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Preface

This book presents the papers submitted to the Online National Conference
on Research and Developments in Material Processing, Modelling and
Characterization 2020 (RDMPMC-2020) held on August 26 and 27, 2020, orga-
nized by the Department of Metallurgical and Materials Science in association with
Department of Production and Industrial Engineering, National Institute of
Technology, Jamshedpur, Jharkhand, India. The book can be broadly segregated as
Materials, Modelling and Simulation, Characterization, and Material Processing.
Out of 206 papers accepted for presentation in the conference, 44 papers were
accepted as chapters for this book. Featuring the various papers accepted from the
conference, this book will be brief of interest to experts in various fields whose
work involves in different domains of materials, metallurgical, mechanical, and
manufacturing engineering. The book highlights some of the emerging technologies
and the current capability gaps of the materials and its fabrication techniques.
Innovative new technology may lead breakthroughs in materials design and fab-
rication which may lead to the improvement in energy productivity of manufac-
turing. Thus, innovative revolution in materials with defined interrelations between
its properties and microstructure may result in promising technologies with
energy-efficient processes, enhanced quality, and high economic benefits.

Guwahati, India Swarup Bag
Indore, India Christ Prakash Paul
Jamshedpur, India Mayuri Baruah
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Development of High Strength Low
Carbon Lean Micro-alloyed Steel
with Optimized Toughness

Md. Serfraj Alam, Ratnesh Gupta, Ghanshyam Das, Vinod Kumar,
and Bimal Kumar Jha

1 Introduction

Flat rolled micro-alloyed steel plates have wide range of applications requiring high
strength, toughness and weldability. Normally, micro-alloying additions of Nb, V
and Ti are made singly or in combination to achieve the specified mechanical
properties. Cr and Mo are added to improve hardenability of steel and thereby
support formation of bainite microstructure. Traditionally, hot rolled high strength
plates (YS � 500 MPa) relied on fine grained ferrite–pearlite microstructure
through use of micro-alloying and TMCP rolling. Increasing strength levels more
than 550 MPa with adequate toughness (CIE: >120 J at 0 °C, %EL: 20 minimum)
required a shift towards a ferrite/acicular ferrite microstructure through a logical
alloy composition and optimizing the reduction per pass and cooling rate [1–6].

Some researchers have focused primarily on the strengthening by grain refine-
ment using the thermo-mechanical control process (TMCP). This could not be
supported for getting yield strength >500 MPa. One researcher found that
thermo-mechanical processing with online accelerated cooling (TMCP) exhibited
an admirable combination of strength and toughness, i.e. yield strength of 555 MPa
and tensile strength of 652 MPa but provided high yield ratio of 0.85, representing
poor formability. This combination of properties was achieved by acicular ferrite,
lesser bainite, fine precipitates and some amount of martensite–austenite (M–A)
constituents [7].
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In this present work, two micro-alloyed steel grades with low carbon, one having
Nb–V–Mo–Ti combination and other having Nb–Ti only, were commercially
produced in a modern high power plate mill. Nb–Ti steel plates were processed
with high reduction per pass (up to 34%) and high cooling rate of 16 °C/s.
The TMCP so employed resulted in final microstructure consisting of predomi-
nantly acicular ferrite with bainite and very fine precipitates of Nb, Ti carbides. This
microstructure leads to an attractive property in terms of YS: 584–592 MPa, UTS:
763–803 MPa, %EL: 29–31, YS/UTS: 0.72–0.77 and CIE: 210–222 J. Acicular
ferrite microstructures within the steel have a greater potential to enhance strength,
toughness, H2S resistance and fatigue behaviour compared to ferrite–pearlite
microstructure by grain refinement, increased dislocation density and simply con-
trolled precipitates [8, 9].

The paper discusses the influence of TMCP parameters on the final
microstructures and thereby the properties of two micro-alloyed steel grades pro-
cessed in a high power plate mill.

2 Experimental Procedure

The development of high strength low carbon micro-alloyed steel was carried out
by producing Nb–V–Mo–Ti added steel. The steel was made through basic oxygen
furnace (BOF) followed by Ladle furnace (LF) and RH treatment. The steel
compositions are shown in Table 1. Steel was cast into slabs of 250 � 1500 mm
size. After soaking inside the reheating furnace, slabs were discharged, and further,
steel rolling was done as per designed process parameters in plate of thickness
15.5 mm.

Salient features of processing consisted of (a) alloy design with Nb, V, Mo and
Ti content, (b) reheating temperature, (c) reduction per pass, (d) finishing temper-
ature, (e) temperature after accelerated cooling (ACC), and (f) cooling rate. Control
parameters of the trials were (a) soaking zone temperature: 1200 °C, (b) reduction
per pass: up to 18%, (c) finishing temperature: 800 °C, (d) temperature after ACC:
585 °C and (e) cooling rate: 7 °C/s for plates of thickness 15.5 mm.

Further, lean micro-alloyed steel with Nb and Ti was designed to reduce the cost
of production. The steel was made through basic oxygen furnace (BOF) followed
by LF and RH treatment. The chemical compositions of the steel are shown in
Table 2. Steel was cast into slabs of 250 � 1500 mm size. After soaking in
reheating furnace, slabs were discharged, and rolling was done as per designed
process parameters in plate of thickness 17.5 mm.

Table 1 Steel chemistry of Nb, V, Ti and Mo micro-alloyed steel (wt%)

C Mn P S Si Mo Nb V Ti Al

0.05 1.45 0.012 0.004 0.326 0.2 0.05 0.047 0.015 0.020

4 Md. Serfraj Alam et al.



Modified processing parameters include (a) alloy design with Nb and Ti content,
(b) reheating temperature, (c) reduction per pass, (d) finishing temperature,
(e) temperature after ACC and (f) cooling rate. Control parameters of the Nb–Ti
micro-alloyed steel were (a) soaking zone temperature: 1220 °C, (b) reduction per
pass: up to 34%, (c) finishing temperature: 805 °C, (d) temperature after ACC:
540 °C and (f) cooling rate: 16 °C/s for plates of thickness 17.5 mm.

Critical temperatures related to Nb–V–Ti–Mo and Nb–Ti had been calculated
based on empirical formulas and are shown in Table 3.

The property diagram of Nb–Ti micro-alloyed steel is drawn through
ThermoCalc software (TCFE7) to find out the Ar3 and Ar1 temperature and is
shown in Fig. 1.

The critical temperatures based on empirical formulas and ThermoCalc software
were supportive to design the rolling processing parameters (slab heating to final
plate finishing temperature).

3 Results and Discussion

The test results of tensile and Charpy toughness values related to first experimental
steel of Nb–V–Mo–Ti micro-alloyed are shown in Table 4. It may be noted that in
plates of thickness 15.5 mm, yield strength varied between 487 and 490 MPa, and
tensile strength varied between 566 and 576 MPa. %EL and YS/UTS values were
in the range of 32–34 and 0.84–0.86, respectively. Rolled plates exhibited excellent
Charpy impact toughness values in the range of 328–344 J at 0 °C.

While in case of lean Nb–Ti micro-alloyed steel, the mechanical properties
achieved were very attractive. It is worth mentioning that yield strength varied
between 584 and 592 MPa, while tensile strength varied between 763 and 803 MPa
with % EL and YS/UTS values in the range of 29–31 and 0.72–0.77. Rolled plates
exhibited good Charpy impact toughness values 210–222 J at 0 °C [9]. Table 5
summarizes the mechanical properties achieved in the experimental Nb–Ti
micro-alloyed steel. Samples were prepared in transverse direction for tensile and
Charpy properties evaluation and tested as per ASTM E8 and ASTM E23.

Table 2 Steel chemistry of Nb and Ti micro-alloyed steel (wt%)

C Mn P S Si Nb Ti Al

0.08 1.57 0.02 0.007 0.27 0.05 0.021 0.040

Table 3 Critical temperature

(Nb–V–Mo–Ti) (Nb–Ti)

Nb dissolution temperature (°C) 1167 1208

Tnr (°C) 977 973
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Fig. 1 Property diagram of Nb–Ti micro-alloyed steel

Table 4 Mechanical properties of Nb–V–Mo–Ti micro-alloyed steel

YS, MPa UTS, MPa %EL CIE, J YS/UTS

487–490 566–576 32–34 328–344 0.84–0.86

Table 5 Mechanical properties of Nb–Ti micro-alloyed steel

YS, MPa UTS, MPa %EL CIE, J YS/UTS

584–592 763–803 29–31 210–222 0.72–0.77
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3.1 Microstructural Evolution

The samples were observed using optical, SEM and TEM, and silent microstruc-
tural features are outlined below.

The typical microstructures of Nb–V–Mo–Ti and Nb–Ti micro-alloyed steels of
thickness 15.5 mm and 17.5 mm are shown in Figs. 2 and 3, respectively.
Microstructure of Nb–V–Mo–Ti micro-alloyed steel is polygonal ferrite–bainite
type with average ferrite grain size of around 8 µm.

In the case of Nb–Ti micro-alloyed steel, the microstructure is fine acicular
ferrite and bainite type. The microstructure is obtained due to the modifications in
process parameters viz. furnace heating temperature, reduction schedule, finishing
temperature, temperature after ACC and cooling rate [9–12].

Figures 4 and 5 show the scanning electron micrographs of Nb–V–Mo–Ti and
Nb–Ti micro-alloyed steel, respectively. It may be noted that Nb–V–Mo–Ti steel
shows predominantly polygonal ferrite structure with less percentage of bainite.
This in fact led to lower yield strength values of 487–490 MPa. As far as Nb–Ti
micro-alloyed steel is concerned, it is worth mentioning that in this steel no pearlite
and hard phase like cementite could be observed, it mainly consisted of fine acicular
ferrite and bainite phase. This microstructure has given rise to high strength (YS:
584–592 MPa) and high toughness values (210–222 J). Acicular ferrite–bainite
microstructure leading to improved combination of strength and ductility has been
reported by other researchers also [9–11].

Figure 6 shows a transmission electron micrograph and an EDS spectrum of
carbides in Nb–Ti micro-alloyed steel. The precipitate size of less than 80 nm was
found. Titanium and niobium were detected within the fine carbides. High dislo-
cation density is associated with ferrite lath. Nb–Ti micro-alloyed steel is found to
be strengthened because of such nanometre-sized carbides containing niobium and
titanium and dislocations present within the steel [7, 12–14].

Fig. 2 Typical micrograph of
Nb–V–Mo–Ti micro-alloyed
Steel
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Fig. 3 Typical micrograph of
Nb–Ti micro-alloyed steel

Fig. 4 SEM micrograph of
Nb–V–Mo–Ti micro-alloyed
steel

Fig. 5 SEM micrograph of
Nb–Ti micro-alloyed steel
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Fig. 6 Transmission electron
micrograph showing carbides
in steel a bright field image of
fine carbides b EDS spectrum
of fine carbides and c bright
field image showing very fine
carbides embedded within the
matrix
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With a significant amount of acicular ferrite microstructure within the steel as
reportedly has an optimized combination of mechanical properties in micro-alloyed
steel when compared to alloy with bainitic structure [7]. Microstructure of acicular
ferrite has the capacity of combining high strength and high toughness within the
steel [13]. This feature happens because the plates of acicular ferrite nucleate at
non-metallic inclusions intra-granularly inside large austenite grains and then they
diffuse in different directions from those inclusions though maintaining an orien-
tation relationship with the austenite grains.

Figure 7a–e shows the effect of processing parameters on the properties of two
studied steel grades, and an all round improvement in the strength–toughness
properties of Nb–Ti micro-alloyed steel can be noticed. It is interesting to report
that YS and UTS values for Nb–Ti steel have increased by 17 and 27% compared to
that of Nb–V–Mo–Ti. The sharp increase in UTS has led to lower YS/UTS ratio
(13%) also. Lower YS/UTS ratios in fact favour improved formability, and Nb–Ti
steel on the present study not only shows an improved strength–toughness com-
bination but also depicts improved formability [14].

Properties so achieved have been related to microstructure in the succeeding
section. The microstructural observations clearly depict that high strength was
achieved in the Nb–Ti micro-alloyed steel because of fine acicular ferrite, bainite
and fine carbides [9–12, 15–18]. In the case of Nb–V–Mo–Ti micro-alloyed steel,
the strength was lesser than Nb–Ti micro-alloyed steel because of polygonal ferrite
and fewer bainite phases within the steel.

The soaking temperature of Nb–Ti micro-alloyed steel was maintained around
1220 °C, i.e. 20 °C more when compared to Nb–V–Mo–Ti micro-alloyed steel, and
soaking time of 5 h adopted within the current research basically controls the
composition and austenite grain size to confirm the possible dissolution of
micro-alloying carbides, nitrides and carbonitrides in austenite phase. During this
high soaking temperature, the austenite grain growth would be restricted by fine
precipitates of Nb and/or Ti. An optimized process of precipitation of carbides,
nitrides and carbonitrides shaped during the TMCP is liable for the formation of fine
grained ferritic microstructure. The finishing temperature of plate rolling is main-
tained under the nonrecrystallization temperature (Tnr) of austenite in order to stop
the static recrystallization of austenite. Therefore, because of rolling at nonrecrys-
tallized temperature, the grains become pancaked. Hence, in the absence of static
recrystallization, the dynamic recrystallization is probably going to happen as strain
accumulation occurs by the number of roll passes during rolling [17]. The rolling in
nonrecrystallization region accumulates more strain, i.e. austenite grains with more
dislocations, and this type of strain supports for the acicular ferrite grain refinement
by promoting nucleation site for transformation of c-a [8]. The typical acicular
ferrite grain size is because of pancaked austenite grains, alloying elements that
lower austenite to ferrite transformation and fast cooling rate (16 °C/s) from
austenite region. The grain refinement effect is satisfactorily achieved by the
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thermo-mechanical controlled rolling process (TMCP) at high temperatures, and
low transformation temperature microstructures are formed by the accelerated
cooling process followed after rolling. Fast cooling process is encouraging to the
formation of ferrite nuclei and leads to the fine acicular ferrite grains with bainite
(Figs. 3 and 5). In general, by increased cooling rate, the quality and morphology of
ferrite alter from polygonal ferrite, i.e. high cooling rate promotes the formation of
acicular ferrite (Figs. 3 and 5). In line with number of researchers, a combination of
low temperature after ACC and high cooling rate in micro-alloyed steels supports to
provide the fine acicular ferrite + bainitic microstructure, making higher strength
steels. A steel having acicular ferrite type microstructure has the capacity of getting
combination of high strength and high toughness, because a crack will have to
follow a more complex path through the acicular ferrite microstructure [10]. Hence,
the improved mechanical properties are associated with the microstructures
obtained, i.e. fine acicular ferrite + bainite combination, solid solution strengthen-
ing by the addition of micro-alloying elements in low carbon steels, precipitation
strengthening and dislocation strengthening [9, 12, 19–21].

4 Conclusions

• TMCP consisting of soaking temperature, reduction per pass and accelerated
cooling plays critical role in evolution of microstructure and resultant properties
of micro-alloyed steel. Acicular ferritic structure has been found to yield
attractive mechanical properties in comparison with polygonal ferritic structure.

• In Nb–V–Mo–Ti micro-alloyed steel, higher temperature after ACC and lower
cooling rate (7 °C/s) in comparison with Nb–Ti micro-alloyed steel led to the
polygonal ferrite–bainite structure and hence lower strength value.

• Lean micro-alloyed Nb–Ti steel resulted in an attractive plate property of YS:
584–592 MPa, UTS: 763–803 MPa, %EL: 29–31, YS/UTS: 0.72–0.77 and
Charpy values: 210–222 J at 0 °C.

• In Nb–Ti micro-alloyed steel, the modified processing parameters viz. steel
soaking temperature: 1220 °C, reduction per pass: up to 34%, finishing tem-
perature: 805 °C, temperature after ACC: 540 °C and cooling rate: 16 °C/s
enhanced the mechanical properties through microstructural evolution of acic-
ular ferrite–bainite and very fine precipitation of Nb–Ti carbide.
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The Pros and Cons
of an Energy-Efficient Q&P Approach
to Develop Advanced Steels

G. K. Bansal, A. K. Chandan, Chiradeep Ghosh, V. Rajinikanth,
V. C. Srivastava, Monojit Dutta, and S. Ghosh Chowdhury

1 Introduction

Steel is defined as an alloy of iron with up to 2.1 wt% carbon. Some other alloying
elements, such as Mn, Ni, Cr, Al and Si, are also added in this alloy to achieve the
desired microstructure and properties. Some of the critical factors such as
cost-effectiveness, ease of recycling and mass manufacturing, make steel a pre-
dominant engineering material for use in manmade structures and machine com-
ponents. Keeping this in view, the Indian National Steel Policy 2017 [1] stipulated
an increase in Indian steel production from *125 million tons (MT) at present to
300 MT by 2030. Recently, emphasis has also been given on the development of
high-end value-added steel grades with improved properties and performance
compared to the existing grades. Therefore, substantial efforts are required to fully
comprehend the composition–structure–property correlation in existing grades of
steel. This can help in designing novel steel composition and processing routes for
improving the properties to the desired levels.

The suitability of a steel grade for a specific application is dictated by its ability
to withstand the given load, resistance to fracture, performance against corrosion
and wear, ease of bulk manufacturing, cost, etc. In this regard, numerous grades of
steel are being manufactured industrially and used by consumers worldwide. The
premise on which various grades of structural steel are classified into conventional
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and different generations (first, second and third generation) is the strength–ductility
combination, i.e. the product of ultimate tensile strength (UTS) and total elongation
(TE). This is also identified as the energy absorption capability of the steel during
the course of tensile deformation. Therefore, an increase in either strength or
ductility or both leads to improved performance of the component during service.
However, for most of the steel grades, an increase in strength is generally
accompanied by a concurrent decrease in the ductility; and vice versa is also true.
As a result, the development of steel grades with simultaneous enhancement of both
strength and ductility, by applying novel processing routes, has fascinated the
researchers in recent times.

The strength–ductility combinations achieved in conventional and different
generations of steels are shown in Fig. 1. The data for an approximate range of
strength and ductility has been taken from advanced high-strength steels application
guidelines version 6.0 of world auto steel [2]. The steel grades, which were
developed at an early stage, are known as conventional steels, e.g. IF, Mild, BH,
HSLA, FB, etc. Although these grades achieve higher ductility (up to *60%) and
formability, their tensile strength is quite low due to the ferrite-based microstruc-
ture. These steels are in full-fledge commercial production at present and have
almost reached saturation in terms of further research possibility for a significant
improvement. Subsequently, new grades of steel (mostly martensite-based) were
developed to improve the strength levels, e.g. TRIP, DP, CP, Martensitic, HF, etc.
These steel grades come under the category of first generation steels, which can
achieve tensile strength as high as 2000 MPa. However, their total elongation is
limited to about 10% at such high-strength levels. Therefore, the energy absorption
capability (UTS � TE) for various steel grades within first generation is restricted
to about 15 ± 10 GPa% [3]. Consequently, the need for steels with improved

Fig. 1 Strength and ductility achieved in different grades of steels, adapted from [2] (each dotted
isopleth represents a constant value of energy absorption capability (theoretical), as indicated in the
plot)
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strength–ductility combinations led to the evolution of second generation steels, i.e.
TWIP and austenitic stainless steels. These steels possess a complete austenitic
structure at room temperature due to the addition of austenite stabilizers in a sig-
nificant amount. The austenite improves the ductility, and the desired strength is
achieved by the higher alloying content. In addition, the TWIP mechanism of work
hardening, i.e. the twinning-induced plasticity, also contributes to the enhancement
of both strength and ductility. As a result, the energy absorption capability of these
steels has been elevated to about 60 ± 10 GPa% [3], which is a fourfold increase in
comparison with the first generation steels. However, significant alloying additions
in these steels lead to certain issues such as higher cost and the issues in steel-
making, processing, fabrication and welding.

In view of the above, the development of steel grades with reduced alloying
additions is of paramount importance to achieve the strength–ductility combinations
superior to the first generation and close to the second generation steels, using novel
processing routes. Such scope of strength–ductility combinations has been marked
as third generation steels in Fig. 1. The steel with higher strength will allow the use
of a thin section and, therefore, a reduction in the weight of the component and fuel
consumption without compromising on safety. On the other hand, an improvement
in the ductility will prevent early failure of the component. Hence, the development
of steels with increasing strength levels while retaining a sufficient ductility has
been the major focus area of research in recent times. A possible strategy that has
been commonly applied till date to achieve the same is the attainment of a multi-
phase microstructure mainly containing retained austenite, martensite and bainite.
Some of the examples in this category include advanced/nano-bainitic steels [4–6],
medium-Mn steels [3, 7–10], quench and partitioned (Q&P) steels [3, 11–33], etc.
Therefore, the present paper brings out an overview of Q&P and related concepts,
which have been applied in hot-rolled steels. The different sections have been
devoted to elaborate the different aspects of these steels, such as prospects and
limitations in terms of industrial implementation, microstructure evolution and
mechanical properties.

2 Q&P and Related Approaches in Hot-Rolled Steels

In an industrial hot rolling mill, the cast steel slabs are first austenitized and
hot-rolled to the desired thickness with the finish rolling temperature generally
above Ae3. This is followed by quenching on the run-out table, by laminar cooling
to the desired temperature and coiling. The final microstructure depends highly on
the time-temperature transformation (TTT) and continuous cooling transformation
(CCT) diagrams of the given alloy composition. Therefore, the freedom to select
different cooling rates during run-out table quenching and the targeted quench/
coiling temperature provides enormous scope to develop a variety of microstruc-
tures (ferrite-, bainite- or martensite-based) in the single alloy composition. It is
well-known that ferrite-based microstructures exhibit excellent ductility and
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formability; however, their strength is quite low. The improvement of strength via
bainite and/or martensite-based microstructures leads to reduced ductility, in
comparison with the ferrite-based microstructure. Therefore, a majority of the steel
research in recent times has been concentrated on the development of steel grades
with high strength and improved ductility and formability characteristics.

The different processes (conventional as well as recently developed) to achieve a
martensite and/or bainite-dominated microstructures in hot-rolled steel are
schematically shown in Fig. 2. To achieve a complete martensitic structure, the
steel after finish rolling is directly quenched to room temperature. The alloy
composition and the run-out table quenching rates are selected such that the for-
mation of ferrite and bainite during cooling is circumvented. Although a complete
martensitic structure can give rise to significantly high strength, their ductility is
quite low due to the supersaturated carbon trapped in the interstitial sites, partic-
ularly for steels with high carbon content. This brittleness of martensite is generally
relieved by an additional tempering treatment, during which the steel is held
isothermally at a higher temperature (generally below Ae1) for a suitable time,
followed by cooling to room temperature. During the isothermal holding, the
supersaturated carbon trapped in the interstitial sites is precipitated in the form of
carbides, thereby providing a low-carbon martensitic matrix with a uniform dis-
tribution of carbide precipitate. Although the tempering process has been shown to
improve the toughness and ductility, the strength and hardness of the steel are
compromised.

It can be inferred from the above that the new processing/heat treatment methods
have to be identified to achieve a good combination of strength and ductility. In this

Fig. 2 Schematic illustration of the various heat treatment schedules applied on hot-rolled steel
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regard, a recently developed Q&P process could be a potential approach to develop
a multiphase microstructure mainly containing martensite, bainite and retained
austenite. The retained austenite in these steels plays a crucial role in the simul-
taneous enhancement of both strength and ductility through transformation-induced
plasticity (TRIP) mechanism of work hardening. As shown in Fig. 2, based on the
processing steps, the Q&P process can be broadly categorized into two types, i.e.
isothermal and nonisothermal Q&P. The isothermal Q&P, which is the conven-
tional approach, was originally proposed by Speer et al. [11] in the year 2003. Most
of the process steps in the isothermal Q&P process are similar to that followed for
achieving a complete martensitic structure in a hot rolling mill, except the quench
temperature. In the isothermal Q&P process, the steel is quenched to a temperature
within the Ms–Mf range, so as to form some amount of martensite with remaining
untransformed austenite, instead of room temperature quenching that leads to a
complete martensitic structure. Immediately after quenching in the Ms–Mf range,
the steel is kept isothermally at the quench temperature for the transport of
supersaturated carbon in the martensite to the remaining untransformed austenite,
followed by cooling to room temperature. The diffusion of carbon from marten-
site to the untransformed austenite happens due to a significantly higher solubility
of the carbon in the austenite (*2.1 wt%), in comparison with the martensite
(max. 0.02 wt%). This increased carbon content in the untransformed austenite
lowers its Ms temperature and thus avoids its decomposition to martensite and/or
bainite during cooling to room temperature. As a result, the microstructure con-
taining low-carbon martensite and retained austenite is generally observed at room
temperature. In the above process, the quench temperature is the same as the
partitioning temperature, and hence, it is called a one-step Q&P process. Another
variant of the isothermal Q&P process is two-step Q&P process (Fig. 2), in which
the carbon partitioning is performed at a temperature higher than the quench
temperature. Although the purpose of partitioning at higher temperatures is to
speedup the process of carbon diffusion, a partial transformation of remaining
austenite to bainite and carbide precipitation is also observed in the two-step Q&P
steels, therefore, providing a multiphase microstructure containing martensite,
bainite, retained austenite and carbides.

As an alternative to the isothermal holding in one- and two-step Q&P processes,
the slow cooling of a hot-rolled coil may be utilized for the diffusion of carbon
atoms to the austenite and its subsequent retention at room temperature. The cooling
profile of a hot-rolled coil was measured by B. Nelson from Arcelor Mittal,
Dofasco, and has been mentioned by G. Thomas in [12]. The results highlight that it
takes about 45 h for the hot-rolled coil to reach room temperature after coiling at
700 °C. Furthermore, even if the coiling temperature is in the range of 200–300 °C,
which is generally employed in the Q&P process, the achievement of room tem-
perature by the hot-rolled coil still takes more than 30 h. Therefore, this extremely
slow cooling might serve the purpose of carbon diffusion, similar to that achieved
during the isothermal Q&P process. The lead-off work in this direction was per-
formed by G. Thomas in the year 2009 [12]. The result of their study revealed
comparable austenite retention by both the isothermal and nonisothermal Q&P
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processes. Thereafter, some other researchers, including the present authors, have
shown the austenite retention through the nonisothermal Q&P process [13–28]. The
various aspects of these steels, in terms of industrial implementation, microstructure
evolution and mechanical properties, have been discussed in succeeding sections.

3 Pros and Cons of Various Approaches Applied
to Hot-Rolled Steels

The foregoing sections highlighted the merits and limitations of different grades of
steel. In addition, some of the processing schedules that have been applied to the
hot-rolled steels were also discussed. The present section, therefore, will focus on
the advantages and constraints of these approaches, with a special emphasis on the
energy-efficient nonisothermal Q&P approach. The pros and cons of these steel
grades, in terms of industrial implementation, microstructure evolution and
mechanical properties, have been systematically listed in Table 1 and discussed
hereafter. It is evident from Fig. 2, that the steel with a complete martensitic
structure can be produced through conventional hot rolling mills, without any need
of the external heat treatment facility. The high strength in a martensitic structure
requires high carbon content, which subsequently leads to increase tetragonality
(c/a ratio) due to the supersaturation of carbon in the interstitial sites. Therefore, the
tempering treatment is performed to bring out this carbon in the form of carbides,
which relieves the internal stresses and brittleness. As a result, the tempered steels
show better ductility and toughness with a concurrent decrease in the strength, in
comparison with the steels with a martensitic structure. Moreover, the tempering
treatment can be performed within a wide temperature range (generally below Ae1)
and holding durations. Therefore, it provides a possibility to engineer carbide
precipitation (the type of carbides and their amount, size, distribution, morphology,
composition, etc.), and hence, multiple combinations of mechanical properties can
be achieved. However, tempering treatment requires an additional furnace for heat
treatment. Although this additional process does not hamper the continuous hot
rolling mill operations as it is performed as a separate post-treatment, the
requirement of heat treatment furnace and energy adds to the production cost, and
thereby, increasing the cost of steel.

Similar to the tempering treatment, recently developed isothermal Q&P pro-
cesses (both one-step and two-step) also necessitate supplementary furnaces for
isothermal holding. Moreover, this isothermal holding has to be performed during
the continuous operation in a hot rolling mill and not as a separate treatment. For
example, immediately after the run-out table quenching in the Ms–Mf range, the
steel has to be kept isothermally at the same temperature (one-step Q&P) or at a
relatively higher temperature (two-step Q&P), which leads to the interruption of the
continuous operations in a hot rolling mill. However, these steels after isothermal
Q&P treatment have been shown to exhibit improved mechanical properties, in
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comparison with the direct quenched and/or tempered steels [16, 29–32]. The
isothermal Q&P treatment also has the opportunity to employ a wide range of
temperatures and holding time for quenching and partitioning steps. For example, in
the one-step Q&P process, different quench/partitioning temperatures (below Ms)
and holding durations can be employed to vary the fraction of martensite and
subsequently, the tendency towards carbon partitioning. Quenching to a tempera-
ture near Ms leads to the formation of low amount of martensite with higher levels
of untransformed austenite. As a result, this untransformed austenite will be

Table 1 Pros and cons of various processes applied to the hot-rolled steels

S.
No.

Process Pros Cons

1 Direct
quenching

• No additional treatment
• Low production cost

• Presence of internal stresses and
brittleness

• Reduces ductility and toughness

2 Tempering • Relieves internal stresses and
brittleness

• Improves toughness and
ductility

• Possibility to employ a wide
range of temperatures and
holding times, leading to a
variety of microstructures

• Additional heat treatment
facility and energy, leading to
increased production cost

• Reduces strength and hardness

3 Isothermal
Q&P

• Freedom to select different
temperatures for quenching and
partitioning in the two-step
process

• Isothermal holding at a constant
temperature and hence, a
uniform and higher driving
force for carbon diffusion

• Improves strength–ductility–
toughness combinations, in
comparison with the direct
quenched and/or tempered steels

• Additional heat treatment
facility and energy, leading to
increased production cost

• Interruption of continuous hot
rolling operation and therefore
reduced productivity

4 Nonisothermal
Q&P

• Utilizes the remaining heat of
the hot-rolled coil and thereby,
eliminates the need of additional
furnace, making it an
energy-efficient approach

• Increases productivity and
reduced cost of steel

• Austenite retention comparable
to the isothermal Q&P

• Strength–ductility–toughness
combinations better than the
direct quench and/or tempered
steels and comparable to the
isothermal Q&P steels

• The continuous drop in
temperature during coil cooling,
which reduces the driving force
for carbon diffusion

• Possible variation in the
microstructure and properties
due to non-uniform cooling
across the coil

• Limited scope for microstructure
variation due to the restriction of
only one temperature for
quenching, partitioning and
coiling
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enriched with less amount of carbon, despite having a higher driving force for
carbon diffusion at higher quench/partitioning temperatures. The vice versa is true
for lower quench/partitioning temperature. The two-step Q&P process provides an
additional advantage of performing partitioning step at temperatures, which are
higher than the quench temperature. Therefore, lower temperatures can be selected
for quenching to increase the martensite fraction, providing enough supply of
carbon for the untransformed austenite. Subsequently, the partitioning can be
performed at higher temperatures, and thereby, eliminating the issue with poor
diffusivity. Therefore, the isothermal Q&P process offers huge scope for
microstructure engineering, which leads to the development of steels with diverse
mechanical properties.

