distributed fiber composites and found an increase in thermal interaction between
the matrix and inclusion than of regular arrays. Sihn [6] considered laminated com-
posites of regular and randomly distributed fibers for analyzing the transverse ther-
mal conductivity using micromechanical analysis and observed positive effect for
randomness at higher volume fractions. Hande [7] considered hollow glass micro-
spheres which are filled with polypropylene composites to find out tensile properties
and thermal conductivities by considering surface treatment and by not considering
also. He observed that by considering surface treatment, there is no significant effect
on thermal conductivity. Srinivasa Rao [8] considered hollow fiber composite to find
transverse thermal conductivity where he showed positive effect for fiber-dominated
and negative effect for matrix-dominated composites to increase transverse thermal
conductivity. Wang [9] studied carbon fiber composites with 3D numerical model to
find effective thermal conductivity and obtained good validation with experimental
data.

2 Problem Modeling

One-fourth portion of a square unit cell is considered for developing a finite element
model of a hollow fiber composite as shown in Fig. 1. Dimensions ‘a,’ ‘b,’ Ri and
Ro are selected so that volume fractions of void, fiber and matrix are equal to 0.2,
0.44 and 0.36, respectively. In a regular arrangement of fibers, θ is equal to 45°. This
value oscillates about 45° for randomly placed fibers. For this model, longitudinal
thermal conductivity (KL) and transverse thermal conductivity (KT) are calculated
for a range of conductivity ratios (Kf/Km).

Eight-node three-dimensional linear brick element [10] of length 2 units for ‘a’
value of 100 units is considered for the generation of finite element mesh. The
thermal properties of fiber and matrix are selected to maintain the conductivity ratios
as listed in Table 1. Temperatures along the faces of FE model are applied to allow
a unidirectional flow of heat in the required direction with a temperature gradient
equal to unity.
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Fig. 1 Geometry and FE
model

Table 1 Conductivity ratios
for different cases

Case Fiber dominant Matrix dominant

Kf/Km (or) CR 2 1/200

5 1/100

10 1/50

25 1/25

50 1/10

100 1/5

200 1/2

3 Solution

The finite element model is validated for longitudinal thermal conductivity using
rule of mixtures. Figure 2 shows the temperature contour for longitudinal heat flow
with CR = 2. Heat flow value from the FE solution is obtained as 12,362 W.

Rule of mixtures equation is given by

KL = Kf ∗ Vf + Km ∗ Vm + Kv ∗ Vv

where V f, Vm and V v are volume fractions of fiber, matrix and void, respectively.

KL-Theoretical = 2 ∗ 0.44 + 1 ∗ 0.36 + 0 ∗ 0.2 = 1.24W/mmK

KL-FEM = Reaction heat/(100 * 100) = 12,362/10,000 = 1.236 W/mm K. Fur-
ther, this model is used to determine transverse thermal conductivity by changing the
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Fig. 2 Temperature in
longitudinal flow

heat flow direction. Figure 3 shows the temperature contour for transverse heat flow
in the model with CR = 2. The transverse thermal conductivity is calculated using
the formula,

KT-FEM = Reaction heat/
(
5 ∗ 100

) = 513.63/500 = 1.02726W/mmK.

Fig. 3 Temperature in
transverse flow
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4 Results

Figures 4 and 5 represent the debond effect on the longitudinal thermal conductivity
of fiber-dominated case and matrix-dominated case, respectively. In both fiber- and
matrix-dominated cases, longitudinal thermal conductivity of the composite is not
affected by debond since there is no deviation of flow. Figures 6 and 7 represent the
randomness of composites for longitudinal thermal conductivity in fiber-dominated
case and matrix-dominated case, respectively. In case of random fiber, the property
obtained for any value of θ is normalized with property of regular fiber composite

Fig. 4 Variation of KL/Km
with TCC and CRR in
fiber-dominated case

Fig. 5 Variation of KL/Km
with TCC and CRR in
matrix-dominated case
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Fig. 6 Variation of
KL-normalized with θ and
CR in fiber dominated case

Fig. 7 Variation of
KL-normalized with θ and
CR in fiber dominated case

with same CR. Similar to the case of debond, in random fiber arrangement case also
the longitudinal thermal conductivity of the composite is not affected. In continuous
fiber-reinforced composites, the longitudinal conductivity is governed by rule of
mixtures and which is independent of the presence of randomness and debond

Figures 8 and 9 represent the debond effect on the transverse thermal conduc-
tivity of fiber-dominated cases and matrix-dominated cases, respectively. In fiber-
dominated cases, debond effect shows its significance in the range of 1e−3 to 1e+1
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Fig. 8 Variation of KT/Km
with TCC and CR in fiber
dominated cases

Fig. 9 Variation of KT/Km
with TCC and CR in matrix
dominated cases

and in matrix-dominated cases in the range of 1e−4 to 1 of TCC. In both the cases,
with the increase in CR there is an increase in KT/Km in partially or completely
bonded interfaces. Figures 10 and 11 represent the randomness effect of composites
on transverse thermal conductivity in fiber-dominated cases and matrix-dominated
cases, respectively. At extreme values of θ , though not practically exist, it is observed
that a maximum variation of 7.5 times on the higher side and 0.75 times on the
lower side in KT when compared with regular composite for CR = 200. In matrix-
dominated case, deviations from regular model are observed to be 1.4 on the higher
side and 0.5 on the lower side when CR = 1/200. If the randomness is considered as
a deviation of θ about 6.6% from regular model (i.e., ±3°), KT is increased by 30%
in fiber-dominated cases at CR= 200 and 20% in matrix-dominated for CR= 1/200.
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Fig. 10 Variation of
KT-normalized with θ and
CR in fiber-dominated case

Fig. 11 Variation of
KT-normalized with θ and
CR in matrix-dominated case

Increase in θ means increase in the b/a ratio as can be seen from Fig. 1 and decreases
overall conduction resistance for x-directional flow resulting in an increase in KT.
At the same time, resistance in y-directional flow increases, causing for reduction in
through thickness conductivity.



Effect of Debond and Randomness on Thermal Conductivities … 605

5 Conclusion

The effect of fiber–matrix interface debond and fiber randomness in the cross-
sectional plane on thermal conductivities of continuous hollow fiber composites
is studied by applying the finite element method using three-dimensional microme-
chanical models. No variation in the longitudinal thermal conductivity is observed
either due to debond or due to fiber randomness. Transverse thermal conductivity is
greatly affected by the interface debond, and this intensity is observed to be more at
higher CR values. Extreme values of CR, i.e., 200 in fiber-dominated case and 1/200
in matrix-dominated case can exhibit maximum variation due to randomness.
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Study of Mechanical Property
of Cenosphere and Clamshell as Filler
Material in Jute Epoxy Composite

Manoj Kumar, Hemalata Jena, B. Surekha and Sanjukta Sahoo

Abstract This study is involved with the comparative analysis of mechanical prop-
erties of jute epoxy composites with cenosphere filler and jute epoxy composites
with clamshell filler. The composites are prepared using hand-lay-up method with a
different weight percentage of fillers (0 wt%, 5wt% and 10wt%). 5 wt% cenosphere-
filled jute epoxy composites show improved and higher values for tensile strength,
flexural strength and inter-laminar shear strength than jute epoxy composite and
5 wt% clamshell-filled jute epoxy composites, respectively. Composite with 10 wt%
cenosphere filler shows the highest value for hardness. There is a decrease in impact
strengthwith increase in filler content for both the fillers in the jute epoxy composites.

Keywords Jute fibre · Epoxy resin · Cenosphere · Clamshell ·Mechanical
properties

1 Introduction

Natural fibre-reinforced composites have become an alternative to many of the syn-
thetic fibre-reinforced composites since few decades [1, 2]. Eco-friendly nature of
natural fibres, especially bio-degradability, makes them an exceptional replacement
for synthetic fibres. Out of several natural fibres available, jute is one of the most
commonly used fibres, but its hydrophilic nature, dimensional instability and variable
qualities limit its uses [3].Most of the limitations have been overcome by introducing
secondary reinforcement, i.e. particulate filler into natural fibre-reinforced polymer
composites which mainly improved the adhesion between the fibre and the matrix
material [4, 5].
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Micro- and nano-sized rigid spherical fillers have been already used to improve
surface quality and strength of polymer composites [6]. Ceramic ormetallic spherical
fillers have higher cost. Cenosphere is a hollow micro-spherical industrial waste
found in fly ash, which is easily available and also cost-effective [7]. Cenosphere
is generally composed of alumina-silicate. These days cenosphere is being used in
polymer matrix composites due to its lower density, homogeneity, good dispersion
and inertness. Addition of cenosphere reduces the requirement of matrix material,
enhances properties of composites and also reduces the cost of the composite in
addition to enhanced thermal insulation and higher specific strength [8].

Day-by-day addition of new filler materials in fibre-reinforced polymer matrix
composite is an emerging trend to get the best properties in the composites and
clamshell is one of them. Clamshell belonging to the class of Bivalvia is composed
of calcium carbonate (95%) and organic material (5%) [9]. Addition of this filler is a
cost-effective option to replace filler material like calcium carbonate in the polymer
matrix composite [10].

In the present study, a comparative analysis has been performed over the mechan-
ical properties of jute epoxy composite with cenosphere filler and jute epoxy
composite with clamshell filler.

2 Materials and Method

2.1 Materials

Jute Fibre Mat. Jute fibres have been locally procured in the form of a bidirectional
woven mat having yarn count 95 tex as shown in Fig. 1. The fibres are washed

Fig. 1 Jute fibre mat
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Fig. 2 SEM image of
cenosphere

thoroughly using water to remove unwanted particles. After washing the mat, it is
dried under sunlight for 3 days. The density of jute fibre is 1.5 gm/cc.
Matrix Material. An epoxy resin of L12 grade consisting of Diglycidyl Ether
of Bisphenol-A (DGEBA) is collected from HARIPA India Limited, Kolkata. Its
corresponding hardener is also procured from same.
Cenosphere. Ash cenosphere of particle size 60–90 µm procured from Micro
Minechem Pvt. Ltd., Delhi, has been used for the cenosphere-filled jute epoxy com-
posite. Its particle density ranges from 0.5 to 0.8 gm/cc and has a melting tempera-
ture of 1300–1500 °C. The main components of cenosphere are SiO2 (50–65 wt%),
Al2O3 (20–36 wt%) and Fe2O3 (2–10 wt%) [7]. Cenosphere has very fine assimila-
tion and dispersion in epoxy resin along with chemical inertness and stability. It is
also insoluble in water. The SEM image for cenosphere is shown in Fig. 2.
Clamshell. The clamshell (Fig. 3) has been collected from the Bay of Bengal sea
coast at Chandipur Sea Beach, Odisha. Firstly, the clamshell is cleaned up using a
brush to remove the dust particles and then washed thoroughly using water. After the
cleaning process, it is dried under sunlight for 3 days. Clamshell particles of sizes
60–90 µm are prepared by ball milling for the present investigation. It is in powder
form of white colour.

2.2 Composite Fabrication

The composites are prepared using jute fibre as reinforcement, epoxy as matrix
material and cenosphere and clamshell as filler material. A mixture of epoxy resin
and hardener is prepared in a ratio of 10:1 by weight. In the present work, traditional
hand-lay-up technique is used to prepare different compositeswith dimensions 250×
200× 6 mm3. Cenosphere and clamshell with different weight percentages (0 wt%,
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Fig. 3 Clamshell

Table 1 Composition of the composite materials

Composites Jute (wt%) Epoxy (wt%) Cenosphere (wt%) Clamshell (wt%)

JE 38 62 – –

JEC1 38 57 5 –

JEC2 38 52 10 –

JECS1 38 57 – 5

JECS2 38 52 – 10

5 wt% and 10 wt%) are used to produce the composites JE, JEC1, JEC2, JECS1 and
JECS2. The composition of these composites is shown in Table 1.

3 Mechanical Test

The tensile test is performedusing an Instron 3369Universal TestingMachine (UTM)
at a cross-head speed of 3 mm/min. Flat specimens of 250 × 25.4 mm2 are tested
according to ASTM 3039. Five specimens for each composition are used to get the
mean value of the tensile strength. The 3-point bending test is performed according
to ASTM 790 using the same UTM in order to measure flexural and inter-laminar
shear strength (ILSS) of specimens with dimensions 130 mm × 25.4 mm. For the
test, gauge length for the specimens is maintained at 100 mm and a cross-head speed
of 3 mm/min.

In the present work, the hardness value is measured using a Barcol hardness tester.
Minimum four indentations are made to obtain the average value of hardness value.
Reading for Barcol hardness number is taken directly from the display panel.
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Impact tests are performed according to ASTM D256 in an impact tester which
is a low-velocity impact test machine. Composite samples with dimensions 65 ×
12.7 × 3 mm3 with a ‘V ’ notch of 2 mm and angle 45° are prepared. Five samples
for each composite are taken for the analysis of impact strength.

4 Results and Discussion

Tests are performed under controlled laboratory conditions to study the various
mechanical characteristics of the different composites.

4.1 Tensile Strength

Figure 4 shows the results for the tensile strength of jute epoxy composites with
different wt% of fillers. From the graph, it can be observed that the addition of
cenosphere results in increase in tensile strength of the composite by 39.44% up
to 5 wt%, but beyond this, tensile strength is reduced. Similarly, there is also an
increase in tensile strength of the composite with addition of clamshell by 5.72% up
to 5 wt%. After that, there is a decrease in the tensile strength. The reason for the
increase in tensile strength for JEC1 and JECS1 may be because of good assimilation
and dispersion of cenosphere and clamshell fillers. Comparatively, it can be stated
that JEC1 and JEC2 show higher values for tensile strength than JECS1 and JECS2
by 31.89% and 32.12%, respectively. Due to the spherical nature of cenosphere, it
gives better dispersion in the matrix which improves the mechanical strength. The
agglomeration of filler due to the higher amount of filler may be responsible for
decrease in tensile strength for JEC2 and JECS2. Figure 5 shows the SEM image of
composite where it indicates the nature of failure as breakage of fibre and debonding
of fibre from the matrix during the tensile test.

Fig. 4 Variation of tensile
strength with filler content
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Fig. 5 SEM image of jute
epoxy composite with
cenosphere

4.2 Flexural and Inter-laminar Shear Strength

The values for flexural strength and ILSS for the different composites are shown in
Figs. 6 and 7, respectively. Flexural and ILSS for both cenosphere- and clamshell-
filled composites are increasing up to 5 wt% of filler, but after that, it decreases. The
flexural strength and the ILSS for the JEC1 increase by 87.62% and 211.92%, respec-
tively. For JECS1, the ILSS increases by 59.33%. The JEC1 shows higher values for
flexural strength and ILSS than JECS1 by 44.78% and 94.83%, respectively. Proper
bonding between jute and epoxy along with filler content leads to the improvement
in ILSS for JEC1 and JECS1.

Fig. 6 Variation of flexural
strength with filler content
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Fig. 7 Variation of ILSS
with filler content
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4.3 Hardness

Test results shown in Fig. 8 indicate that there is a continuous improvement in
hardness value for jute epoxy composite with cenosphere filler and the maximum
value is obtained for JEC2 which is 77.26% greater than JE. Similar trend is observed
in hardness for clamshell-filled jute epoxy composite. In comparison with JECS1 and
JECS2, JEC1 and JEC2 show higher values for hardness by 19.30% and 32.10%. The
increase in strength of composites may be because of the higher fracture strength
and rigidness of cenosphere, and for clamshell, it may be because of its hardness.

Fig. 8 Variation of hardness
with filler content
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Fig. 9 Variation of impact
strength with filler content
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4.4 Impact Strength

The test results for the impact tests for different composites are shown in Fig. 9. There
is a continuous decrement in the impact strength with increase in filler content for
both cenosphere- and clamshell-filled composites. The decrement of impact strength
for 10 wt% cenosphere is 58.97%, where it is 79.48% for the clamshell-filled jute
epoxy composites. The decrease in crystallinity and increase in amorphous content
in the composites with the increase in filler content leads to the decrease in impact
strength.

5 Conclusions

Based on the experimental investigations, the following observations are made:

• 5 wt% filler gives higher values for tensile strength, flexural strength and ILSS.
• The hardness value of the composite increases with the addition of fillers.
• The impact strength is observed to be decreased with increase in filler content.
• More improvement in mechanical property is observed with the addition of
cenosphere than clamshell filler.
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Fuzzy C-means Clustering-Based ANFIS
Regression Modeling of Hybrid
Laser-TIG Fabrication

Sanjib Jaypuria, Trupti Ranjan Mahapatra, Sushanta Tripathy,
Swaraj Nakhale and Santosh Kumar Gupta

Abstract Hybrid laser-TIG welding is performed on austenitic stainless steel under
mutual action of both laser and TIG heat source on weld pool. The process parame-
ters were considered as the TIG current, laser power, pulse frequency and duration
whereas the weld bead penetration was taken as the output of the system. Experimen-
tation was conducted based on central composite designmatrix. To test the suggested
model, five test cases experiments were also performed by creating some random
input combinations by keeping the range of each input variables intact. Multiple
regression was conducted to establish the correlation between process and output
parameters of hybrid laser-TIG welding. An adaptive neuro-fuzzy inference system
(ANFIS) architecture had also been developed based on fuzzy c-means clustering
(FCM) to conduct the regression analysis. The performance of both regression mod-
els was evaluated based on root-mean-square error and mean absolute percentage
error. FCM-ANFIS regression was found to be more accurate in conducting predic-
tion of response variable based on the value of both RMSE and MAPE in training
as well as test cases. FCM-ANFIS-based regression seemed to be an advanced ver-
sion of multiple statistical regression models in terms of an accurate control module
design and subsequently for automation of the process.

Keywords FCM · ANFIS · Regression · Hybrid laser-TIG welding

1 Introduction

The industrial use of austenitic stainless steel is very wide, and the austenitic steel
316LN is one of the primary structural materials in both fusion and fission nuclear
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industries [1]. Therefore, a suitable welding technology is the requirement of the
large and heavy nuclear structural components. Also, the demand for distortion-free,
minimization of residual stress and capital cost gave rise to hybrid welding, where
both processes complement each other and fulfill the industrial requirement. Here,
the laser welding with a high density of energy and scanning speed leads to higher
production rates, less distortion and residual stress as compared to that of traditional
welding process [2, 3]. Furthermore, hybrid welding utilizes the arc heat source,
which has a large gap bridgeability as wine cup shape bead profile (keyhole shape)
is generally obtained with the use of this type of hybrid welding. It also enhances the
bead penetration without any filler. However, laser-arc interaction with steel plate
gives rise to various thermos-physical processes in the weld pool that altogether
affect the final weld bead geometry [3]. Therefore, the bead penetration in this hybrid
welding is a function of process parameters, which is dynamic and needs an accurate
model to correlate input and output. The interdependency among input variables
and the involvement of multiple variables create difficulties for traditional statistical
approaches to model the input–output of a manufacturing process. Regression is
such a conventional approach, where input–output modeling of a given system can
be established with much ease. However, their inability to model complex nonlinear
process is quite disappointing. The error in prediction of response using a regression
model is becoming a problem for the automation module of the process [4].

Many attempts have already been made to improve the performance of the regres-
sion model by modifications and introducing various soft computing tools in a model
and subsequently comparing those results with experimental data [5, 6]. The fuzzy
regression model [7] and machine-learning techniques, namely neural network and
neuro-fuzzy model [8], are used in past for predicting bead geometry parameters,
residual stresses, etc. Xue et al. [9] employed fuzzy linear regression approach in
welding to predict the bead width. They also pointed out that fuzzy regression could
be applied to any model that deals with the high degree of fuzziness. However,
ANFIS model was found to be superior based on accuracy in prediction because of
their better local interpolation capabilities.

We note that many studies have been reported regarding linear and nonlinear
regression of various manufacturing processes that have become the basis of their
input–output modeling. The need for alternative tools like neural network and neuro-
fuzzy network for modeling of the process is also pointed out. Therefore, a fuzzy
c-means-based neuro-fuzzy modeling of hybrid welding is attempted in this work.
The developed approach is justified by their prediction accuracy of test data and
is measured through root-mean-square error and mean absolute percentage error in
prediction.
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Table 1 Input parameters of hybrid laser-TIG welding along their range [3]

Welding
parameters/level

Pulse peak
power (PP) (W)

Pulse frequency
(PF) (Hz)

Pulse duration
(PD) (ms)

TIG current
(CT) (A)

Level 1 2000 4 5 100

Level 1 2220 5 5.63 102.5

Level 1 2875 8 7.5 110

Level 1 3530 11 9.38 117.5

Level 1 3750 12 10 120

Table 2 Test cases along with responses with different approaches

Test cases PP PF PD CT Experimental
BP

Regression BP FCM-ANFIS
BP

1 3664 11.98 9.97 118 5.676 5.584 5.572

2 3682 11.75 9.98 119 5.662 5.614 5.616

3 3704 11.82 9.99 114 5.667 5.474 5.487

4 3729 11.98 9.98 104 5.657 5.552 5.554

5 3750 12 10 120 5.822 5.428 5.539

2 Experimentation and Data Collection

For the present experimentation, austenitic stainless steel 316LN plate (300 mm ×
125 mm × 5.6 mm) is considered. Bead-on-plate welding experiments were per-
formed based on the design matrix compiled with the central composite design.
Totally, 30 numbers of bead-on-plate (BOP) welds were prepared, and depth of pen-
etration of the weld was evaluated by an optical microscope. Welding speed was
taken as 20 cm/min, and defocusing distance was maintained at −2 mm. The gas
flow rate and torch angle were kept 10 lt/min and 450, respectively. The range for
input parameters was decided by conducting free tail runs, and five levels of these
input variables are presented in Table 1 [3]. Also, five test cases with their experi-
mental and predicted results are shown in Table 2. Regression results of the test cases
were also collected from the available literature [3].

3 Tools and Techniques

3.1 Fuzzy C-means Clustering

Clustering technique is one of the effectivemethods to recognize natural grouping if a
dataset. In general, there are two classes of clustering techniques, namely supervised
(has known reference) and unsupervised (devoid of the reference vectors that are
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pre-defined). Fuzzification is the technique to outdo the uncertainties in forming of
data groups. Data form a part one group, and the disjoint of traditional clustering
is the hard clustering. Initialization of the fuzzy system is assisted by unsupervised
clustering in the absence of reference in the triage data. Fuzzy subtractive and fuzzy
c-means are the clustering techniques used to determine the rules from the available
dataset. The number of rules is equal to the number of clusters.

Fuzzy c-means clustering algorithm [10] helps to generate the number of clusters.
The following equation helps in calculating the number of clusters in the model.

J =
I∑

i=1

J∑

j=1

umi j
∥∥X j − Vi

∥∥2
(1)

Details of I , J , Vi , X j , ui j and m (generally equal to 2) can be seen in [10].
The degree of membership ui j is defined as:

ui j =
[

I∑

k=1

∥∥∥∥
X j − Vi

X j − Vk

∥∥∥∥
2/m−1

]
(2)

The comparison between two generated values of membership is done by the
algorithm. Cluster generation by algorithm is stopped as soon as it finds insignificant
difference between these values.

3.2 Adaptive Neuro-Fuzzy Inference System (ANFIS)

It is a combination of both fuzzy logic and neural network, where both methods
complement each other to minimize the drawbacks of the individual approach. A
simplified ANFIS structure considered (Fig. 1) contains five layers, and each layer
represents a different function. To each node, the input data (x and y) are presented,
and output is calculated using Gaussian membership function μ(x) in the first layer
and is represented as below [11, 12].