As shown in Fig. 2, in the nonisothermal Q&P approach, the remaining heat of
the hot-rolled coil is used for the carbon diffusion from martensite to the remaining
austenite. Therefore, the elimination of additional heat treatment facilities, which
were required in the tempering and isothermal Q&P processes, makes it an
energy-efficient and cost-effective process and also easy to implement in a con-
ventional hot rolling mill. However, in contrast to the isothermal Q&P process, this
approach suffers from the restriction of selecting only one temperature for
quenching and partitioning steps, which is actually equal to the coiling temperature.
This limits the scope of extensive microstructure engineering in steel treated by the
nonisothermal Q&P approach. Additionally, the steel is cooled slowly during coil
cooling, and therefore, a continuous drop in the driving force for the carbon dif-
fusion may limit the austenite retention at room temperature. Despite these process
limitations, the steels treated by this energy-efficient nonisothermal Q&P process
have shown the microstructure evolution and/or tensile properties close to that
achieved after the isothermal Q&P process [12–16, 33].

It is also important to note that in the isothermal Q&P process, the isothermal
holding at a constant temperature provides a constant driving force for carbon
partitioning, and therefore, a consistent microstructure and mechanical properties
can be expected at the different section of the hot-rolled coil. However, during the
process of coil cooling in the nonisothermal Q&P steels, the outer surface of the
hot-rolled coil is exposed to the atmosphere and hence will cool at a faster rate than
the interior part of the coil. Therefore, different sections of the coil will experience a
significant variation in the cooling rate during coil cooling. This non-uniformity in
the cooling rate may alter the extent of carbon partitioning and subsequent austenite
retention at room temperature. As a result, there may a possible variation in the
mechanical properties at different sections of the coil. This heterogeneity will have
serious issues while the steel is in use and may lead to premature failure of the
component from the weak links, i.e. the locations of poor mechanical properties. In
this regard, to the best of the author’s knowledge, only Li et al. [17] have recently
reported the result of the first industrial coil, which was produced through the
nonisothermal Q&P process at Qian’an Iron and Steel Company, China. Although
the authors have performed detailed dilatometry experiments to investigate the
effect of quench temperature and cooling rate (during slow cooling) using small size
samples, only the variation in the tensile properties was reported at different
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sections (across the length) of the industrial coil. The results of their dilatometry
study show that the variation in the coil cooling rate from 0.05 to 10 °C/s lead to the
austenite retention and its carbon content in the range of 10–13.5 vol.% and
1.05–1.26 wt%, respectively [17]. Moreover, the variation in the quench temper-
ature from 240 to 400 °C led to the change in austenite retention and its carbon
content in the range of 11–15 vol.% and 1.1–1.4 wt%, respectively [17]. These
results of dilatometry investigation indicated only a small variation in the amount of
austenite and its carbon content. The tensile properties, which were measured at a
distance of 25 m across the 500 m long hot-rolled coil, showed a maximum dif-
ference of 61 MPa and 2.3% in the tensile strength and total elongation, respec-
tively [17]. Based on these findings, it is expected that the non-uniform cooling of
the hot-rolled coil should not be a concern in terms of heterogeneity in
microstructure evolution and mechanical properties at different sections. However,
further efforts are required to demonstrate its repeatability and acceptability by
investigating multiple hot-rolled coils, which are produced industrially or at least at
a pilot-scale, which can mimic the actual industrial conditions.

4 Future Prospects and Outlook

As mentioned in the preceding sections, the quench and nonisothermal partitioning
process has shown its potential to develop steel with improved mechanical
properties. The possible applications, that have been explored till date, are auto-
motive and wear-resistant application. However, further efforts are required or
ongoing to explore the potential of these steels for other structural applications. In
terms of processing and subsequent microstructure evolution, there is enormous
scope to further enhance the mechanical properties of these steel by microstructure
engineering. This is due to the fact that the mechanical properties are a great
function of amount and the characteristics (size, distribution, morphology, com-
position, etc.) of microstructural constituents. Among all the phases in the
microstructure (i.e. martensite, retained austenite and carbides), the retained
austenite amount and its composition has significant effect on the mechanical
properties. This is due to the initiation and the progress of transformation-induced
plasticity effect during tensile straining or in the actual application. For example, a
very low stability of retained austenite will trigger the transformation-induced
plasticity effect at very low strain or stress levels, and therefore, its beneficial effects
on mechanical properties would not be utilized, and vice versa is also true.
Therefore, it is important to consider not only the amount but also the stability of
retained austenite during the alloy design and heat treatment.
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5 Conclusions

The paper provided a broad overview of the benefits and limitations of different
grades of steel, which have been considered in the recent past for several appli-
cations. In addition, various processes that have been applied to hot-rolled steel
have been discussed in terms of process outline, industrial feasibility, microstruc-
ture evolution and mechanical properties. Some major conclusions drawn from the
present review are as follows:

1. The limitation of lower strength in ferrite-based conventional grades of steel
could be overcome by martensite-dominated first generation steels. However, a
concurrent decrease in the ductility in these steels led to the evolution of the
second generation steels with a complete austenitic structure, which showed
excellent strength–ductility combinations. However, these steels suffer from the
issues in steelmaking, processing, welding and fabrication due to higher
alloying additions and therefore paved the way for future research to develop
third generation steels with reduced alloying addition and search for novel
processing routes.

2. The quenching and partitioning (Q&P) process on low alloy steels is one such
approach for the stabilization of retained austenite in a martensitic matrix,
leading to improved strength–ductility combinations. The isothermal Q&P
process has shown to improve the strength–ductility–toughness combination, in
comparison with the direct quenched and/or tempered steels. However, the need
for additional furnace for isothermal holding interrupts the continuous operation
of the hot rolling mill and requires additional energy, which increases the cost of
steel.

3. A recently developed energy-efficient nonisothermal Q&P approach, which
utilizes the remaining heat of the hot-rolled coil for carbon partitioning, has
shown to achieve strength–ductility–toughness combinations comparable to the
isothermal Q&P and superior to the direct quenched and/or tempered steels. The
elimination of the additional heat treatment facility in this process increases the
production capability, and therefore, provides the steel at a lower cost.
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Ductility Improvement in Commercially
Pure Aluminium by Friction Stir
Processing

Abhishek Kumar Jha, Md. Mofeed Alam, Shitanshu S. Chakraborty,
Kashif Hasan Kazmi, Prakash Kumar, and Sumanta Mukherjee

1 Introduction

Friction stir processing (FSP) is a versatile technique which can be employed for
altering the microstructural and metallurgical properties of native material. It is a
solid-state processing technique, where the heating of the workpiece material takes
place as a result of the sliding friction between two surfaces. Although the
generated heat softens the material and enables severe plastic deformation, the
temperature remains restricted below the melting point of the workpiece. This
technique was mainly developed for processing of aluminium and its alloys, but the
advancement in technology allowed for further expansion of the material palette to
process magnesium (Mg), titanium (Ti), copper (Cu) and even different types of
steels to improve their mechanical as well as metallurgical properties [1].

Friction stir processing technique uses a non-erodible cylindrical tool consisting
of a small probe. When the rotating tool plunges down into the native material, the
probe enters the native material and heat is generated due to the sliding friction
between the probe and workpiece. Very large amount of localized heat is produced
at the rotating tool and workpiece interface, which softens the native material. Thus,
plastic deformation takes place under severe shear strain accompanied by heat
accumulation. A traversing motion is also provided to the tool. The side, in which
direction of traverse speed is along the direction of tool rotation, is known as
advancing side (AS), while the other side, in which the direction of tool rotation is
opposite to the direction of traverse speed, is known as retreating side (RS). As
apart from providing frictional heat, the tool shoulder also provides an additional
downward plunge force which helps in proper forging of material. Sufficient
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amount of heat is required to obtain a defectless processed zone [2]. The temper-
ature produced at the interface zone largely depends upon the ratio of rotational
speed to traverse speed [3]. Total heat generation in the processed zone depends
upon rotational speed and traverse speed of tool [4]. The schematic diagram of
friction stir processing technique is shown in Fig. 1.

Four different microstructural zones are produced in the processed cross section
that are stir zone (SZ), thermo-mechanically affected zone (TMAZ), heat affected
zone (HAZ) and base material (BM) as shown in Fig. 1. The flow of material takes
place from the retreating side to the advancing side along the processed zone [4–7].

The microstructural changes induced by FSP is not uniform across the different
regions as mentioned above. The HAZ region undergoes no plastic deformation of
the grains, and the thermal exposure may cause grain coarsening and softening of
the material. On the other hand, the SZ consists of highly refined and almost
uniform grains resulting from dynamic recrystallization due to severe plastic
deformation at elevated temperature. However, the thermo-mechanical energy input
at the TMAZ is not sufficient to induce complete dynamic recrystallization, and as a
result, both recrystallized refined grains and grains elongated following the stirring
direction are observed. Further, the unequal distribution of strain energy in the AS
and RS regions leads to heterogeneous distribution of grain size in those zones [8].
Therefore, it is crucial to control the FSP parameters very specifically so that the
resulting microstructures can effectively bring about the desired changes in the
mechanical properties of the material.

Commercially pure aluminium (AA 1100) has specific strength of about
4.26 � 104 (m/s)2, which is significantly higher than that of stainless steel AISI 304
(*3.8 � 104 (m/s)2). But still, it has less commercial application because of lower
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Fig. 1 Schematic diagram of friction stir processing (FSP) technique and four microstructural
zones in transverse cross section of the material
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ductility (*10%) and wear resistance. In this work, we have performed single pass
friction stir processing (FSP) technique on commercially pure aluminium to
improve its % elongation (indicating Ductility) and other mechanical properties and
also study the effects of various process parameters on the process at room
temperature.

2 Materials and Methods

Experiments were performed using a rigid HMT make milling machine transformed
for FSW. Commercially, pure aluminium was used as workpiece whose compo-
sition and mechanical properties as provided by the manufacturer are shown in
Table 1.

A H13 steel tool having 18 mm shoulder diameter, a tapered cylindrical probe
with 5.5 mm diameter at the larger end and 4.5 mm at the smaller end, and 1.7 mm
probe length was used for the processing. Depth of shoulder penetration into the
native material was 0.2 mm, and the tool tilt angle was kept 0°. The schematic
diagram of tool is presented in Fig. 2a.

Single-pass FSP was performed on commercially pure aluminium sheet of
dimension 250 mm � 100 mm � 2 mm at nine different parameter combinations
after conducting pilot experiments to obtain the suitable processing window. In the
first step, the range of the FSP parameters can produce surfaces with minimum burr
and other visible defects, and the highest and lowest values of those parameters
were considered. Then, an intermediate value in the range was selected for both the
parameters. The rotational speed (N) of the tool was varied from 560 to 1400 RPM,
and the traverse speed (V) was varied from 100 to 200 mm/min (Table 2). The
maximum and minimum ratios of rotational speed to traverse speed were 14 and
2.8, respectively. The experiments were performed in triplicate. Representative
images of the processed samples are shown in Fig. 2b–d.

Tensile test specimens were prepared as per ASTM E8 standard, and the tests
were carried out using a universal tensile testing machine (model H50KS, make:
Tiniu Olsen). Microhardness values at 10 points across the friction stir processed
tracks were measured using a Vickers hardness tester (model: FALCON 500, make:
INNOVA TEST). Carl Zeiss Axio Imager M2M optical microscope was used to
observe the microstructure of the sample after polishing and etching.

Table 1 Mechanical properties of the AA 1100 aluminium sheet used in the experiment

Workpiece material
(Dimensions in mm)

Ultimate tensile
strength (MPa)

Elongation at
break (%)

Microhardness
(HV 1/10)

Aluminium AA 1100
(250 � 100 � 2)

115.3 ± 1 11.8 ± 0.4 41 ± 2
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3 Results and Discussion

3.1 Mechanical Properties

Tensile properties. The performance of the samples under tensile condition was
analysed from the ultimate tensile strength (UTS), 0.2% proof stress, elongation at
break and work hardening parameters (Table 3). A power law relationship was
assumed between the stress and the strain values as per the Ramberg–Osgood
equation (Eq. 1)—

e ¼ r
E
þK

r
E

� �n
ð1Þ

where e, r, E, K and n refer to the strain, stress, Young’s Modulus, strength
coefficient and strain hardening exponent, respectively [6–9]. In the equation, the r

E

part corresponds to the linear elastic region of the stress-strain curve, and the K r
E

� �n

(a)

(b) 

(c)

(d)

ɸ 5.5±0.1

70.5±0.1

1.7 ± 0.05

ɸ 18

ɸ 4.5±0.1
N 560 RPM, S 100 mm/min

N 900 RPM, S 160 mm/min

N 1400 RPM, S 160 mm/min

Fig. 2 a Schematic diagram of the tool (dimensions are in mm), and b–d FSP-ed samples

Table 2 Different tool rotational speed (N) and tool traverse speed (V) combinations explored in
this study

Parameter
combination no.

1 2 3 4 5 6 7 8 9

N (RPM) 560 560 560 900 900 900 1400 1400 1400

V (mm/min) 100 160 200 100 160 200 100 160 200
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represent the plastic deformation behaviour. The fitted values of the strain hard-
ening exponents were considered as the indicator of the formability of the samples
[9–11]. Under uniaxial loading, the ultimate stress is reached when e ¼ n in the
idealized form. Beyond this strain at maximum stress necking initiates. Therefore,
higher value of this parameter refers to material properties allowing a higher degree
of formability. The variations of the UTS and the elongation at break of the pro-
cessed samples under different processing conditions are given in Table 3 and are
graphically presented in Fig. 3.

It can be observed from the table and the figures (Fig. 3) that the ductility of the
processed samples was generally improved from the base material, and increasing
tool traverse speed generally augmented those properties. However, no concrete
trends of variation of properties were noticeable with varying rotational speed.

The extent of plastic deformation before initiation of necking was relatively
higher for increased tool traverse speeds, as noted from the strain at maximum
strain (Fig. 4a) as well as the strain hardening exponent (Fig. 4b).

From the workability point of view, the 0.2% proof stress of the processed
samples gradually reduced for higher tool rotational speeds, denoting higher
workability. However, the workability deteriorated for increasing tool traverse
speed (Fig. 4c).

Higher amount heat is accumulated at the FSP-ed zone when the tool traverse
speed is low, and therefore, the temperature at the FSP-ed zone reduces with
increasing tool traverse speed. The strain hardened nature of the processed material
remains unaltered at lower temperature, but the elevated temperature at lower tool
traversed speed may adversely affect the strain hardened properties. Therefore, the
higher strain hardening at higher tool traverse speed may induce some brittleness to
the processed material, reducing the elongation at break.

Microhardness of the processed zone. No discernible softening of the material
was noticed post-FSP, and nominal increase in microhardness was observed with

Table 3 Variation of tensile properties of the FSP-ed samples for different process parameter
combinations

Parameter
combination
no.

UTS (MPa) Elongation
at break (%)

Strain
hardening
exponent

Strain at
peak stress
(%)

0.2% proof
stress (MPa)

1 78.9 ± 1.2 17.3 ± 0.3 0.105 ± 6e−3 9.38 ± 0.8 68.6 ± 1.1

2 137.5 ± 7.4 21.7 ± 1.2 0.110 ± 8e−3 11.01 ± 1.3 103.7 ± 6.1

3 145.5 ± 5 18.3 ± 6.4 0.116 ± 13e−3 11.76 ± 1.3 109.9 ± 4.6

4 132 ± 10.4 15.7 ± 0.3 0.097 ± 7e−3 7.76 ± 0.9 78.3 ± 9.3

5 137.9 ± 5.7 16.2 ± 4.7 0.103 ± 12e−3 8.24 ± 0.9 95.7 ± 5.2

6 138.2 ± 1.4 17.4 ± 0.4 0.110 ± 8e−3 8.81 ± 1.0 96.7 ± 1.7

7 132.6 ± 7.3 17.3 ± 1.8 0.122 ± 7e−3 9.34 ± 0.9 80.2 ± 6.5

8 129.8 ± 1.3 21.4 ± 4.6 0.131 ± 10e−3 9.49 ± 1.1 83.3 ± 1.3

9 130.6 ± 1.3 18.7 ± 4.1 0.138 ± 7e−3 9.76 ± 1.0 84.9 ± 1.1
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increasing tool traverse speed (Table 4; Fig. 5). Again, the tool rotation speed did
not influence the microhardness of the processed samples with a specific trend.

Although the average of microhardness measurements taken over the entire
width of the processed zone did not indicate any statistically significant variation
with varying traverse speed, the distribution of the microhardness values across the
width of the processed track did show that increased traverse speed resulted in
higher microhardness at the central zone of the FSP tracks (Fig. 6). It can be
assumed that the higher heat accumulation at lower tool traverse speed negatively
affects the strain hardened behaviour of the processed material. Therefore, the low

Fig. 3 Effect of processing
parameters on a UTS and
b % elongation
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Fig. 4 Effect of processing parameters on a strain at maximum stress, b strain hardening
exponent, and c 0.2% proof stress of the processed samples
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temperature rise at higher tool traverse speed helps to maintain the strain hardened
properties of the processed materials, and a higher microhardness is observed.

The aim of having improved ductility should not cost sacrifice of ultimate tensile
strength and microhardness. At all other tool rotational speed except 900 RPM,
higher tool traverse speed improved strength, ductility and hardness. This is
beneficial from the productivity point of view. At 1400 RPM rotational speed, the
quality responses viz. strength, ductility and hardness were mostly found to be
better than the base material. Interestingly 900 RPM rotational speed was found to
deteriorate the results as compared to the tool rotational speeds of 560 and 1400
RPM. Further analysis is required to explain this behaviour. At lower value of the
ratio of tool rotational to traverse speed (560/200 = 2.8), which resulted in less heat
input, higher strength was noticed. Better ductility and microhardness were found at
higher value of rotational to traverse speed ratio (1400/160 = 8.75). This indicates
simultaneous possibility of grain growth and more oxide formation at the surface at
1400 RPM.

Table 4 Variation of
microhardness of the FSP-ed
samples for different process
parameter combinations

Parameter combination no. Microhardness (HV)

1 39.44 ± 0.84

2 39.62 ± 0.83

3 41.92 ± 1.13

4 43.36 ± 0.47

5 41.45 ± 0.91

6 40.02 ± 0.97

7 39.82 ± 1.13

8 43.98 ± 1.3

9 43.19 ± 0.42

Fig. 5 Effect of processing
parameters on microhardness
of the processed samples
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3.2 Microstructure

A significant number of pores were present in the native Al sample (Fig. 7a), and
the friction stir processing helped to reduce the porosity of the material (Fig. 7b), as
observed from the micrographs. The grains were also smaller for the processed
sample, as the dynamic recrystallization under intense plastic deformation leads to
grain refinement during FSP [12, 13], and as a result, the ductility improves.

This microstructural study ascertains the capability of FSP to simultaneously
improve the conflicting quality responses: hardness and ductility. This is possible
due to elimination of porosity.

3.3 Grey Relational Analysis and Regression Analysis

To help choosing the parameter combination giving better strength, ductility and
microhardness, simultaneously, grey relation analysis was performed as per the
standard procedure given in [14] and other literature [15, 16]. As all three responses
were higher the better type, they were normalized using Eq. (2).

x�i kð Þ ¼ xi kð Þ �min xi kð Þ
max xi kð Þ �min xi kð Þ ð2Þ
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Fig. 6 Variation of microhardness across the width of the FSP-ed track
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where i = 1, 2, …, m and k = 1, 2, …, n; m = Number of experimental data (here,
9) and n = number of responses (here, 3). xi(k) denotes the original data, x�i kð Þ is the
normalized data, max xi(k) is the maximum value, min xi(k) is the minimum value.
Grey relational coefficient ni(k) is calculated using Eq. (3), from the above-
calculated normalized value.

Fig. 7 Porosity and grain
distribution of a native AA
1100 and b FSP-ed sample
(N = 560 RPM, V = 100 mm/
min)

36 A. K. Jha et al.



ni kð Þ ¼ Dmin þwDmax

Doi kð ÞþwDmax
ð3Þ

where Doi is deviation sequence of reference sequence and compatibility sequence
and is given by x0 kð Þ � xi kð Þ. The value of w is taken as 0.5. Finally, giving equal
weight of 1, grey relational grade (GRG) is calculated using Eq. (4).

ci ¼
1
n

Xn
k¼1

ni kð Þ ð4Þ

Table 5 elaborates the grey relational analysis procedure enlisting the values
obtained using Eqs. (2)–(4) for each of the 9 different parameter combinations in
sequence as listed in Table 1.

As evident from Table 5, parameter combination no. 8, i.e., 1400 RPM tool
rotational speed and 160 mm/min traverse speed gives the best result. Most sig-
nificant achievement with this parameter combination is the 83.9% improvement in
ductility over the base material. It is noticeable that ductility is the only response
variable which improved for all the parameter combinations tried. The trend of
variation of this response is nonlinear as evident from Fig. 3b. Hence, a regression
model was developed fitting a quadratic equation relating % elongation at break,
En, to the tool rotational speed (N) and traverse speed (V) as given by Eq. (5) [9].
Table 6 presents the values of the coefficients along with the R2 value which
indicates the degree of fitting of the model. The response surface obtained from the
model is shown in Fig. 8.

En ¼ A0 þA1N
2 þA2NV þA3V

2 þA4N þA5V ð5Þ

Table 5 Normalized values, grey relational coefficient and rank based on grey relational grade

Parameter
combination
no.

Normalized values Grey relational coefficients Rank

Microhardness %
Elongation

UTS Microhardness %
Elongation

UTS

1 0.000 0.000 0.267 0.333 0.333 0.405 9

2 0.040 0.881 1.000 0.342 0.808 1.000 2

3 0.546 1.000 0.433 0.524 1.000 0.469 3

4 0.863 0.799 0.000 0.785 0.714 0.333 5

5 0.443 0.887 0.083 0.473 0.816 0.353 6

6 0.128 0.892 0.283 0.364 0.822 0.411 7

7 0.084 0.808 0.267 0.353 0.723 0.405 8

8 1.000 0.767 0.950 1.000 0.682 0.909 1

9 0.826 0.779 0.500 0.742 0.693 0.500 4
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4 Conclusion

Friction stir processing of commercially pure aluminium alloy (AA 1100) has been
explored varying easily controllable parameters, tool rotational speed and tool
traverse speed. Using grey relational analysis, 1400 RPM and 160 mm/min were
found to be the optimum parameter giving a blend of high ductility (as indicated by
% elongation at break) and good strength and microhardness. Compared to the base
material, ductility improved for all the combinations of parameters tried. At 1400
RPM tool rotational speed and 160 mm/min tool traverse speed, % elongation of
the processed sample was found to be 83.9% higher than the base material.
A quadratic regression model relating % elongation to the tool rotational speed and
traverse speed could be developed with R2 value of 0.793. The workability and
formability of the processed materials were also improved for the friction stir
processed samples, as observed from the 0.2% proof stress and strain hardening
behaviour of the samples. Microstructural analysis revealed the capability of FSP to
simultaneously improve hardness and ductility by reducing porosity. Further
investigation into this may prove beneficial in widening the application domain of
AA 1100 aluminium.

Table 6 Values of the regression coefficients and R2

A0 A1 A2 A3 A4 A5 R2

11.022 1.576e-05 3.918e-06 −9.083e-4 −3.146e-2 0.282 0.793
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Development of Composites Using
Bamboo Waste and Polymers
for Industrial Application

Atosh Kumar Sinha , Rahul Kanti Nath, John Deb Barma,
and Mitali Saha

1 Introduction

In recent days, the development of composite materials is becoming popular owing
to their properties like easy to fabrication [1], chemical and corrosion resistance,
high strength and stiffness, economically friendly nature [2], and cost-effective
properties [3, 4]. Wood reinforced polymer composite (WPC) is one of them
because of their lot of application in different sectors due to their significant
property such as less tool wear, low material cost, low density, and high specific
strength [3] compared with conventional and mineral filler reinforced composite
[5]. WPC is employed in building structural interior decoration such as designed
roof, flooring, decking, beams and columns, railings, fences, and in marine,
aerospace, and automotive industry owing to it enables to reduces the mass of the
component [6–11].

Environment-friendly polymer composites are trying to develop by different
industries and researchers using natural lignocellulose as a reinforcing material.
Thermoplastic and thermoset, both types of polymers, have used as matrix material
with lignocellulose reinforcement material [2, 12–15]. The epoxy polymer is widely
used as a matrix material to develop wood polymer composites. Epoxy, thermoset
polymer, has a high cross-linked structure on curing, provides phenomenal growth
in certain properties like shear strength, toughness, high modulus, low creep,
economically cheap, reducing friction coefficient and stretching the service life of
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the component. Bagasse, rice husk, jute, kenaf, hemp, sisal, flax, sugarcane, banana,
ramie, etc., are various natural biomass substances employed as reinforcement in
different research work to develop polymer composites with the help of epoxy resin
[16–25]. The size of filler particles, i.e., reinforcement plays a decisive role in
boosting up the physical properties and mechanical performance of the polymer
composites. More than 100-micron filler particles have been carried out in most of
the research work to prepare the composite [26–28]. 20–75-micron particle size has
been employed a short time ago with polylactic acid to fabricate polymer com-
posites and better mechanical and dispersive properties have been found [29].
Wood-based epoxy polymer matrix has been reported by different kinds of litera-
ture. Wood polymer composite prepared by pine wood particles and thermoset
epoxy polymer has reported that dust particle maintains good filler characteristics
and the wear resistance of the samples also improved [26]. Tensile and flexural
strength shown an increasing trend with the addition of filler material of wood apple
shell particle epoxy composite [30]. Samples contain 0, 2.5, 5, 7.5, 10, and 12.5%
(wt%) filler material of wood-based flour epoxy composite has fabricated and found
that the highest tensile strength obtains samples contain 7.5% filler material [31].

The main purpose of this investigation is to draw up a wood matrix composite
with waste material bamboo dust. Wood polymer composite is prepared by
employing three different bamboo dust particle sizes, i.e., 60 microns, 110 microns,
and 220 microns are mixed in three different weight ratios with epoxy, i.e., 60:40,
50:50, and 40:60, respectively. The composite is fabricated under controlled tem-
perature and pressure by applying compressed molding technology. After making
the composite, the microstructural evaluation of the composite is executed by using
SEM and polarization optical microscope. A tensile test is implemented to evaluate
the diversity of strength of the prepared composite with different sizes and different
mixing ratios. The hardness test is done to calculate the variation of hardness with
different particle sizes of bamboo dust and the mixing ratio of epoxy resin.

2 Experimental Methodology

Micro-sized bamboo particle and epoxy resin are used to produce the composite
samples. R-31 epoxy is used with an H-31 hardener in this research work. Bamboo
dust is collected from a local industry bamboo industry. To screen three different
sized bamboo dust, five distinct sizes of the sieve are used, i.e., 53, 63, 125, 180,
and 250 lm. The clouds of bamboo dust are then put in sieves which are placed in
descending order (from 250 to 53 lm) to separate different sizes of bamboo par-
ticles. Three different sizes of 60, 110, and 220 lm of bamboo dust are detected.
A magnet is placed in between the sieves during handling the screening process of
bamboo particles to spelled out any ferrous particles if it comes in the industry
through the grinding process. Then, the bamboo dust is cleaned through distilled
water several times, and finally, it is washed with acetone to remove impurities.
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After that, the wet dust particles are dried for 4 h at 60 °C. The set of temperature
and time of drying the bamboo dust are finalized after several trial experiments.

For preparing the composite, epoxy resin and bamboo dust size particle are used.
60 lm, 110 lm, and 220 lm are the three different sizes, and the bamboo dust has
taken 40%, 50%, and 60% (wt%) as reinforcement material to mix with 60%, 50%,
and 40% (wt%) epoxy (matrix), respectively. According to the instruction of the
epoxy manufacturer, initially, the epoxy is mixed with a hardener in a 3:1 ratio, and
it is stirred well for some moments to remove the bubble which has formed during
the mixing process of epoxy and hardener. Then, the dried bamboo dust is added
with the epoxy mixture, and it is blended at high speed for 10–12 min. Later, the
blended material is kept on a die shown in Fig. 1 which is kept on a hydraulic press
at 80 °C, and it is covered with the lid of the die which is shown in Fig. 2. 2 MPa
pressure is applied on the blended material by the hydraulic press for 1 min, and
then, the pressure is released. After that to solidify and cool down the compressed
blended material, it is left 2 h to solidify and then the prepared composite is
withdrawn from the die. By this way, samples are prepared in nine different states:
60 µm particle size is reinforced with epoxy in 60:40, 50:50, and 40:60 condition.
Samples of 110 and 220 µm bamboo dust particles are also fabricated in a similar
fashion. The parameters are listed in Table 1.

After fabricating the wood polymer composites, the specimens are tested at room
temperature for their water absorption property. The test is accomplished by
weighing the all type 220 µm composite specimens (3 cm length, 2 cm width, and
1 cm thickness) prior and later soaking in water for 24 h. They are allowed to stay
in for 24 h, after which they were removed from the water and reweighed. Water
absorption is expressed as the ratio of the difference in weight (after and before
water absorption) to the original weight of the sample. The thickness swell test is
executed by calibrating the thickness of the specimens before and after 24 h in
water at room temperature. It is expressed as the ratio of the difference in thickness
(after and before water soaking) to the original thickness of the sample.

Microstructure evaluation is done on the cross section of the specimen which is
taken from each fabricated composite sample. Optical microscope (Leica polarized)
and SEM (Carl Zeiss EVO 50 WSEM) have been used to analyze the surface of the

Fig. 1 Schematic diagram of the die
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prepared composite. As the polymer is a non-conductive material, the gold coating
is employed on the cross section of the specimens (1 m � 1 m) to convert the
samples conductive so that electron can pass through the samples during SEM
analysis. Additionally, EDS has also been performed to evaluate the composition of
the prepared composite.

Ultimate tensile strength is executed on INSTRON universal testing machine
(UTM) with a load cell capacity of 50 kN, and the entire specimens are tested at
1 mm/min crosshead. A tensile testing machine, a load cell, a power supply, and an
x–y recorder have consisted of the tensile system. Tensile test specimens are
prepared according to ASTM D-638 TYPE V (63.5 mm � 9.53 mm � 3 mm with
gauge length 7.62 mm and distance between two grip 25.4 mm) standard which is
shown in Fig. 3. The specimen is approximately uniform over a gauge length. The
specimen is gripped at both ends by a fixture shown in Fig. 4 which is designed to
elongate the specimen along with the lengthwise unit it fractures. Vickers hardness
test is carried out in MATSUZAWA microhardness testing machine. To determine
the Vickers hardness (HV), indenter is pressed into a fabricated composite speci-
men with a 50 g load for 10 s. The hardness is measured at the cross section of the
samples.

Fig. 2 Schematic diagram of the die’s lid

Table 1 Parameters for the fabrication of the composite

Reinforcement Bamboo dust (60, 110, 220 µm)

Matrix R-31 epoxy

Hardener H-31

Epoxy: Hardener 3:1

Reinforcement: Matrix mixture (wt. ratio) 60:40, 50:50, 40:60

The temperature during the fabrication process 80 °C

Pressure applied for compression 2 MPa

Solidification time after applied pressure 120 min
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3 Results and Discussion

3.1 Water Absorption and Thickness Swelling

Water absorptivity is the function of the degree of particleboard to humidity which
can be termed as the ability to resist moisture. From the experiment of water
absorption for 40%, 50%, and 60% epoxy composite sample, it is found that the

Fig. 3 Schematic diagram of tensile samples (All dimensions are in mm)

Fig. 4 Fixtures used to hold
samples during the tensile test
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specimens illustrate almost 58%, 45%, and 20% increase in water absorption,
respectively. It reveals that with increasing the percentage of the epoxy resin in the
composite specimens, cohesive, and binding forces of the wood polymer composite
becoming stronger and more suitable to water.

Thickness swelling refers to the dimensional stability of a component in a
moisture environment, a function of the composition, and the prevailing tempera-
ture. The specimens show a thickness surge of 21, 18, and 10 only with 40, 50, and
60% epoxy resin composite samples. It may be due to raising the epoxy percentage,
and composites show stronger and relatively higher stable cohesive and adhesive
forces characteristics compared to low percentage epoxy components.