O1i = μAi (x), i = 1, 2; O1i = μBi−2(y), i = 3, 4; μ(x) = e−((x−vi )/σi )
2

(3)

where x is the input to the node i . Ai and Bi represent membership values of μA

and μB , respectively. vi and σi are mean and standard deviation of provided dataset,
respectively. Each node’s output in the first layer is then fed to the second layer for
computing the firing strength of each rule (wi ) via multiplication as follows to attain
the output of the second layer.

O2i = w2i = μAi (x)xμBi−2(y) (4)
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Fig. 1 ANFIS schematic architecture

Then, the normalized firing strength (wi ) is computed for each node in the third
layer. The formula for calculation is given below.

O3i = wi = wi/

(
2∑

i=1

wi

)
, (5)

The output of each node in the fourth layer (adaptive layer) is calculated as the
product of its normalized firing strength (wi ) and output of the corresponding fired
rule ( f ). The output is shown below.

O4i = wi fi = wi (pi x + qi y + ri ) (6)

where pi , qi and ri are the coefficients of Sugeno FLC or resultant parameters of the
node. There is a single node in the fifth layer whose output is the overall output of
the model, and it is expressed as follows:

O5 =
∑

i

wi fi (7)

4 Results and Discussion

The proposed ANFIS-FCM model was used to develop the input–output model for
prediction of bead penetration in hybrid laser-TIG welding. Here, 30 datasets were
used as training pairs and another five data pairs as the testing dataset. ANFIS-FCM
model was developed using MATLAB environment.
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Table 3 Test cases along
with responses with different
approaches

Parameters Description

Input membership function Gaussian

Output membership function Linear

Number of nodes 157

Number of linear parameters 75

Number of nonlinear parameters 120

Total number of parameters 195

Number of training data pairs 30

Number of checking data pairs 5

Number of fuzzy rules 15

The membership function parameters of a single output were identified via a
hybrid-learning algorithm. Takagi-Sugeno type fuzzy inference system was consid-
ered for building ANFIS-FCM model. Gaussian and linear membership functions
were used for input and output, respectively. A step size 0.01 with the maximum
epoch of 500 was set to initialize the model. The RMS was used to assess the model
accuracy. The specification of the ANFIS-FCM model is presented in Table 3.

In addition to this, the hybrid-learning algorithm was used to optimize member-
ship function parameters. It was seen from the result that minimum mean absolute
percentage error (MAPE) and root-mean-square error (RMSE) achieved with the
FCM-ANFIS approach. The RSME value of test cases was found to be 0.207 and
0.050 for regression and FCM-ANFIS, respectively. It signifies the model accuracy
and scope for input–output modeling of any complex manufacturing process. The
experimental results along with predicted results are shown in Fig. 2. Themean abso-
lute percentage error was found to be 0.513 for FCM-based ANFIS approach and
3.248 for conventional regression approach. The percentage deviation of FCM-based

Fig. 2 Experimental versus
predicted result
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Fig. 3 Percentage deviation
in predicted results

approach was also found to be much smaller than that of regression. It could be evi-
dent from Fig. 3 that FCM-based results are closer to experimental results. The use
of FCM in ANFIS helps to achieve better accuracy because the generation of fewer
rules and help to reduce computational complexity. Hybrid-learning algorithm also
helped to refine the membership function parameters and to improve the prediction
capability.

5 Conclusion

Hybrid laser-TIG welding was conducted considering austenitic stainless steel as
work material and bead penetration as response of the system. Fuzzy c-means
clustering-based adaptive neuro-fuzzy inference system (FCM-ANFIS) model was
developed to perform the prediction of responses. The statistical performance of the
model was examined with RMSE and mean absolute percentage error (MAPE). The
better prediction capability of FCM-ANFIS was evident from the result of RMSE
(0.050) and MAPE (0.513) for the validation data. The prediction accuracy might
be because the fuzzy set can handle the uncertainty of parameter belongingness for
a particular response. It could also be concluded that the prediction accuracy of the
FCM-ANFIS is higher than that of conventional regression for a complex nonlinear
process.
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Transverse Vibration and Stability
of a Cracked Functionally Graded
Rotating Shaft System

Debabrata Gayen, Debabrata Chakraborty and Rajiv Tiwari

Abstract Transverse vibration and stability of functionally graded (FG) shafts con-
taining a transverse surface crack are studied consideringmaterial nonlinearity.Based
on Timoshenko beam theory (TBT), a finite element (FE) model is developed for
an FG shaft. Under thermal environment, material properties of radially graded FG
shafts are considered using power law of material gradation. Stainless steel (SS),
alumina (Al2O3) and zirconia (ZrO2) are used as constituent materials of FGM I
(SS/Al2O3) and FGM II (SS/ZrO2). Local flexibility coefficients (LFCs) are com-
puted as functions of temperature, size of crack and material gradient index based on
linear elastic fracture mechanics. Influences of FGM type, material gradient, temper-
ature gradient and crack size on dynamics of cracked FG rotors system are studied.
Results show that beside the crack and geometric parameters, the choice of gradient
index has importance on dynamics of the FG shaft for high-temperature applications.

Keywords FG cracked shaft · Power law gradient index · Temperature dependency
material property · Natural whirling frequency · Stability threshold speed

1 Introduction

Functionally gradedmaterials (FGMs) are identified as advanced compositematerials
for increasing applications ranging from engineering to industrial areas due to their
continuous and smooth gradation to achieve superior thermo-mechanical properties
over laminated composite materials. Reddy and Chin [1] presented the dynamics of
FG structures subjected to thermo-mechanical load. Using TBT, Gayen and Roy [2]
carried out the dynamic behavior of an FG shaft. Nelson andMcvaugh [3] studied the
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analysis of rotating shafts using TBT. Zorzi and Nelson [4] studied the samework [3]
with inclusions of both internal dampings. Chen and Ku [5] discussed the stability
of a cracked shaft subjected to axial periodic load. Sekhar and Dey [6] reported the
influences of depth and location of cracks, slenderness and internal damping on the
instability speed of a cracked homogeneous rotor. Yang and Chen [7] presented a
theoretical investigation on free vibration and elastic buckling for an edge cracked
FG beam. Gayen et al. [8] discussed the free vibration of a non-spinning cracked
shaft made of FGM. Gayen et al. [9, 10] analyzed the dynamics of cracked shaft
made of FGM and reported the importance of material gradient.

However, there are a large number ofworks stated for free vibration analysis of FG
cracked beam, and very few works are reported in the open literatures for transverse
vibration of cracked shaft made of FGM, under thermal environment. Hence, the
objective of this study is to examine the importance of FGM type, material gradient,
temperature, slenderness and size and location of crack on dynamics of a two-disk
cracked FG shaft system.

Thermo-Mechanical Material Properties
Temperature-relatedmaterial propertiesP (Young’smodulusE, thermal conductivity
K and Poisson’s ratio ν) for radially graded FG shaft are considered the same as work
of Touloukian [11]. In addition, for the FG shaft P is given in the work of Reddy and
Chin [1]

P(y, T ) = Pm(T ) + {Pc(T ) − Pm(T )}
{

(y − Rm)

(Rc − Rm)

}k

,

Rc ≤ y ≤ Rm, 0 ≤ k ≤ ∞ (1)

where y is radial direction, T is temperature andR is radius. Power law gradient index
is k. Following power law of material gradation, temperature distributions in the FG
shaft are obtained using d/dy[K (y)dT/dy] with thermal boundary conditions.

FE Formulation
The FE discretization of a cracked shafts made of FGM is shown in Fig. 1a, where L
is total length, Le is elementary length andD is diameter of the shaft and at a distance
of Lc from the left-end support, the depth of crack is considered α. Figure 1b shows
that P1, P2, P5 and P6 are the shear forces and P3, P4, P7 and P8 are the bending
moments, translation displacements are v and w and rotational displacements are
β and� and � is the rotating speed; Fig. 1c shows cracked geometry for fully open
crack.

The additional displacement uci due to crack is given

uci = ∂

∂Pi

αx∫
0

1

E(y, T )

⎡
⎣

(
4∑

i=1

KIi

)2

+
(

4∑
i=1

KIIi

)2
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Fig. 1 FG cracked rotor system: a FE discretization with coordinate. b Loads. c Geometry of
cracked cross section

+{1 + ν(y, T )}
(

4∑
i=1

KIIIi

)2
⎤
⎦dy (2)

where the details of KI, KII and KIII were reported in Refs. [9, 10].
Here, LFCs are computed using Castigliano’s theorem and Paris’s equations [12]

along with expressions of SIFs, and LFCs for fully open crack are expressed as (refer
Fig. 1c)

Cc
i j = ∂uci

∂P j
= ∂2

∂Pi ∂P j

b∫
−b

αx∫
0

1

E(y, T )

⎡
⎣

(
4∑

i=1

KIi

)2

+
(

4∑
i=1

KIIi

)2

+{1 + ν(y, T )}
(

4∑
i=1

KIIIi

)2
⎤
⎦dydz (3)
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Using Eq. (3), LFCs for fully open crack are computed and corresponding flexi-
bility matrix, and corresponding cracked stiffness matrix is given in details in Refs.
[9, 10].

For a fully open cracked shaft made of FGMs, the equations of motion are given

(
Ms

t + Ms
r

)
q̈s(t) − �Gs q̇s(t) + Ks qs(t) = fs(t) (4)

The elementary matrices of Eq. (4) reported in the works [3, 9, 10].
The resultant system equations of motion are given along with shaft’s internal

damping and are given

Mq̈(t) + (ηvK − �G + C)q̇(t)

+
[{(

1 + ηh

)
K/

√
1 + η2

h

}
+

(
�ηv + ηh/

√
1 + η2

h

)
Kc

]
q(t) = F(t) (5)

where ηv and ηh are viscous and hysteretic damping. Considering F(t) = 0, the
solution of Eq. (5) is λn(�) = ξn(�) ± iωn(�), logarithmic decrement is δn =
−2πξn/ωn .

2 Results and Discussions

Based on FE formulation and developed FE code, the dynamic responses are com-
puted for the FG shaft systems. Shaft’s length L = 1.25m, diameter D = 0.1m,
simply supported and flexible end bearings (Kb

vv = Kb
ww = 17.513MN/m, Kb

vw =
Kb

wv = 0, Cb
vv = Cb

ww = 1KNs/mandCb
vw = Cb

wv = 0) are considered, and twenty-
five (25) FEs are used to model the FG shaft as shown in Fig. 1a. In the present FE
model, a disk (located at a distance of 0.6 m from left-end support) is considered
with I sp is 0.002 kg-m

2 and I sd is 0.0135 kg-m
2, weight 1.406 kg, respectively. A FE

code is developed using MATLAB for validating the FE cracked FG formulation to
confirm the correctness of the FE formulation and its accuracy, and different analysis
for transverse vibration analysis of the cracked FG rotor system is studied.

Validation
The FE cracked formulation of FG component is validated. For this, a cracked beam
made of FGM with end conditions and for L/D = 10.0, E1 = 70GPa, ν = 0.33,
ρ1 = 2780 kg/m3, α/R = 0.4, and k = 2.0 similar to those used by Yang and Chen
[7]. Dimensionless natural frequencies are computed using the present FE code and
compared with Yang and Chen [7], and Table 1 shows a very good agreement, thus
validating the FE formulation of FG cracked.

Influences of k, α/R, �T and FGM Types on Natural Frequency
Figure 2a–b shows the importance of k, �T and crack size α/R of natural frequency
of a centrally located cracked FG shaft (L/D = 12.5) with simply supports at both
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Table 1 Variation of �n with end conditions for an FG cracked beam
E2
E1

Cantilever Simply supported Fixed-Fixed

Present Yang and Chen
[7]

Present Yang and Chen
[7]

Present Yang and Chen
[7]

0.2 0.9748 0.9811 0.9376 0.9535 0.9867 0.9871

1.0 0.9956 0.9951 0.9890 0.9912 0.9971 0.9966

5.0 0.9983 0.9986 0.9956 0.9992 0.9988 0.9990

ends, and the percentage reduction of natural frequency (%�n = (1 − ωc
n/ω

uc
n ) ×

100, superscripts c and uc denote crack and un-cracked, respectively) is presented.
Figure 2a shows that percentage reduction of �1V decreases with the decrease in
gradient index k as ceramic content increase and also the reduction decreases with
decrease in�T as thematerial becomes harder at lower temperature. Figure 2b shows
that % reduction of �1V increases with the decrease in α/R as stiffness degradation
is lower. It is also observed from Fig. 2a–b that reduction of �1V is more for FGM I
(SS/Al2O3) than the FGM II (SS/ZrO2).

Influences of k and �T on Stability Analysis
Figure 3 shows the importance of k and�T on reduction of stability threshold speed

and critical speed
(
%�th,cr =

(
1 − �

c
th,cr/�

uc
th,cr

)
× 100

)
of a FG (SS/Al2O3) rotor

disk-bearing system for ηv = 0.0002 s and ηh = 0.0. It shows that % reduction in
�th increases with the decrease in �T and k, but �cr increases with the increase in k
and�T . This is the facts that due to increase in metallic content with k and materials
become rises softer for higher values of �T .

Fig. 2 Percentage reduction of �1V for different FGM of a cracked shaft with a k and �T for
α/R = 0.8. b k and α/R for �T = 0K
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Fig. 3 Percentage reduction of �th and �cr for various k and �T for SS/Al2O3 shaft

3 Conclusions

The present work enables us to arrive at the following important conclusion

• A parametric study has been conducted for better understanding the importance of
gradient index, temperature, crack size and end conditions on dynamics of cracked
FG shafts.

• Both the gradient index and temperature have a huge influence to reduce natural
frequencies, whirling speeds and to increase stability speeds of the cracked shafts
made of FGMs. Hence, designing shafts made of FGMs for large temperature gra-
dients with high operating speeds in service, gradient index alongwith temperature
has important role.

• For reduction in natural frequency for using FGM I (SS/Al2O3) and FGM II
(SS/ZrO2), FGM I show a better choice in using higher operating speed than
FGM II.
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Influence of Treated Titania Nanoparticle
on Mechanical Properties of Dental
Nano-Composites: Manufacturing
Method and Experimental Results

Smita Rani Panda, B. C. Routara, Shanta Chakrabarty
and Aswini Kumar Kar

Abstract This paper presents the experimental results on influence of nanoparticle
size on the mechanical performance of dental nano-composites that comprised of
a common dental acrylic resin matrix and different sized treated Titania nanopar-
ticles. The experimental dental nano-composite as manufactured by incorporat-
ing treated Titania nanoparticles of size 100 nm as fillers into a common acrylic
resin matrix (UDMA). To improve the dispersion ability, the Titania nanoparti-
cles were treated before mixing via high-energy ball milling procedure. The nano-
composite properties such as wear rate, modulus of rupture and surface hardness
were measured and evaluated. The stability of nanoparticles in the solution was
enhanced by adding three (3, 12 and 48 wt%) concentration of silane (A 174), i.e.
3-methacryloxypropyltrimithoxysilane. Dental nano-composite with 3 wt% shown
better wear resistance, modulus of rupture and surface hardness as compared to other
samples.

Keywords Dental nano-composite · Titania nanoparticle · Acrylic resin matrix ·
Wear rate ·Modulus of rupture · Hardness

1 Introduction

In the recent years, nanotechnology has transmuted in all directions of medical appli-
cations covering the dentistry. Nanotechnology, being the molecular engineering, is
the manufacturing of ultra-practical materials and structures in the scale of 0.1–
100 nm by numerous physical or chemical procedures [1]. There is a significant
difference in material properties at nanoscale and at an individual atomic/molecular
and bulk level [2]. In recent times, although there are lots of developments in physi-
cal and chemical properties of materials, no material is found suitable for any dental
application [1]. For instance, mercury toxicity from amalgam restorations [3–7],
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amalgam colour for aesthetics [8–10] and imperfect properties of composite restora-
tive materials [11]. To overcome these problems, nano-materials have been advanced
in the forms of metals, polymers, ceramics and composites for the healthcare pur-
poses [12]. Because of its exclusive properties, nano-materials continue as a focal
topic among biomaterials researchers to achieve benefits in improved life. Nano-
materials developed by earlier researchers are being utilized essentially for a limited
range of health sector like sustained release formulations, gene delivery, optical sys-
tems and analysis techniques of biological markers in an individual’s genome and
proteome [2, 13, 14].

In recent years, nano-materials have taken a lead role in applications as dental
materials without much understanding on their manufacturing procedures, proper-
ties and usage. Therefore, a rigorous research is necessary on these aspects for the
appropriate employment of materials in dentistry. The production of smart materi-
als for dental applications in different routes such as achieving synthetic materials
matching morphology and properties similar to natural dental tissues, getting bioma-
terials resembling their properties very closely to the replacing tissues via biomimetic
methods and regeneration of lost tissues are completely dependent on involvement
of nanotechnology [15].The requirement of nanodentistry is to achieve the near-net
shape through the application of nano-materials [16]. Earlier researchers presented
several approaches used for variety of feasible applications in dentistry [17, 18] as
depicted in Fig. 1.

Open literature revealed that there has been impressive research on the appli-
cations of nano-materials particularly in modernistic dentistry such as restorative
[19], regenerative and tissue [20], periodontics [21], preventive [22], orthodontics
[23], prosthodontics [24], implantation [25] and endodontic [26]. In recent years, the
progress of research has attained its importance from theoretical analysis to clinical
practice. The objective of this investigation was to manufacture dental nano-filled

• Nanocomposites and nanoclusters
• Nano-light glass ionomer ce-

ments
• Nano-impression materials
• Nanoparticles coating in implants
• Nano-based bone replacement 

cements

• Local anaesthesia
• Hypersensitivity cure
• Tooth regeneration
• Orthodontics treatment nano-

robotics
• Nanodiagnostics
• Oral tissues biomimetic

TDA

BUA

Fig. 1 Advanced nanotechnology methods and their dental applications
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composites with different sizes, treated, nano-TiO2 particles in urethane dimethacry-
late (UDMA) and evaluate their mechanical properties for potential applications in
dentistry.

2 Materials and Methods

In this section, the raw materials, sample preparation, manufacturing technique and
testing methods of nano-filled dental composite are elaborated. The raw materials
used were nano-TiO2 particles of size 100 nm obtained by means of high-energy ball
milling, monomers of urethane dimethacrylate (UDMA) as matrix. Silane (A 174),
i.e. 3-methacryloxypropyltrimethoxysilane in three (3, 12 and 48 wt%) different
concentrations are used as additives to improve the stability of nanoparticles in the
solution. The experimental conditions and materials selected are listed in Table 1. To
compare the performance of the nano-composites at different combinations of matrix
and reinforcement materials, the mechanical properties such as wear rate, modulus
of rupture and surface hardness were measured and materials were characterized by
using SEM, TEM and EDX.

Titanium oxide nanoparticle found in form of hexagonal crystal of black colour
has density 4.23 g/cm3 and molar mass 79.9378 g/mol. It has very high melting point
temperature of 1843 °C and boiling temperature 2972 °C and thermal conductivity is
11.7 W/m.K. Pure titanium dioxide is derived from limonite or leucoxene ores. It is
also derived from rutile beach sand in its purest form. The thermo-physical properties
of the nanoparticles are listed in Table 2.

The process of high-energy ball milling (HEBM) for synthesis of nano-sized
particles from various powder materials uses a unique procedure of making alloys
and composites, which is not possible to be synthesized by traditional techniques.
HEBM is widely used in order to get the uniform particle size of the material in nano
scale. Figure 2a shows the image of high-energy ball milling machine (planetary

Table 1 Material design considerations

Sl. no. Materials Unit Levels

1 Matrix: Urethane dimethacrylate (UDMA) % 10

2 Reinforcement: TiO2 nanoparticles size nm 10, 25 and 100

3 Additive: Silane (A 174) wt% 3, 12 and 48

Table 2 Thermo-physical
properties of TiO2
nanoparticles

Physical properties Value

Mass density (kg/m3) 686.2

Specific heat (J/kg K) 4250

Thermal conductivity (W/m K) 8.9538
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Fig. 2 a Image of HEBM (planetary type) machine and b image of prepared TiO2 nanoparticles

type) with its components that consists of one turn disc and two or four bowls and a
number of grinding balls.

A couple of parameters included in HEBMwhich on transforming, we can deliver
an extensive variety of fine particle with different sizes and at the same time with
diverse physical properties.

These parameters are (a) type of mill, (b) milling atmosphere, (c) milling media,
(d) intensity of processing, (e) ball-to-powder weight ratio (BPR), (f) milling time
and (g)milling temperature. TiO2 nanoparticleswere prepared bymilling bulkmicro-
size powder of TiO2 for period of 10 h at 10:1 ball-to-powder ratio. Periodic intervals
were given to rest the machine and to cool down the bowls. The image of prepared
TiO2 nanoparticles contained in glass containers is depicted Fig. 2b.The characteri-
zation of the prepared nanoparticles was done by transmission electron microscopy
(TEM), scanning electron microscopy (SEM), model: JEOL 6480 LV) and energy
dispersive X-ray (EDX) detector of Oxford data reference system analysis. The illus-
trative SEM and TEM micrographs and EDX analysis in Fig. 3a–c show the typical
morphology of the TiO2 powders, respectively, where the particle size estimated from
the micrographs is 100 nm. Elemental mapping of Titania was performed by EDX on
the silicon layers. During measurements in TEM, a drop of suspended sample was
positioned on a carbon-coated grid. The ethanol was gradually evaporated at room
temperature, leaving the nano-TiO2 on the grid.

The sample preparation procedure is depicted in Fig. 4.
Once the nano-composite samples prepared were cured by using WEIBER batch

oven for solidification. This oven is essentially heated box with insulated doors and
microprocessor-based temperature control up to 850 °C that process products one at
a time or in a group. To assess the effectiveness of fabricated nano-composites under
dry sliding condition, wear tests were performed on a pin-on-plate type machine
(TR201LE) under ambient conditions. The test specimens having the size of 8 mm
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Fig. 3 a SEM micrograph. b TEM micrograph and c EDX analysis of TiO2 nanoparticles

Fig. 4 The schematic of sample preparation route
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diameter and 40 m length were slide against the low alloy steel disc (material: EN-
31-HRS 60 W 61 equivalent to 4340) of diameter 215 mm and hardness Rc 62. A
progression of tests is directed with three sliding speeds of 1, 2 and 3 m/s under three
diverse typical loadings of 10, 30 and 50 N and length of time of sliding time of
1000, 2000 and 3000 s. The material loss from the composite surface is measured
utilizing an electronic balance with precision ±0.1 mg. Coefficient of grinding and
wear are measured consistently with an electric sensor connected to the machine and
are recorded. Traditional three-point bending tests were performed to find out the
modulus of rupture by using a universal testing machine (model: TUF-C-1000KN).
The tests were performed at a fixed speed of 6 mm/s with an initial load of 5 KN
improved up to the specimen failure. To confirm thewear resistance capabilities of the
fabricated nano-composites, the surface hardness was measured by means of a micro
Vickers hardness tester (model: HVS-1000) with a measuring range: 5–3000 HV.

3 Results and Discussion

Due to the deliquescent nature and agglomeration prone, the stability of Tita-
nia nanoparticles has been a serious problem while applied in any purposes. The
large surface area Titania nanoparticles once agglomerated forms a size beyond
nanoscale. Because of the vigorous agglomeration tendency, in fabrication nano-
composites, these nanoparticles used as composite material reinforcements tend
to be non-uniform distribution and provide very low mechanical performance.
Therefore, the stability of Titania nanoparticles needs to be explored before mix-
ing in a non-aqueous solvent. Thus, the grafted coupling agent silane (A 174),
i.e. 3-methacryloxypropyltrimithoxysilane was used as additives for the treatment
of nanoparticles in three concentrations 3 wt%, 12 wt% and 48 wt%, respec-
tively, to improve the stability in the solution. Once the nano-composite samples
were produced, the mechanical properties (wear loss, modulus of rupture and sur-
face hardness) were measured via appropriate instruments as discussed in previ-
ous section. The mechanical properties of nano-composites with normal and treated
Titania nanoparticles were compared. The influence of nanoparticle treatment was
investigated from the plots generated out of experimental data as depicted in Fig. 5.