3.2 Microstructure

From the optical microscope, the homogeneity of the prepared composite samples
has been studied. Images obtained from an optical microscope are shown from
Fig. 5a–d. From the results, it reveals that 60 µm bamboo size particle composites
illustrate better homogeneity distribution compared to 110 and 220 µm composite
specimens. Additionally, composites, which contain 60% epoxy as a matrix
material, have shown more homogeneous characteristics with respect to composite
prepared by 40 and 50% epoxy as a matrix material.

Fig. 5 Microstructural images of fabricated composite for a 60 µm bamboo particle size with
40% epoxy, b 110 µm bamboo particle size with 40% epoxy, c 60 µm bamboo particle size with
50% epoxy, d 60 µm bamboo particle size with 60% epoxy
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The image obtained from the SEM analysis for the mixing ratio of 60:40
composite is presented in Fig. 6a–e. The image reveals the presence of minor
cracks, lumps, and pores in the homogenous mixture of the bamboo dust within the
polymer matrix. With increasing the epoxy percentage in the composite’s cracks,
lump and pores have reduced.

From the EDS analysis, it is found that carbon (approximate 56%) and oxygen
(approximate 43%) dominated on the fabricated composite. A little amount of
silicon (Si), sodium (Na), calcium (Ca), and hydrogen (H) have also been observed.

Fig. 6 SEM images of fabricated composite for a 60 µm bamboo particle size with 40% epoxy,
b 110 µm bamboo particle size with 50% epoxy, c 220 µm bamboo particle size with 50% epoxy,
d 60 µm bamboo particle size with 60% epoxy, e 220 µm bamboo particle size with 40%
epoxy
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3.3 Mechanical Performance Results

Ultimate tensile strength is referred to as the maximum strength obtained of the
composite under the tensile load. The ultimate tensile strength is the representation
of the maximum permissible load that the fabricated composite material can bear.
The tensile test is conducted at an ambient temperature of 18 °C and relative
humidity of 50%. Microhardness is measured on the cross-section surface of the
specimens. The ultimate tensile strength and average microhardness of each speci-
men average tensile strength obtained from the tests are shown in Figs. 7 and 8,
respectively. Ultimate strength ranges from 10.74 to 17.86 MPa and hardness ranges
from 14.84HV0.05 to 27.2HV0.05.

From the record of tensile strength and hardness, it is observed that for the same
mixing ratio, the mechanical performance of the specimens increases with reducing
the size of the bamboo particles. It is known that the mechanical properties of a
material increase when the grain size of the material decreases, and this may be the
reason behind increasing tensile strength, while the size of the bamboo particles
reduces in the composite samples. Additionally, a specific size of the composite
specimen shows an increasing trend on mechanical performance by raising the
epoxy content on the fabricated composite. In wood polymer matrix composite,
mechanical performance of the samples mainly depends on the matrix material;
so, in this case, when the content of the epoxy increases in the composite material,
mechanical properties of the composites also boost up.

Fig. 7 Recorded ultimate
tensile strength of the
fabricated composites

48 A. K. Sinha et al.



4 Conclusions

By using different sized bamboo dust particles with the different mixing ratio of
thermosetting epoxy polymer, the wood polymer matrix specimen is successfully
generated under controlled temperature and compressed pressure. The following
major conclusion obtained based on the research work:

I 58%, 45%, and 20% water absorptivity has attributed for 40%, 50%, and
60% epoxy content wood polymer matrix, respectively. It admits that with
increasing the epoxy percentage, then the prepared composite becomes
stronger and more sustainable to water.

II The thickness of the 40%, 50%, and 60% epoxy fabricated composite
swelled by 21%, 18%, and 10%, respectively. As the swelling thickness of
the composites reduces with raising the epoxy content which indicates
composites become stronger and demonstrate relatively higher stable cohe-
sive and adhesive forces compared to low percentage epoxy components.

III Composite samples fabricated by finer bamboo dust particles show more
homogeneity characteristics compared to composite samples which contain
coarse bamboo dust. Additionally, the homogeneity of the samples increases
when the percentage of epoxy raised on the fabricated composites.
Moreover, cracks, lumps, and pores of the samples decrease when epoxy is
increased on the composite samples.

IV The size of the bamboo particulates has affected the strength of the fabricated
composites. The ultimate tensile strength shows an increasing trend with
reducing the size of bamboo particles on the fabricated composites.

V Strengthening mainly depends on the epoxy percentage of the fabricated
composites. It has been recorded that the ultimate tensile strength of the
epoxy is enhanced by raising the epoxy content on the prepared composites.

Fig. 8 The recorded average
hardness of the fabricated
composites
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Design and Analysis
of Membrane-Based Parabolic
Space Reflector

Mehraj Shivendu

1 Introduction

A membrane-based inflatable parabolic reflector is a reflector is a reflective surface
used to collect or project energy such as light, sound or radio waves. It has high
directivity.

It transforms an incoming plane wave travelling along the axis into a spherical
wave converging towards the focus [1–3].

There are two types of reflectors dominate for satellite:

(1) Rigid single piece reflector (RF cannot pass)
(2) Deployable mesh reflector or Canopy (RF can pass of 3.2–3.4 GHz frequency).

The inflatable reflector is used for telescopes, microstrips antennas, reflector
antennas, arrays antennas, space-based solar power collection, solar cells, etc. We
make a reflector which is a sculpture constructed of a lightweight material. It is
supported by the inflatable torus and strut. The torus opens and releases the
sculpture membrane reflector which self-inflates like a balloon. Sunlight reflects on
to the sculpture and concentrates the sunlight on to the solar panel.

Inflatable antennas have the potential to provide high gains with a highly scalable,
low cost, low weight and reliable deployment mechanism. Inflatable provide a means
of ‘Physical Amplification’ that is scalable and known to be less complex [4, 5].

The studies were done keeping nearly the same reflective surface areas for each
of the respective technologies. As can be seen, inflatable show maximum potential
towards a promising technology.
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The uniqueness of inflatable lies in the following factors [6–9]:

(1) High stowage efficiency: This parameter denotes the ratio of inflatable antenna
diameter to the stowed volume. It occupies in stowed form. Inflatable has the
potential natural vapour pressure at that temperature. This excludes the
requirement of external pressure control measures making the process simple
and reliable of extreme compression to be accommodated to low volume. The
stowage efficiency of inflatable lied in the vicinity of 20:1.

(2) High Scalability: In terms of scalability, inflatable provides a pathway to scale
up their sizes at relatively no additional mechanical complexities.

1.1 Problem Statement

The design process is to be done focusing on the principle challenges facing current
inflatable technology. These are:

(1) Reliable deployment mechanism
(2) Maintaining shape accuracy upon deployment
(3) Structural reliability in external environment.

1.2 Scope of the Project

The scope of the present work extends to designing and building inflatable mem-
branes, demonstration of effective shapes retention strategies on a laboratory scale
and study possible paths towards lowering micrometeoroid impact damage
probability.

Future space missions require high precision large space-borne antenna reflec-
tors working up to KU band RF for spacecraft applications.

1.3 Objective of the Project

(1) To design, build and test an inflatable parabolic reflector concept.
(2) Demonstrate an efficient inflation process that deploys the reflector.
(3) Demonstrate methods of retaining desired shapes up on inflation in the

laboratory.
(4) To reduce development time complexities, cost and increase reliability, critical

care especially high curing temperature manufactured methods.
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2 Membrane Theory

The plate in which the ratio a/h > 80…100 is maintained over the plate where ‘a’ is
a dimension of the plate in a plane and ‘h’ is a plate thickness or edge, such plate is
referred as membrane and it remains free from flexural rigidity. Membranes carry
the lateral load by axial tensile force and shear force acting in the plate middle
surface. These forces are called membrane forces; they produce projection on a
vertical axis and thus balance a lateral load applied to the plate membrane [10]. The
fundamental assumptions used in the finite element analysis for the flat thin
membrane material are as elastic, homogeneous and isotropic. The deflection of the
mid-plate is to be taken as very small compared to that of membrane thickness.
Middle surface remains unstrained even after bending, since the deflection is too
small.

3 Methodology

To meet the objective of our proposed system, a thorough methodology was
adopted our approach and was as follows [11–14]:

(1) Design and fabrication of an inflatable prototype using metallic foil laminates.
Apart from being low cost and easy to handle. They have shown to be struc-
turally robust for inflatable applications.

(2) Demonstration of a chemical sublimate-based inflation mechanism. This would
allow for a simple mechanism that is self-pressure adjusting in its nature is low
cost and nontoxic.

(3) Development and demonstration of a UV rigidzed polymer support structure.
Rigidization process is to proceed up on deployment. Following is a detailed
description of material selection and adopted methodology.

3.1 Membrane Material Selection

There are several polymeric materials available because of their lightweight (low
density), ability to be formed into complex shapes, and the potential for compact
storage leading to low-volume payloads.

The polyimide film possesses a unique combination of properties that make it
ideal for a variety of applications in spacecraft. Kapton is synthesized by poly-
merizing an aromatic dianhydride and an aromatic Damien. It has excellent
chemical resistance with known organic solvents for the film. Kapton does not melt
or burn as it has the highest UL-94 flammability rating: V-0. The outstanding
properties of Kapton permit it to be used at both high- and low-temperature
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extremes where other organic polymeric materials would not be functional (from
DuPont). In this analysis, the membrane thickness is taken, one-third thick as a
sheet of paper for the model in the dynamic analysis. The material parameters are
taken identical for both the upper and lower surfaces of the present model. The
mechanical properties of the Kapton material along with reflector dimensions used
for the analysis are given as:

Kapton Membrane

Density ðqÞ ¼ 1418 kg=m3

Young's Modulus ðEÞ ¼ 2:59� 109 N=m2

Poisson's Ratio ðlÞ ¼ 0:34

Thickness ðhÞ ¼ 3:3867� 10�5 m

Uniform pressure ðpÞ ¼ 1729:69N=m2

Parabolic Reflector

Focal Length ðFÞ ¼ 1:2192m

Aperture Diameter ðDÞ ¼ 4:8768m

3.2 Inflatable Design and Construction

Large-scale inflatable with a required degree of shape accuracy is built out of
building blocks called gores. Gores stitched or bonded in patterns dictate the fun-
damental structural loads acting on the membrane during the process of inflation
and deflation. Out gore design was based on the following consideration:

(1) Circumferential and meridional stresses induced into inflatable upon
deployment.

(2) Gore sealing line/load tape configuration which affects the equilibrium stiffness
attained by the membrane at characteristic pressures.

(3) Gore edge bonding techniques which define the boundary conditions applied on
each gore.

Gore design involves transforming a desired three-dimensional unit to a pro-
jected two-dimensional space to allow for seamless integration. As shown in Fig. 1,
a three-dimensional parabola was projected onto a two-dimensional surface to
obtain a gore pattern. The following design formulas are useful for designing a
parabolic reflector.
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Fig. 1 FEM model of parabolic reflector
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3.3 Equation of a Parabola

The equation of a parabola in terms of focal length f is Y = ax2

Depth of a parabolic reflector
In designing a parabolic reflector, it is frequently convenient to use its depth d in-
stead of its focal length. The formula for getting the depth is d = D2/16f
Conversely, given a parabolic dish and its measurements for the diameter D and the
depth d, then its focal length f is obtained with f = D2/16d.

It is difficult to illuminate the uniformly with the feed inside the aperture plane.
This is because waves arriving from opposite directions tend to cancel through
superposition. So our eye peers in one direction only. And next, placing the focal
point well outside the aperture plane modifies the chance of receiving unnecessary
signals and noise. The feed point is not well protected, and this configuration
increases the chance of loss. Signals from the feed horn may lose the edge of the
dish. The ratio of the focal distance to the dish diameter denoted f/D is a standard
component parameter used by systems installers.

Efficiency gð Þ ¼ f =D ¼ focal=length

3.4 Software Versions

The reason for this section is that when using computer-aided engineering
(CAE) software the version has a great impact on the results produced. The soft-
ware versions used for the computations in the thesis are displayed in Table.

Software Version

MSC.PATRAN V2007r2

MSC.NASTRAN V2008rla

MATLAB R2010a

When dealing with dynamic problems, it is essential to be aware that different
versions of the same software can give the studied model specific behaviour. This is
the case for NASTRAN when using the MFLUID card to include the added air
mass effect. When MFLUID is utilized the peak in structural responses (accelera-
tion, displacement, etc.) of a frequency response analysis is supposed to coincide
with the eigen-frequency for the reflector with added air mass. NASTRAN v2005r2
was initially used in this thesis and even when using MFLUID NASTRAN v2005r2
produces peaks in the structural response at the eigen-frequencies without added air
mass. This is of course a big problem since it gives non-physical behaviour when
adding the air mass, which is an important part of the analysis, performed in this
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thesis. The solution to this problem was simply to upgrade to NASTRAN v2008r1a
which handles MFLUID exactly the way it is supposed to.

4 Inflatable Membrane-Based Parabolic Reflector Model

The NASTRAN FE-model of the reflector is provided by RUAG Space and
summarized as interesting nodes.

The nodes of interest for the analysis are taken. The nodes used in this thesis will
be the same as the nodes used in the BEM-analysis, i.e. the sensor positions used in
the physical test. Thereby, it is possible to correlate the model with available test
and analysis data. The nodes are presented in Figs. 2 and 3.

In order to design an inflatable parabolic membrane-based reflector, a number of
possible configurations were studied. Though this process it became evident that the
inflatable would require surface reflective to radio waves that are shape controlled
in addition to radio transparent surface to support the reflective surface.

         Mode 1                      Mode 2                                  Mode 3  

  Mode 4                                            Mode 5                                    Mode 6 

Mode 7 Mode 8     Mode 9 

Fig. 2 Mode shapes of the parabolic reflector
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5 Parametric Study

Membrane Thickness

As can be seen in the figure, membrane failure is highly sensitive to its thickness.
Failure probability for inflatable membranes to converge to 65% for membrane
thickness above 2 mil and between ultrathin foils (0.1–0.25 mils) and thick foils (2
mil and greater) is particularly usable to micrometeoroid damage.

Material Heat of Vaporization

Heat of vaporization of a material is a measure of a material’s efficiency in trans-
ferring and dissipating incident energy. Shows chances of failure to decrease with
heat of vaporization.

Material Density

A materials density bears the same correlation to impact damage probability as heat
of vaporization. However, its sensitivity with regard to impact damage is much
lower than membrane thickness.

            Mode 1 Mode 2        Mode 3 

          Mode 4  

            Mode 7

3

1 2

3

1 2

3

1 2

3

1 2

3

1 2

3

1 2

3

1 2

3

1 

Mode 5 Mode 6 

Mode 8 Mode 9 

2

3

1 2

Fig. 3 Outline of mode shapes of reflector
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Inflation Pressure

Similar to the material thickness, the internal inflation pressure is also one of the
important factors in the structure design. The inflation pressure is changed from 500
to 3500 Pa, and the corresponding natural frequencies are obtained and the relation
between the change of the inflation pressure and the first 10 natural frequencies are
illustrated. The inflation pressure increase leads to strengthen the structure and
increasing the natural frequencies, which means that the material stiffness is highly
affected by the inflation pressure inside the structure.

6 Results and Conclusion

In this section, the result obtained during the analysis will be presented and
explained. Main interest is in the acceleration power spectral densities of the nodes
mentioned in the above section. In this section, the result of the analysis, and the
model analysis is presented. The results are presented and compared to the result
from the physical test.

Mode Frequency (Hz)

6 ribs 12 ribs 24 ribs

1 3.14 2.97 2.85

2 3.14 2.97 2.85

3 5.09 4.55 4.01

4 5.09 4.55 4.01

5 6.74 6.60 5.96

6 6.89 6.60 5.96

7 7.12 8.61 8.04

8 7.47 8.61 8.04

9 7.47 9.41 10.18

Similarly, the different diameters and ribs are considered for the model analysis
of the parabolic reflector and their respective frequencies are shown in the above
table.

7 Conclusion

(1) Inflatable antennas provide packing efficiency of 20:1 and weight up to 10
times lower than conventional mechanically deployed parabolic antennas.

(2) Chemical sublimates have been demonstrated for our application on a labora-
tory scale.
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(3) UV polymers have been demonstrated to rigidize vacuum A sample 30 mm
100 mm � 2 mm took about 2.5 h to completely rigidize.

(4) Probability of membrane failure due to micro-meteoroid impact was found to
be most sensitive to membrane thickness and material density.

7.1 Future Work

(1) Development of simulation tools to understand what initial membrane shape
would lead to desired inflated shapes.

(2) Studies into origami methods for optimal stowage and deployment of the
membranes. The membrane needs to be packed at as low a volume as possible
using the least number of creases and folds.

(3) Incorporation of demonstration of resin filled envelopes into the membrane to
provide a rigid skeletal framework.

(4) Development of deployment system for the reflector and antenna.
(5) Optimal placement of patch antenna to enhance performance.
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Development of Integrated Aerator
combining Paddlewheel and Propeller
Aspirator Aerators for Shrimp Farming

R. U. Roshan, R. Harini, and T. Anand

1 Introduction

Aquaculture is considered as one of the fastest developing sectors worldwide [1].
India is a country with tremendous resources and potential in the field of aqua-
culture, and it is the second-largest aquaculture producer in the world [7]. Global
aquaculture production contributes around 110.1 million tones to world total fish
production in 2016 [7]. Among the export commodities, the shrimp has a higher
global market value over fish. Marine shrimp production by aquaculture is about 7
million tons per annum [2]. Countries like India, Thailand, Vietnam, China, which
has adequate resources, started focusing on shrimp cultivation, which results in a
massive raise in the aquaculture sector.

Later in the 1990s, the Black Tiger shrimp Penaeus monodon undergoes a severe
outbreak to white spot diseases caused by white spot syndrome virus (WSSV) [6].
During that time, the farmers struggled a lot to culture this species and were not
ready to invest money. That was the period with a more significant fall back for
India in shrimp aquaculture. Then in 2010, CAA permitted to rear SPF vannamei
brooders in Indian hatcheries and to grow this exotic species Litopenaeus vannamei
in Indian farms after obtaining a license from it [5]. This species has many
advantages over P. monodon. So the farmers started doing vannamei culture. L.
vannamei later was changed to Penaeus vannamei also has fast growth and disease
resistance compared to P. monodon [2]. The penaeid shrimp created dominancy
among the crustaceans in both production and export. So the demand for shrimp
started to increase. To meet out this demand, concept of intensive cultivation has
developed to increase production.

The concept of intensive culture requires high capital cost and intensive man-
agement such as feeding, water quality, bio-security, aeration. A thriving culture
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depends on proper culture practices and proper maintenance in the aspects men-
tioned above. Mainly the culture organisms require dissolved oxygen (DO) for their
growth, to increase its metabolic activity and body maintenance, etc. The minimum
dissolved oxygen level to be maintained in the aquaculture pond is 4–5 ppm [3].
The dissolved oxygen under steady partial pressure and temperature is not sufficient
for the species in the aquaculture system. So oxygen should be added into the water
through mechanical means, and this process is called aeration.

The mechanical aeration systems are broadly classified as surface, and subsur-
face aeration systems, and they are used in the ponds based on the requirement of
the culture species. The widely used aquaculture aerators are paddlewheel aerators,
diffused-air aerators, cascade aerators, propeller aspirator-pump aerators. These
aerators are utilized for large-scale operation. Kumar et al. [8] suggested that,
circular stepped cascade or pooled circular stepped cascade aerator is the most
economical for the ponds with less than 1000 m3 capacity. And for larger ponds
with 5000 m3 capacity and more, paddle wheel aerators (1 HP or 2 HP) are well
suitable, and it is more efficient. These aeration systems are used not only for
dissolved oxygen but also for maintaining the optimal temperature, for proper
mixing, to circulate water, and to prevent stratification [4]. In most of the aqua-
culture farms, paddlewheel aerators with varied horsepower are available, which is
a surface aeration system. Unlike P. monodon, the vital character of P. vannamei is
that it occupies the entire water column. So, the whole water column needs aeration.
In this project, the integration of two types of aeration systems was carried out (i.e.,
surface and subsurface aeration system). This system has some essential benefits
like less investment, and increased DO levels throughout the water column. Also, it
is easy to maintain and consumes a low level of power compared to other aerators.

2 Research Approach

2.1 Problem Identification

Aeration is an essential part in determining the success of the culture. In
super-intensive culture techniques, among all the water quality parameters, dis-
solved oxygen is the most crucial parameter to be maintained, so that mortality can
be reduced.

Dissolve Oxygen Stratification: In aquaculture ponds, commonly they use paddle
wheel aerators for supplementary DO, which is a surface aeration system. These
surface aeration systems supply dissolved oxygen efficiently up to half a meter
depth and further DO penetration, and for proper mixing, it takes longer duration.
But for a species that occupies the full depth water column like P. vannamei it is not
possible to supply DO to the animal at the bottom by the surface aerator.
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Thermal Stratification: It is a condition that occurs in the still water body like
lakes and ponds. Especially in aquaculture ponds, thermal stratification causes
stress to the animal as the animal gets exposed to varying temperature. It reduces
the growth rate of the animal.

Water Current: In super-intensive culture techniques, continuous aeration is
required. But in common culture practice, all the aerators will be put off during
feeding operation. This is because the feed movement gets disturbed due to water
current developed during aerator operation. During that time, all the animals suffer
from oxygen insufficiency and come to the top to respire atmosphere
diffused oxygen. Also, the minimum flow velocity to prevent the DO stratification
is 5 cm/s [9].

3 Materials and Methodology

3.1 Development of Integrated Aerator (IA)

The regular 2 HP Paddle Wheel Aerator (PWA) consists of floats, four paddles, and
a gearbox operated by 2 HP induction motor at 2880 rpm. The material specifi-
cations are listed below (Table 1). The gearbox comprises a worm-wheel and a
worm-shaft, which distributes the motor power to the paddles to facilitate oxy-
genation. This gearbox is modified, and the dimension of the worm-shaft is altered
to have the provisions for integrating another motor operated aeration system.
Unlike the PWA gearbox, it has one extra output at the bottom. In this output, a
propeller aspirator system is being setup in a way to draw the atmospheric air and
inject it to the water column. This gearbox will also be operated by 2 HP motor but
the number of paddles is reduced by 2 (Fig. 1).

Table 1 Material selection for the developed integrated aerator

S.
No.

System parts (integrated
aerator)

Material Dimension

Length
(cm)

Width
(cm)

Diameter
(cm)

1 Float Synthetic
polypropylene

172 23

2 Paddlewheel HDPE 60

3 Aerator frame Stainless steel 104 36

4 Worm-shaft (modified
gearbox)

Stainless steel 28 2.3

5 Connecting shaft Stainless steel 42 1.9

6 Propeller Cast iron 8.5 4

7 Casing Mild steel 40 6
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3.2 Experimental Setup

The aeration experiments were conducted in the small ponds of dimension 10 m
5 m � 1.5 m. The integrated aerators developed for testing consist of a paddle
wheel aerator setup with two paddlewheels, one on each side and a propeller at the
bottom connected to the gearbox which is modified and developed to integrate two
different types of aerators (surface and subsurface). This integrated aerator is
operated by an induction motor (2 HP, 3 Phase) at 2880 rpm and Nan Rong Hai
Co. Ltd, Taiwan manufactures it. The propeller at the bottom weighs 700 g and a
connecting shaft of length 420 mm connects it with the third output of the gearbox.
A deflector is welded on the shaft casing whose length is up to 100 mm from the
propeller. The integrated system is mounted at one end of the longer side of the
pond. It is positioned and supported by the G.I. pipes of 45 mm diameter and 3 m
in length.

In a similar way, a regular paddlewheel aerator with four wheels (two on each
side) was mounted at the same position in another pond and supported by the G.I.
pipes of the same dimension. 2 HP and three-phase induction motor operate this
system at the speed of 2880 rpm. This entire system is manufactured by Nan Rong
Hai Co. Ltd, Taiwan (Figs. 2 and 3).

3.3 Aeration Test

Field tests were conducted in two ponds, a Control Pond (CP) with Paddle Wheel
Aerator (PWA) and an Experimental Pond (EP) with Integrated Aerator (IA).
Before deploying the system, some essential water quality parameters were checked
(Table 2), because the preexisting water quality parameters also affect the solubility
of oxygen. Then the two aerators were installed in control and experimental ponds.

ADDITIONAL OUTPUT

Fig. 1 Regular gearbox (left) and modified gearbox (right) with vertical output
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Fig. 2 Developed integrated aerator

Fig. 3 Regular paddle wheel
aerator

Development of Integrated Aerator combining Paddlewheel … 71



Two trials (48 hours each) were conducted, and reading such as dissolved oxygen,
temperature, pH, water current was taken at an equal time interval of 1 hour.

Dissolved oxygen, temperature and pH readings were taken at two different
levels of water column;

(a) At the top water column, the readings are taken 0.20 m below the water
surface;

(b) At the bottom, water is collected from a closed plastic container and readings
are obtained. Dissolved oxygen measurements were taken at a distance of 5 m
from the aerator using Lutron DO meter. Temperature and pH were measured
using Erma pH and temperature meter. Water current velocity was computed in
a traditional method using a floating particle.

The obtained readings were plotted in the graph and studied for the effectiveness
of the developed aerator in facilitating oxygenation. Standard deviations of DO and
temperature values between the two trials of control pond (CP) and two trials of
experimental pond (EP) were computed and analyzed for its performance. Also, the
difference in the DO concentration and temperature between the water levels
(surface and bottom) in the ponds was recorded and average deviation was com-
puted for the data sets of both the trials in CP and EP, and the effectiveness of the
developed aerator in minimizing the stratification was studied and compared with
the regular paddle wheel aerator (PWA).

4 Result and Discussion

4.1 Dissolved Oxygen

Comparison of Surface Level DO: The dissolved oxygen concentration at the
pond surface water level was measured for 48 hours. Two trials were carried out,
and the comparison between two aerators is discussed below.

Table 2 Water quality parameters prior to operation

S. No. Parameters Experimental pond 1
(Regular aerator)

Experimental pond 2
(Integrated aerator)

1 pH 7.4 7.4

2 Salinity 45 45

3 CO3 14 15

4 HCO3 119 121

5 Total alkalinity 135 133

6 Total hardness 8600 8500

7 Ca/L 2800 3000

8 Mg/L 1409.4 1345.8

72 R. U. Roshan et al.



Trial 1: At the initial stage, the DO level is higher in the control pond, but after
few hours of operations, two lines in the graph tend to meet at a point (Fig. 4).
From that point, surface water DO levels in both the pond were nearly the same till
the end of the experiment. So we can identify that the integrated aerator is com-
peting with the regular paddle wheel aerator and impart the same DO levels in the
ponds.

Trial 2: From the initial stage, the surface water DO concentrations were roughly
the same (Fig. 5). At some instances, particularly during nights, DO level in the
experimental pond is relatively higher.

Comparison of Bottom Level DO: The dissolved oxygen concentration at the
pond bottom water was measured for 48 hours. Two trials were carried out, and the
comparisons between two aerators are discussed below.

Trial 1: At the initial stage, both the ponds record similar dissolve oxygen
concentration. After 5–6 hours of operation, the DO concentration in the experi-
mental pond gradually increases (Fig. 6). From the point of its rise, till the end of
experimentation, the lines in the graph did not meet.

Trial 2: This trail is also very similar to the first. After a few hours of operation,
the DO concentration in the experimental pond starts to rise and maintains a range
ahead of the control pond (Fig. 7).

Comparison of Average Deviation of DO between the Water Levels: Dissolved
oxygen stratification is a condition occurs in the pond water body. Minimizing the
stratification is one of the functions of the aerator. Two experimental trials were
carried out for 48 hours each, and the average deviation between the surface and
bottom water levels were compared and discussed below.

Trial 1: A higher deviation was recorded at the initial stage of operation in both
the ponds. After a few hours, the deviation drops in the experimental pond and
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maintains a constant lower range throughout (Fig. 8). At some instances, the
average deviation was recorded as ‘nil,’ which indicated that DO concentration is
maintained uniformly in the water column.

Trial 2: Initially, the measured average deviations were equal in both the ponds.
At noon, the deviation reaches its peak in the control pond, while it gradually drops
in the experiment pond. Similar to the previous trial, there is zero deviations at
many instances (Fig. 9).
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4.2 Temperature

Comparison of Average Deviation of Temperature between the Water Levels:
Thermal stratification in the aquaculture pond is an unfavorable condition. Mainly
during intensive culture practices, it makes the animal stressful as it exposes to the
varying temperature. Experiments were carried to study the effect of paddle wheel
aerator and integrated aerator in minimizing the stratification.

Trial 1: At the initial stage of the experiment, the deviation was rising in both the
pond. In the control pond, the decrease in average deviation is recorded after
10 hours of operation (Fig. 10). Whereas in the experiment pond, it drops within
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3 hours of operation, and the deviation is maintained comparatively less throughout
the experiment.

Trial 2: The results of this trial are very similar to the first, where within 4 hours
of operation, the average deviation drops and maintained low in the experimental
pond (Fig. 11).
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4.3 Standard Deviation

Standard Deviation for Dissolved Oxygen: In control pond with PWA, the
standard deviation for the DO values in surface and bottom water level for two trials
is found to be 0.1326, and similarly for experimental pond with IA, it is found to be
0.0309 (Table 3).

From the obtained values, it is very evident that, integrated aerator causes
minimum DO stratification, which is suitable for the animal to get sufficient DO at
any level of the pond. While in CP, the deviation is higher as the PWA agitates only
the surface. So the DO concentration is low at the bottom, which is unsuitable for
species like P. vannamei.

Standard Deviation for Temperature: In PWA installed control pond, the
standard deviation for the temperature values for two trials is found to be 0.0545,
while for IA installed pond, it is obtained as 0.0457 (Table 4).

It gives us a clear understanding that, temperature stratification is less in IA
installed pond, which makes the pond environment suitable for the animal stock to
survive without stress. The deviation value is high in the case of paddle wheel
aerators, which indicates the improper mixing of pond water.
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Table 3 Standard deviation
for dissolved oxygen readings

Variables Control pond Experimental
pond

Trial
—1

Trial
—2

Trial
—1

Trial
—2

Mean 6.189 6.001 6.405 6.361

Standard
deviation

0.1326 0.0309

Development of Integrated Aerator combining Paddlewheel … 77



4.4 Water Current

Comparison of Water Current In PWA and IA installed Ponds: The inference
from this graph is, the velocity of water in regular paddle wheel aerator pond was
always higher than the integrated aerator pond. The regular paddle aerator pushes
the water very fast, which creates a significant wave action in the pond. Whereas in
the integrated aerator, the water is slow and stable because the single power input is
divided into two outputs (Fig. 12).

5 Conclusion

In the present scenario of shrimp aquaculture, P. vannamei is predominantly cul-
tured all around. So the water quality parameter specifically dissolved oxygen and
temperature play a vital role in efficient aquaculture production. A specific character
between P. monodon and P. vannamei is, the first one lies only at the bottom of the

Table 4 Standard deviation
for temperature readings

Variables Control pond Experimental
pond

Trial
—1

Trial
—2

Trial
—1

Trial
—2

Mean 29.96 30.04 30.95 31.01

Standard
deviation

0.0545 0.0457
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pond water column and the latter lies in entire water column. So, supplementary
aeration should be supplied in a way that sufficient DO concentration is maintained
throughout the water column. The three important significance of integrated aerator
identified from the above experimentation are as follows;

The DO stratification is considerably high in PWA installed pond, and it is very
minimum in integrated aerator pond. Because, unlike paddle wheel aerator, inte-
grated aerator acts as a subsurface aerator with a propeller at the bottom. So, the
stratification is decreased and it facilitates oxygen throughout the water column. If
the deviation increases, there are chances for mortality, and if deviation is mini-
mum, it creates a conducive environment for culture species.

The result shows that the thermal stratification is minimum in integrated aerator
installed pond and maximum in PWA installed pond. Because the integrated aerator
exhibits a thorough mixing of water so that the pond temperature is uniformly
maintained in the water column. Higher thermal stratification causes thermal shock
to the animal and makes the animal metabolically weaker, thereby growth rate is
retarded. IA creates low thermal stratification suitable for aquaculture.

In super-intensive culture practices, continuous aeration is necessary even during
feeding operation. But operating the regular PWA creates high water current due to
its vigorous surface agitation. This disturbs the feed movement and will make the
animal difficult for catching it. As a result, all the feed will get wasted as sludge.
Integrated aerator operation creates an optimal water current, which will not affect
the feed movement, and at the same time, culture species are supplied with adequate
DO.
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Experimental Investigation of Al 2024
Aluminum Alloy Joints by Underwater
Friction Stir Welding for Different Tool
Pin Profile

Surendra Kumar Lader, Mayuri Baruah, and Raj Ballav

1 Introduction

Welding of aluminum has been an important concern for several years. Friction stir
welding is employed for the welding of aluminum alloys since decades and is still
continued to join the alloys of aluminum with new dimensions and in different
working environment. FSW is a solid-state welding process, also called a plastic
state welding because the melting temperature is not reached in this process. The
temperature generated in this process is 60–70% of base metal melting temperature
[1–3]. Due to solid-state welding nature, FSW is one of the most eminent tech-
niques for welding of similar and dissimilar aluminum alloys [4–7]. This technique
is privileged to weld all series of aluminum alloys especially the AA2024 has
highest strength-to-weight ratio which makes it more relevant for aviation industry
such as fuselage and wing skin panels [8–10]. FSW process is shown in Fig. 1.

Recently, the advantages of friction stir welding are explored in different
working environment in order to expand the horizon for its use. It is utilized for
joining in a very cool environment such as liquid nitrogen in order to enhance the
weld joint quality [11, 12]. FSW can also be carried out in underwater in order to
enhance the weld zone mechanical and microstructural properties [13, 14]. Previous
investigations confirmed the feasibility of underwater FSW [15]. Nowadays,
underwater FSW is well-established process and considered as the advancement of
FSW process. During underwater FSW, the peak temperature is controlled by
cooling water and the grains at various heat-affected zones will not get enough time
to grow. Hence, grain coarsening at weld region is comparatively lower and the
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width of heat-affected zone (HAZ) and thermo-mechanically affected zone (TMAZ)
is also reduced due to restriction in heat input [16]. The joints obtained from
underwater FSW minimize defects such as porosity and solidification cracking
which ultimately enhances the mechanical properties of the joint [17, 18].
Underwater FSW is also considered one of the best available methods for joining of
heat-sensitive materials such as aluminum alloys where overheating of the weld
joints deteriorates the mechanical properties [19]. Underwater FSW has wide range
of applications in shipbuilding such as submarines fuel and oil tanks.
Underwater FSW is considered one of the most appropriate methods due to its
capability of producing good quality welds with respect to FSW and fusion welding
[12, 15, 20].

The heat absorption capacity of water is more which reduces the coarsening of
grains in weld region [17, 21, 22]. The weld surface texture as well as surface
hardening is also found to enhance because water environment prevents oxidization
and absorption of other elements from air at elevated temperature [18, 20, 23].
Thus, it can be effectively utilized for welding of aluminum alloys as they are prone
to oxidation even at room temperature [24–26]. In order to enhance the joint
strength, FSW is employed underwater. Moreover, it is considered as the great
alternative to riveting which expands its range of application and applied exten-
sively in shipbuilding industry, navy, and cryogenic fuel tanks [21, 27–29]. The
advantage of FSW over riveting includes weight reduction, greater structural
strength, and increased fatigue strength. The design of the tool plays vital role for
successful FSW or underwater FSW. Flow of material, heat generation, and power
requirement are the significant parameters during tool designing to obtain sound
weld joint.

Tool pin geometry plays a significant role to enhance the material flow, stirring
effect, heat generation; moreover, the role of tool shoulder is to produce large
amount of frictional heat as well as prevents the weld zone material from escaping
out. Ilangovan et al. [30] reported that the threaded type of pin profile in addition to
the homogeneous flow of material enhanced mechanical and microstructural
properties of weld joints are obtained. The significance of tool pin profile to
enhance the weld joint quality is similar in conventional FSW as well as FSW in

Fig. 1 FSW process
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water environment. The flow of material in case of underwater FSW is complex;
hence, the selection of correct tool geometry is necessary. Inappropriate selection of
tool pin profile leads to the defect formation [31]. Lokesh et al. [32] evaluated the
percentage contribution of cooling water in FSW and found that the contribution of
optimized tool pin profile is 40% in enhancing the weld joint quality. Palanivel
et al. [33] studied the effect of tool pin profile and found that the tapered profile
produces tunnel defect and straight profile produces defect less weld. Moreover, the
straight square profile gives highest joint strength. Akinlabi [34] studied the effect
of shoulder size (diameter) on weld bead properties and found that 18 mm shoulder
diameter shows optimum results compare to 15 and 25 mm shoulder diameter.

In addition to the tool design and material, selection of proper process param-
eters is an utmost necessity. The most important parameters in FSW are tool
rotational speed and transverse speed. The effect of process parameters has been
addressed by various researchers. Lee et al. [35] in their investigation found that
with decrease in tool rotational speed the grains become more refined in SZ over
and above smaller than the base metal grains size. Moreover, the average hardness
value of SZ is 33% more as compared to base metals at tool rotational speed of
500 rpm. Liang et al. [4] examined during FSW process a soft region was formed
adjacent to weld zone, fine grains are obtained at the stir zone and elongated grains
are produced in TMAZ which reveals that the weld region is soft as compared to the
hardness of base metals. Rodriguez et al. [36] concluded that by increasing the tool
rotational speed the strength and material mixing of weld joint improves. However,
a few literatures have come up to investigate the effect of weld joints formed by
underwater friction stir welding, yet it is still in the premature stage and needs to be
addressed properly. Kishta et al. [17] in their experimental investigation found that
higher tool rotational and welding speed is required for producing sound weld in
underwater FSW as compared to air FSW due to high thermal capacity and cooling
rate of water. Furthermore, the frictional heat generation is more at higher tool
rotational speeds and enhances the water circulation and cooling rate. Heirani et al.
[37] demonstrated that heat-affected zone (HAZ) disappeared in the water-cooled
specimen with optimized rotational and welding speed. Moreover, at optimized
process parameters the hardness at the SZ of air-cooled samples was found 25%
lower than the water-cooled samples. Liu et al. [28] divided the weld zone of
water-cooled specimens in three different layers upper, middle, and lower and its
homogeneity of mechanical properties were investigated and found that the
homogeneity of middle and lower layer was superior than the upper layer. Hence,
this improvement in homogeneity enhances the weld joint quality. According to the
above literature survey, the pin profiles are selected square tapered, conical, and
cylindrical for this study with a tool shoulder diameter of 18 mm.

The aim of this work is to study the influence of tool pin profiles at optimized
process parameters. The optimization of process parameters are done in order to
achieve stable welding zone for different environments in air and underwater FSW.
Furthermore, the mechanical and macro-structural properties of friction stir welded
2024 aluminum alloys are compared for different pin profiles in air and underwater
FSW.

Experimental Investigation of Al 2024 Aluminum Alloy … 83



2 Experimental Procedure

2.1 Workpiece Material

The material of choice in the present investigation is AA2024-T851 of dimension
150 � 80 � 5 mm is used for FSW process. The driving force behind using
AA2024-T851 is the fact that T851 solution heat-treated aluminum alloy is resistant
to stress corrosion cracking, high strength-to-weight ratio, good machining
properties, stiffness, and resistant to fatigue stress. It has the property to be welded
through FSW.

The chemical composition of AA2024 and the physical properties of the joint are
given in Tables 1 and 2.

2.2 Tool Design

FSW tool composed of tool pin and shoulder as shown in Fig. 2, where H1 and H2

are the height of tool pin and shoulder and D1 and D2 are the diameter of pin and
shoulder. Vertical force is applied on the rotating tool and slowly plunged on the
plate which is to be joined. The combined action of tool pin and shoulder generates
large amount of frictional heat which softens the material around pin produces
stirring effect results in the mechanical mixing and bonding of the material [39].

The important factors of tool design are pin profile, diameter of shoulder
including shape and size of tool [30, 40, 41]. Akinlabi [34] revealed the importance
of shoulder size, with increase in diameter of shoulder the frictional surface area

Table 1 Chemical composition (wt%) of base metal (AA2024)

Elements Cu Mg Mn Si Fe Ti Cr Zr Al

Base metal 4.3 1.6 0.4 0.3 0.2 0.08 0.05 0.10 Bal

Table 2 Physical properties of AA2024 [38]

S. No. Properties Values

1 Density 2780 kg/m3

2 Thermal conductivity 121 W/mK

3 Melting point 775–911 K

4 Ultimate tensile strength 487 MPa

5 Yield strength 425.62 MPa

6 Young’s modulus 73 GPa

7 Ductility 10.14%

8 Vickers hardness 146
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become more which leads to increase in temperature. The tool used for the present
investigation is D3 tool or HCHCR. D3 tool steel is a high carbon high chromium
tool steel with outstanding resistance to wear and high compressive strength. This is
a heat treatable alloy and offers hardness value in the range of 58–64 HRC after heat
treatment. In this study, tools of three different profiles are used for welding of
AA2024-T851 plates and its effect on weld joint is investigated. The profiles are
conical, straight cylindrical, and trapezoidal-type pin profile is designed depicted in
Fig. 3. The tool geometry and pin profiles made are shown in Table 3, where
DS, HS, DP, HP denote diameter of shoulder, height of shoulder, diameter of pin,
height of pin.

Fig. 2 Tool geometry

Fig. 3 Tool pin profiles: a conical; b straight cylindrical; c trapezoidal/square tapered type pin
profile
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2.3 Experimental Setup

The experiments would be carried out using a vertical milling machine with the
necessary arrangements made for the welding process. Aluminum plate was
clamped against the worktable with steel backup plate. Cast iron fixture is used for
this process of friction stir welding. Fixture with a backing steel plate can be
designed to prevent slipping of aluminum plate during welding. Nuts and bolts are
used to clamp the plates on fixture to prevent shifting of plates. The plates are
fixture together with side edge meet each other. The fixture will be fixed on the bed
of vertical milling machine, and after setting of fixture on vertical milling machine,
the further operation will be carried out the fixture used for the welding process for
air and underwater is shown in Fig. 4. Underwater friction stir welding process is
shown in Fig. 5.

2.4 Process Parameter

Optimization of process parameters is done for a successful weld joints. In this
study, the optimization of tool rotational speed is carried out keeping the welding
speed constant. The tool rotational speed is a key parameter for heat generation
during welding process [17, 36]. Thus, its optimization becomes necessary, espe-
cially when the welding is done at water environment. For the optimization process,
the selected rotational speed of tool for the welding process is 600, 800, 1000,
1200 rpm at constant tool transverse speed of 16 mm/min shown in Table 4.

The green zone of optimization table depicts the formation of stable weld zone.
The red zone depicts no proper joining takes place due to the water environment
large amount of frictional heat is carried away by water. At lower speeds, no proper
stirring effect as well as groove defect is formed along the length of the weld. Such
defects are formed due to lower frictional heat generation at lower tool rotational
speeds; moreover, the generated heat was taken away by water results in the for-
mation of groove defect shown in Fig. 6. By increasing the rotational speed of tool
to 1200 rpm, higher frictional heat was generated and the turbulent flow of material
as well as large weld area was observed which decreases the weld joint quality. At
this speed due to higher frictional heat, overheating takes place along the advancing
side of the tool which deteriorates the weld joint quality depicted in Fig. 7.

Table 3 Dimensions of tool pin profile

Tool Pin profile DS

(mm)
HS

(mm)
DP

(mm)
HP

(mm)

Tool 1 Conical pin (CP) 18 15 4 4.6

Tool 2 Straight cylindrical (SC) 18 15 4 4.6

Tool 3 Trapezoidal/Square tapered
(ST)

18 15 5–3 4.6

86 S. K. Lader et al.



Fig. 4 FSW fixture arrangement: a air; b underwater

Fig. 5 Underwater FSW process

Table 4 Optimization of process parameters

N (Rotation speed in rpm), 
V (feed in mm per min.) Underwater Air

600,16 NO YES

800,16 NO YES

1000,16 YES YES

1200,16 YES YES
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So 1000 rpm was chosen as the rotation speed below it is not sufficient to cause
the stirring effect. Proper welding is found at tool rotational speed of 1000 rpm and
transverse speed of 16 mm/min, and this parameter is finally selected for further
welding process and for testing the effect of tool pin profile. At this constant process
parameter, 6 experiments are done from all the three types of pin profile in air and
underwater friction stir welding. The weldment obtained by FSW in air and
underwater exhibited stable welding with flash defects in surface and no other
visible surface defects as shown in Figs. 8 and 9. The samples are considered for
further analysis to check the mechanical and metallurgical properties of the weld
joints.

3 Results and Discussion

In the current study, experiments were carried out on 5-mm-thick aluminum alloy
by friction stir welding in air and underwater. The primary goal of the current study
is to investigate the effect of design of tool pin profile on weld joints. The weld
joints prepared were analyzed by microhardness test, micrographic analysis, and by
tensile tests. A comparison is brought out to study characteristics of the joints in air
and underwater.

Fig. 6 Weld joints obtained
at N = 600 rpm, V = 16 mm/
min (underwater)

Fig. 7 Weld joints obtained
at N = 1200 rpm,
V = 16 mm/min (underwater)
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3.1 Tensile Testing of the Joints

Transverse tensile test is carried out to evaluate the strength of the weldment. The
ultimate tensile strength and elongation which is a measure of ductility are evalu-
ated. The tensile property of the sample is evaluated according to ASTM E-08
standard. Two tensile specimens are prepared for each welding condition shown in
Fig. 10, and the average value is considered here. The test was carried at a constant
rate of 0.2 mm/min. The specimens are made by cutting in wire EDM. The tensile
test is done in universal tensile testing machine to measure the yield strength,
reduction in area, the elongation and ultimate tensile strength of the specimen.
Sometimes the weld metal is stronger than parent metal and by applying the tensile
force the failure occurs in the parent metal mainly at the heat-affected zone because
the heat-affected zone is the weakest zone from all of the zone due to the fact the
grain size is maximum here due to large amount of heat generation during welding
there is growth in grains size.

In TMAZ thermo-mechanically affected zone, the grains size is bigger than the
stirred zone and smaller than the heat-affected zone. The stirred zone is the strongest

Fig. 8 Joints obtained at
1000 rpm and 16 mm/s in
Air FSW by a conical pin;
b cylindrical pin; c square
tapered pin

Fig. 9 Joints obtained at
1000 rpm and 16 mm/s by
under water FSW where water
is at room temperature around
25–30 °C by a conical pin;
b cylindrical pin; c square
tapered pin
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portion of the weld joint because the grains size is minimum here, and ultimately
we can say that the strength of weld joint is inversely proportional to the grains size.
It is found that most of the fracture occurs at HAZ zone in air FSW while case of
water FSW the fracture occurred at weld zone. The stress–strain curve for the base
metal and for different pin profiles is shown in Fig. 11. The tensile strengths as well
as joint efficiency obtained from the several types of pin profiles are given in
Tables 5 and 6.

Square tapered or trapezoidal-type pin profile shows maximum strength of joint
efficiency of 65 and 83% for both air FSW and underwater FSW. While the conical
pin profile shows the least joint efficiency due to the fact of lower stirring surface
area of pin generates lower heat in the weld zone due to which the grain refinement
is less as compared to tapered square pin profile.

Results shows that in underwater FSW there is 22.4% increase in tensile strength
compared to the air FSW in tapered square pin profile. Comparison of tensile test
graphs of weld joints obtained in square tapered pin profile for AFSW and UFSW
are shown in Fig. 11h, respectively. Square tapered pin profiles show maximum
result in both the cases for underwater and air FSW because the surface area of pin
is higher than other profiles which generates large amount of heat required for
proper fusion of parent material. Therefore, the joints obtained from square tapered
pin profile are considered for further investigation and optical macrograph and
hardness testing is carried out for this particular pin profile.

3.2 Optical Macrograph of Weld Joints

The optical macrograph of underwater friction stir welding UFSW and air friction
stir welding are taken. Keller etchant was applied to the specimens for 15 s to
expose the macrostructure of the joints after standard polishing down the specimens
to 1 lm diamond paste. Figures 12 and 13 demonstrate the optical macrograph for
FSW weld joints obtained in air and underwater by square tapered pin profile.

Fig. 10 Tensile test specimens for air and underwater
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The underwater welding shows improved mechanical properties as compared to
the air FSW because the heat-affected zone in underwater FSW is absent. Moreover,
the heat generated is absorbed by water and increases the cooling rate due to which
grains gets very less time for its growth. Thus, adverse effect of grain growth is
minimized in all region of underwater FSW which results in increase in mechanical
properties of weld zone. However, the hardness of weld zone in case of underwater

Fig. 11 Stress–strain curve for the base metal and for different pin profiles
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FSW increases because quenching occurs continuously during welding which
makes the weld zone quite brittle and harder.

3.3 Microhardness Test of Weld Joint

Microhardness test was carried out, and 100 g of force is applied on the specimens
for 15 s. The applied load and time may increase or decrease as per material
hardness and mechanical properties every readings are taken 1.5 mm distance from

Table 5 Tensile strength of the joints

Conical Square tapered Cylindrical

Air FSW

UTS—ultimate tensile strength (MPa) 284 314 297

YS—yield strength (MPa) 220 210 180

% Elongation 5 7.7 4.3

Underwater FSW

UTS—ultimate tensile strength (MPa) 377 405 392

YS—yield strength (MPa) 280 201 175

% Elongation 2.3 2.6 2.3

Table 6 Joint efficiency of AFSW and UFSW

Pin profile Conical Square tapered Cylindrical

Joint efficiency AFSW (%) 58 65 61

Joint efficiency UFSW (%) 77 83 80

Fig. 12 Macrograph of air
FSW
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each other and total 13 indentation are done in the weld zone covering thermo-
mechanically affected zone and heat-affected zone. The indentation image during
testing is shown in Fig. 14. The maximum and minimum hardness comparisons of
air FSW and UFSW are shown in Fig. 15. The hardness of joints obtained in
AFSW and UFSW is found less than the base material hardness. The hardness
obtained in underwater is 34% more than the air FSW. The elongation in case of
underwater welding is less as compared to air friction stir welding because
quenching occurs when the rotating tool moves forward the high-temperature zone
comes to the direct contact of water which makes it brittle to some extent which
ultimately increases its hardness. Formula for calculating Vicker’s hardness (HV).

Fig. 13 Macrograph of
underwater FSW

Fig. 14 a Vickers hardness test b indentation image during testing

Experimental Investigation of Al 2024 Aluminum Alloy … 93



HVð Þ ¼ 2F � Sin h=2ð Þ
DM

where F = load applied, DM = mean of the two diagonal imprints D1 and D2,
h = angle between two faces of indenter.

Table 7 shows the average hardness value and percentage decrease of hardness
in weld zone of square pin profile in air and underwater friction stir welding.

4 Conclusions

The following conclusions are arrived at in the course of reviewing literatures, and
conducting the experiments on friction stir welding process.

I Tool pin profile has a definite effect on weld joint characteristics. Tool
geometry is important for producing sound welds.

II Based on the experiments undertaken, the straight cylindrical pin profile
gives good surface finish but the other pin profiles produces flash defects at
surface level.

Table 7 Average hardness value and percentage decrease of hardness in weld zone

Average hardness value of weld
zone (HRV)

% Decrease in hardness as compared to
base metal (%)

Air FSW 86 40

Underwater
FSW

131 11

Fig. 15 Hardness comparison of air FSW (AFSW) and underwater FSW (UFSW)
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III Optimum values of process parameters like rotational speeds and transverse
speed are a must for good joints.

IV The square tapered pin profile shows higher tensile strength as compared to
the other pin profiles.

V The microhardness test reveals that the hardness of underwater FSW is more
than the air FSW.

VI The weldments showed no considerable distortion suggesting the robustness
of the process and fixture adopted for the present investigation.

VII Optical macrograph reveals the absence of HAZ in UFSW which increases
the strength.
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Performance Evaluation of Spiral
Separator for Coal Cleaning Using
Mixture Model

Vandana Kumari Jha and Soubhik Kumar Bhaumik

1 Introduction

The spiral classifier, recently, has emerged as the most effective gravity separator
since its introduction. The spiral separator also known as spiral concentrator,
continues to be the most effective gravity separator, useful in processing a wide
variety of minerals such as coal, iron, chromite, gold, zircon and other heavy
minerals ores [1, 2]. The popularity of the spiral separator is ascribed to the
associated low capital investment, high efficiency, low energy demands,
environment-friendly features and compact design [3–5]. With the increase in the
demands of coal fines recovery, spiral separators are widely deployed in the con-
centration process of 0.1–3 mm coal. A recent survey shows spiral separators to be
responsible for treating 6% of the coal in processing plants [6]. Apart from their use
in coal and mineral processing plants, they are also effective in removing soil from
other environmentally unwanted constituents [7].

A spiral separator consists of an open trough/sluice twisted downward in a
helical arrangement about a central axis (Fig. 1a) [8]. Separation is caused by the
centrifugal forces that combine with gravity to drive smaller or lighter particles
towards the outer area of the channel, whereas the larger or denser particles remain
in the inner region. A secondary circulation sets in across the trough that helps in
the movement of particles from one zone to the other as shown in Fig. 1b, from
inward at the base of trough to outward along the free surface. Gravity drives the
slurry along the trough in the form of a shallow layer, entraining the mineral
particles during flow. Other forces such as the drag force and Bagnold force also
influence depending on particle size rather than weight [9].

Previous research works, focus on the development of spiral separators for
cleaning coal and several other minerals. Both theoretical and experimental works
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have been carried out to study the slurry behavior flowing over spiral troughs
having the ability to achieve density-based separations [10]. Spiral performance for
cleaning coal has been optimized using various empirical models. Mathematical
correlations for the prediction of performance exist that are based on size of min-
erals, but are specific to the spiral and type of mineral being treated [11–14] and
thus cannot be applied generally. Furthermore, the empirical approach fails to
address the fundamental physics lying behind the particle separation of a spiral, thus
putting more emphasis on numerical flow modeling. Numerous numerical works
are reported in literature that can be analyzed to predict the spiral performance. The
effect of the feed rate, pulp density, favorable feed rate for concentrate grade,
recovery, etc., are performed using different techniques [15, 16]. Mechanistic
models, codes, CFD modeling, dilute particle flow model and development of
two-phase VOF model are carried out under certain assumptions for establishing a
more reliable model for the spiral operation [17–20]. Despite these reported works
in the literature on two-phase flow fields, there is still scope to investigate the
fundamentals of particle separation that can help in the analysis of spiral
performance.

In the above context, a predictive tool for flow characteristics and the separation
characteristics is indispensable both for design optimization and determination of
the operating range, for the existing spiral designs. CFD technology in modeling the
slurry flow has been increasingly employed for visualizing the flow behavior and
establishing trends that can help reduce the number of experimental trial runs, and
thus the operational cost. As yet, works have been reported in literature based on

Fig. 1 Schematic showing a spiral separator; b particle distribution during separation on spiral
trough
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shallow depths and main stream velocities using different modeling approaches.
However, for coal slurry flow and separation behavior, mixture model has never
been employed earlier. Use of CFD for design enhancements have to be further
explored for parametric studies to check the influence of operating parameters on
the flow that affect the separation efficiency. A dedicated work on this will be useful
for optimizing the operating range.

In the present work, the potential of using mixture model for coal processing is
examined computationally. CFD simulations are conducted to analyze the flow and
separation characteristics of falling coal slurry along the spiral trough by employing
a two-phase mixture model and using standard k-e turbulence model. The perfor-
mance study of spiral separator is carried out with the help of computational results
by analyzing the two-phase flow field and influence of process parameter, i.e., feed
rate on the distribution of coal slurry. The size of the coal is kept −0.5 mm and the
feed rate is varied as 4, 6 and 8 m3/hr. The performance study of the spiral sepa-
rator in a five-turn assembly is carried out to obtain the desired quality product.
Mixture model can be established as a useful numerical tool in order to understand
the separation behavior of coal particles in a spiral separator.

2 Theory

2.1 Geometry

The spiral separator has an open channel twisted around a central column acting as
support as shown in Fig. 1. The spiral geometry is specified by diameter, pitch,
spiral length or number of turns, and shape or width of the trough. The geometrical
parameters of the spiral separator considered in the present work are provided
below:

(a) Inner radius = 70 mm; (b) outer radius = 350 mm; (c) trough width = 280
mm; (d) spiral pitch = 273 mm; (e) curvature = 0.75; and (f) number of turns = 5.

The feed consists of water and coal particle mixture that enters at the top of the
spiral under gravitational effects. The main operating variables being the feed rate,
the pulp density, the wash water addition and the position of the cutters or splitters
that are used to separate the tailings, middlings and concentrate streams.

3 CFD Modeling

The CFD analysis is carried out using a commercial CFD package of Ansys Fluent
15.0. The dynamics of slurry flow is modeled with the help of the mixture model
and turbulent flow interface.

Performance Evaluation of Spiral Separator for Coal … 101



3.1 Geometry and Mesh

The computational domain comprises of a five-turn spiral separator having a
shallow width (0.001–0.020 m) along the spiral trough as shown in Fig. 2 along
with the boundary conditions. The domain is meshed with structured hexahedral
mesh elements with size varying in mainstream (x), cross-stream (y) and depth-wise
(z) directions. Throughout the domain, mesh density is kept high to resolve the
sharp interface, and at the wall to capture boundary layer effects. Along the axial
direction, mesh size is kept reasonable in order to capture the curvature. A grid
independent test is carried out for different grid sizes by comparing the primary
velocity profiles at the outlet as shown in Fig. 3. The optimal mesh size is fixed at
67,500 number of cells through grid independent study, conducted on separate
meshes of sizes leading to 45,000, 52,500, 67,500 and 75,000 number of cells,
respectively. Refinement below this size showed no further change in the primary
velocity profiles.

Fig. 2 Computational domain showing the meshed geometry of the spiral along with the applied
boundary condition

102 V. K. Jha and S. K. Bhaumik



3.2 Governing Equations

The flow dynamics can be modeled using a momentum transport equation, conti-
nuity equation and a transport equation for the solid phase volume fraction con-
sidering the flow Newtonian and turbulent. The mixture model facilitates the
movement of two phases at different velocities incorporating the concept of slip
velocities. The governing equations can be written as follows:

Momentum equation:

q
@j
@t

þ q j:rð Þjþ qce jslip:r
� �

j ¼ �rp�rl rjþrjT
� �þ qg

�r: qc 1� /ceð ÞuslipjTslip
h i

� qce j:rð Þjslip
ð1Þ

Continuity equation:

r:j ¼ 0 ð2Þ

Transport equation for solid phase volume fraction:

@/s

@t
þr: /susð Þ ¼ 0 ð3Þ

Fig. 3 Plot showing the
primary velocity profiles at
the outlet for different grid
sizes
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3.3 Boundary Conditions

The spiral domain is surrounded by four boundaries, namely: inlet, outlet, solid
trough wall and top wall. At inlet, velocity components and volume fractions of
coal particles are specified. At outlet, velocity gradients are set to zero. At the
trough wall, no-slip and no-penetration conditions are imposed. Equations (1)–(3)
are solved subject to the following boundary conditions:

Inlet : v ¼ vi constant velocityð Þ ð4aÞ

Outlet : P ¼ Patm pressure outletð Þ ð4bÞ

Trough wall : v ¼ 0 no slipð Þ ð4cÞ

Top wall : s ¼ 0 no shearð Þ ð4dÞ

4 Results and Discussion

4.1 Primary Velocity

Figure 4 shows the contour plots of primary velocity profiles of the primary
velocity at a vertical plane cut across the middle of the spiral separator colored in
total velocity magnitude. The predicted primary velocity profiles along the trough
width for three different flow rates, i.e., 4, 6 and 8 m3/hr show that the magnitude of
primary velocity increases smoothly across the width of the trough in the radial
direction away from the central supporting column or axis, qualitatively. Inset is
provided to make the visibility clearer. High velocity zone (red) can be seen in the
outer region of the trough. With the increase in flow rate, there is a slight effect on
the flow velocity profile in the inner region than compared to the velocity profiles at
the outer regions of the spiral trough. The results established are found to be in line
with the results of the work carried out by Doheim et al. [21] that was based on
VOF and turbulent modeling. Two graphs are plotted in order to support the
velocity contour plots quantitatively that follow the same trend for a flow rate of
8 m3/hr (Fig. 5).

4.2 Water Depth

It is observed that the water depth increases in the outward direction of the spiral
trough following the trends of primary velocity profiles as shown in Fig. 5. As the
slurry flows down the spiral, centrifugal and other forces mentioned previously act
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on it, resulting in the build-up of more water in the outer region of the trough. This
causes the increase in water depth along the radial distance from the central axis.
A quantitative comparison is drawn between the numerical simulations of water
depth for the three different flow rates of 4, 6 and 8 m3/hr, respectively (Fig. 6). It
can be seen that the span of water depth increases with the flow rate on the trough
width, and the water depth also increases with the increase in flow rate. However,
the effect of flow rate is lesser on the water depth in the inner region than compared
to the outer region of the trough.

5 Conclusions

Two-phase flow field simulations of coal-water slurry are conducted using mixture
model in which the flow–particle interactions are taken into account by employing a
standard k-e turbulence model. The following conclusions can be drawn based on
the above analysis:

Fig. 4 Contours showing the primary velocity profiles for three different flow rates, i.e., a 4 m3/
hr; b 6 m3/hr; c 8 m3/hr

Fig. 5 Variation of primary velocity profiles along the width of the spiral trough for 4 m3/hr
shown through a column graph; b point graph
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• Water velocity profiles on the spiral trough can be predicted using the present
mixture model. Primary velocity across the spiral trough increases along the
radial distance from the vertical central axis. The effect of the flow rate on the
primary velocity can be observed mainly in the outer zone of trough width.

• The water depth on spiral trough increases along the radial distance of the
trough, i.e., from the central axis of the spiral separator. Also, as the slurry flow
rate increases, the depth of water increases. Variation of water depth is more
pronounced in the outer region of the trough compared to the inner region.

• The suggested computational model is applicable for any type of spiral separator
just by modifying its geometrical parameters. Furthermore, it is not a very costly
turbulence model as compared to other models that require high run-time and
storage memory.

The above results can be validated and thus can prove helpful in the design
optimization of the spiral separator by carrying out experiments more elaborately,
as a future work.
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Mixing Performance Analysis
of Serpentine Microchannels
with Straight and Curved Bends

Sandeep S. Wangikar, Promod Kumar Patowari, Rahul Dev Misra,
Ranjit Gidde, Subhash Jadhav, and Sachin Sonawane

1 Introduction

Microfluidics is a term which deals with transport phenomena at the microscopic
scales and techniques and components employed for controlling and actuating the
fluids. The microfluidic systems are the fast-growing technology, and the micro-
fluidics study is significant for implementing lab-on-a-chip (LOC). The LOC sys-
tems are moreover recognized as micro total analysis systems (µTAS) that can
execute maximum stages of chemical and biological processes [1, 2]. Microfluidics
has many applications in many different fields including cosmetics, pharmaceuti-
cals, biotechnology, medicine, and also in physical sciences for control systems and
heat management. A microchannel is one of the vital components of microfluidic
systems. The microchannel is a channel that has a height and width in the order of
micrometers (lm). A microchannel which mixes fluid is called a micromixer. The
geometries are built into the circuits which are known as microfluidic chips. This
technology has been the reason for a good deal of research, as it offers a means for
carrying out the key chemical evaluation processes in the biomedical field [1–3].
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Micromixers can be classified into two main categories as active and passive. Each
of these micromixers has different capacity, mixing speed, and operating require-
ments. For example, an active micromixer requires power input to make mixing
possible in the device.