The influence of silane (A 174) treated to the matrix containing 100 nm Titania on
the wear behaviour of nano-composites is depicted in Fig. 5a. Each of the tests was
repeated for three times for the statistical calculations. Values from Fig. 5a confirmed
that the nano-composite with Titania nanoparticle treated at 3% silane (A 174) gave
lower wear loss compared to other nano-composites. The maximum and minimum
wear losses achieved with this nano-composite were 10.22 and 7.84%. The mean
wear loss was found higher in case of the nano-composite with nanoparticles treated
at 12% silane. Compared to the normal nano-composite, it was observed that the
addition of A 174 silane improved the wear resistance might be due to the superior
bonding. The moduli of rupture (MPa) of the normal and treated nano-composites
were measured in three repetitive tests. The mean, maximum and minimum values
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Fig. 5 a Wear loss (%), b modulus of rupture (MPa) and c surface hardness (VHN) of nano-
composite reinforced with normal and treated 100 nm TiO2 nanoparticles

were calculated and plotted as shown in Fig. 5b. As observed from Fig. 5b, the
modulus of rupture was significantly higher for the nano-composite samples with
treated TiO2 particles at 3% silane compared with other samples. In the other hand,
the modulus of rupture is improved due to grafting of TiO2 particles with silane,
might be because of strong bondage between the treated TiO2 particles and UDMA
matrix. The microhardness of nano-composite surfaces was measured and plotted
as depicted in Fig. 5c. From the figure, it can be predicted that the mean hardness
values of the treated TiO2 nano-composite with 3% of silane were slightly higher
as compared to other nano-composites. Compared to the normal nano-composites,
the hardness was improved significantly in case of nano-composites with treated
TiO2 nanoparticles. This improvement might be due to strong bonding and uniform
distribution of TiO2 nanoparticles in the UDMA matrix.

4 Conclusions

The experimental results on the evaluation ofmechanical properties for the fabricated
dental nano-composites indicated that addition of treated TiO2 nanoparticles in the
UDMA matrix improved the dispersion and resulted good mechanical properties as



640 S. R. Panda et al.

compared to those for addition of normalTiO2 nanoparticles. Someof the conclusions
are as follows:

• Nano-TiO2 particles up to size 100 nm was successfully synthesized via HEBM
route.

• Addition of silane (A 174) dramatically improved the bonding between the rein-
forcement (nano-TiO2 particles) and matrix (UDMA) reducing the clusters in the
dental nano-composite fabrication.

• Nano-composites with treated nano-TiO2 particles have shown reduced wear loss
and improved modulus of rupture and surface hardness as compared to those for
nano-composites with normal nano-TiO2 particles.
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Quality Management in Producing
Engineering Graduates by the Premier
Technical Institutions: A Case Analysis
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Abstract Governments in central and state levels issue orders to establish new IITs
and IIMs every year which generates opportunities to students across the country to
take admission and build their future. The statistical data revealed by IIT Kanpur,
India, the organiser of 2018 JEE (Advanced) indicated that there has been an increase
of total of 11,279 seats offered in the IITs in the year 2018 which is 291 seats more
from 2017. The Joint Admission Board (JAB) has proposed an additional 1000 seats
in IITs and a 14% supernumerary increase in admission for women, though several
IITs doubt existing campuses can accommodate more students. The situation gets
precarious when a student is unable to get through in the campus placement. Earlier,
it was taken for granted situation that if a student graduates from any IIT, there is
100% job security which has indeed changed in the present-day context. This paper
analyses the issues of technical institutions facing in producing quality engineers,
establishes a relation between the mushrooming of IITs and job security of the
student and the suggested reform policies to be undertaken by the technical institutes
in manufacturing quality engineers. It would propose to highlight on the risk factor
of admitting students by these premier institutions on its brand image.
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1 Introduction

It is a widely known fact that India is facedwith the problem of substandard engineer-
ing education. Many engineering institutions with the exception of IIT’s and NIT’s
fail to cater to the needs of the students’ education and training which would facili-
tate them in getting a good job. The situation is so grim that now parents are shying
away from getting their children admitted in premier state government engineering
colleges. This situation is due to the fact that every year there is mushrooming of low
standard technical institutions all over the country. As a result of which the students
passing from these institutions fail to get placement. This ultimately results in the
decline in the number of students taking admissions in these institutions even if they
create hype through advertisements. When there is no enrolment, the colleges are
forced to shut down. This will lead to a decrease in about 80,000 seats less in engi-
neering stream from this year which would account to nearly 3.1 lakh seats less in
four years. As per the reports of All India Council for Technical Education (AICTE),
the number of technical institutions who have applied for closure is about 200 which
are considered to be “substandard”. The trend of decline in the number of seats in
engineering colleges started in 2016. As per the reports of AICTE, it would amount
to 75,000 seats per year; whereas, the intake of students in 2016–17, total intake
capacity at undergraduate level was 15, 71, 220, of which total enrolment was very
less compared to the previous years. The stringent rules of AICTE force the colleges
voluntarily every year [1]. One of them is the lack of infrastructure. AICTE has cat-
egorically mentioned that those colleges who have lack of proper infrastructure and
account to 30% less admission than the previous years would likely to be shut down.
More than 410 technical colleges all over India were approved to be shut down by
the AICTE in 2014–15 to 2017–18. When the then government formed a committee
under the leadership of Prof. UR Rao in 2003 in order to access the performance of
the engineering colleges all over the country and an analysis of the future of engineer-
ing graduates, committee came up with a conclusion that there is a huge expansion
of the number of engineering colleges but fail to sustain in the long run because the
supply exceeded the demand of the engineering graduates. Now even after 15 years,
the committee report is unchallenged and completely justified.

The placement scenario is even worse. As per AICTE reports, out of the eight lakh
students who graduated last year, less than 50% of the students succeeded in getting
jobs through campus selection. As per the reports of national daily, Indian Express,
in their report, the Rao’s committee recommended a suspension of five years on
providing approval to the undergraduate technical institutions in those states where
the intake of the student is more than the national average standing at 150 seats
per million populations. Unfortunately, this recommendation given by the Rao’s
committee was not implemented. The year 2008–09 saw the rise of joining 30%more
students in engineering colleges compared to the previous which was ironically was
the highest rise compared to 2001. As per the data given by AICTE and last year
itself, approximately 700 new colleges got approval, and in the year 2016–17, there
was a vacancy of about 50% of the 15.5 lakh bachelors in engineering seats all over
India [2].
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Therefore, the crisis of Indian education is quite prominent, and numerable studies
have emphasised that employability situation is very low of the graduates in engi-
neering. At the same time, a recently conducted study analysed that the engineering
graduates of Russia andChina perform better than the engineering graduates of India.
Students who are from India make remarkable in subjects like mathematics and crit-
ical thinking skills while they are in their first two years while studying as compared
to those students who are from countries like China or Russia. On the other hand,
Chinese and Russian students excel in overall higher-order thinking skills accord-
ing to a research that was conducted jointly by Stanford University and the World
Bank to find the learning outcome assessment of undergraduate technical students,
which makes the scene clear that the ambition of the students is not to achieve suc-
cess in life which is probably another factor for creating a barrier in their academic
enhancement.

1.1 Issues Faced by the Technical Institutions to Produce
Quality Engineers

As per the latest trend, many IIT graduates have shown interest in pursuing man-
agement courses after the completion of their graduation even though the premier
institutions have succeeded in producing quality engineers, researchers and academi-
cians. Many reputed institutions have IIT aluminous heading the department or the
whole institutions. Yet, the students are keen to pursue further education. There are
many reasons which could be responsible for it. One of them is the lack of basic
science education and communication skills provision in these institutes which is
more important. Certain institutions have very much outdated syllabus, non-existent
laboratories and incompetent facultymembers becausemany institutions do not want
to spend more in the salary of the faculties of non-technical backgrounds. IITs need
to address these basic issues because faculties who join IITs are reputed researchers
and academicians since they have considerable amount of funds to set up laboratories
and generate facility in facilitating the best education to the students who join the
course.

1.2 Relationship Between Massive Rise in the Number
of IITs and Job Security

A shocking revelation was made by a New Delhi-based employment solutions com-
pany, “Aspiring Minds” in 2013 who conducted a study on employability-focused
skills taking huge sample of 150,000 students of 2013 passed engineering students. It
found that approximately 97% of graduating engineers inspire jobs that are related to
software engineering or core companies. And 3% of students possess requisite skills
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eligible to get employment in core companies and software firms, and 7% of the
graduate engineers could handle the jobs of the core companies. As per the reports
of the HRD ministry, there are about 6214 engineering and technology institutions
who enrol approximately 2.9million students every year, and theymanufacture about
1.5 million engineers who get ready to go to the job market each year. It is because
of the very poor situation of the Indian technical education which is responsible
and indicates that the students fail to possess the requisite skills that is required to
get placed. Bharwani states “The ability to apply the concepts learnt to constantly
develop innovative things and find solutions to complex problems are main factors
working behind the employability of an engineer”. He further adds, “The state of
the economy also plays a major role for employment generation. Industry insiders
say that in a strained economic condition, companies do not want to spend much on
training and would prefer candidates with some skill sets who can be made billable
soon” [3]. Location factor: As per the reports of the Aspiring Minds, cities which
are in Tier-1, like Mumbai, Delhi, Bangalore and Hyderabad, 18.26% of technical
graduates are suitably skilled; whereas, in cities which are Tier-2 cities such as Pune,
Nagpur and Surat, about 14.17% engineers are proficient.

(i) Problems in fluency in speaking English

It is considered to be one of the major concerns of the engineering students. Many
students come from vernacular medium which results in their inability to speak
English fluently. English being a global language is widely acceptable and used as a
means of communication during interviews which makes it difficult to get placed in
companies.

(ii) Syllabus not updated regularly

One glance at the syllabus of the engineering course content points out that it does
not thrust on those subjects that would be beneficial in getting a job in industry. The
course fails to cater to the needs of the industry as the gap between the needs of a
market and the syllabus. The primary reason for this issue is irregular update in the
syllabus. Sometimes, the new branches are added keeping an eye on the needs of the
industry but it fails because the faculties of the existing stream take classes and the
management does not bother to maintain the quality.

(iii) Lack of quality teachers

Unavailability of good researchers and academicians to teach the students is a major
concern for the engineering institution which might be due to the fact that the gradu-
ates or the post graduates aspire to go abroad and earn their bread and butter instead
of staying here in India. And some good toppers prefer to stay in software engineer-
ing companies instead of coming and taking classes because of less financial gains
in the teaching jobs.

(iv) Absence of innovativeness and research skills

Students much build the capability of critical thinking and making critical analysis
of their own. In one of the public address, the HRDminister Prakash Javadekar said,
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“Why do we lack innovation in India? Because, we don’t allow questioning. We
don’t promote inquisitiveness. If a child asks questions in school, he is asked to sit
down. This should not go on. We need to promote inquisitiveness, children should
ask questions” [1]. Therefore, the students should get ample opportunities to think
for himself/herself, innovate things on their own and must be ready with solutions to
any problem. This should starts from the school so that when a student gets admitted
in the engineering courses and start education, he/she is ready with all these skills
because the job market is only concerned with innovating new techniques of viewing
a problem that may arise and handling such crises and ultimately finding solution to
these problems.

(v) Faulty education system

Due to the semester system of education, the students get bored with the continuous
learning process due to which they do not concentrate on attending classes. They
are bothered with getting good marks by using all possible means to impress the
faculties and resorting to other means. So, when these students graduate, they hardly
know anything about the subject matter and fail to qualify in the competitive exams.