In contrast, a passive micromixer achieves mixing with the applied pressure for
fluid motion. As such, some micromixers are more suitable for a particular appli-
cation than the others. Active micromixer generally provides correct mixing, but
their fabrication is cost-intensive, and integration with different devices is difficult.
For this reason, passive micromixers are favored in several situations [4–6].

Many researchers report the mixing performance of passive microchannels. The
various geometries like wavy structure, curved shape, static micromixers, 3D ser-
pentine, square wave, straight microchannels, spiral-shaped microchannel, serpen-
tine microchannel with cyclic L-shaped units, serpentine microchannel with
non-aligned inputs, etc., have been used by different researchers for analyzing the
effect of geometry/shape on the mixing performance analysis [7–15]. Many
researchers have also studied the microchannel-based on the split and recombine
(SAR) process. In SAR, the two fluids to be mixed are split and recombined to
optimize the diffusion process. The different passive micromixer configurations
developed by various researchers are planar SAR micromixer, micromixer using
two-dimensional (2D) modified Tesla structures, two-layer crossing channels
(TLCCM), ellipse-like micropillars, P-SAR micromixer with cavities (fan-shaped),
modified P-SAR micromixer with dislocation sub-channels, etc. The mixing per-
formance has been observed enhanced due to the SAR process and the subsequent
chaotic advection [16–18]. Different researchers report some numerical investiga-
tions on mixing behavior of microchannels using different types of obstacles and
grooves along the mixing path. [19–24] and reported that recirculation zones are
created downstream of these obstructions, which resulted in mixing performance
enhancement. Few of the researchers have fabricated the microchannels using
different methods like laser machining, photochemical machining, micro-milling,
etc. [25–35].

Based on the above reported various studies, it is noted that the microchannel is
governed by the two main parameters as pressure drop and mixing index (or mixing
length). Still, there is scope for comparative analysis of serpentine microchannels
with straight bends and curved bends. Also, the effect of width and height (aspect
ratio) on the mixing analysis is impressive. This paper presents the mixing per-
formance analysis with straight and curved bends. COMSOL Multiphysics 5 was
used for performing the simulations. The aspect ratio (ratio of channel width to
height) was varied as 0.75, 1, and 1.25. The pressure variation (drop) and mixing
within straight and curved serpentine microchannel is analyzed.
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2 Methodology—Numerical Simulations

2.1 Microchannel Geometry

In the present study, two microchannel configurations with Y-shaped inlet have
been considered—a serpentine microchannel with straight bends and a serpentine
microchannel with bends. The computational models for the same are developed in
COMSOL Multiphysics 5.0 and are presented in Fig. 1a, b for the serpentine
microchannel with straight and curved bends, respectively. The dimensions (width
and height) of the microchannel considered are 400 µm for both the configurations
for aspect ratio 1. The width of the channel is kept constant, and the height is varied
for aspect ratio of 0.75 and 1.25. Two different fluids have been fed through two
different inlets, namely Inlet 1 and Inlet 2. The fluid velocity (u mm/s) for both the
inlets has been assumed to be the same.

2.2 Boundary Conditions

The simulations for the developed microchannels have been carried out using
COMSOL Multiphysics 5. The physics used for simulations in COMSOL is lam-
inar flow and transport of diluted species. Using suitable boundary conditions, the
governing equations, i.e., Eqs. 1–3, have been solved in the software. The boundary

Fig. 1 Serpentine microchannel a with straight bends b with curved bends
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conditions used are the equal velocities at the two inlets, atmospheric pressure at the
outlet, symmetry at the interface between the fluids, and no-slip conditions at the
microchannel walls. The fluids at the two inlets have been considered as water and
ethanol at 25 °C. At the inlet boundaries, the concentrations of fluids have been
taken as 10 mol/m3 and that for fluid 2 as 0 mol/m3. The diffusion coefficient of
ethanol in water has been taken as 1.0 � 10−9 m2/s. The inlet velocity is varied
from 0.5 to 1 mm/s.

For the developed computational models, the steady-state condition for the fluid
flow and convection and diffusion of the species have been assumed. The mass and
momentum balance for the incompressible and isothermal Newtonian fluids in
microchannels are expressed by Navier–Stokes and continuity equations, and the
equations are as follows:

r:u ¼ 0 ð1Þ

r u:rð Þu ¼ r: �pIþr ruþðruÞT� �� 2=3r r:uð ÞI� �þF ð2Þ

where u = (u, v, w) is the flow velocity field, q is the density of the fluid, p is fluid
pressure, µ is the dynamic viscosity of the fluid, I is the unit diagonal matrix, and
F = (fx, fy, fz) is a volume force affecting the fluid.

Due to the convection and diffusion, the mixing in the flow takes place. The
following equation has governed mass transport:

r: �D:rcð Þþ u:rc ¼ R ð3Þ

2.3 Meshing

For the computational analysis of the microchannel models, the unstructured mesh
has been used. For avoiding the effect of increased meshing elements on the quality
of the simulation results, the simulations have been carried out with different mesh
size (domain elements). For both the configurations of the microchannel, the results
for pressure drop are compared at various domain elements. The meshed serpentine
microchannel with straight and curved bends is depicted in Fig. 2a, b, respectively.

3 Results and Discussion

Using COMSOL Multiphysics 5.0 software, the 3D models of the serpentine
microchannel with straight and curved bends have been developed, and then,
simulations have been carried out. Equations 1–3 have been solved by using
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considered boundary conditions. Water is used as the primary fluid, while ethanol
has been used as the secondary fluid (both at 25 °C).

3.1 Effect on the Pressure Drop (Pa)

The influence of the aspect ratio on the pressure drop is analyzed. The aspect ratio
considered for the analysis was 0.75, 1, and 1.25. The velocity of inlet fluids was
varied with a velocity of 0.5 mm/s, 0.75, and 1 mm/s. The sample images for the
pressure drop measurement for serpentine microchannel with straight bends and
curved bends are shown in Fig. 3a, b, respectively.

The pressure drop was recorded, and the effect of aspect ratio on pressure drop
for serpentine microchannel with straight bends and curved bends is shown in
Fig. 4a, b, respectively. It is observed from Fig. 4 that the pressure drops increase
with increase in the aspect ratio from 0.75 to 1.25. Also, the pressure drops increase
with increase in velocity from 0.5 to 1 mm/s. The reason behind this is as the aspect

Fig. 2 Meshing for serpentine microchannel a with straight bends b with curved bends

Fig. 3 Pressure drop for serpentine microchannel at 0.5 mm/s velocity for a with straight bends
b with curved bends
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ratio increases the cross-sectional area of the microchannel increases. The same
fluid will experience more pressure in a lesser area and less pressure in the increased
area. Therefore, the pressure drop increases with an increase in aspect ratio. From
Figs. 4 and 5, it can also be noted that the pressure drop is more for the serpentine
microchannel with curved bends as compared to serpentine microchannel with
straight bends. The fluids experience more pressure in curved bend configuration
due to its shape, and this leads to increased pressure drop for serpentine
microchannel with curved bends as compared to serpentine microchannel with
straight bends.

3.2 Effect on the Mixing Length

The term mixing length refers to the distance along the channel where the mixing
index is achieved as 1, i.e., the mixing of the two fluids is 100%. The mixing length
is recorded in COMSOL Multiphysics 5 software. The sample images for the
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mixture across the cross section for serpentine microchannel with straight bends and
curved bends are presented in Fig. 6a, b, respectively.

The effect of aspect ratio on mixing length is presented in Fig. 7a, b for ser-
pentine microchannels with straight bends and curved bends.

From Fig. 7, it can be seen that the mixing length is noted lesser for the
microchannels smaller aspect ratio. It increases with increase in aspect ratio from
0.75 to 1.25 for both the considered microchannel configurations. This increase is
because the flow is laminar at lesser fluid velocities, and the mixing in the
microchannels is because of diffusion. Aspect ratio 0.75 indicates the broader cross
section, and the aspect ratio 1.25 showed the smaller the cross section. The more
area is available for diffusion in case of the larger cross-sectional area; hence, the
lesser mixing length is observed at lower aspect ratio, and the increased mixing
lengths are noted for the larger aspect ratio 1.25. Also, the mixing lengths are found

Fig. 5 Comparative pressure drop analysis for serpentine with a straight bends b curved bends

Fig. 6 Sample images for mixing at the cross section of the channel for serpentine with a straight
bends b curved bends
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lesser for serpentine microchannel with curved bends as compared to that for the
serpentine microchannel with straight bends. This smaller mixing length is due to
the effect of Dean vortices forming at the curved bends, which enhances the mixing
and leads to reduced mixing lengths as compared to that for straight bends.

4 Conclusions

The mixing performance analysis of a serpentine microchannel with straight bends
and curved bends has been studied using computational analysis with COMSOL
Multiphysics 5.0 software. The aspect ratio considered in the analysis is 0.75, 1, and
1.25. The influence of aspect ratio on the pressure drop and mixing length is
investigated. Based on the numerical analysis, the following conclusions are drawn:

• The pressure drop increases proportionally with an increase in the aspect ratio
from 0.75 to 1.25.

(a)

(b)

Fig. 7 Effect of aspect ratio
on mixing length for
serpentine microchannel with
a straight bends b curved
bends
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• The mixing length also increases with an increase in aspect ratio from 0.75 to
1.25.

• The higher-pressure drops are noted for the serpentine microchannel with
curved bends as compared to serpentine.

• The mixing lengths are observed lesser for the serpentine microchannel with
curved bends as compared to straight bends.
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Comparison of Certain Models
to Estimate the Best Solar Global
Radiation for Jamshedpur, Jharkhand,
India

Md. Ahsan, P. Chand, and Kumari Namrata

1 Introduction

For the proper utilization of solar energy in economic and efficient manner, there is
need to know the available solar energy data. It is very helpful in order to design
and assess the conversion of solar energy system. Many researchers measured solar
radiation data of different locations to find out the best performance and efficiency
of different thermal devices used by solar energy. Solar energy is a renewable form
of energy that helps in reducing the demands of conventional fuels [1]. The solar
radiation predictions are being carried out in Jamshedpur considering the weather
parameters, sunshine hours as the prime concern [2, 3].

The estimated solar radiation models are established by Angstrom–Prescott. In
2011, the average daily global radiation for seven models was reviewed by Wong
and Chow with sunshine hours [4]. Bagheri Tolabi et al. [5] given an estimated
solar global radiation depends on Angstrom model. Many researches based on solar
radiation model are done by Tiwari and Katiyar [6–8]. Harrouni et al. [9, 10], Maafi
[11], and Badescu [12] on its classification.

The data of GSR is very useful for the design and performance of the solar
system. This data is not available due to requirement of cost and calibration of the
devices used to measure. General methods to determinate the parameter by suitable
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factor which are empirically prescribed for the places where data is not available
(Bakirci 2009). The models earlier developed were not for averaged data as they are
for hourly records [13]. Temperature-based models, sunshine hour, and cloud-based
models are most important factor for findings of global solar radiation [14, 15].

There are various studies that have been published based on the sunshine hour to
estimate the monthly mean GSR. In 1924, the regression equation for monthly
average daily radiation was suggested by Angstrom for a horizontal surface [16].
Prescott (1940) suggested the ideas to solve the problem of solar radiation using the
extraterrestrial radiation and modify it. Later, several models are found to measure
monthly mean daily radiation (Mecibah et al. 2014).

2 Climatic Factors of Jamshedpur, Jharkhand

The knowledge of weather condition is in order to utilize solar energy for severe
applications. The ideas and methods are provided to find out the global solar
radiation for a particular area without accessible data. These equations incorporate
the number of sunshine hours, wind speed, number of rainy days, mean sea-level
pressure, maximum and minimum temperatures, etc. An analysis and discussion
will be done separately to know about the annual and seasonal variation. A basic
appraisal and investigation of it will empower us to use these parameters for
improving the efficiency of thermal devices depends on thermal energy conversion.

2.1 Sunshine Hours Data for Jamshedpur, Jharkhand

The sunshine data is a numerous factor responsible to find the measured solar
radiation for a specific area. This sunshine hours are recorded by the automatic
sunshine recorder. The monthly and annual total of bright sunshine hours along
with the average daily sunshine hours per day for periods 2010–19 (MNRE
Handbook) has been studied [17, 18]. It was observed that a maximum of 324 h is
recorded in the month of May, whereas the average of October–November is about
290 h. May and October depict the more values of solar radiation intensity. The
lowest mean value of bright sunshine hours occurs in the months of July and
August. During these months, it receives monsoon rains, and the sky is mostly
overcast attenuating the incident solar radiation.
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2.2 Monthly Mean Daily Global Solar Radiation
on Horizontal Surface

The main objective of gathering solar radiation data is to assess the possibility of
application and efficient utilization of this energy source, in order to meet energy
demand. With the rapidly growing interest in the area of solar energy, measurements
and estimates from developing and underdeveloped countries are becoming readily
available. Since it is very typical to cover all the work done regarding solar radiation
measurements and estimation all over the world, therefore, many investigators try to
correlate relationships between the global or diffuse values of radiation based on
meteorological parameters to ensure coverage of maximum number of locations with
varying latitudes and climate, located in different continents [19, 20].

In this study, a linear regression model has been produced for assessing monthly
average GSR on a flat surface of Jharkhand to be specific city Jamshedpur (22° 48′
N, 86° 11′ E)

The estimations of worldwide sun-based radiation and sunshine hour were
estimated at the city Jamshedpur for the period (2010–19) utilizing pyranometer
and were gathered from the Solar Radiation Handbook (Solar Energy Centre,
MNRE, India Meteorological Department) [21].

The standard methodology is followed to calculate the extraterrestrial and global
radiation for the above place. So many findings have been shown that based on the
monthly mean value of t and GSR.

3 Methodology

Different atmosphere models have been produced for use in foreseeing the
month-to-month normal worldwide sun-oriented radiation, the well-known one
being the Angstrom–type relapse condition created by Angstrom [22–24]. This
relationship between month-to-month day-by-day daylight hours for the global
radiation is provided by the following equation [25–27]

Eg

E0
¼ cþ d

t

T

� �
ð3:1Þ

where Eg is monthly average daily global radiation (MJ/m2-day) falling on an even
surface at a specific area [28]. And E0 is the month-to-month mean day-by-day
radiation (MJ/m2-day) on a flat surface without climate, t is the month-to-month
mean every day number of watched daylight hours, T is the month-to-month typical
step-by-step most extraordinary number of significant stretches of possible light (or
day length). The terms c and d are climatologically regression constants [29]. The
proportion is regularly t

T called the level of conceivable daylight hour.
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E0 ¼ 24
p
Isc 1þ 0:033 cos

360n
365

� �
xs sin/ sin dþ cos/ cos d sinxsð Þ

ð3:2Þ

where n is the quantity of days beginning from January first, Isc is the solar constant
with an estimation of 1367 W/m2, d is the declination point, / is the scope of the
areas, and xs is the nightfall hour edges, given as:

d ¼ 23:45 sin
360
365

284þ nð Þ
� �

ð3:3Þ

xs ¼ cos�1 � tan/ tan dð Þ ð3:4Þ

The most extreme conceivable daylight span T
� �

is given by (Table 1):

T ¼ 2xs=15 ð3:5Þ

The given first-order Angstrom correlation models are to be developed to esti-
mate the values of global solar radiation (Eg) in city are:

For Jamshedpur

Eg

E0
¼ 0:2026þ 0:514

t

T

� �
ð3:6Þ

3.1 Comparison and Validation of Models with Statistical
Error

There are numerous boundaries which manage the evaluation and correlation of
monthly mean daily sun-oriented radiation estimation models. Here, the factual
boundaries like root mean square error (RMSE) and the mean bias error
(MBE) assist in finding the mistake or the change of the determined estimation of
the deliberate worth. Mean percent error (MPE) and coefficient of correlation (R2)
test the direct connection among measured and estimated values. To improve the
outcomes and better correlation, the Nash–Sutcliffe condition (NSE) is additionally
chosen as an assessment basis. The t-measurement permits models to be analyzed
and simultaneously it is done to decide factual centrality of the anticipated qualities
by the models [30–33].

Table 1 Regression
constants for selected location

Location Regression constants

c d c + d

Jamshedpur 0.2026 0.5140 0.7166
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MBE ¼ 1
n

Xn
1

Ei;calc � Ei;meas
� � ð3:7Þ

MPE %ð Þ ¼ 1
n

Xn
1

Ei;calc � Ei;meas
� �

Hi;meas

� �
� 100 ð3:8Þ

RMSE ¼ 1
n

Xn
1

Ei;calc � Ei;meas
� �2" #1

2

ð3:9Þ

NSE ¼ 1�
Pn

1 Ei;calc � Ei;meas
� �2Pn

1 Emeas � Ei;meas
� �2 ð3:10Þ

where Emeas is the measured mean global radiation. A value of NSE closer to 1 is
more suitable for model.

t ¼ n� 1ð Þ MBEð Þ2
RMSEð Þ2� MBEð Þ2

" #1
2

ð3:11Þ

3.2 Models Analysis

Rietveld [34] analyzed a few distributed estimations of ‘c’ and ‘d’ and noticed that
‘c’ is connected straightly and ‘d’ is hyperbolic to the mean estimation of value V so
that the condition is accepted to be appropriate any place

Eg

E0
¼ 0:18þ 0:62 Vð Þ ð3:12Þ

where V ¼ t
T
.

Ogleman et al. [35] proposed the utilization of a relationship which relates the
worldwide sun-based radiation to V in a quadratic structure as:

Eg

E0
¼ 0:195þ 0:675 Vð Þ � 0:142 V2� � ð3:13Þ

A quadratic relationship between the ratio of Eg

E0
and V is given by Akinoglu and

Ecevit.
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Eg

E0
¼ 0:145þ 0:845 Vð Þ � 0:280 V2� � ð3:14Þ

Glover and McCulloch endeavored to establish scope reliance with one of the
Angstrom–Prescott coefficient and introduced the accompanying

Eg

E0
¼ 0:29 cos/þ 0:52 Vð Þ ð3:15Þ

Gopinathan [36–38] introduced c, d and identified three boundaries, scope, rise,
and daylight hours.

c ¼ �0:309þ 0:539 cos/� 0:0639hþ 0:290 Vð Þ

d ¼ 1:527� 1:027 cos/þ 0:0926h� 0:359 Vð Þ

Eg

E0
¼ 0:32þ 0:42 Vð Þ ð3:16Þ

Present model

Eg

E0
¼ 0:211þ 0:489 Vð Þ ð3:17Þ

4 Results and Discussion

Six empirical models are compared by considering the monthly mean daily solar
global radiation on a flat surface with monthly mean sunshine records for city
Jamshedpur, Jharkhand is shown in Fig. 2. Further, the models are compared using
coefficient of correlation (R2), root mean square error (RMSE), mean bias error
(MBE), and the t-stat. The double axis graph is plotted for monthly average solar
radiation in a flat portion for Jamshedpur in Fig. 1 and the scatter plot graph is shown
to compare the estimated and measured value of all different models (Fig. 3).

In Table 2, the best coefficient of correlation with R2 = 0.999 is obtained from
the linear regression model while the most minimal correlation coefficients
R2 = 0.971. From the statistical test, the ideal data of MBE and the RMSE plotted
in Fig. 4. In correlation with all the models, the least RMSE has 2.52% and the
most elevated one with 23.43%, respectively, for Jamshedpur

The results of MBE from all the models show overestimation except present
model shows underestimation. Likewise, the estimations of NSE (0.99) as appeared
in Fig. 4 and the lowest values of t-marker show the best performance in com-
parison to all model.
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5 Conclusions

From the investigation, the possibility of effective use of sunlight accounts extre-
mely brilliant. The target of this examination was to assess different models to
estimate month-to-month normal day-by-day global radiation on a flat surface from
brilliant daylight hours for Jamshedpur, Jharkhand, and to choose the most suitable
model.
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The estimations of month-to-month normal global sun-oriented radiation are
determined utilizing the models proposed by Rietveld, Ogleman, Akinoglu, Glover,
Gopinathan and present model. The choosen models were contrasted and the cur-
rent model for assessing monthly GSR for Jamshedpur, based on statistical tests, for
example, mean bias error (MBE), root mean square error (RMSE), the mean percent
error (MPE), Nash–Sutcliffe condition (NSE,) and the t-marker. The Angstrom
model is incredibly prescribed to assess monthly average global solar radiation for
Jamshedpur (Jharkhand). Besides, the other new proposed models are additionally
being suggested for evaluating the normal day-by-day global sunlight-based radi-
ation for Jamshedpur.

The most extreme normal day-by-day global sun-oriented radiation is gotten in
the period of April and May, while it is least in the storm season (July–August) and
somewhat moderate in winter (November–January) in all parts. The similar
investigation of yearly normal worldwide sun-powered radiation demonstrated that
sunlight-based radiation is most extreme at Jamshedpur. The estimations of global
solar radiation determined from single recently proposed model for Jharkhand are
likewise contrasted. Thus, a recently proposed model is prescribed to find monthly
average solar global radiation.

Table 2 Different statistical test for the acceptance of the models for the city Jamshedpur

Statistical parameters Present Rietveld Oglemann Akinoglu Glover Gopinathan

R2 0.999 0.996 0.998 0.998 0.993 0.971

MBE MJ/m2-day −0.208 1.303 1.089 0.989 2.272 2.079

MPE −0.011 0.078 0.072 0.063 0.151 0.149

RMSE MJ/m2-day 0.252 1.427 1.111 1.026 2.343 2.262

NSE 0.991 0.720 0.829 0.854 0.242 0.294

MAPE 0.013 0.080 0.073 0.064 0.151 0.149

t-marker 4.878 7.433 10.650 11.956 13.177 7.738
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A Study of Microstructure
and Mechanical Properties of Wire Arc
Additive Manufactured Component
with ER70S6 Alloy Wire Using CMT
Process

Yash Khandelwal, Rajneesh Kumar Gupta, K. K. Verma,
and Amitava Mandal

1 Introduction

Additive manufacturing has become a common word of mouth and a well-known
technology in today’s world. As we can see many kinds of research are going on
adopting different processes using a variety of materials for manufacturing various
products. During this current pandemic time, various products starting from
low-value face cover, mask, face shield to high-end components such as mechanical
components of ventilators are being made by additive manufacturing technology
and are being successfully marketed. Every product, that is, from the smallest to the
biggest is developed and produced in large quantities by this technique within a
very tight schedule and at a very reasonable cost. This shows that additive man-
ufacturing has a high level of flexibility in the manufacturing components having
complex geometries. The product development time and the time gap between
product design and commercial production are substantially low in additive man-
ufacturing technology compared to other conventional methods.

Additive manufacturing is also commonly known as 3D printing, which refers to
layer-by-layer deposition of raw materials to build the component. According to
ASTM standards, additive manufacturing (AM) is defined as the “process of joining
materials to make objects from 3D model data, usually layer upon layer, as opposed
to subtractive manufacturing methodologies” [1]. According to the type of energy
source used in the additive manufacturing process, it has been classified into three
main groups: laser-based, electron beam-based, and electric arc welding-based [2].
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Arc welding-based additive manufacturing process has the advantages of lower cost
and higher deposition rates of about 50–130 g/min, in comparison to a laser or
electron beam that has a deposition rate of only 2–10 g/min. [3].

Wire arc additive manufacturing (WAAM) is a new advancement in the field of
metal additive manufacturing. As the name itself suggests, it is a wire feed and
arc-based technology to produce components in a layer-wise manner that uses an
electric arc as a heat source and wire as a feedstock material [4]. It is a direct energy
deposition technique having a low capital cost and a cost-effective method of
producing large and complex shape metallic components by the additive manu-
facturing method. It has various advantages over other additive manufacturing
techniques. The main advantages of WAAM processes are its high deposition rate
compared to other AM methods like laser and powder-based technique and electron
beam process. WAAM can be used with low and medium complexity parts, and
there is no size limit of a part to be manufactured. This technology can make a spark
in the development of a new product. The other advantages of this technology are
that it has low equipment cost in comparison to other AM techniques such as laser
AM and electron beam AM process, also can be build large size component, reduce
material wastage, no tool required, near-net-shape components can be produced and
most importantly it has very low buy-to-fly ratio [5]. This buy/fly (BTF) ratio is the
ratio of the mass of initial workpiece such as billets to one of the finished products.
This WAAM technology greatly reduces this BTF ratio and makes a huge reduction
in the product cost by saving a large amount of material with a reduction in material
wastage. WAAM process also has some limitations and challenges that are mainly
residual stress and distortion of the parts, also the surface finish of the
near-net-shape component not up to the mark that can be achieved by selective laser
melting (SLM) or electron beam melting (EBM) process but these (SLM, EBM)
processes are not usable for large size component production and also they are
having very fewer deposition rates.

There are commonly three types of WAAM processes that are used based on
heat source: gas metal arc welding (GMAW)-based, gas tungsten arc welding
(GTAW)-based, and plasma arc welding (PAW)-based. A specific class of WAAM
techniques exhibits specific features. The deposition rate of GMAW-based WAAM
is 2–3 times higher than the GTAW-based or PAW-based methods. However, the
GMAW-based WAAM is less stable and generates more weld fume and spatter due
to the electric current acting directly on the feedstock [6]. To reduce fume and
eliminate spatter, a variant of the GMAW process has been developed by Fronius. It
is called cold metal transfer (CMT) process. This CMT process is a modified MIG/
GMAW process variant that relies on controlled short-circuiting/dip transfer mode
mechanism. This process works on the principle of push–pull mechanism which
retracts the electrode constantly at a very short interval, thus delivers clean and
excellent quality weld beads with ultra-lower thermal heat input and spatter-free
deposition [7]. It also has another variant where spray mode is mixed up with the
dip transfer mode that is called as CMT pulsed mode (CMT-P), further developed
advanced versions of these are CMT advanced (CMT-ADV) and CMT pulsed
advance (CMT-PADV) processes [8]. This CMT technology has advantages of

134 Y. Khandelwal et al.



producing stable arc with high arc deposition rate, accurate digital manipulation in
material input, low equipment cost, high precision forming, and easy to popularize
the welding process [9].

In the present study, the experiments conducted with CMT MIG robotic welding
equipment were carried out by using ER70S6 MS welding wire and S235JR MS
support plate (the support plate can be removed after completion). As most of the
investigations were conducted on the single-layer deposited wall and the additively
manufactured block structure’s integrity has not been investigated, this paper pre-
sents an investigation on anisotropy behavior of resulted microstructure and
mechanical properties including tensile, impact, and hardness of the manufactured
solid block component. Finally, the chosen design for the AM part is a solid
rectangular block component manufactured by robotic welding on a support plate.
The block is subjected to testing of mechanical properties in several directions,
hardness measurements, and microscopic investigation of welding defects and grain
structure.

2 Experimental Procedure

2.1 Methods and Materials

The experiment was carried out by using a cold metal transfer wire arc additive
manufacturing process (CMT-WAAM). The experimental setup mainly consists of
a Fronius CMT TPS500i power source that has synergic programs for controlling
the current–voltage characteristics and a six-axis KUKA industrial robot
KR8R1620 was used as a manipulator/positioning system. Also, included are a wire
feeder, robot controller, welding table with clamming devices and CMT welding
torch, i.e., mounted on the robot. The welding wire selected for this work was a
copper-coated mild steel wire ER70S6 (according to AWS classification) having a
diameter of 1.2 mm and a support plate of low carbon structural steel with the
dimension of 500 mm length, 350 mm width, and 12 mm thickness and has been
used as a substrate to perform experiments. The nominal chemical composition of
the wire spool is used is given in Table 1. The shielding gas used was a commercial
gas mixture called CORGON®10 that consists of a mixture of 10% CO2 with 90%
argon (M20) with a constant flow rate of 15 L/min. The contact to workpiece
distance (CTWD) was kept constant at 12 mm.

Table 1 Nominal chemical composition of the selected ER70S6 welding wire (producer data)

Element C Mn Si P S Fe

wt% 0.09 1.18 0.57 0.012 0.011 Balance
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2.2 Parameter Optimization

Several experiments were performed to find out the optimum process parameters for
the block deposition. Initially starting with a single-layer deposition to multiple
layers with a multibead overlapping strategy for deposition has been designed and
investigated. The main variable parameters that are taken into account for consid-
eration are the wire feed rate and the welding speed of robot travel speed. A full
factorial design experiment was performed to choose the optimum welding
parameters for the solid rectangular block deposition based on weld bead profiles.

2.3 Deposition Process

After conducting preliminary experiments to achieve the optimized process
parameters, the programming codes were generated for the KUKA robot by
teaching the coordinates in the teach pendant of the robot. A side layover distance is
given for proper overlapping of the weld beads, and a step over a distance of 2 mm
is given in the loop program for height increment during the continuous deposition
process of the layers to maintain a constant distance between the workpiece and
contact tip. Then the deposition of successive layers started on a low carbon steel
substrate. The block of dimension 130 mm long, 120 mm wide, and 60 mm high
was built at a 4 m/min. wire feed speed (WFS) and at a 0.6 m/min. welding travel
speed (TS). The width of the block was achieved by successively overlapping of
nearly 20 layers with very integrity and the height of the welded block increases
with superimposing of a new layer over the previous one. Thus, a solid metallic
block component is developed from ER70S6 MS alloy wire by this WAAM system
which is shown in Fig. 1.

2.4 Testing and Characterization

The test specimens for tensile test and Charpy impact tests were machined from the
deposited weld block in both of the directions parallel as well as perpendicular to
the welding direction. Tensile samples were prepared according to ASTM E8
standard as shown in Fig. 3a by using lathe and CNC machines. Tensile tests were
carried out by using INSTRON UTM of 35 KN capacity at a strain rate of 0.05/min
at ambient temperature. The Charpy impact test specimens of size 55 � 10 � 10
mm were prepared according to standard specimen size as shown in Fig. 3b by
using a shaper and grinding machine. The impact tests were performed by using
Zwick Roell Charpy impact testing machine at a subzero temperature of −30 °C.
The specimens for hardness and microstructure tests were taken from the middle
part of the block and then ground and mirror finish by using emery papers from 280
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to 2500 grit and then polished with METCO cloth polishing machine. Then these
specimens were etched with nital solution to reveal the hardness indentation and the
microstructure. A light optical microscope Leica was employed for microstructure
analysis. The Vickers hardness was tested by METCO Economet VH 50MD at an
applied load of 10 kg for 10 s.

3 Results and Discussion

3.1 Tensile Properties

The tensile properties of the fabricated component produced by the WAAM-CMT
process were measured by UTM. The welding parameters of the deposition process
are given in Table 2. Tensile testing was performed in two different orientations of
direction X and Y, the X-direction belongs to the parallel to deposition of weld beads

Fig. 1 a Deposition process
of the solid block component,
b experimental setup of
WAAM equipment
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Fig. 2 a Different testing samples that were extracted from the deposited block b orientation of
cut-out tensile and charpy specimens
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and Y directions show the samples were taken perpendicular to the deposition of
weld bead in the horizontal plane. These are illustrated schematically in Fig. 2a, b.