(vi) Lack of skill-based education

Skill-based education is very important for the engineering students because they
require undertaking rigorous training in order to enter into the companies for which
they are selected. These trainings are given for making them ready in handling crisis
in the company, problem solving, critical thinking, etc. Therefore, skill-based training
should start during their four years of engineering. Bharwani has emphasised, “One
of the major problems facing the fresh graduates is their insufficient understanding
of basic concepts. The lack of in-depth understanding of technical information, lack
of client-handling skills and insufficient knowledge across domains are the major
skill gaps in the area” [1]. It is a common tendency of a student to get the notes from
the teachers, do last minute study and write what they have memorised in the exam.
They succeed in getting good grades. But, they are completely incompetent when
they enter the job market because they lack practical knowledge.

(vii) The IT “employability”

The Aspiring Minds report again reveals that even though various IT sectors which
conduct maximum number of placement interviews by visiting campus of the IITs
and taking students for their companies through pool campus, a dismal 18.43%
engineers are competently qualified for the jobs, and on the other hand, a miserable
3.21% of graduates are competent for IT product roles. Due to the fact that it is
comparatively easier to get through IT sector, students who are from other branches
of engineering too sit for IT sector. This creates problem when non-IT students work
in IT firms as they are unaware of the system, and they have not studied it in their
core branch.
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(viii) Disregard of essential soft skills

As communication skills are important, in the sameway soft skills are equally impor-
tant for a student aspiring for placement. Bharwani says, “This is perhaps the trickiest
issue,” “The lack of ability of the individual to deliver his views effectively at the
interview leads to rejection of even the most brilliant candidate. This is because
training institutes do not make an effort to ensure that the candidates develop their
skills in a wholesomemanner which can contribute towards client-handling and team
communication skills”. The student should be equipped with emotional intelligence,
leadership skills and team spirit among other qualities that are needed to sustain in
a job [1].

(ix) Risk factor of admitting students by the premier institutions

In order to maintain quality, the IITs face challenges most of the time. The recent
expulsion of 73 students by the administration of IIT Roorkee for their underper-
formance is one the best example. Ironically, it is forced to lower the criteria for
admitting students from the weaker sections. The IITs also intend to admit students
having scores of meagre 31 out of total 504. It may also admit student with lesser
score even in order to fill up the vacant seats which was 8.8% in the year 2014. Subse-
quently, the quality in the IITs was bound to decrease the criteria for getting admitted
in the general category was decreased from 35% to 24.5%. It was further lowered
from 35 to 24.5% for the reserved categories. To add to this, even the cut-offs plus
the qualifying marks for the students coming under reserved categories are proposed
to be reduced so that a third category of students would be created, and they would
be sent for a preparatory course provided if they could get minimum 6.1%.

2 Gender Diversity in Technological Institutions

Gender diversity in engineering colleges has been gradually improving over the past
few years, due to various reasons. The greater educated mass, awareness of women
education and current scenario of job facilities providing equal opportunities to both
the sectors of society have immensely contributed to the improvement of gender ratio
of male and female in all the notable sectors. With an aim to improve the gender
ratio at the engineering colleges to at least 20% or one woman in every five students
by 2020, the Indian Institutes of Technology initiated to create at least 550 extra
seats exclusively for women in the batches starting in 2018 and 2019. Considerably,
an abysmally small number of women join Indian Institute of Technology which is
one woman in every ten admissions till 2017, irrespective of the fact that women
perform and secure better result than men at higher secondary level. Despite the
better performance, it is considered by many that competitively men progress farther
than women. To bring a cure to this problem, the Ministry of Human Resource
Development directed all the IITs to ensure that at least 14% of their seats went
to women in 2018 batch. To quote the words of Aditya Mittal, Chairman of Joint
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Entrance Examination (Advanced) at IIT Delhi: “Considering approximately 10%
of the students enrolled at IITs, last year were women, about 550 supernumerary
seats would be needed to bring up the woman percentage to 14% in 2018” [1].

Presenting a data of 2017 admission in IITs, nearly 11,000 studentswere admitted,
where the percentage of women at some of the institutes fill even below 10%. IIT
Kanpur had only 54 women among 826 it admitted in 2017, a percentage of 65%
while IIT Guwahati had only 6.3% women among 643 students. This resulted in
an initiation of seat allocation for the incoming batch of 2018 to 14% of admission
to women candidates [4]. Complying the decision, in 2018, IIT Kanpur, the centre
for JEE Advanced 2018 had proposed the introduction of 800 supernumerary seats
at various IITs for girls. This is in accordance with the gender diversity plan by
Ministry of Human Resource Development which said firstly, at least 8% more seats
will be added to IITs this year to accommodate more girls, and secondly, this will
enhance female representation in popular streams like computer science and electrical
engineering.

The government’s initiative of improving the percentage of girls at IIT is a great
step; this will develop the shortfall of ratio between girls and boys, thereby striking
a better gender balance. Eventually, these steps would not only improve the gender
ratio but also would bring considerable amount of empowerment in the womenfolk,
making them lead in almost all the fields. The praiseworthy move of government is
not bereft of its pitfalls. The statistics from Indian Institute of Technology’s entrance
test JEE (Advanced) shows only 38% of female candidates eligible for IITs actually
opted or accepted for a seat in IITs. The JEE (Advanced) data reveals that women opt
for limited choices during counselling and also target engineering institutes close to
their hometown/staying place due to safety issues. Female candidates made limited
choices, opting only for computer science or electrical engineering and targeted
institutions for study in their preferred geographical area, basing on where their
hometowns were.

Quality management in producing better engineers by the premier technical insti-
tutions is one of the major steps in brand boosting of these institutions, which the
IITs have been undoubtedly trying to achieve. The lesser number of women join-
ing the IITs, despite the reservation of seats has been a major concern of the IITs.
They have been trying to take every possible measure in this regard. Help desks and
web-based portals have been launched to attract more number of women in the elite
institutions. The web portals have been providing easy access to information on aca-
demics and life in the IITs. The informed choices and preferences about admissions
are conveyed to the parents through mails, phone calls and special pages on social
networking sites. Help desks provide information about the counselling process and
subject choices a candidate can opt for. Structural and customised mails are sent
to individuals securing position, by congratulating them and urging them to fill up
variety of choices. Even branch changing options were kept open till the end of
first year for the convenience of the study choices. Professor Timothy A Gonsalves,
director of IIT Mandi and chair of the subcommittee on improving the gender ratio
in IITs, remarked on the quality management in terms of gender ratio as: “To help
such students make an informed decision while filling in their choice of institutes
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during counselling, we have set up teams of volunteers, women faculty members,
students and alumni, who will reach out to these female candidates and their parents
on making IITs their first option. The candidates need to know that they should not
worry too much about the IIT branch they are assigned. It is better to take up another
IIT branch than to join another institute” [5].

3 Impact of Brain Drain in Quality Maintenance

The term Brain Drain has come into existence and limelight with the growing trend
of skilled and educated workforce, and people emigrate from one country to another
for better job prospects, career gains, research and opportunities of higher education.
The depletion of talent from the nativewhich nurtures their talentsmay need the talent
of the skilled mass for its prosperity and development. It is the migration of country’s
intellect which on the contrary would have served the motherland by contributing
to its progress if provided with equally considerable opportunities. Brain Drain or
“Human Capital Fight” as it is also termed leads to threats of the progression and
growth of countries, thereby making it lose its valuable human resource enriched
in technical knowledge and skills. This even leads to disparity in the social and
economic status of the countries as the rich nations provide better monetary gains
and job prospects, thus grow richer and more developed. On the other hand, the
poorer nations stay underdeveloped and backward.

India has seen considerable amount of increase in the emigration of skilled human
resource from the country. Better career options, lucrative remunerations security of
life and health are few noteworthy reasons for which India has been facing the flood
of Brain Drain. The issues with which India has been struggling are corrupt political
system, unemployment, unsystematicwork culture in private companies, unsafework
and social life, poor compensation and appreciation of work, etc., equally remain
major factors for India suffering loss of great talents. To further note, few more
reasons of the issue include lack of opportunity of scientific technological courses
and research prospects offered in the developed nations. India loses around 3% of its
skilled engineers, teachers, doctors and scientists to the developed nations like the
USA, out of which the most number of emigrating workforces consists of engineers,
either for job opportunities or better prospects of higher education. About 20% of the
brightest minds of premium engineering and technological institutes leave country
for job or for research purpose. Even it is conceded that, unlike the undergraduate
programmes at IITs, PhDs are considered less prestigious. This leads to the fact that
very few students from the premier institutes prefer to do PhDs at IITs while most
prefer to go abroad for better exposure and academic experience.

Government’s commitment in support of research and permission of freely con-
ducting experiments would curb the issue to a great extent. For attracting highly
skilled researchers and scientists to pursue their research and development interests
in Indian Institutions government, it has taken several initiatives such as Faculty
Recharge Programme, CV Raman Post-Doctoral Fellowship Scheme by University
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Grants Commission (UGC), Ramanujan Fellowship, JCBose Fellowship are to name
a few. One of the best and recent moves by the Government of India is to provide
students of premier institutions, better research prospects by further making them
not to choose foreign universities for the same purpose. The Government of India
approved the scheme “Prime Minister’s Research Fellowship (PMRF)” at a total
cost of Rs. 1650 crore for a period of seven years beginning 2018–19. Under the
Scheme, the best students who have completed (in last five years) or are in the final
year of B. Tech or Integrated M. Tech or M. Sc. In science and technology streams
from ISC/IITs/NITs/IISERs/IIITs, with 8 CGPA will be offered a fellowship with
a considerable amount of stipend. Government has also vowed to provide neces-
sary budgetary support to all institutions including IITs and IISc for up gradation of
research programmes [6]. The qualitative approach in improvement of the standard
policies of job placement in Indian companies rather than foreign companies with
the help of government initiatives of educational aspects and job opportunities would
definitely deter the students seeking for job or education in other countries.

4 Conclusion

It is no doubt a fact that candidates aspiring to become engineers by taking up a course
in engineering have an objective to get placed in companies, and it will not be wrong
to say that mushrooming of IITs does create an impact in determining the quality
of students. However, if these premier institutions take measures of improvisation
as mentioned in the paper, it would lead to placement opportunities which would
ultimately lead to quality maintenance.
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Network Repair Algorithms for Wireless
Sensors and Actuators Based on Graph
Theory

Ju Jinquan, Mohammed Abdulhakim Al-Absi and Hoon Jae Lee

Abstract In view of the shortcomings of traditional wireless sensor and actuator
networks, such as low speed and high consumption, this paper studies the repair
algorithm of wireless sensor and actuator networks based on graph theory. Firstly,
the concept of wireless sensor and actuator network is analyzed, then the cooper-
ative algorithm of wireless sensor and actuator network is elaborated, and a SA
cooperative algorithm with low energy consumption and low latency is proposed.
Finally, the algorithm of cut-point detection is summarized. The algorithm is mainly
based on simulation model NS2 and topological repair of cut point. The simulation
results show that the real-time performance and energy consumption of the proposed
algorithm are better than those of K-IDS algorithm and RCR algorithm.

Keywords Cut-point detection · WSAN · Wireless sensor · Actuator network ·
Repair algorithm · Cooperative algorithm

1 Introduction

Wireless sensor has been applied inmanyfields, including environmentalmonitoring,
health care, and other aspects of deployment, but in the application process, the
demand for the combination of actuator and sensor is increasing. In this context, the
network system needs to interact with the physical environment through the reactor in
order to collect the corresponding information. From the engineering point of view,
the actuator also belongs to the converter, which can accept the signal and transform
the corresponding signal. In the use of traditional sensor and actuator networks, some
mature research theories have been gradually formed. Some small, intelligent, and
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low-cost wireless sensing execution devices are gradually coming out. Under this
background, the application of sensor-actuator network has been extended.

WSAN belongs to the extension of WSN. The difference between WSAN and
WSAN is that WSAN can change the environment and physical world. At the
same time, wireless sensor and actuator networks can be applied in disaster relief,
intelligent construction, biology, chemistry, and other detection fields in the future.

Wireless sensor-actuator network can be self-organized and has the ability towork
intelligently and independently. Users can also connect to the network remotely and
send some basic instructions.