The mean yield and ultimate tensile strengths were 373 MPa and 510 MPa,
respectively. The deviation noted is ±5 MPa for both cases. The tensile properties
of the samples were found almost uniform in both the directions. Ductility was also
found very high with the values of 32% and 73% for mean elongation and reduction
in area, respectively. The Young’s modulus was measured to be 208 GPa. The
result of the tensile test was found as per given in Table 3. From the table, it could
be observed that the strength properties have isotropic characteristics with only
4–6 MPa difference in the ultimate tensile strength (UTS), 2–4 MPa difference in
the yield strength (YS), and 1–4% difference in elongation (%E) in both parallel and

Fig. 3 Dimensions of the tensile and Charpy samples/specimens

Table 2 Welding parameters
data

Wire feed rate 4.0 m/min

Welding speed 0.6 m/min

Shielding gas (Ar + 10% CO2)

CTWD 12 mm

Current 145 A

Voltage 13.5 V

Gas flow rate 15 l/min

Bypass temp. 70 °C
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perpendicular directions. The resulting individual stress–strain graph and the plot/
chart are shown in Figs. 4 and 5, respectively. The ultimate tensile strength and %
elongation levels obtained in the present work were found to be comparable with
the standard requirement for the welding wire used. However, the yield strength
values are somewhat lower than the range specified in the standard. Further
improvement in the tensile strength can be made possible with heat treatment of the
as-welded component. Overall, from the obtained results of tensile properties, it
could be seen that ER70S6 alloy parts manufactured by WAAM-CMT have a better
performance. The mechanical properties such as tensile strength, yield strength, %
elongation, and % reduction in the area are found to be comparable to the published
data. Hence, it can be concluded that the components produced using ER70S6 wire
will perform as intended.

Table 3 Tensile test result

Sample
no.

Avg. gauge dia.
(mm)

Area (mm2) Yield strength
(MPa)

UTS
(MPa)

Elongation
(%)

X1 5.94 27.7116746 371.126917 509.8765 35.48

X2 5.93 27.6184479 378.641073 516.4007 31.25

Y1 5.95 27.8050585 371.929097 505.777 31.74

Y2 5.95 27.8050585 369.715228 510.1157 32.39

Fig. 4 Individual stress–strain curves. X1, X2 are parallel and Y1, Y2 are perpendicular to the layer
deposition direction
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3.2 Hardness

The hardness measurements were carried out by using Vickers hardness tester at a
load of 10 kg applied for 10 s. The measured hardness in the horizontal and vertical
cross section of the samples is shown in Fig. 7. The Vickers hardness values are
between 75 and 80 kg/mm2 for parallel to the welding direction and between 71
and 74 kg/mm2 for perpendicular direction.

Fig. 5 Mechanical properties of the WAAM fabricated tensile samples

Fig. 6 Tensile test specimens of X and Y directions after testing
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3.3 Impact Property

The impact toughness properties of the extracted samples were measured with the
help of the Charpy impact instrument. The measurement of impact toughness was
taken for the subzero temperature at −30 °C. The measured values were found to be
148 and 170 J in the parallel and perpendicular to the welding direction, respec-
tively. These values of impact toughness are found to be much higher than the
required minimum impact strength of 80 J at this subzero temperature as per
the AWS requirement for the used ER70S6 welding wire. This indicates that the
component fabricated by wire arc additive manufacturing has good mechanical
properties that are sustainable and validate its integrity for the applicability in the
service areas. The fractured Charpy samples and their fractography image are
shown as in Figs. 8 and 9, respectively.

3.4 Microstructure and Metallography

The metallurgical examination was also carried out on the developed samples using
an optical microscope. The sample for microstructure analysis was prepared by
grinding with SiC papers from P280 to P2500 and polished with alumina powder
on the cloth polishing machine. The microstructure was subjected to inspection, and
a complex pattern of the reheated weld metal part is visible. It is found difficult to

Fig. 7 Horizontal and vertical hardness traverse of the sample
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Fig. 8 Fractured Charpy samples of X and Y directions

Fig. 9 Fractography image of the fractured surface of the Charpy impact specimens
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map the different regions in the solid structure component. It is clear after etching
with nital acid. The microstructure observed in welded samples is ferrite and bainite
which consists inside and along the prior austenite grain boundaries. Most of the
grains were found elongated toward the welding direction and characterized by a
roughly equiaxed microstructure. The welding wire material is mild carbon steel
that justified the ferrite coexists in the equiaxed form with the thin strips of pearlite
[10]. The average grain size was found around 9.5 µm as measured by using
ImageJ software. The microstructure of the specimen as shown in Fig. 10.

3.5 Macroscopic Morphology and Defects

The macroscopic morphology of the WAAM-CMT solid structure component is
shown. As the thick solid block was deposited through successive multilayer
multibead deposition, the side surface of the deposited component appeared cor-
rugated. But upon cutting the as-welded deposited solid block, a fully dense surface

Fig. 10 a Microstructure of the specimen at 20X and 50X b microstructure of the specimen at
100X
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was obtained that shows no sign of any defects and porosity in the fabricated block
component. It defines very good integrity of the WAAM process for fabricating
large size solid block components and advantage concerning other AM techniques.

4 Conclusions

In this study, the wire arc additive manufacturing (WAAM) technique using a cold
metal transfer (CMT) process has been carried out to produce a near-net-shape solid
block component of mild steel using ER70S6 copper-coated welding wire. The
study of microstructure and mechanical properties of the fabricated component was
carried out to analyze the effect of directional variation in the properties of the
samples. The following conclusions are taken from the present study:

• The tensile test gave mean values of yield and ultimate tensile strength of 373
and 510 MPa, respectively, which is quite acceptable as compared to the base
material.

• The tensile properties of the samples were found almost uniform and isotropic in
both the parallel and perpendicular to the directions of welding.

• The Vickers hardness values were found to be between 75 and 80 kg/mm2 for
parallel to the welding direction and between 71 and 74 kg/mm2 for perpen-
dicular direction.

• Both the strength and percentage of elongation measured are found higher than
the required that shows the high ductility of the fabricated component.

• The impact toughness at −30 °C was found to be 148 and 170 J in the parallel
and perpendicular direction.

• The toughness obtained is much higher than the required minimum impact
strength of 80 J at the subzero temperature as per the AWS requirement for the
used ER70S6 welding wire.

• The microstructure of the sample reveals that the microstructure observed in
welded samples is ferrite and bainite which consists inside and along the prior
austenite grain boundaries and most of the grains were found elongated toward
the welding direction.

• The average grain size was found to be around 9.5 µm.
• Based on the observation that no delamination or other defects such as porosity,

lack of fusion, etc., have not occurred in the specimens used for mechanical
testing, it can be concluded that this process produces the product of high
structural integrity.

Thus, wire arc additive manufacturing (WAAM) process based on cold metal
transfer (CMT) technology proved to be an economical and cost-effective method
of rapid prototyping/additive manufacturing for high-quality metal parts with uni-
form mechanical properties and fully dense large size complex shape components
with solid and hollow both types of structures.
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Effect of MoS2 and CeO2 Powder
Addition by Friction Stir Processing
on Wear and Corrosion Properties
of Al7075 Alloy

Pabitra Maji, Ranit Karmakar, Rahul Kanti Nath,
R. K. Bhogendro Meitei, and Subrata Kumar Ghosh

1 Introduction

Aluminium alloys are very extensively used in aerospace and automobile sectors
due to their lightweight and good strength. However, due to their poor surface
properties like low hardness and wear resistance, more often than not, some rein-
forcements are added to the alloys to enhance the desired properties for specific
applications. Stir casting [1], powder metallurgy [2], laser cladding [3], vapour
deposition [4], plasma spraying [5], etc., are some well-established techniques to
reinforce secondary particles to metals and metal surfaces. Lately, friction stir
processing (FSP) emerged as a new technique for composite fabrication with some
notable advantages over other processes such as grain refinement, uniform distri-
bution and environment-friendly technique.

Friction stir processing was derived from friction stir welding (FSW) technique.
In this process, a rotating tool is put onto the top surface of the plates to be welded.
The constant contact of the tool and material at high speed generates frictional heat,
and consequently, the materials to be welded become plasticized. A probe attached
with the tool stirs the semi-solid material, and joining takes place. Since develop-
ment, continuous researches were carried out on this process to know the effects of
various materials, parameters and heat flow characteristics in the process [6, 7].
Moreover, with passing time, FSW was used for grain refinement of materials and
to enhance uniformity in composites. With the increasing applications of FSW,
Mishra et al. [8] used the technique for surface composite development and
revealed a wide area in the field of materials processing. Subsequently, several
researches were carried out by implementing FSP technique for bulk and surface
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composites fabrication. Heidarpour et al. [9] prepared nano-TiO2 reinforced copper
matrix surface composites by FSP. Balakrishnan et al. [10] fabricated magnesium
matrix composite by introducing TiC through FSP technique. Along with these,
FSP was found to be successful in fabricating titanium alloys and steel matrix
composites [11, 12].

Being the mostly used composite in industrial applications, a significant number
of researches are focused on development and application-based characterization of
aluminium matrix composites. Dinaharan [13] integrated different particles such as
SiC, Al2O3, TiC, B4C and WC. The experimentation suggested that, the particle
types did not influence their distribution in metal matrices. A comprehensive review
on aluminium matrix composites prepared using FSP was done by Maji et al. [14].

With the necessity of improving more than one aspect of a material, hybrid
composites are a lucrative choice in recent researches. Devaraju et al. [15] used
mixture of SiC and Al2O3 or Gr for fabricating Al6061 matrix composite to achieve
high hardness as well as lubricating effect to reduce friction. Similarly, Rejil et al.
[16] reinforced Al6360 by TiC and B4C mixture to attain the aforesaid properties.
Palanivel et al. [17] also observed that the mixture of BN and TiB2 in Al6082
matrix exhibited best wear resistance due to the combining effect of solid lubri-
cation and load carrying by hard particles. Eskandari et al. [18] added a mixture of
TiB2 and Al2O3 in Al8026 alloy and observed significant improvement in
mechanical properties along with tribological behaviour. Sudhakar et al. [19]
observed that, the addition of solid lubricant MoS2 helped in achieving better
ballistic impact resistance of Al7075-B4C composite. Khan et al. [20] found hybrid
composite of B4C and CNT reinforcement in Al5083 alloy to be beneficial in terms
of mechanical properties compared to composites made by individual reinforce-
ments. Hossieni et al. [21] observed addition of CNT and CeO2 enhanced
mechanical properties with retaining corrosion properties of Al5083 alloy.

Addition of MoS2 was found to be advantageous with respect to wear resistance
of metallic alloys. Qu et al. [22] observed lubrication layer during sliding wear of
MoS2 reinforced Ti6Al4V composite. Rouhi et al. [23] also identified MoS2 film
over wear tested surfaces of Al–MoS2 composites. Soleymani et al. also [24]
observed reduction in friction coefficient and improvement in wear resistance of
Al5083 alloy by reinforcing MoS2 powder. Ability of CeO2 in corrosion inhibition
was observed by several researchers. Zheng et al. [25] found CeO2 to be corrosion
inhibitor to Mg alloy. Addition of CeO2 in epoxy coating on carbon steel improved
the corrosion performance in NaCl solution [26].

The extensive literature survey indicates that FSP is an efficient way to fabricate
aluminium matrix composites. However, very limited studies can be found on
improvement of wear and corrosion behaviour of aluminium alloys by reinforcing
through FSP technique. Also, from earlier studies, it is well evident that addition of
MoS2 can provide excellent wear resistance and incorporation of CeO2 yields good
corrosion resistance.
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Thus, to attain good wear and corrosion properties, in the investigation, alu-
minium 7075-T651 alloy is reinforced with a mixture of MoS2 and CeO2 powder.
The effect of particle inclusion on tribological behaviour and corrosion behaviour is
examined.

2 Materials and Methods

In this study, Al7075-T651 aluminium alloy rolled plates (Supplied by: Bharat
Aerospace Metals, Mumbai) with thickness of 6 mm were used at the base or
matrix for this surface composite. The chemical composition of the concerned alloy
is given in Table 1. 150 mm � 50 mm rectangular plates were used for the pro-
cessing. Hybrid composite was made by integrating MoS2 and CeO2 particles with
the average particle size of 20 µm (Supplied by: Parshwamani Metals, Mumbai)
were selected for fabricating the hybrid surface composite using identical propor-
tions of both. A longitudinal groove (width and depth of 2 mm) was milled on alloy
plate prior to fabrication for sitting of the powder reinforcements. Filling of the
powder mixture was followed by covering of the groove by a pinnless friction stir
tool (with 1000 rpm and 60 mm/min traverse speed) of shoulder diameter 16 mm
to hinder the splashing of powder. Covering and the fabrication of FSP was per-
formed in a 10 t friction stir welding machine set-up, which is shown in Fig. 1a, b.
The final processing was performed by a concave shoulder FSP tool made of high
carbon high chromium steel. The detailed specification of this tool is illustrated in
Fig. 2a. It was indigenously made, heat treated and oil quenched followed by
normalized. The rotational speed and transverse speed of the tool were kept con-
stant at 1500 rpm and 60 mm/min, respectively, selected from trial experiment. For
superior scattering of particles in the matrix, two FSP passes were employed. The
second pass was performed exactly to the opposite direction of the first pass with
100% overlap after subsequent cooling after first pass. A realistic top view of the
processed plate levelled with different details is shown in Fig. 2b.

The dry sliding wear properties of the composite and unreinforced alloy were
examined in the ball on disc tribo testing machine. 10 � 10 mm2 square wear test
sample was cut from the middle of the stir zone of the FSPed specimen (Fig. 2b)
using wire EDM as disc. The samples were tested under the conditions of vertical
load—4.9 N, sliding speed 0.126 m/s, sliding distance—150.79 m and 6 mm
tungsten carbide (WC) ball was used for this experiment. The material loss as well
as the specific wear rate was calculated thereafter. The wear tracks of the samples
were examined in field emission scanning electron microscope (FE-SEM) to know

Table 1 Chemical composition of as supplied Al7075-T651 alloy

Element Zn Mg Cu Ti Mn Fe Si Al

wt% 5.6 2.4 1.5 0.02 0.02 0.26 0.08 Balance
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the cause of wear. Electrochemical corrosion behaviour of the composite specimen
(Fig. 2b) and unreinforced alloy was performed in a potential dynamic polarization
equipment in 3.5% NaCl solution. Prior to the polarization test, samples were epoxy
coated barring one surface to be exposed and were immersed in the NaCl solution
for a half an hour duration. The corrosion potential (Ecorr) as well as the corrosion
current density (Icorr) was calculated by means of Tafel extrapolation method with a
scanning from −1.5 to 1 V (versus SEC) at speed of 1 mV/s.

3 Results and Discussion

Figure 3a, b represents the scanning electron microscopic (SEM) images of the
cross-sectional microstructure of the hybrid composite in low magnification and
high magnification, respectively. Any significant agglomeration cannot be identi-
fied in the SEM images. From highly magnified image, it is evident that the rein-
forcing particles, i.e. MoS2 (black particles) and CeO2 (white particles), are almost
evenly distributed throughout the composite surface. In spite of having different
density of the reinforcement particles, the solid state nature of the process and
proper stirring of the particles by tool pin is responsible for obtaining uniform
distribution. It is interesting to note that, the particles size in the composite is much
lower than the size of the supplied particle. The extreme shearing of the particles by
the rotating pin induced fracture in the micro-particles. As a result, the fragmented
particles can be observed in the composite. No pore and void can be observed in the
cross-sectional images. The energy dispersive spectroscopy (EDS) analysis of the

Fig. 1 a, b Friction stir processing machine set-up
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cross section (Fig. 3a) reveals the presence of major alloying elements of the
Al7075 alloy such as Al, Zn, Mg and Cu. Also, the elements of reinforcing par-
ticles, i.e. Mo, S, Ce and O can be observed in the elemental analysis of the cross
section. This suggests successful fabrication of MoS2 and CeO2 reinforced Al7075
matrix composite.

Prior to wear test the specimens were mechanically polished up to 0.001 average
surface roughness. The material loss in wear was measured by measuring the mass
of the specimens before and after subjected to dry sliding wear. Then, the volume
loss of specimens was measured by using predetermined density such as volume
loss = mass loss/density of specimen. The specific wear loss was calculated as
specific wear rate = volume loss/(load applied � sliding distance). The specific
wear loss provides an assumption on possibility of material erosion in a particular
sliding encounter [27]. The specific wear rate of the prepared composite and as
supplied alloy is shown in Fig. 4a. The specific wear rate of 7.95 � 10−4 mm3/N-m

Fig. 2 a Threaded cylindrical FSP tool, b plate after FSP
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of the unprocessed alloy was reduced to 3.98 � 10−4 mm3/N-m in case of the
hybrid composite. In a certain sliding condition, the material loss in wear depends
on mainly three aspects: (a) surface roughness of the specimen, (b) hardness of the
material and (c) coefficient of friction (COF) between test specimen and counter
body. The values of average surface roughness of the specimens were kept similar.
The measured average microhardness of the unreinforced alloy was 175HV0.1,
whereas the measured microhardness of the fabricated composite was 171HV0.1.
Therefore, the coefficient of friction was most influential in the difference in
material loss of the tested specimens. The variation of coefficient of friction of the
specimens with sliding distance is shown in Fig. 4b. After the initial increase, the
unreinforced alloy shows less variation compared to the hybrid composite. This
may be due to uniformity of wear occurrence in the aluminium alloy. In case of
hybrid composite, after the initial increase, the COF decreases. After a slight
stability, the COF increases, decreases and finally increases in current span of
sliding distance. The initial increase in COF in both the specimens is attributed to
the interlocking between asperities of test surfaces and the counter body. The
decrease afterwards in the composite is due to reduction in normal force by
unlocking of the asperities. The de-bonded particles got trapped in between the
mating faces and transformed the mode of wear to three body wear from two body
wear [28]. However, after the trapped particles were removed, due to successive

Fig. 3 a Cross-sectional SEM image of the FSPed composite, b enlarged view, c–j EDS area
mapping of the cross section
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locking and unlocking asperities, the normal load and consequently the COF were
increased, decreased and increased as observed in Fig. 4b. Also, it is clearly evident
form the figure that the average COF of the aluminium alloy is decreased from
0.659 to 0.405 by inclusion of the micro-powders. This is due to solid lubricant
property of MoS2. The reduction of COF is responsible for obtaining lower wear
rate in the composite compared to the unprocessed alloy.

The SEM images of the worn surfaces are shown in Fig. 5. In case of aluminium
alloy, material removal in large flakes can be observed. Also, a white coloured
phase distinct from aluminium alloy is seen. To identify the different phase, spot
EDS analysis was performed on that. The EDS result demonstrates that, the new
phase is Al and O2-rich phase. This observation suggests that oxidation happened in
the unreinforced alloy during sliding contact with WC ball. The rubbing action of
WC ball generated heat in the aluminium alloy. The soft alloy became plasticized
by the frictional heat and adhered with the WC ball. Then, the adhered materials
were removed by further movement of the ball. With more continuous contact, the
amount of heat generated in the alloy was increased. At high temperature, the alloy
reacted with oxygen and thick oxide layer formed. With further sliding contact, due
to internal stress and brittle nature, the oxides became unstable and broke after
reaching critical thickness. As a result, rough delaminated surface can be observed
in the SEM micrographs of aluminium alloy (Fig. 5a). In the hybrid composite,
parallel groove like surface is observed in the SEM image of the specimen sub-
jected to sliding wear. Along with the parallel grooves, some flake removal is also
found in the worn surface. The presence of reinforcing particles reduced the direct
contact of aluminium matrix with the WC ball. Rather, the particles acted as load
carrying medium. As observed in Fig. 4b, with progression in sliding contact, the
particles came out and stuck between ball and matrix plate. The cutting action of the
comparatively harder reinforcing particles generated grooves on the aluminium
matrix surface. However, due to low load carrying capacity, the composite also got
heated simultaneously. Consequently, the flake structured material removal due to
sticking of plasticized material to WC ball can be observed in the worn surface

Fig. 4 a Specific wear rate and b COF curves of the as supplied aluminium alloy and the FSPed
hybrid MMC
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(Fig. 5b). Due to the low COF between the hybrid composite and WC ball owing to
the lubricating property of MoS2 reinforcement particle (Fig. 4b), the intensity of
heat generated in the composite was lower than that of in the unreinforced alloy.
Consequently, the severity of adhesive wear was reduced, and oxidation did not
initiate. The change of wear mechanism is responsible for achieving better wear
resistance in the hybrid composite.

A saturated calomel electrode (SCE) was employed as the reference electrode for
the corrosion test, while the auxiliary electrode was made of platinum. The exposed
surfaces of both the specimens were polished up to average roughness of 0.001 to
eliminate the influence of surface roughness from the corrosion behaviour as higher
roughness results in higher corrosion rate [5]. The potentiodynamic polarization
curves of Al7075 alloy and the fabricated hybrid composite are illustrated in
Fig. 6a. For the aluminium alloy, the anodic current increases rapidly then some-
what stabilizes. The rapid increase in corrosion current suggests onset of rapid
corrosion. The stabilization of corrosion current is maybe due to hindrance of rapid
corrosion by a layer formed during initial chemical reaction. In case of the hybrid
composite, the anodic current does not increase rapidly, rather the corrosion
potential increases. This suggests onset of passivation in the hybrid composite. The
presence of anti-corrosive element CeO2 in the processed composite stalled the
corrosion propagation and enforced passivation. The corrosion current density
(Icorr) and corrosion potential (Ecorr) of the specimens were measured using Tafel’s
extrapolation method and shown in Fig. 6b. The corrosion potential (Ecorr) repre-
sents the onset of reduction from oxidation, whereas the corrosion current density
(Icorr) is directly related to corrosion rate such as corrosion rate = (0.13 � Icorr
� EW)/d, where EW is equivalent weight of the specimen and d is density of the
specimen [29]. From Fig. 6b, it can be observed that for the composite, the Ecorr is
higher, and Icorr is lower compared to the aluminium alloy. The corrosion potential
is increased from −863.962 to −672.192 V, and the corrosion current density is
decreased from 2 � 10−6 A/cm2 to 8.18 � 10−7 A/cm2. The presence of CeO2 is

Fig. 5 SEM images of wear abraded surfaces of a as supplied Al7075 alloy, b hybrid composite
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responsible for delaying the onset of corrosion in the composite. This observation
yields that the addition of hybrid power mixture is beneficial in terms of corrosion
resistance of the Al7075 alloy.

4 Conclusions

A hybrid composite was made by reinforcing Al7075-T651 alloy with a mixture of
MoS2 and CeO2 powder through friction stir processing technique. From this
investigation, the following outcomes can be concluded:

(a) The microstructure of the hybrid composite reveals pore free and nearly uni-
form distribution of MoS2 and CeO2 particles.

(b) Specific wear rate of the hybrid composite is reduced compared to the alu-
minium alloy due to decrease in the coefficient of friction and presence of
particles.

(c) The reduction of COF is mainly attributed to the existence of solid lubricant
MoS2 in the composite.

(d) Severe adhesive and oxidation wear is observed in aluminium alloy. Due to the
decrease in friction coefficient, the severity of adhesive wear is reduced, and
onset of abrasive wear is observed in the composite.

(e) The composite exhibits passivation in corrosive medium compared due to
hindrance of corrosion propagation by CeO2 particles present in the composite.

(f) The corrosion potential is increased, and corrosion current density is decreased
in the composite compared to the unreinforced aluminium alloy. This indicates
better corrosion resistance in the composite.

This study is focused on the effect of addition of MoS2 and CeO2 in aluminium
alloy. However, the FSP parameters also play an important role in the properties of
the fabricated composite which may be investigated. Mechanical properties such as

Fig. 6 a Polarization curves of the as supplied aluminium alloy and hybrid composite,
b corresponding corrosion potential and current density
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tensile strength, fatigue strength, bending strength of the fabricated composite are
needed to be examined for using it in industrial applications. Also, the wear and
corrosion performances reported in this study were performed in room temperature
(*25 °C). Behaviour of the composite in high temperature and very low temper-
ature may be examined.
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Effect of Current Pulsation on Weld
Microstructure During Micro-Plasma
Arc Welding of Inconel 718

A. K. Sahu and Swarup Bag

1 Introduction

Superalloy 718 (also known as Inconel 718) is the most widely recognized
Ni–Fe-based alloy which exhibits excellent mechanical and oxidation resistance
property up to the temperature of 650 °C [1]. Hence, the alloy is found to be
desirable for numerous high-temperature applications even in the extreme envi-
ronments, such as gas turbine disks, casings, shafts, and liners in aerospace and
nuclear power generation industries. The superalloy shows exceptional fusion
welding quality owing to the sluggish precipitation of alloy’s principal strength-
ening phase c′′(BCT, Ni3Nb), which provides resistance to strain age cracking and
solidification cracking [2, 3]. The primary challenge involved with the fabrication
of superalloy 718 is the segregation of Niobium in the interdendritic zone and
precipitation of various secondary phases (i.e., NbC and Laves) which promotes the
microfissuring or liquation cracks in the heat-affected and fusion zone (FZ) [4–7].
Hence, the presence of Laves phase which is a Nb enriched intermetallic phase
(represented as, Fe2Nb) in the interdendritic zones during solidification has dele-
terious impact on the mechanical properties like tensile strength, hardness, ductility,
fatigue, and creep rupture strength [1, 8]. Precipitation of Laves and different
carbides not merely provides micro-crack initiation sites in the FZ and HAZ but
also consume a substantial amount of favorable strengthening alloying elements out
of the metal matrix.

Laves phase is an unavoidable intermetallic phase present mainly in the inter-
dendritic region of fusion welded component [9]. Hence, reduction in volume
percentage of Laves phase by using various advanced welding technique has
resulted in weld quality improvement. The amount of heat input (J/mm) during
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welding plays a pivotal role for amount of segregation and precipitation of Laves
phase. Low heat input during welding assures a steep thermal gradient during
solidification of weld pool which hinders the segregation tendency of the solutes
like Nb, Mo, and Ti in the interdendritic zones and leads to a refined microstructure
in the weld zone. Many studies have focused on various advanced welding tech-
niques like laser beam welding (LBW) and electron beam welding (EBM) to
achieve low heat input and high cooling rate to control the segregation tendency
and to further improve the mechanical strength of Inconel 718 welded structure [1,
2, 10]. Apart from the heat input, techniques like current pulsation and beam
oscillation were also used to control the Nb segregation and Laves phase formation
[10–12]. The application of current pulsation during welding concludes in
remarkable grain refinement of the solidified structure. The microstructure refine-
ment during solidification occurs mainly due to the periodic change in the weld
pool temperature. The cyclic temperature variation enhances the fluid flow inside
the weld pool and facilitates to break the long continuous chain of Laves particle
during the solidification. Ram et al. [11] reported the application of current pul-
sation during GTA welding leads to contraction in Laves phase volume percentage
and enhancement in the weld mechanical characteristics. Ram et al. [13] witnessed
very fine and discrete weld morphology and lower segregation of principal alloying
elements in the interdendritic region with the pulsed Nd-YAG laser welding as
compared to the GTA welding technique. Radhakrishna and Rao [10] used electron
beam (EB) with circular oscillation technique to weld the Inconel 718 and found
significant reduction in segregation of Nb and Laves phase precipitation in the weld
zone. Till date, very minimal work is available on arc welding of superalloy 718
with current pulsation mode as compared to LBW and EB advanced welding
techniques. Hence, it is worthwhile in the current study to analyze the cost-efficient
micro-plasma arc welding (lPAW) in constant and pulsed current mode to weld the
solution treated superalloy 718 sheets and highlight the possibility in reducing weld
segregation and precipitation of Laves phase. The primary aim of the present work
is to investigate the impact of current pulsation on microstructure and mechanical
characteristics of the welded joints.

2 Experimental Details

As received superalloy 718 rolled sheets of 0.7 mm thickness are undergone
solution treatments at 980 °C for 1 h followed by water quenching to obtain a
homogeneous microstructure. The solution treated sheets are cut into 90 � 55 mm
coupons, and the welding direction is kept in normal to the sheet rolling direction.
In order to figure out the elemental composition (wt%), energy dispersive X-ray
(EDX) investigation is conducted on the base material and the result is shown in
Fig. 1a. In reference to the EDX probe, the parent material composition is presented
in Table 1. The optical microstructure of superalloy 718 parent material is
demonstrated in Fig. 1b. The base material wrought austenite consisting of
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equiaxed-type grains with an average grain diameter of 63 µm (ASTM 5–6) are
observed in the micrograph. Discrete needle shape d phase and randomly dis-
tributed MC (M: Nb, Ti) carbides are also evident in the microstructure. The
welding surfaces are thoroughly cleaned before the welding process to remove the
oxides and different impurities present on the surface. Sheets are tightened in a
fixture made up of copper to curb the deformation and achieve high cooling rate
throughout the welding process. The welding torch of micro-plasma setup is held
stationary, and the workpiece is enabled to move with a consistent velocity.
Commercial pure argon gas of 99% purity is employed as plasma gas in addition to
shielding gas to cover the weld pool from atmosphere. Butt configured welded
joints are produced through constant current (CC) and pulsed current (PC) method
using a micro-plasma arc welding machine with DCEN power supply. The plasma
and shielding gas flow speed are kept at 0.4 and 5 L/min, respectively, along with a
nozzle standoff gap of 2 mm. The remaining welding variables adopted for pro-
ducing defect less welds by constant and pulsed current conditions are presented in
the Table 2, usually acquired by broad range of welding trials with keeping the heat
input (J/mm) constant in both the condition.

The welded specimens are cut normal to the welding direction for microstruc-
tural analysis and polished with emery paper followed by velvet cloth polishing
with the diamond paste (0.5–1 µm) to obtain mirror finish. The polished samples
are dip for few seconds in a mixture of HCl, HF, and HNO3 in the proportion of
4:2:1, respectively, to obtain the microstructure. The microstructural investigation is
performed through the optical microscope and scanning electron microscope

Fig. 1 Showing a EDX elemental analysis and b optical microstructure of the base material

Table 1 Chemical
composition (wt%) of
superalloy 718

Elements Ni Cr Nb Mo Ti Al

Composition
(wt%)

50.8 19.3 5.6 3.0 1.1 0.8

Elements Si Mn Cu Co Fe

Composition
(wt%)

0.2 0.1 0.1 0.1 Bal.

Effect of Current Pulsation on Weld Microstructure … 161



(SEM). The volume percentage of Laves intermetallic phase is evaluated through
the image analysis technique on the SEM micrographs, taken from fusion boundary
to weld center for both the welding conditions. X-ray diffraction (XRD) technique
is carried out on CC and PC weld zone to reveal the composition and presence of
various intermetallic phases along with the main austenite matrix. Micro-hardness
measurements are conducted across the weld bead with an indentation spacing of
0.2 mm for each specimen, using Vickers hardness tester at a load of 500 g and a
dwell time of 20 s. The hardness is evaluated in the center portion of the welded
joint. Tensile testing of the welded samples and base material is undertaken at room
temperature to analyze the proof stress, tensile strength, and degree of elongation.
For every condition, three sub-size specimens are prepared according to usual
ASTM E8M subsize standard. The tests are performed with a computer controlled
servo-hydraulic universal tensile testing setup with extensometer attachment and a
crosshead speed of 0.5 mm/min.

3 Results and Discussion

3.1 Microstructure

Figure 2 depicts the top and cross-sectional view of the weld bead obtained by CC
and PC mode of welding. In both the cases, full penetration is achieved with a weld
bead cap width of 1.9 mm and 2.7 mm and root width of 1.4 mm and 1.6 mm for
CC and PC weld, respectively. Higher weld bead width in PC mode is owing to the
increased heat input over the application of peak current (i.e., 18 A) during the
pulse-on period as compared to CC mode of welding (i.e., 15 A). No significant
difference in the weld surface geometry is observed except overlapped type weld
pool due to the current pulsation in the PC mode as compared to wavy nature of
weld pool in CC mode of welding is witnessed. From the optical microscopic

Table 2 Welding parameters
employed for CC (58.5 J/mm)
and PC (59 J/mm) weld

Constant current welding

Current, A 15

Welding speed, mm s−1 4

Voltage, V 24

Pulse current welding

Peak current, A 18

Base current, A 5.4

Welding speed, mm s−1 4

Pulse frequency, Hz 6

Pulse-on time 30% of cycle time

Voltage, V 24
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inspection, it is found that the acquired weld beads are independent from any kind
of weld surface imperfections.