In WSAN applications, sensors belong to static state and actuators belong to
motion state. In some specific environments, sensor nodes can also move freely. For
example, in the problem of sensor location, sensor nodes can move to the location
of failed sensor nodes to ensure the continuous coverage of signals in the region.
Therefore, sensors and actuators can be integrated into robots to enable the robot to
perform perception, while also having mobile functions.

2 Collaboration Algorithms for Wireless Sensor
and Actuator Networks

2.1 Distributed Framework Algorithms

Distributed framework algorithm is proposed by relevant scholars. In this kind of
algorithm, event-driven problem model is taken as different level problem model,
and linear programming is adopted. Multi-state distributed algorithm is mainly used
to realize arbitrary switching of start-up, acceleration, idle, and aggregation states in
each sensor. After sending the corresponding data, the original node can calculate
the arrival time of the corresponding data on the packet actuator node. The data
transmission speed that has been achieved is expressed by r, and the corresponding
data is propagated by virtue of the periodicity of the actuator node. If the value of R
decreases, the transmission power of sensor nodeswill also be reduced, thus reducing
the energy consumption in transmission, so as to realize the effective utilization of
resources.

Because the reliable upper limit and lower limit cannot be calculated accurately
under this algorithm, it is impossible to summarize the relevant formulas when the
network changes, which is also the main reason why this kind of algorithm stays at
the design stage. This kind of algorithm can transform the AA-based collaboration
problem into a mixed non-linear integer programming model. In the area where an
accident occurs, the divine domain energy of the actuator node can be maximized
within the constraints of task time. Therefore, this kind of algorithm focuses on the
energy consumption of collaboration within the actuator node.
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Fig. 1 Clustering schematic

2.2 Real-Time Collaboration and Routing Framework
Algorithms

As shown in Fig. 1, it configures the corresponding sensor nodes in the dynamic
hierarchical structure, in which the energy is the clustering protocol. DEAR belongs
to energy-aware routing algorithm. It integrates forward tracking and backtracking
routing technologies and establishes a routing between nodes and routers in a specific
time.

Because of the existence of SINK nodes, in the semi-automatic architecture, it is
necessary to use centralizedDEARalgorithm to coordinate sensor nodes and actuator
nodes. In the absence of SINK nodes, SA collaboration needs to be achieved by
means of distributed D-DEAR. In multi-path selection, the most efficient way is to
be chosen, and data transmission is realized on this path tomeet the delay constraints.

2.3 Topology Maintenance Algorithms

Topology maintenance algorithm is mainly used to repair the network with the help
of the adjacent nodes of the time-sensitive nodes, which can effectively repair the
network and ensure the coherence of the network when the amount of information
exchange and the moving distance are the smallest. In the process of repairing the
algorithm, the nodes around the aging node need to be relocated, and the distance
between the node and the failure node needs to be kept r/2. In this kind of algorithm,
r belongs to the communication radius of nodes. If there is a problem of network
coherence after the adjacent nodes move, cascade mobility is needed to repair the
network. Topologymaintenance algorithmbelongs to the network of sensors. As long
as the failure nodes have problems, the neighboring nodes can repair the network.
At the same time, in the process of running, topology repair is the basic condition
without cooperative communication between nodes.
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Fig. 2 Topology schematic

A network repair algorithm between actuators does not need to consider the cut
points of the failed nodes, and its repair method is similar to that of the topology
maintenance algorithm. The main purpose is to locate the failure-proximity node in
the direction of the failure node and guide the distance between the two nodes to be
r/2. However, under such failures, various impacts caused by node movement are
repaired by sending information to find the best node (Fig. 2).

2.4 Improved Network SA Collaboration Algorithms

On the basis of the above research, this paper proposes a low energy consumption
and low delay cooperative algorithm, which is divided into four stages as follows.

Step 1. With the goal of network energy consumption optimization, the ideal
number of actuator nodes and the communication radius between sensor nodes are
determined according to the area of events, the number of sensor nodes, the energy
consumption of receiving and sending nodes, the frequency of events, and other
factors, taking into account the constraints of network connectivity and delay.

Step 2. Random and uniform deployment of sensor nodes and actuator nodes
in the network, using clustering method, dividing the network into several clusters,
clustering can effectively reduce the communication load, while avoiding too many
actuator nodes to participate in the same event, each cluster has only one actuator
node, because the energy and computing power of the actuator node is much higher
than that of the sensor node. So it is simpler and more real-time to select actuator
nodes as cluster heads and other sensor nodes as cluster members. Sensor nodes in
clusters detect physical quantities and send them only to cluster heads, which decide
how to execute and take corresponding actions.

Step 3. After clustering, it is necessary for the actuator node to receive the event
information as soon as possible and respond to the event in a timely manner. By
minimizing the distance between the sensor node farthest from the actuator node in
the cluster and the actuator node, the actuator node can receive the information from
all the cluster members as soon as possible and find the event as early as possible
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and then respond in time. Therefore, the actuator node needs to find the appropriate
location in its cluster and redeploy it.

Step 4. After the deployment of sensor nodes and actuator nodes, they begin
to communicate with each other. Sensor nodes choose the optimal path to trans-
mit data information to actuator nodes to ensure low energy consumption and high
real time. In this paper, a single-hop and multi-hop hybrid communication mode is
adopted. Within the communication radius of sensor nodes, sensor nodes communi-
cate directly with the actuator nodes. When the distance exceeds this distance, the
sensor nodes communicate with the actuator nodes according to the shortest path
algorithm (searching for the next hop relay node, using multi-hop mode to transmit
to the actuator nodes).

Network energy consumption is composed of actuator node energy consumption
and sensor node energy consumption. In this paper, the network structure is assumed
to be a hybrid of periodic acquisition and event-driven. Under this assumption, the
total energy consumption of an actuator node can be obtained as shown in formula:

Eactor = TcomErx

(
Nsensor ∗ l

Nactor

)
+ Eagger

(
Nsensor ∗ l

Nactor
, l

)

+ χ

(
Nsensor

Nactor

)
Etx (d, l) + TeventEaction(t)tevent (1)

Among them, the frequency of events is the number of rounds of periodic
data acquisition, which is the energy consumption of an actuator node. In this
paper, Karush-Kuhn-Tucker (KKT) condition [1] is used as the first-order necessary
condition to obtain the local optimal solution.

2.5 Clustering Algorithm

In wireless sensor networks, some clustering-based protocols have been proposed.
The multi-hop mode and data fusion method within a specific cluster can effectively
reduce the energy consumption of the network. For example, LEACH is a clustering-
based routing protocol applied toWSN. InLEACHalgorithm, in order to save energy,
sensor nodes are clustered automatically according to the received signal strength.
Clustermembers send data to cluster heads, and then the cluster heads are transmitted
to SINK nodes [2].

Because of the simultaneous existence of actuator nodes and sensor nodes, there
are some obvious differences between WSAN and traditional WSN: heterogeneity
of nodes, deployment of nodes, coordination of nodes, etc. Therefore, the protocol
proposed for WSN cannot be well used in WSAN application requirements and
characteristics.

This paper considers that the actuator node has sufficient energy, strong function,
and mission to accomplish tasks, so the actuator node is usually fixed as cluster head.
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A clustering algorithm based on Voronoi graph of actuator nodes is proposed. The
clustering algorithm is described in detail below.

The concept of Voronoi structure was discovered by Russian mathematician M.
G. Voronoi in 1908 and named after him. In essence, it is a universal structure in
which macroscopic and microscopic entities interact with each other by distance in
nature. The basic definition [3] is described below.

From the computational geometry obtained by Voronoi structure, V-graph is for
N discrete points in a plane. It divides the plane into several zones, each of which
includes a point. The area where the point is located is a set of nearest points to the
point.

Firstly, assuming that sensor nodes and actuator nodes have been deployed, sensor
nodes and actuator nodes are known their own locations (by equipping with GPS
receivers), the whole network is divided into several clusters based on the Voronoi
graph of actuator nodes, each cluster includes one actuator node and several sensor
nodes. Each cluster is considered to be a different subnet. The clustering stage is
as follows: As the cluster head of the subnet, the actuator node broadcasts its own
information (including location coordinates, node type, residual energy), the sensor
node receives all the letters sent by the actuator node, the sensor node automatically
joins the subnet of the nearest actuator node, and then the sensor node sends ACK
confirmation information to the actuator node.

In order to ensure the real-time performance of the network, sensor nodes need
to monitor events in time and send them to the actuator, which can perform tasks as
soon as possible. According to the analysis of real-time performance in Ref. [4], once
the sensor node monitors the event, it usually needs to send the information to the
nearest actuator node, which guarantees both real-time and low energy consumption.

3 Simulation Result and Analysis

It is assumed that the simulation experiment (NS2) is carried out in a square area
of 200 m * 200 m, in which 100 sensor nodes are deployed randomly and evenly.
Temperature and humidity sensors are used to collect physical signals, that is, soil
temperature and humidity, which are powered by batteries. Sensor nodes are static
and have definite locations. According to the analysis results of the ideal number of
actuator nodes, there are 9 actuator nodes and the actuator nodes are mobile.

In order to facilitate the analysis of nodes, the actuator nodes and sensor nodes
are labeled and displayed in the cluster. The triangle represents the actuator and the
black dot represents the sensor. As shown in Fig. 3.
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Fig. 3 Data transfer model based on Voronoi diagram

4 Conclusion

In this paper, a graph-based wireless sensor and actuator network (WSAN) repair
algorithm is proposed to overcome the shortcomings of traditional wireless sensor
and actuator networks, such as low speed and high consumption. Firstly, the concepts
of wireless sensor and actuator networks are analyzed, and then the cooperative
algorithms of wireless sensor and actuator networks are elaborated. At the same
time, a SA cooperative algorithm with low energy consumption and low latency is
proposed. Finally, the analysis of cut-point detection algorithm is summarized. The
algorithm is mainly based on the simulation model NS2 and the topological repair
of cut point.
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Cryptography Survey of DSS and DSA

Mohammed Abdulhakim Al-Absi , Azamjon Abdullaev,
Ahmed Abdulhakim Al-Absi, Mangal Sain and Hoon Jae Lee

Abstract Digital signatures are the basis for identifying who sends file identities in
modern society today. Digital signatures are a way to provide integrity and reliability
for digital data signatures. Signatures use a set of principles and parameters that allow
a computer to verify the identity and authentication of data. There are three algorithms
for digital signature generation in the DSS. The first one is the RSA, the second is
the ElGamal algorithm, and the third is the elliptic curve digital signature algorithm
(ECDSA). This paper discusses the cryptography including different types of digital
signatures based on the key type and some algorithms of digital signature, RSA,
ElGamal, and ECDSA.

Keywords Digital signature · Digital signature algorithm · DSA · ECDSA ·
RSA · DSS

1 Introduction

The signature is always created using the private key, where the user only knows the
private key. It also verifies that the signature uses a public key that matches the private
key. Each user has a public key and a special key pair. The public key is known to
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all and can be used to verify user signature. However, the private key is not shared,
and the private key is used to create the signature, which is only by the user [1].

They [2] proposed an effective framework for user authentication of wireless
sensor networks based on passwords and smart cards and the use of one-way hash
functions. This scenario provides mutual authentication and allows users to change
passwords when needed. The problem is that it does not provide a noticeable internal
attack because the password is sent to the base station in plain text. It also encounters
synchronization issues because it uses timestamps to avoid replay attacks.

Digital signatures are used to detect unauthorized data modifications. However,
the recipient of the third-party digital signature file proves that the document has been
signed by the signer. This is undeniable because the person signing the document
cannot refuse to sign it later. We can use digital signature algorithms in electronic
money transfer, email, data storage, electronic data exchange, software distribution,
and any application that actually needs to ensure data integrity and originality [3].