Figure 3 describes the microscopic view of weld fusion zone and fusion
boundary for PC and CC conditions. Inconel 718 is a highly alloyed material;
hence, the mode of solidification is of dendritic type. Columnar dendritic chain
developed from the solid–liquid interface (fusion boundary) is seen in both the
welding conditions. This is owing to the higher cooling rate near the fusion
boundary [13]. The columnar dendritic growth near to the weld interface of PC
weld results in fewer as compared to larger and continuous dendrites of CC weld,
thus producing coarser and interconnected Laves particles in CC mode of welding
[14]. The welds are observed to be free from microfissuring in the FZ an HAZ, and
an extremely constricted heat-affected zone (HAZ) is witnessed in both the welding
conditions.

The higher magnified micrographs of the weld interior reveal the mode of
solidification dendrites for the PC and CC welds. The PC weld is witnessed to be
fine and of equiaxed type, whereas the microstructure is observed to be coarser and
columnar type for CC mode weld (Fig. 4). The variation in the fusion zone
microstructural morphology is mainly due to the current pulsation effect during the
welding [15, 16]. The solidification morphology depends upon the ratio of tem-
perature gradient (G) and solidification growth rate (R). Lower value of (G/R)
produces equiaxed dendritic structure. The current pulsation reduces thermal gra-
dient in the weld pool by enhancing the fluid flow due to cyclic variation of
temperature during the welding process [11]. In both the welding condition,
solidification growth rate would be same due to equal welding speed [17]. Hence, at
constant (R) reduction in (G) will reduce the (G/R) for the PC condition weld,
resulting in equiaxed type of microstructure. Due to current pulsation, the cooling

Fig. 2 Top and transverse view of weld bead produced by a, c constant current (CC) and b,
d pulse current (PC) mode of welding
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rate also increases and results in decline of weld dendritic arm spacing and scale of
the deleterious intermetallic phases [11].

The SEM analysis of the weld zone interior is shown in Fig. 5. At the weld
interior, numbers of bright irregular-shaped Laves particles are observed in the
interdendritic region. The Laves particles in CC weld are witnessed to be inter-
connect columnar type and moderately coarser against to the equiaxed dendrites of
the PC weld. The current pulsation has refined the microstructure due to the tem-
perature variation during the welding process. Through image analysis technique
the average volume fraction (%) of interdendritic Laves phase in the weld interior is
calculated as 15.5 ± 1.3% and 6.9 ± 1.1% for CC and PC weld, respectively. The
continuous temperature variation during pulsed welding causes remelting and
breaking off of the long continuous dendritic chain at the solidification front as a
result reducing the segregation and volume percentage of intermetallic phase.

Fig. 3 Showing fusion boundary and heat affected zone of a CC and b PC welding condition

Fig. 4 Microstructure of the weld interior for a CC and b PC mode welding
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Hence, the amount (volume %) of Laves phase is higher in the columnar dendritic
regions of CC weld as compared to the equiaxed dendrites of the PC mode
weld [11].

3.2 XRD Analysis

The diffraction (XRD) peaks corresponding to the CC and PC weld zones are
shown in Fig. 6. The main Fe–Ni austenite (c) matrix dominating in (111) plane is
witnessed from the sharp diffraction peak. The presence of diffraction peaks cor-
responding to various intermetallic phases such as Laves (Fe2Nb), NbC, and TiC
dominating in the direction (110) (112), (111) (220), and (222), respectively, are
observed from the diffraction plot. The diffraction peaks corresponding to CC weld

Fig. 5 SEM microstructure of weld interior for a CC mode and b PC mode weld

Fig. 6 XRD analysis of the
CC and PC weld zone
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are found to be sharp and strong as compared to the peaks of PC weld. The small
and weak peaks of PC weld will reduce the normalized intensity ratio (NIR) with
respect to the CC weld, which signifies reduction in relative quantity of different
intermetallic phases in the weld zone [18]. Hence, current pulsation during the
welding hinders the precipitation of various secondary intermetallic phases in the
solidified weld zone.

3.3 Mechanical Properties

The effect of segregation and formation of intermetallic phases on the weld
mechanical properties are investigated. The micro-hardness test was carried out
across the weld bead for both the cases, and the hardness profile is depicted in
Fig. 7a. The base material hardness is found to be 215 ± 6 HV in the solution
treated condition. The hardness of the CC weld falls in the fusion zone against the
base material which is mainly due to segregation of principal strengthening alloying
element. The development of intermetallic phases absorbs a substantial amount of
principal alloying elements (i.e., Nb, Mo, and Ti) from the matrix, therefore
reducing the hardness of the weld. The maximum fusion zone hardness in CC weld
is found to be 206.2 HV. The presence of continuous Laves phase in the weld
microstructure of CC weld, absorbs ample amount of Nb that were initially present
in the base material, making accessible very less quantity of Nb for the precipitation
of strengthening phases. For PC weld, the micro-hardness value is witnessed to be
marginally higher than the CC weld zone. The maximum hardness of PC weld is
found to be 222.2 HV. The hardness variation is primarily due to the refined
microstructure of the PC fusion zone which leads to reduction of Laves phase
formation, hence making ample amount of alloying element available in the metal
matrix for the precipitation of strengthening phases. The hardness value of the HAZ
drops in both the cases is attributed to the grain coarsening in the region due to
generation of high temperature in the course of welding process.

Fig. 7 a Microharness distribution and b tensile strength of the base material and welded joints
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The base material and weld metal tensile properties for PC and CC mode weld
are given in Table 3, and the corresponding stress–strain plot is shown in Fig. 7b.
The tensile strength of the base material is witnessed to be superior to both the CC
and PC weld metals, and the properties of CC welds are found inferior to the PC
weld material. All of the welded specimens are failed in the fusion zone area, hence
making the FZ as the weakest region in the component due to the presence of
intermetallic phases. The joint efficiency of the welded component with respect to
the BM is found to be 91.2% and 86.5% for PC and CC condition, respectively. The
differences in tensile characteristics are owing to the development of intermetallic
Laves phase during the weld solidification. The Laves phase not just consumes
essential alloying element from the metal matrix in addition also provides desirable
location for crack initiation and growth in the fusion zone during the loading [13].
As a result, the tensile ductility of the CC weld is found to be less than 47% against
the base material and around 52% of the PC weld. Hence, a significantly
improvement in the tensile properties is witnessed by applying current pulsation
during the welding process.

4 Conclusion

In the present work, micro-plasma arc welding of superalloy 718 in constant current
(CC) and pulsed current (PC) mode has been undertaken and its effect on weld
microstructure and mechanical behavior has been studied. The findings of the
present work are as follows:

• Due to current pulsation, significant refinement of fusion zone microstructure is
witnessed.

• In PC weld equiaxed dendrites are dominating in the weld interior, whereas in
CC, columnar dendrites are dominating.

• Grain refinement and equiaxed dendrites reduce the amount of brittle inter-
metallic Laves phase more than 50% in the PC weld.

• Microstructural refinement due to current pulsing led to substantial enhancement
in the micro-hardness and tensile characteristics of the welded joint.

• The tensile ductility improves by 47% by the application of current pulsation as
compared to CC mode of welding.

Table 3 Tensile test results of welded samples

Base material PC weld metal CC weld metal

Yield stress (MPa) 595 ± 11 485 ± 8 499 ± 10

UTS (MPa) 880 ± 13 803 ± 9 762 ± 11

Elongation, % 21.0 ± 1.1 19.0 ± 0.9 10.0 ± 0.8
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Effect on Microstructure
and Mechanical Property of 4043
Wire Arc Additively Manufactured
Aluminum Alloy with Different
Process Parameters

Atosh Kumar Sinha , Sameer Ranjan, and Krishna Priya Yagati

1 Introduction

Unlike well-established traditional manufacturing processes such as casting, forg-
ing, and machining [1], additive manufactured (AM) products can be made with
less restriction. AM process can create highly complex and customized geometry
directly by the deposition of material in the layer-by-layer form by employing a 3D
model designed by CAD software [2], so it is referred to as 3-D printing [3]. Wire
arc additive manufacturing (WAAM) is a new additive manufacturing technology
in which components can be formed by feeding wire via layer-by-layer deposition
on the predefined path by using an electrical arc as a power source. Various material
such as aluminum and its alloy [4–6], chromium and its alloy [7–9], nickel and its
alloy [10–12], steel and its alloy [13–15], titanium and its alloy [16–18], and
superalloys [19–21] can be processed by WAAM techniques with high deposition
rate. Demands of WAAM products in automobiles, aerospace, aircraft, and ship-
building industries [22] are increasing owing to various advantages such as reduced
material wastage, shaving load times, offer a low cost of production, and able to
produce large metallic parts.

Gas tungsten arc welding (GTAW)-based WAAM technology has been reported
in various literature [4, 23–25]. Microstructure and mechanical properties in dif-
ferent regions of Inconel 625 WAAM samples prepared by the GTAW process had
investigated [23]. GTAW process based on Fe3Al WAAM-based iron aluminate
alloy had prepared, and the microstructure and mechanical properties of the com-
ponents were evaluated [24]. By varying traveling speed during GTAW-based
WAAM technology on 2219 aluminum alloy, the microstructure and mechanical
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properties of the WAAM samples were studied [25]. WAAM samples deposited
with the help of the GTAW process by feeding two wires 2319 Al alloy and 5087
Al alloy together and properties of the samples were investigated [4]. Till now, out
of different series of aluminum alloy, mostly Al-Cu (2XXX) [26, 27] and Al-Mg
(5XXX) [28–30] have been carried out by various researchers.

In this paper, WAAM of 4043 aluminum alloy on 1060-H16 substrate had built
by the GTAW process. The macrostructure, microstructure, and microhardness of
different samples had investigated. Double-layer and triple-layer samples were
prepared by 2-min and the 5-min time interval between two layers, and changes of
the different properties had been recorded. The effect on macrostructure,
microstructure, and hardness had studied by partially melting the double-layer and
triple-layer WAAM samples. To study the cooling effect on 4043 WAAM alu-
minum alloy, copper tube and molding sand were used, and the deposit had done
surroundings the copper tube and molding sand.

2 Experimental Details

In this study, 1.6 mm diameter 4043 aluminum alloy wire was used to build up
WAAM samples on the 150 mm � 150 mm � 8 mm 1060-H16 substrate, and the
chemical composition of the wire and the substrate is listed in Table 1. The sub-
strate was washed initially with alkaline water and dried in air and then followed by
mechanical cleaning, and acetone was used to degrease the substrate immediately
before deposition. The schematic diagram of the experimental setup is shown in
Fig. 1. KEMPPI MasterTIG machine was chosen to fabricate layer-by-layer 4043
WAAM samples with 2T contact pulsed mode DC. The process parameters like—
deposition mode (direct current electrode negative-2T-contact pulse-electrode
negative), travel speed (2.5 mm/sec), shielding gas flow rate (10 lit/min) of pure
argon (99.99%), deposit current (125A), and deposition voltage (11.2 V)—were
kept constant, whereas time interval between two deposited layers and number of
deposited layers were the variable parameters. The process parameters are listed in
Table 2. Double- and triple-layer samples were prepared, shown in Fig. 2a, b, with
2 min and 5-min intervals, and then, the samples were re-melted at high speed. The
copper tube of square cross section filled with molding sand has been used as a core
to build a three-layer four-walled 4043 Al alloy WAAM component as shown in the
following Fig. 2c–d.

Table 1 Chemical composition of the 4043-filler wire and 1060-H16 substrate

Elements Si (wt
%)

Fe (wt
%)

Cu (wt
%)

Mn
(wt%)

Mg
(wt%)

Zn (wt
%)

Ti (wt
%)

Vn
(wt%)

Al (wt
%)

4043 5 � 0.40 � 0.05 � 0.05 0.05 � 0.10 0.20 – Bal.

1060-H16 0.25 � 0.35 � 0.05 � 0.03 � 0.03 � 0.05 0.03 0.05 Bal.
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The physical properties such as deposit width, deposit height, and deposit angle
have been measured on the fabricated WAAM samples. The deposit width and
height are measured from the surface of the substrate where layer-by-layer deposit
has built up. It is shown in Fig. 3—deposit angle is the angle between the substrate
and the deposited layers shown in Fig. 3. It can also be termed as a wetting/bead
angle. Microstructure and microhardness had performed on the longitudinal section
of the WAAM specimens. The grain structure formed after the deposited samples
had been studied by this process. The deposited samples were grounded by 400,
600, 800, 1200, 1500, and 2000 abrasive papers, and final mirror finish polish was
obtained by 6, 3, and 1 µm alumina paste. Leica’s polarized optical microscope had
operated to examine the microstructural characteristics of the prepared WAAM
samples under several conditions. Vickers hardness testing machine was employed
to calculate the microhardness along with the deposit samples with 500 gf load for
10 s dwell time.

Fig. 1 Schematic diagram of the WAAM setup

Table 2 Process parameters
used to fabricate 4043 Al
alloy WAAM samples

Parameter Values

Type of welding current DC

Travel speed 2.5 mm/sec

Argon 99.99% purity

Shielding gas flow rate 10 lit/min

Current intensity 125 A

Tungsten electrode diameter 3.2 mm

Interlayer time interval 2, 5 min

Number of layers Double (2) and Triple (3)
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3 Result and Discussion

3.1 Deposit Profile

Deposit profile refers to deposit width, height, and deposit angle. Figure 4a, b
illustrates the macrostructures of double- and triple-layer built up, and the bead
profile measurement is listed in Table 3.

Fig. 2 Schematic diagram of WAAM samples a double-layer deposit, b triple-layer deposit,
c four-wall triple-layer without copper tube and molding sand, d four-wall triple layer with copper
tube and molding sand

Fig. 3 Deposit width,
deposit height, and deposit
angle of the WAAM samples
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It is noticed that the deposit width, deposit height, and deposit angle of double
deposit are around 8.4 mm, 3 mm, and 65°, respectively. The three layers built up
recorded the deposit width, deposit height, and deposit angle of 9.2 mm, 3.8 mm,
and 64°, respectively. The recorded deposit profile revealed that the deposit width
increased from 8.4 mm for the double layer to 9.2 mm for triple-layer samples and
the bead height increased from 3 mm for the double layer to 3.8 mm for triple-layer
deposit. Therefore, increment in the number of layers found to increase the deposit
width to a large extent compared to bead height and deposit angle. The extended
fluid flow caused due to the high fluidity of the aluminum alloy might result in
shooting up of deposit height compared to deposit width.

Figure 5a, b shows the macrostructures of the double- and three-layered
samples obtained at a time interval of 5 min between the two successive deposits.
The deposit width, deposit height, and deposit angle of the double layer WAAM
samples at 2 min and 5 min time intervals are 8.4 mm, 3 mm, and 65°, and 8
mm, 3.6 mm, and 64°, respectively. It had observed that, in double-layered
built-up, with an increase in the time interval, the deposit width reduced from 8.4
mm to 8 mm, and deposit height increased from 3 mm to 3.6 mm. Similarly, in
three-layered deposits with an increase in the time interval, deposit width is
reduced from 9.2 mm to 8.6 mm and bead height increased from 3.8 mm to 4.5
mm. The increment in the time interval between the layer deposition facilitates
the cooling down of the previous layer. Hence, the temperature of the previous
layer is lower in 5-min interval samples compared to a 2-min interval WAAM
sample. The high temperature during the new layer deposition might have aided
in an increase in bead width rather than bead height. Both double and triple layer
samples have recorded a similar trend concerning the time gap between two
layers.

Fig. 4 Images of 4043 aluminum alloy WAAM deposit with a 2-min time interval a double layer
and b triple layer
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Figure 6a, b shows the macrostructure of the re-melted double- and three-layered
deposits, and the measurements are listed in Table 3. For a double-layered built-up,
the deposit width, deposit height, and deposit angle of the re-melted layers are 8
mm, 3.4 mm, and 84°, respectively, and the deposit width, deposit height, and
deposit angle of the triple-layer re-melted samples are 8.6 mm, 4.3 mm, and 82°,
respectively. Figure 6a, b illustrates that the bead has become slightly flat on the top
in both doubles- and three-layered built-up. The re-melting of the layer surface
might have resulted in flattening of the bead surface, keeping the bead width and
bead angle constant.

Figure 7a, b shows the macrostructure of the triple-layer four-wall samples with
copper tube and molding sand and without copper tube and molding sand,
respectively, and the deposit profile measurements are listed in Table 3. For the
four-wall triple-layer built-up by copper tube and molding sand WAAM samples,
the deposit width, deposit height, and deposit angle are 8.2 mm, 5.1 mm, and 80°,
respectively. For normally deposited four-wall triple-layered built up, the deposit
width, deposit height, and deposit angle are 8.6 mm, 4.6 mm, and 70°, respectively.

Fig. 5 Images of 4043 aluminum alloy WAAM deposit with a 5-min time interval a double layer
and b triple layer

Fig. 6 Macrostructure images of 4043 aluminum alloy WAAM deposit with a 5-min time interval
a Re-melted double layer and b Re-melted triple layer
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3.2 Microstructure and Microhardness

The microstructures obtained in layer 1, layer 2 of the double-layered deposit made
with a 2 min time interval between the deposits are shown in Fig. 8a, b. It is
observed that both the layers show the a-Al dendritic microstructure with variation
in dendrite size. It is observed that the a-Al dendrites in layer 1 are coarser than in
layer 2. This is because, in a double-layered deposit, layer 1 experiences longer
non-uniform temperature cycles compared to layer 2 resulting in coarser grains.
This is also supported by the respective hardness testing, in which layer 2 recorded
a high hardness of 75 ± 5 HV0.05 compared to layer 1 which is shown in Fig. 8c.
Similarly, both the layers of double-layered deposit made at a time interval of 5 min
also showed the presence of dendritic microstructure as shown in Fig. 9a, b.
However, it is also noticed that the deposits obtained at a time interval of 5 min
showed the finer a-Al dendritic structure in both layers 1 and 2 compared to the
deposits fabricated at a time interval of 2 min. This may be due to the availability of
sufficient time for cooling in case of deposits made at 5 min time interval.
Therefore, at high time intervals, there will be a sufficient amount of time for the
earlier deposited layer to cool down facilitating the formation of fine dendritic
structure. Figure 10a illustrates the microstructures of the re-melted double-layered
deposits. The microstructure shows fine a-Al dendrites in both the layers compared
to non-re-melted deposits. This is because re-melting at high processing speeds
enables faster cooling rates facilitating the formation of finer dendrites throughout
the deposited layers which is also supported by the obtained hardness values of the
respective re-melted deposits. This is also proved by the obtained hardness data as
shown in Fig. 10b. In the microstructures, some black dots have been observed
which are debris formed during polishing which might not be removed during the
cleaning step.

The microstructures of the triple-layered deposits are shown in Fig. 11a–d. The
figures illustrate a-Al dendritic solidified structure at all the layers in the triple-layer
WAAM samples. Similar to the double-layered deposits, finer dendrites are
obtained in deposits made at longer time intervals and in re-melted deposits. Under
similar processing conditions, the triple-layer deposits recorded a slight increase in

Fig. 7 Macrostructure images of 4043 aluminum alloy WAAM deposit a four-wall triple layer
with copper tube and molding sand and b four-wall triple layer without copper tube and molding
sand
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Fig. 8 Microstructure images of a layer 1 and b layer 2 for double-layer deposit and
microhardness of c double-layer deposit of 2 min time interval samples

Fig. 9 Microstructure images of a layer 1 and b layer 2 for double-layer deposit with 5-min time
interval samples

Fig. 10 a Microstructure and b microhardness images of double-layer re-melted samples
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dendrite size compared to a double-layered deposit. This might be due to longer
heat exposure and accumulation associated with triple-layered deposits. The
respective hardness testing of the deposits records the hardness values around
74 ± 5 HV0.05 of layer 1, 65 ± 5 HV0.05 layer 2, and 60 ± 5 HV0.05 for
triple-layered and 75 ± 5 HV0.05 to 65 ± 5 HV0.05 re-melted triple-layer deposit
which is shown in Fig. 11e and f.

The microstructures and microhardness of four-wall triple layer with copper tube
and molding sand samples have shown from Fig. 12a–c and without copper tube
and molding sand samples have illustrated from Fig. 13a–c. From the images of the
microstructure, it can be observed that WAAM samples prepared under the copper
tube and molding sand had obtained finer a-Al dendritic structure compared to
normally deposited samples. This may happen owing to the faster cooling rate
occurred when the WAAM samples had fabricated with copper tube and molding
sand condition. The average hardness of WAAM samples prepared by copper tube
and molding sand was recorded 74 ± 5 HV0.05, whereas the average hardness of

Fig. 11 a–c Microstructure of layers 1, 2, and 3, respectively, for three-layer deposit,
d microstructure of three-layered re-melted components, e–f hardness of three layers and
three-layer re-melted deposit at different positions
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the normally deposited samples had been recorded in the range for third and second
layer is 68 ± 5 HV0.05 and 1st layer is 60 ± 5 HV0.05. Since the obtained hardness
data had proved that samples fabricated under the copper tube and molding sand
condition had a finer grain structure.

Fig. 12 Microstructure images of a Layer 3 and b Layer 1 and c microhardness of triple-layer
four-wall WAAM samples prepared under copper tube and molding sand condition

Fig. 13 Microstructure images of a Layer 3 and b Layer 1 and c microhardness of triple-layer
four-wall WAAM samples prepared under normal condition
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4 Conclusion

By employing the GTAW process, double and triple layers of 4043 WAAM
samples were successfully deposited. From the study, the following major con-
clusions have been observed:

(i) With 2-min and 5-min time interval samples for double- and triple-layer
deposit, in both cases, 5-min time interval samples had shown better
microstructural characteristics due to sufficient time was available to cool
down the samples.

(ii) Double- and triple-layer re-melted samples had obtained finer a-Al grains
compared to normally deposited samples.

(iii) The microhardness of the double and triple-layer re-melted samples had
shown almost uniform hardness in both cases. In the case of the time gap, a
5-min interlayer time gapping sample had recorded better microhardness
compared to 2-min time interval samples.

(iv) Four-wall triple-layer 4043 Al alloy WAAM samples which are prepared
under copper tube with molding had shown better properties compared to
normally deposited samples. This may be happened due to a faster cooling
rate occurred in the presence of a copper tube.
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Influence of WEDM Parameters
for Estimating the Surface Integrity
of Laser Additive Manufactured Hybrid
Material

Nehem Tudu, Mayuri Baruah, Shashi Bhushan Prasad,
and Christ Prakash Paul

1 Introduction

In this developing technology world, aerospace industry is also growing and trying
to cope up. To keep with the momentum, aerospace industries are modifying air-
crafts and its components to improve its efficiency and productivity. To meet the
requirement for the modification of the component, manufacturer demands better
quality of the materials with better capability, lifespan, mechanical and chemical
properties [3]. To fabricate aeronautical component, materials characteristics such
as fatigue and fracture toughness are need to be minimized.

To fabricate different components of aircraft, there are different manufacturing
processes using which a manufacturer can give shape to the components in the
desired shape. In present day, there are varieties of modern machining process
which are very much reliable to implement for the production of components using
aerospace materials. As conventional manufacturing process are not economical,
the precision is very low [1]. In any type of manufacturing process, machining plays
a vital role during fabrication and it is the crucial consideration in case of finishing
of any kind of component. Amid all the modern machining processes, this article is
mainly focused in wire EDM process as it is considered as one of the best
machining processes for hard materials.
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Wire EDM is very much useful for the machining of electrically conductive and
difficult to cut materials as it is a potential electro-thermal process [11]. Demand of
materials with high impact resistance, toughness and hardness in aerospace
industries is increasing day by day. Many researchers are focusing on the
non-conventional machining techniques rather than the conventional methods as the
complexity issues occur during machining of these materials such as rapid tool wear
[18]. In comparison to the conventional technique of machining, non-conventional
technique has various advantages such as machining with higher precision and
accuracy, better productivity with lesser machining cost, high surface quality, etc.
[37]. To fabricate aerospace component, one of the best techniques and economic
technique is wire EDM as it can manufacture complex geometry with very small
tolerances by removing the redundant materials. Along with this, it can machine
any materials with high hardness or toughness without any distortion of the
materials [12].

1.1 Materials for Aerospace Industries

In common words, aerospace material can be defined as the materials used to
manufacture the aircraft component which can sustain the load applied during the
operation [27]. To manufacture any component, component design and material
selection play a very important role. For selection of material and designing the
component, consideration of various aspects is very crucial as it is very much
dependent on several factors. Material cost, manufacturing cost, fuel consumption,
engine efficiency, performance of operation, maintenance, safety, reliability, life
span of aircraft, recycling, etc., are the major factors to be considered.
Characterization analysis of any materials such as study of composition, atomic
bonding, crystal structure, defect structure, macro and micro structure, etc., can help
to imply the control of materials properties like density, stiffness, strength, fatigue,
toughness, corrosion, etc.

There are large varieties of materials available for applications in manufacturing
of the aeronautical component. To choose the appropriate material for any com-
ponent, it is very important to identify the suitable material properties. As per the
demand of aeronautical industries, desired properties defined are lightweighted,
high stiffness, high strength, good durability, high structural efficiency, damage
tolerance, etc. Along with the mentioned properties, cost effectiveness and ease of
manufacturing also play important role in material selection. From environmental
point of view, it is very essential to consider the renewability and sustainability of
the materials. Materials mainly used by the manufacturer are steel, aluminium,
titanium, magnesium, superalloys, composites, functionally graded materials and
others. In other materials for the application in electrical wiring, copper is mainly
used, for electronic devices semiconductor and for seat and other furnishing syn-
thetic fibres are used. Heat insulation tiles used in rockets and space craft are made
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of magnesium, fibre-metal laminated, metal matrix composites, woods and ceramic,
and these are radiation absorption materials and can be used for aircraft in defence.

1.1.1 Steel Alloy

Most commonly used materials for the manufacturing of structural component is
steel, but in aircraft use of this alloy is limited due to high density which is about
twice of titanium alloy and thrice of aluminium alloy. Along with high density, it
has also poor resistance of corrosion and embrittlement which cause crack and also
limits the application. To manufacture the aircraft components, Fe (Iron) is being
alloyed followed by heat treatment, resulting in superior strength as compared to Al
alloy (thrice) and Ti alloy (twice). Inspite of several limitation, steel alloy is still
preferable due to high elastic in nature, good resistivity to fatigue failure and high
fracture toughness, and it also possesses safety critical structural component
because of its high strength.

1.1.2 Aluminium Alloy

In early days, aluminium alloy was preferred for most of the aircraft structure, and
in 1920s and 1930s, it replaced wood. In most of the airlines, 70–80% of the
structural weight is conserved by aluminium alloy and more than 50% in heli-
copters and defence aircraft. However, in recent years, it is replaced by composites
material but importance of aluminium alloy in manufacturing will remain.
Lightweight, good strength, stiffness and toughness, ease to manufacture and low
cost keep the aluminium alloy still in demand. But high corrosive in nature and high
fatigue failure limit the use of aluminium alloy. These properties can be controlled
by alloying with appropriate constituents and proper heat treatment. Few examples
of applications of the material are upper wing skin of the aircraft which is manu-
factured of high strength aluminium alloy to support high bending loads. Other
aluminium alloy is used at lower wing skin for high fatigue resistance.

1.1.3 Titanium Alloy

To manufacture airframe and jet engine in the aircraft, titanium alloy is preferred
due to its good resistivity to corrosion, lightweight and good structural properties,
and even at high temperature, it can retain its mechanical properties. As compared
to aluminium alloy, titanium alloy has better structural properties but it is more
expensive and heavier. Its use is recommended in heavy loaded structure compo-
nent and which occupies minimum space, for example, landing gear, etc. In
commercial aircraft, use of titanium alloy is lesser than 10% but fighter aircraft has
greater use for achieving greater strength.
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1.1.4 Magnesium Alloy

It is one of the lightest metals in nature and is most preferable material for man-
ufacturing of lightweighted aircraft. In early days, use of this material was more but
composites and aluminium alloy have replaced the use of the material in recent
days. Nowadays, use of magnesium alloys reduced to less than 2% due to its high
cost, low strength and stiffness as compared to aluminium alloy. These materials
require high for maintenance and repairmen due to its poor resistance of corrosion.
These reasons limit the use of the material in non-gas turbine engine component,
gear box and its housing, etc.

1.1.5 Superalloys

Superalloys are the group of metallic alloys of Ni, Fe–Ni and Co which is highly
recommended for the application in the components of jet engine as it possesses
excellent properties of heat resistance and is capable of retaining its toughness,
strength, stiffness and stability of structural dimension at very high temperature. Its
resistivity against oxidation and corrosion is very good and even in the work
environment of high temperature [45]. Ni based alloy is considered as one of the
most important superalloys as it contains Cr, Fe, Ti, Co and other constituents
which enhances its properties. Components of aircraft where superalloys used are
combustion chamber, high pressure turbine blades, thrust reverser, etc.

1.1.6 Composites

Composite materials are fabricated as required properties of materials according to
the demand of application. Composite materials mostly used for aerospace com-
ponents are aluminium alloy and carbon fibre matrix. Application of carbon fibre
composite for aircraft and helicopter for airframe component is mostly as structural
materials with aluminium alloy. Composites are usually stronger than aluminium
alloy but are more expensive. Types of composites used as materials for aerospace
components are carbon fibre composite, glass fibre, metal matrix composite, etc.
For examples, E-glass (type of glass fibre) is used for small passenger AC parts,
high strength carbon fibre in antenna dishes, satellite, missiles, etc. [23].

1.1.7 Functionally Graded Materials (FGM)

For the manufacturing of aerospace components, FGM are amongst the important
materials as it can be fabricated as thermal barrier which can operate in extreme
environmental condition [6]. Functionally graded material is one of the best options
for the application where there is extreme change in the environment, as these
material possess different properties in different part [4]. These materials are used as

188 N. Tudu et al.



heat shielding materials, and for these properties, this is found to be very promising
material for their use in nuclear plant components. Major advantages of functionally
graded material are variation of components within the materials which helps to
show different properties or materials behaviour throughout the material [20]. Major
applications of functionally graded materials in aerospace components are landing
gear, turbine wheel, engine casing, wings, rocket nozzle, etc.

1.1.8 Others

In early days, wood was being used as major materials for the manufacturing of
aerospace components, as it is easily available, very cheap and light in weight. But
it absorbs moistures, warps and decays in very short period of time which results in
requirement of regular maintenance and regular repairing. Later, it is modified as
the laminated plywood containing thin sheet of wood grained at different
angle-oriented timber. As compared to normal wood, laminated plywood possesses
good strength and toughness. Availability of good quality of timber is not found in
every country, which restricts the use of these materials and also it lacks stiffness
and strength compared to other materials used, although it is still in use for the
fabrication of gliders, ultralight and piston-driven aircraft.

Few other materials are also there which are being used as the materials for the
manufacturing of aerospace component. Amongst that fibre-metal laminated
(FML) materials are also being used. Fibre-metal laminated materials are light-
weighted with layers of thin bonded metal and fibre polymer composites. These
combination makes the material light in weight, more fatigue resistant, impact
strength and damage tolerance are enhanced and higher in strength. Glass rein-
forced aluminium (GLARE®) is one of the FML materials which are commonly
used as aerospace materials which contains thin layer of aluminium alloy with layer
of fibre polymer composite.