Digital signature algorithm (DSA): Set the Digital signature standard (DSS). The
standard includes creating domain parameters, creating private and public key pairs,
and verifying and generating digital signatures.
Digital signature algorithm (RSA): The public key is set in the USS Encryption
Standard (ANS). FIPS documentation 186-4 uses one or both of these criteria and
specifies other requirements.
Elliptic curve digital signature algorithm (ECDSA): Set in ANS X9.62.

The public key is applied during the signature verification process. However, you
do not need to keep secret keys to maintain integrity. Anyone can verify the correct
signature of the message using the public key [4, 5].

During the signature and construction validation process, themessage is converted
to a fixed-length analysis of the message by the specified hash function. Both digital
signature and original message are ready to use (Fig. 1).

Fig. 1 Digital signature
processes
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2 Applications of Digital Signatures

Electronic signatures can be provided by sites [6, 7] with source, identity, and status
of electronic sources and informed consent of the site.

Integrity: There is status where is a need for dependability where the message has
not been changed during transmission. Nonetheless, if the message has a digital
signature, the digital signature is discarded because the message is modified after the
signature.
Confidentiality: It protects information only and obtains information from authorized
users.
Authentication: To authenticate the origin of message, we can use digital signatures.
For instance, Alice will send Bob the encrypted message digest. In order to authen-
ticate Bob on signing, he must apply the same defragmentation function that Alice
carries to the message you sent him. Alice will also be used to decrypt the encrypted
message and compare the two. If the two are similar, he has successfully verified the
signature. If the two do not match, a transmission error occurs or someone tries to
impersonate Alice. However, a valid signature indicates that a property user sent a
message when the property’s digital signature is restricted to a specific user.
Non-repudiation: Here, the information that we may have received can be definitely
attributed to somebody, and there is no way that they can take it back. They definitely
said what is that we have in this message right here.

3 Comparison of RSA with ECDSA

ECDSA and RSA are suitable for data protection within the network. For secu-
rity, RSA and ECDSA equip the same security level with the short and large keys.
Using encryption technology, data transmission, verification, less power consump-
tion, faster signature generation, the minimal size key of ECDSA probably allows
for minimum estimation fit lightweight wireless systems and devices (Table 1).

Table 1 Comparison of RSA and ECDSA

Domain Key
generation

Execution
time

Verification
time

Signature
time

Complexity Security

ECDSA Light
weight
devices

Faster Fast Slow Slow Discrete
logarithm

High

RSA Super
computers
laptops,
PC

Fast Slow Fast Fast Integer
factorization

High
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Key generation: Key generation differences are faster than RSA due to different key
lengths [8]. RSA creates and generates utilizing two big prime numbers, so it takes
so much time than the minimum ECDSA keys which is generated.
Verification time: RSA verification time is so fast because it is simpler in terms of
cryptographic computations as only a lower of modular multiplications is needful.
Execution time: Considering the RSA keys which are significantly bigger than the
ECDSA keys, RSA takes longer time to generate the key compared to ECDSA.
Signature time: The time needed for ECDSA operations to generate signatures is so
mash slower because of the convergence among the key sizes. The time needed for
RSA operations to generate signatures so fast increases because of its big keys which
are not reasonable and keep delay packets from being transferred.

4 Comparison of RSA with ECC

The ECC has full exponential time where the RSA takes sub-exponential time. For
instance, the ECC for 160-bit key size takes 9.6 × 1011 MIP years [9] where the
RSA of 1024 bits for key size takes 3 × 1011 MIP years. With the smaller key size,
the ECC offers same security level. The size of data in the RSA is smaller than the
ECC, and the power computational is smaller for ECC compared to the RSA.

5 Different Types of Digital Signatures

Digital signature with attachment: A key message is required as confirmation input,
for instance, DSS, ElGamal, and DSA.

Message recovery with digital signatures: It verifies that the predefined key mes-
sage is not required, as the underlying message can be retrieved by the signature
itself, for instance, Rabin, RSA, and Rueppel.

RSA-based digital signature: It includes digital signature with extension and
digital signature with retrieving messages.

Blind signature technique [10]: It keeps anonymous senders anonymous to prevent
monitoring of consumption patterns.

6 Simple Digital Signature Algorithm

The public key is used to verify the signature. You do not need to keep the public
key secret, but you should keep it. Anyone can correctly verify the signed message
using the public key.
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Fig. 2 Simple digital
signature algorithm

Sender action: Create amessage summary (MD). Themessage summary is “Sum-
mary of messages to be sent” created by a hash group approved by two users. The
integrity algorithm ensures message integrity by creating completely different hash-
ing values when one part of the message is changed. The encrypted message digest
is generated when the message digest is encrypted using the sender’s private key,
which is called the digital signature (DS). The DS is compiled with the message and
sent to the recipient (Fig. 2).

Recipient signature verification process: The recipient decrypts the digital signa-
ture using the public key of the sender to obtain the message digest generated by the
sender. The receiver uses the same segmentation algorithm for theMD account of the
received message. The MD value obtained is compared with the sender’s MD value.
If they match, the message remains the same and authenticity is guaranteed. At this
point, decrypting the message using the public key of the sender results in an invalid
message aggregation and changing themessage so that it cannot be trusted. However,
it is clear that the integrity of the message is maintained, but personal information is
not retained because the message is sent explicitly.

This can be applied in situations where confidentiality is not an issue. Messages
must be encrypted to ensure the confidentiality of communications. By default, the
digital signature scheme typically consists of three algorithms: key generation algo-
rithms, signatures, and signature verification. Techniques vary, and this system is
classified according to mathematical problems. Public key systems are typically
based on integers (RSA), separate algebraic numbers (such as DSA), and elliptic
curve algorithms (ECDSA) and fall into three main categories. The safety score of
all skills depends on the severity of the sport problem.

6.1 Digital Signature Algorithm (RSA)

RSA is a public key cryptosystem developed by inventors Ronald Reveset, Adi
Shamir, and Leonard Adelman in 1977 [6]. He has done extensive blade analysis for
many years. It is used for e-commerce and many other secure online connections.
RSA uses one-way function for additional complex properties [11]. RSA is a block
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encoding in which plain text and encoded text are integers between 0 and e − 1 of
the integer e. RSA provides security features to address a large number of security
problems [12].

Working of RSA: Choose two large random numbers r and q about the same
length. Compute their product e = rq. Euler’s totient function φ(e) is computed, i.e.,
φ(e) = (r − 1) (q − 1). Next, we select the keys a and b such that a.b ≡ 1 (mod
φ(e)). One key says that the public key is a, and the other keys are kept private b. At
this point, we no longer need r, q, and φ(e). We can ignore these values. If there is
an H message, the encryption of H is C = Ha mod e, and C is the encrypted text. C
decryption is done by H ′ = Cb mod e.

With considering H ′ = Mab mod e = Hkφ(e) + 1 mod e (where a.b ≡ 1 (mod
φ(e))) ⇒ H ′ = H. Hkφ(e) mod e = H mod e (this can be demonstrated that xφ(e) ≡
1 (mod e)).

Therefore, we can see H = H. Thus, RSA is used to perform encryption and
decryption.

Elliptic curve digital signature algorithm (ECDSA)
ECDSA was originally proposed by Scott Vanstone in 1992 [13].
Elliptic curve digital signature algorithm (ECDSA) key generation [14, 15].
User A has these steps where r is a large prime:
Select a random integer d ∈[1, e − 1].
Compute Q = d × R.
The private and public keys of the users A are Q and d, respectively.
The other users can check if the public key is valid by;
Check it out Q �= 0.
Check it out xQ and yQ are properly represented elements of Fq.
Check it out Q is on the elliptic curve defined by a and b.
Check it out eQ = Q.
If any of these checks fail, the public key Q is invalid; otherwise, Q is valid. The
following procedure describes how to generate the signature.
ECDSA signature generation
Select a pseudorandom integer k ∈ [1, e − 1].
Check it out k × R = (x1, y1) and r = x1 mod e.
If x1 ∈, GF(2 k), it is assumed that x1 is represented as a binary number.
If r = 0, then go to Step 1. Compute k − 1 mod e.
Compute s = k − 1(H(h) + d · r) mod e.
Here, H is the secure hash algorithm SHA-1.
If s = 0, then go to Step 1.
The signature for the message h is the pair of integers (r, s).
ECDSA signature verification
Verify that r and s are integers in the interval [1, e − 1].
Compute c = s − 1 mod e and H(h).
Compute u1 = H(h) • c mod e and u2 = r • c mod e.
Compute u1 × R + u2 × Q = (x0, y0) and v = x0 mod e
Accept the signature if v = r.
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ElGamal digital signature
ElGamal key generation
The prime r, a generator g of field Z∗

r , A’s private key dA is a random integer from
the interval [1; r − 1] and her public key is yA = gdA .mod r .
ElGamal signature generation
Select a random integer k from interval [1; r − 1], satisfying gcd(k; r − 1) = 1
[16, 17].
Compute k – 1 mod (r − 1); Compute r = gk mod r;
Compute s = k − 1{h (h) − dAr} mod (r − 1). h is the hash function: {0; 1} → Zr .
(r; s) is A’s signature of message h.
ElGamal signature verification
Verify that 1 ≤ r ≤ r − 1;
Compute v1 = yrAgkmod r ;
Compute h (h) and v2 = gh(h);
Accept if and only if v1 = v2.
Schnorr digital signature; Schnorr key generation
Primes q, r, satisfying q | (r − 1), the generator α of the unique cyclic subgroup of
Z∗
r (satisfying ∃ u Z∗

r , α = u(r − 1)/q mod r, but α �= 1). A’s private key dA is a
random integer from the interval [1; q − 1], and her public key is yA = αdAmod r .
Schnorr signature generation
Select a random integer k from interval [1; q − 1];
Compute r = αkmod r , e = h(h | r) and s = dAe + k mod q. h is the hash function
{0; 1} → Zq. (s; e) is A’s signature of message h.
Schnorr signature verification
Compute v = αs y−e

A mod r and e′ = h(h | v);
Accept if and only if e = e′;

7 Comparison of Security Levels

The elliptic curve with the modulus a prime r is a solution (x, y) to an equation of
the form:

y2 = x3 + ax + b (mod r)
For two numbers a and b.
If (x, y) satisfies the above equation,
Then R = (x, y) is a point on the elliptic curve.

In fact, an elliptic curve can also be defined over the finite field consisting of 2 h
elements. Such a representation offers extra efficiency in the operation of the ECC.

Using some particularly deep mathematics, it is possible to define the “addition”
of two points on the elliptic curve.

Suppose R and Q are both points on the curve, then R+Qwill always be deferent
point on the curve. The elliptic curve discrete logarithm problem can be stated as
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Fig. 3 Security levels of
ECC and RSA & DSA
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follows. Fix a prime p and an elliptic curve. xR represents the point R added to itself
x times. Suppose Q is a multiple of R, so that Q = xR for some x. Then the elliptic
curve discrete logarithm problem is to determine x given R and Q.

Figure 3 checks the required time to break RSA or DSA of various measured
sizes using the most famous general-purpose algorithm and the time required to
interrupt ECC. This value is calculated inMIPS years.MIPS year represents a system
computing time of one year and can process 1 million instructions per second. As a
benchmark, it is widely believed that the 1012 MIPS solution at this time provides
reasonable security because it requires a lot of computing power on the planet.

However, in order to obtain reasonable security in Fig. 3, we can see that DSA
and RSA must use 1024-bit modules and 160-bit modules should be sufficient for
elliptic curve cryptography (ECC). ECC and security niche require smaller modules
than RSA or DSA and grow on systems with increased key sizes. For example, a
300-bit ECC is more secure than a 2000 DSA or RSA [7, 18].

8 Conclusion

Digital signatures are the foundation of today’smodernworld and are used to identify
the sender of the document. In this paper, we explore the concept of encryption by
including several types of digital signatures based on key types. First RSA algorithm,
the second algorithm is the Elgatic algorithm, and fatigue is the elliptic curve digital
signature algorithm (ECDSA). Electronic digital signature (EDS) eliminates most of
the issues inherent in signing paper documents, but future work takes into account
the identity of the sender of the document and the authenticity of the document.
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