Amongst all the materials discussed for the application in the manufacturing of
aerospace components, functionally graded material is found to have a very wide
range of application. As the microstructure of the materials varies gradually within,
comprise variation in properties which makes the material to be useful for the
fabrication of aerospace component. There are many different methodologies by
which functionally graded material can be fabricated, amongst which additive
manufacturing is found to be the most promising technique. As using this tech-
nique, material can be fabricated by varying the material composition [6].

In this article, few works or study presented by researchers all over the world is
reviewed for better understanding of machining parameters effect on the materials
properties. According to the literatures, many researchers experimentally analysed
the input parameter effect wire EDM on the machined sample. During machining by
wire EDM removal of material takes place by high temperature spark generation
due to high voltage difference between workpiece and wire electrode which melts
and evaporates. Solidification of molten materials which does not evaporates,
causes formation of recast layer and overlapping discharge crater [46]. Effect of
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pulse duration on kerf width, heat affected zone (HAZ) thickness, surface rough-
ness, cutting speed and material removal rate (MRR) is analysed experimentally
comparison is done for different composition of materials.

1.2 Background

In this section, literature reveals that machining using wire EDM is mainly due to
electrical erosion of the material by the high temperature generated by spark voltage
[21]. Heat generation due to rise in temperature during the development of spark
between workpiece and wire electrode, material starts melting from the workpiece
surface. Molten materials then solidifies due to contamination with the dielectric
fluid and retains at surface as recast layer [46]. Generation of heat during the
process causes the formation of HAZ at machined surface, these recast layers and
HAZ possess poor material properties as compared to the base material. Hence,
optimization of parameter becomes important in order to reduce these effects and to
obtain better result.

1.2.1 Optimization of Parameters

Many researchers used various techniques of optimization to obtain optimum result
for different input and output parameters. Fard, et al. studied on SiC reinforced
aluminium metal matrix composite (AMMC), machined by dry wire EDM [11].
Their study includes the effect of input factors on cutting speed and surface finish.
For optimization, they adopted adaptive neuro-fuzzy inference system (ANFIS) and
artificial bee colony (ABC) algorithm and compared to find the best optimized
result. They found that there is significant impact of peak current and pulse duration
on surface finish and cutting speed. Similar study is done by Liao, et al. where they
studied the effects of pulse width, pulse interval, feed rate and spark voltage
on surface roughness and optimized the parameters using Taguchi method and
F-Test [18].

Rajyalakshimi and Ramaiah optimized multiple parameters of WEDM processed
Inconel 825 by Taguchi GRA method [31]. They optimized process parameters
using L36 Taguchi’s orthogonal array to achieve enhanced MRR, surface finish and
spark gap. They considered spark voltage gap, pulse interval, pulse duration, corner
servo voltage, wire tension, wire feed rate, servo feed and dielectric flow rate.
Selvakumar et al. studied and optimized the parameters of wire EDM of 5083
aluminium alloy [34]. They designed their experiment using Taguchi’s L9
orthogonal array and considered wire tension, peak current pulse interval and pulse
duration as process parameter. They optimized cutting speed and surface finish
using pareto optimality approach, and analysis of variance (ANOVA) was per-
formed to classify significance level of the process parameters. Caydas and Ay also
used ANOVA for significance level identification on wire cut Inconel 718 [5]. They
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developed empirical model using regression analysis to investigate the effect of
pulse width, peak current and injection pressure on kerf width, surface finish and
thickness of recast layer.

Majumder et al. analysed the response variable of wire EDM, i.e. machining
time and surface finish for Inconel 800 using response surface methodology
(RSM) [22]. Optimization of the parameters was compared amongst principal
component analysis (PCA), grey rational analysis (GRA) and hybrid of PCA and
GRA named hybrid PCA-GRA and found that hybrid PCA-GRA shows lesser
error. Saha and Mondal also made similar work on nanostructured hardfacing
material (NanoCarb 110) machined using WEDM with coated brass wire electrode
with different material of brass and zinc [32]. Durairaj et al. optimized wire EDM
input parameters for SS304 using Taguchi method of single objective and
multi-objective grey rational grade [10]. They considered wire feed, gap voltage,
pulse duration and pulse interval as input factor for their studies with 4 level.
Shandaliya et al. also considered similar parameters with 3 level for their studies
and optimize using response surface methodology on wire EDM machined surface
of aluminium metal matrix composite (AMMC) reinforced with SiC particles [35].

1.2.2 Survey on Process Parameters Effects

EDM is used to manufacture aeronautical component as it fulfils the requirement of
aircraft sector for the components [2]. But thermal effect due to the machining
causes metallurgical change and reduces fatigue cycle life which restricts to use the
process for selected components. They compared the effect on fatigue life of
superalloy Inconel 718 and grounded sample machined by wire EDM. It has been
informed that the fatigue life of WEDM machined component is reduced signifi-
cantly as compared to the ground material. Rajurkar and Wang developed in situ
spark frequency monitor to detect thermal load on wire electrode during WEDM
process [30]. They modelled equations for the mechanism of wire electrode
breakage due to thermal load during the machining. Also, optimization for MRR
and surface finish was done and developed relationship between them.

MRR, machining efficiency and accuracy are very much affected by wire elec-
trode recycled through drum, and hysteresis occurs when achieved MRR does not
match with servo feed speed [7]. They modified the thermal model according to the
previously available and the equations for latent heat of evaporation. Model which
is modified are found to evaluate more precise result than that of previous one. They
observed that at optimal servo feed rate, faster cutting speed can be achieved with
narrow kerf width.

Imprecision machining is caused due to bending of wire which is further caused
due to wire lag and gap force [33]. They investigated on cylindrical workpiece and
found that accuracy level depends on wire lagging and gap force, wire lagging is
more for workpiece with smaller radius and gap force is less for the job with more
height. Mahapatra and Patnaik optimized the input parameters like flow of
dielectric, wire tension, wire speed, frequency of pulse, pulse width and discharge
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current [21]. For optimization, they maximized the MRR value and surface finish
and minimized the kerf width.

To manufacture any product or component, surface integrity became one of the
major concern for the customer for which many researchers presented in their
studies [39]. They performed experimental investigation on EN-31 die steel con-
sidering discharge gap voltage, peak current and pulse duration as input factor.
They did analysis of MRR and surface finish of machined workpiece in EDM and
also studied heat affected zone. Their study concludes that Copper as electrode
results in good MRR, whereas for better surface finish brass electrode is recom-
mended. Newton et al. studied on Inconel 718 investigated the effect of input factor
on recast layer formation by wire EDM process [29]. They found that recast layer
thickness is directly dependent on energy per spark, pulse width and peak current.
Surface roughness is found to directly dependent on diameter of wire electrode and
energy per spark. Recast layer fabricated on surface possess, in-plane tensile
residual stress, and in comparison, to base material elastic modulus and hardness
are lower. Izquierdo et al. modelled to predict layer of heat affected zone
(HAZ) which can estimate thermal damage and can help to achieve better surface
[15]. To validate the model, they machined Inconel 718 in various parameters.

Sharma et al. studied the effect of wire electrode material on surface quality and
the productivity on wire EDM processed Inconel 706 [38]. They used three dif-
ferent types of wire as electrode (diffused wire, zinc coated wire and hard-brass
wire) for their investigation and studied cutting speed, surface quality like surface
finish, recast layer, residual stress, metallurgical and microstructural study.
Amongst these three wires, zinc coated wire is found to have best productivity but
best surface quality is achieved using hard-brass wire. In addition to this, hard-brass
wire possesses lower tensile residual stress whereas diffused wire shows average
effect on surface quality and productivity. Similar study is performed by Kumar
et al. on Inconel 625 and they compared the effect of zinc coated electrode wire
(brass wire) to uncoated brass wire [16]. Manjaiah et al. presented similar study for
TiNiCu shape memory alloy (SMA) [24]. They found that in comparison to
uncoated brass wire, zinc coated wire improves surface finish and MRR. Liu et al.
analysed white layer and HAZ of wire cut Nitinol SMA in TEM, XRD and EBSD
[19]. They spotted crystalline structure of white layer instead of being amorphous
structure. Najm studied the effect of pulse width, peak current and wire tension on
HAZ, white layer and surface finish of wire cut high speed steel [28]. He found that
surface roughness is significantly affected by wire tension, whereas HAZ and white
layer are affected by pulse width and peak current.

Machining characteristics comparison is done by Li et al. on Inconel 718 by
different types of EDM process (viz. wire EDM and die sinking EDM) using
electrode with different material [17]. They found that machining with Cu–SiC
electrode shows better machining characteristics than that of Cu electrode.
Significant reduction in electrode wear is observed in case of Cu–SiC and also
shows improved MRR and surface finish. Unune et al. investigated the effect of
input factors on MRR and kerf width of machined Inconel 718 by micro-WEDM
[45]. They assisted vibration of low frequency in the machining process, and the
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parameters considered for the experiment were feed rate, gap voltage, frequency of
vibration and capacitance as control factor. Kerf width and MRR are found to be
significantly affected by capacitance, and they observed improvement in machining
performance by assisting low-frequency vibration on micro-WEDM. Goyal et al.
studied the machinability of machined Inconel 625 by cryogenic treated WEDM
[13]. They compared the machining process of WEDM by diffused and cryogenic
treated diffused wire, considered peak current, pulse width, pulse interval, wire feed
and wire tension as parameter. They found that cryogenic treatment on wire elec-
trode improves the performance in term of improvement in MRR and wear of
electrode.

Tonday and Tigga, experimented to studied the effect of input factors on surface
properties and morphology on Inconel 718 [42] and Inconel 825 [41] and Inconel
625 [40]. For optimization the input factors they used response surface method-
ology (RSM), and significant factors are determined from signal to noise ratio (S/N)
by analysis using ANOVA. Chowdhury et al. analysed the effect on corner radius of
voltage, wire tension and dielectric pressure and optimised using ANOVA on
stainless steel 304 [8]. They used dry wire EDM technique in which gas is used as
dielectric medium.

Tosun et al. obtained mathematical modelling for the variation of wire electrode
crater size due to the variation in parameters [43]. They analysed the effect of pulse
duration, OCV, dielectric flush pressure and feed rate of the wire on AISI 4140 steel
using wire electrode of brass. They found that if pulse duration is increased, wire
crater erosion also increased and similar trend is observed with wire speed and open
circuit voltage, but in case of dielectric flush pressure, it is opposite. Mouralova
et al. analysed surface layer of wire EDM machined surface of 16MnCr5 steel in
different parameters [26]. Morphology of surface detected the presence of crater due
the WEDM spark generation during the machining process. At highest speed, no
major crater is detected but few deep craters are found along with recast deposition.
Microstructure analysis revealed that 70% of machined surface are covered with
mixture of workpiece and electrode materials deposition. Sharma et al. reported that
pulse duration, pulse interval and servo voltage significantly influences surface
finish and MRR on WEDM of Inconel 706 [36]. At lower duration of pulse and
higher servo voltage, at machined surface, there is significantly reduction in
microvoids and microglobules.

Durairaj et al. studied the input factors such as pulse width, gap voltage, pulse
interval and wire feed effect on kerf width and surface finish on wire EDM
machined surface of SS304 [10]. They observed pulse width to be the most sig-
nificant factors for kerf width and surface roughness. Better surface finish and less
kerf width can be observed when pulse on time is reduced. Similar study is done by
Shandaliya et al. on AMMC reinforced with SiC particles, and similar effect is
observed [35]. Ugrasen et. also observed similar result in their study done on
HCHCr surface which is machined by wire EDM process [44].

From various literature surveys, it is observed that peak current, pulse width and
wire electrode materials are the significant factor for surface quality of workpiece
machined by WEDM process. Amongst these factors, pulse width is most
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significant on MRR and surface finish [42]. In this article, WEDM process was
performed on two different materials which are fabricated by additive manufac-
turing of laser assisted directed energy deposition process. Considering process
parameters, surface quality is studied for the different materials and compared to
analyse the effect. Combination of Inconel 625 and SS304L is preferable where
high strength and highly corrosion resistance is necessary [4]. This study mainly
concentrates on comparison of the effect of input factors on the output variables in
pure Inconel 625 and the combination of Inconel 625 and SS304L.

2 Experimental Investigation

In this section, the effect of input factors on various output response is studied by
investigating experimentally. For experimentation, selection of variable parameters
and constant factors is done on the basis of the survey of the work of researchers.
Post experimentation results are analysed and compared to understand the effects.
Analysed results are later optimized to find the optimal parameters to machine the
materials with optimum output.

2.1 Design of Experiment

For experimental investigation, selection of input factors is very important that
affect the output parameters to optimize the process for best results. From various
literatures survey and experimentation performed by the researchers all over the
world, it is found that pulse width is most significant factor on the machined
surface. Major effects found on the wire EDM processed surface of workpiece are
surface roughness, recast layer and heat affected zone.

As per the literature survey, for experimentation chosen input parameters are
pulse width with 3 level, pulse interval, peak current and spark voltage at single
level. The investigation contains study effect of pulse width on surface finish,
cutting speed, MRR, kerf width and HAZ layer thickness. Comparison is done on
the machining of different materials which are made by deposition of metallic
powder using additive manufacturing process.

2.2 Materials and Methodology

Materials used for the experimentation were fabricated on stainless steel (SS304L)
substrate by laser assisted directed energy deposition method as shown in Fig. 1a,
b. For deposition process, the powder used was Inconel 625 and SS304L, and
composition of the materials are shown in Table 1. Powders are mixed properly for
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the deposition process in different composition, one with 50% Inconel 625 and 50%
SS304L, and another is 100% Inconel 625. Powders are fabricated as block, layer
by layer in continuous wave (CW) 2 kW Ytterbium laser system (YLS) fibre laser
on SS304L substrate. Then fabricated block is then machined using wire EDM
machining process at different process parameters. Parameters selected for depo-
sition of powder material on the substrate are shown in Table 2.

Experimentation is performed on Electra Hitech Job Master D-zire wire EDM
machine using brass wire electrode of 0.25 mm diameter as shown in Fig. 2a.
Process parameters for experimental work are shown in Table 3, and all other
constant parameters are shown in Table 4. Level of input parameters is selected
based on literature and trials prior to experiment. To measure MRR and kerf width,
machining process is done upto 2 mm depth from the surface of the workpiece, and
varying cutting speed is recorded during the machining process. Methodology for
the experimental is explained through the flowchart as shown in Fig. 2b.

3 Results and Discussion

After the experiment, output responses for specimens are recorded after the test was
performed in different equipment. Analysis of obtained output response is important
to understand the effect of the input factors on it. In this study, variation of surface
roughness, kerf width, cutting speed, MRR and HAZ thickness is considered as
output response. Three different values of pulse on time for two different additive
manufactured materials are considered as input parameter. It is observed that pulse
width and different material composition have significant effect on selected output
response. Output responses are measured from different tests and reported in
Table 5.

Fig. 1 Fabricated sample by laser assisted directed energy deposition method, a 50%
304L + 50% Inconel 625, b 100% Inconel 625
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Table 1 Composition distribution of Inconel 625 (IN625) and SS304L

Fe Ni Mn C Cr Mo Ti Al Si P S

IN625 9.2 62.2 ˗˗ 0.1 22.5 4.7 0.36 0.4 0.5 ˗˗ ˗˗

SS304L Bal 10 1.5 0.03 19 ˗˗ ˗˗ ˗˗ 0.7 0.04 0.03

Table 2 Process parameter for deposition of Inconel 625 and SS304L by laser additive
manufacturing process

Parameters Values

Laser power (kW) 1300

Scanning speed (m/min) 0.5

Nozzle distance (mm) 12

Feed rate (rpm) 4

Gas flow rate (lpm) 6 at 2 kg pressure

Wavelength (nm) 1070

Fig. 2 a Experimental setup for wire EDM process at Anita enterprise, b flowchart of the
experimentation

Table 3 Experimental process parameters

Material Sample No. Pulse duration (µs)

50% Inconel 625 + 50% SS304L 1 2

2 5

3 8

100% Inconel 625 4 2

5 5

6 8

196 N. Tudu et al.



3.1 Analysis of Surface Roughness

Machining in wire EDM process occurs mainly due to melting of materials because
of high temperature generated during spark generation. As spark occurs only during
pulse duration, so due to discontinuous pulse duration machining irregularity
caused which produce high surface roughness of the materials. It is been observed
from literature and work done by various researchers that surface roughness
increases with increasing pulse duration, as increase of pulse duration results in
machining irregularity which causes roughness on surface.

Obtained samples were analysed using various analysis technique on the mea-
suring equipment such as surface roughness tester, profile projector and optical
microscope to determine the output results. Surface roughness is measured on Zeiss
Acoretech Surfcom 1500SD3 surface roughness tester. Response recorded in
Table 4 reveals the reduction in surface finish with increasing pulse duration for
both the materials. But pure Inconel 625 shows more surface roughness than that of
the mix of Inconel 625 and SS304L. As Inconel 625 is much harder than that of
SS304L which causes uneven material erosion from the job during machining
process.

Measured data are plotted using origin with pulse duration in X-axis and surface
roughness in Y-axis for 100% Inconel 625 and 50% Inconel 625 + 50% SS304L in
Fig. 3. It can be clearly seen that there is gradual increment in the surface roughness

Table 4 Parameters with single level for wire EDM process

Parameter Value

Wire diameter 0.25 mm

Pulse interval 57 µs

Peak current 1 A

Servo voltage 20 V

Wire material Brass

Wire tension 1000 N/mm2

Depth of cut (d) 2 mm

Table 5 Obtained results from experimentation

Sample
No.

Surface
roughness (µm)

Kerf width (kf)
(mm)

Cutting speed
(v) (mm/min)

Thickness of
HAZ (µm)

1 1.4587 0.286 0.5 22.60938

2 1.6328 0.286 0.8 24.37747

3 2.1038 0.287 0.8 28.06525

4 1.6009 0.285 0.5 28.21311

5 1.8521 0.287 0.7 29.85204

6 2.0364 0.303 0.8 31.74013
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of machined 100% Inconel 625, and for other material, there is sudden increase
between 5 and 8 µs. From the graph, it can be concluded that presence of SS304L
in Inconel 625 causes drastic increment in surface roughness when increasing the
pulse duration while machining.

3.2 Analysis of Kerf Width

Kerf width can be defined as the width obtained during the machining process due
to high temperature rise by the generation spark between workpiece and wire
electrode. Spark generation occurs during pulse duration due to occurrence of
voltage difference in the gap between workpiece and wire electrode. As pulse
duration increases, generation of sparks also increases which gives resulting in the
more melting of the workpiece which results in increase of kerf width.

Profile projector, Mitutoyo-PJ-A3000 is used for measuring the kerf width by
focusing on the tranverse section of the sample. Width is measured at five different
points in X-axis by measuring the point of the both edge of the width at same point
in Y-axis. Average value has been taken from the points measured from the profile
projector and plotted in the origin as shown in Fig. 4. From the result plotted in the
origin shows that pulse duration is not a significant factor kerf width for 50%
Inconel 625 + 50% SS304L. But there is drastic increment between 5 µs and 8 µs
pulse duration for the 100% Inconel 625 fabricated machined block. It can be
concluded that presence of SS304L in Inconel 625 reduces the influence of pulse
duration in kerf width.

Fig. 3 Surface roughness
measured after WEDM on
different pulse duration
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3.3 Analysis of Material Removal Rate (MRR)

Melting of workpiece due to the highly rise in temperature during pulse duration
which results in spark generation and removes the material. As discussed earlier,
increase in pulse duration causes in increase of spark generation duration which
results more removal of material. From literature, it is found that removal rate of
material is dependent on kerf width. As kerf width increases with pulse duration,
MRR also increases.

MRR is calculated from the kerf width measured in profile projector to deter-
mine the cutting speed using Eq. 1. Where MRR is material removal rate kf is kerf
width, t is depth of cut which is kept constant as 2 mm and v is cutting speed.

MRR ¼ kf � t � v ð1Þ

Using Eq. 1 MRR is calculated and recorded the values in Table 6. Calculated
value of MRR is plotted against pulse duration in origin as shown in Fig. 5 to
understand and compared the effects of both the materials. From plotted graph, it
can be clearly seen that there is constant increment in MRR with pulse duration for
pure Inconel 625 fabricated block. But in mix of SS304L and Inconel 625, no such
trend is found, so it can be concluded that presence of SS304L in Inconel 625
reduces the machinability of the material. The reason for this may be difference in
specific heat capacity, thermal conductivity and electrical resistivity which plays
vital role in wire EDM process.

Fig. 4 Kerf width measured
after WEDM on different
pulse duration
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3.4 Analysis of Heat Affected Zone (HAZ) Thickness

HAZ can be defined as layer which forms during the machining of workpiece due to
the rise of high temperature by spark generation. When material melts due to the
spark generation, erosion of molten material it affects the materials which form a
layer. From literature, it can be observed that thickness of HAZ increases with
increasing temperature.

Heat affected zone (HAZ) is measured from the macrograph obtained from the
optical microscope (25X–1000X) Axio Cam ERc5s as shown in Figs. 7 and 8. In
macrograph, a thin layer of HAZ is visible which is measured in microscope.
Thickness of HAZ is measured through the microscope, and data are plotted in
origin as shown in Fig. 6.

Table 6 MRR calculated using Eq. 1

Sample
no.

Kerf width (kf)
(mm)

Depth of cut
(t) (mm)

Cutting speed
(v) (mm/min)

MRR (mm3/
min)

1 0.286 2 0.5 0.286

2 0.286 2 0.8 0.4576

3 0.287 2 0.8 0.4592

4 0.285 2 0.5 0.285

5 0.287 2 0.7 0.4018

6 0.303 2 0.8 0.4848

Fig. 5 Material removal rate
(MRR) measured after
WEDM on different pulse
duration
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3.5 Analysis of Cutting Speed

Cutting speed varies with the variation of parameters and variation in the compo-
sition of materials and is obtained during the machining process. Recorded data are
plotted against pulse duration for both the materials to compare the effect in origin
as shown in Fig. 9. From plotted data of cutting speed, it can be easily predicted
that when pulse duration is increased, cutting speed is also increases. Amongst two
materials, the mix of 50% SS304L with 50% Inconel 625 does not show variation
when pulse duration is increased from 5 µs to 8 µs but drastic increase in speed can
be visible between 2 and 5 µs.

Fig. 7 Macrograph of the samples at 100X observed to measure HAZ thickness a 50%
SS304L + 50% Inconel 625 samples machined at 2 µs, and b 100% Inconel 625 samples
machined at 5 µs

Fig. 6 Heat affected zone (HAZ) recorded after WEDM on different pulse duration
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Fig. 8 Macrograph of the samples at 25X observed a, b and c are 50% SS304L + 50% Inconel
625 samples machined at 2 µs, 5 µs and 8 µs, respectively, and d, e and f are 100% Inconel 625
samples machined at 2 µs, 5 µs and 8 µs, respectively

Fig. 9 Cutting speed
recorded after WEDM on
different pulse duration
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4 Future Research Directions

Study presented by various researchers on machining by wire EDM involves
optimization of effect of input factors on different output like surface finish, MRR,
kerf width, HAZ and cutting velocity. Different researchers performed on different
materials, but as discussed in previous section, this study was done on the additive
manufactured material with different volume fraction of Inconel 625 and SS304L.
Similarly, various researchers suggested various methodologies to improve the
quality of the surface machined by wire EDM. Few researcher suggested to study
the surface morphology and topology which shows the proper information of
surface quality [25]. They optimized the parameter which leads to defect free
surface or surface with very less crack with precise machining. Hence, this study
can be carried forward with the comparison for different volume fraction and
analyse the recast layer.

Few researchers reported that coating of electrode improves the surface topology
and the metallurgy of the surface [24]. Li et al. reported that alloying or rein-
forcement of electrode material improves the machining efficiency [17]. As dis-
cussed by Unune and Mali adhesion between electrode-workpiece causes reduction
in MRR and surface finish [45]. This effect can be reduced by assisting
low-frequency vibration in the machining process. Recast layer developed on
machined workpiece during the machining by wire EDM process, and the surface
roughness can be reduced by wire electro discharge chemical machining
(WEDCM) [46]. In WEDCM, wire electrochemical machining is used with the
EDM process. Goyal et al. reported that cryogenic treatment of electrode wire
improves the performance [13].

For designing and fabrication of any components of product in manufacturing
industries, it is very important to study the influence of input factors on the
materials properties. To understand the effects, designer or engineers need to
investigate or study the process either by experimentation or by theoretical. But
performing experimental investigation becomes more difficult as it consumes more
time and becomes costly. So, there is very much importance of performing simu-
lation or develop mathematical modelling to analyse the effects. Few researchers
have worked in this direction [15].

Few researcher performed simulation in the machining by wire EDM when
cutting the corner surface [14]. They simulated to optimize the machining error at
the corner during the rough cut in wire EDM. They analysed the wire path during
the process by providing numerical control (NC) path and input parameter as
simulation input and calculated the wire vibration and influence of discharge are on
modelled geometry. Such studies can lead to achieve precise machining which can
improve productivity and the product quality. Effect of different parameters on wire
electrode crater generation can be analysed by simulation as done by Das and
Joshi [9].
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5 Conclusions

Materials required for the manufacturing of aerospace components should have
some specific properties such as high resistivity to corrosion, high strength, light in
weight, etc. All materials do not possess all the properties desired for aerospace
body; for this reason, different materials are used in different parts of the aerospace
body which are selected based on the properties required in the particular parts. For
fabricating the component materials need to go through the manufacturing process,
and amongst all the manufacturing process, machining of aerospace materials is
discussed in this article. Article also provides an extensive review related to the
various materials used in different parts of the aircrafts.

• Literature survey reveals that the superalloys and fabricated materials (viz.
Composites and Functionally Graded Materials) are more preferable as these
materials can be manufactured according to the desired properties.

• To study input parameter’s effect on the surface integrity of the aerospace
material, wire EDM process is chosen as it is very difficult to machine the
material used in presentday by conventional machining process.

• For the study, materials chosen for experimentation are 100% Inconel 625 and
50% SS304L + 50% Inconel 625 which were fabricated by laser assisted
directed energy deposition method.

• For machining, wire EDM machining process is chosen as it is considered as
one of the important machining processes in aerospace industries. Wire EDM
though costly, is a high precision and effective process and is being utilized in
various industries for cutting as well as finishing purpose. But this process
produces some unavoidable defects such as formation of recast layer, HAZ and
may slightly increase the surface roughness if the parameters are not optimized
properly. Thus, proper investigation of the process will prove to be helpful in
optimizing the process for obtaining better result.

• This article highlights the effect of pulse duration on different composition of
material during wire EDM process. From the study, it can be concluded that
pulse duration directly affects the surface roughness, MRR, kerf width, cutting
speed and HAZ. All the effect shows increasing trend with increasing pulse
duration. After studying the input factor effect for both the materials, it can be
observed that mix of steel and Inconel (50% SS304L + 50% Inconel 625)
shows better properties than that of 100% Inconel 625.

Study can be carry forwarded by considering more input process parameters and
more variation in volume fraction of composition of the materials.
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Effect of Vibrations on Solidification
Behavior and Mechanical Properties
of Shielded Metal Arc Weld

Pravin Kumar Singh, Shashi Bhushan Prasad, and D. Patel

1 Introduction

The application of vibrations during welding leads to the detachment of grains from
the dendrites and works as new nucleation sites [1]. The forced vibrations during
welding as well affect the temperature distribution, which is cause of generation of
nucleation [2, 3]. The application of vibration technique is expected for improving
the weld qualities. The key goal of vibratory welding is to improve the grain
structure and reduction in the residual stress [4–8]. Researchers have found that the
application of ultrasonic vibration is very beneficial for stress relief and applicable
for small thickness specimen. As per the result, the stress can be reduced by forty
percent by using the ultrasound vibration during welding [9–11].

There are various methods used to apply the vibratory technique during the
welding operations. Table 1 shows various methods used by the researchers for the
vibratory welding technique. According to the literature, it has been discovered that
no application of vibration into the weld pool has been reported by any of the
researchers. So following objectives have been decided:

(i) To design a vibratory welding setup which is capable to stir the molten
weldpool during the welding process and

(ii) To study the effect of vibration on metal coating process.

P. K. Singh (&)
Mechanical and Automation Engineering Department, AMITY University Ranchi,
Jharkhand, India
e-mail: pksingh@rnc.amity.edu

S. B. Prasad � D. Patel
Production Engineering Department, NIT Jamshedpur, Jharkhand, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
S. Bag et al. (eds.), Next Generation Materials and Processing Technologies,
Springer Proceedings in Materials 9, https://doi.org/10.1007/978-981-16-0182-8_16

209

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_16&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_16&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_16&amp;domain=pdf
mailto:pksingh@rnc.amity.edu
https://doi.org/10.1007/978-981-16-0182-8_16


2 Methodology

This experiment is a comparative study between SMAW and Vibratory SMAW
(V-SMAW) of various weld bead using the SMAW process under the same
welding parameters. The coding of the weld bead used in present study is shown in
Table 2.

Table 1 Literature on vibratory setups

S.no. Material
used

Vibratory technique Frequency
produced

Process Reference

1 AISI 310 Electromagnetic 0–40 Hz GTAW [12]

2 MS Vibratory table 80–400 Hz SMAW [2]

3 A1 Alloy
(1085,2214)

Electromagnetic 50 Hz Casting
process

[13]

4 Nickel alloy
(690)

Vibratory table 58 Hz GTAW [14]

5 MS Vibratory table 25 Hz MEG [5]

6 D6AC
D406A

Vibratory table 2.5 Hz MIG [7]

7 Niomol
490K

Vibratory table – SAW [15]

8 al-6xn Ultrasonic 20 kHz SMAW [16]

9 A-105 Vibratory table 54–59 ms SAW [3]

10 A-105 Vibratory table 54–59 ms SAW [17]

11 Superalloy
800

Electromagnetic – GTAW [18]

12 SiC0/6061
Al

Ultrasound 50 kHz PAW [19]

13 Al alloy Vibratory table 100–
3000 Hz

GTAW [11]

14 MS Vibratory table – SMAW [20]

15 Al alloy Wave guide 20 kHz MIG
and TIG

[21]

16 304-SS Vibratory table 375 Hz GTAW [9]

17 304-SS Vibratory table 150–
350 Hz

TIG [8]

18 AISI 304 Horn plus tool 429 Hz FSW [10]

19 AISI 304 Vibratory table 60.9 Hz TIG [22]

20 AZ31 Mg
alloy

Vibratory table 15 kHz TIG [8]

21 MS Vibration transfers into the molten
weldpool during welding operation

80–300 Hz SMAW PW*
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2.1 Design of Vibratory Setup

With a motivation to improve the weld structure properties vibratory setup has been
designed. The schematic figure of the present setup is delineated in Fig. 1. A rod
having diameter of 3 mm made up of Zirconium–tungsten alloy is mounted with a
vibratory setup. The one side of rod is merged into the weldpool and transfers
vibrations from vibratory setup into the weldpool. The schematic diagram of
vibratory setup is presented in Fig. 1. A motor with a balance load on its drive shaft
is used to make a vibration during the process. A centripetal force comes into action
due to rotation of asymmetric mass resulting in displacement of the motor, this
repeated displacement produces vibration. Vibratory setup works over the range of
voltage. Motor can produce maximum 300 Hz of frequency.

Table 2 Various material combinations, welding techniques, and specimen codes used in the
present work

Welding
technique
used

Filler material and
diameter

Base
material

Specimen
code

Welding
current

Industrial
relevance

Bead on
plate

Mild steel (E-3016,
U3.2)

Mild
steel
(6 mm)

WBMS/MS 130A General
structural
work

Austenitic stainless
steel (AISI 316L)
(U3.2 mm)

Mild
steel
(6 mm)

WBSS/MS 110A Corrosion
resistant

Stellite (Co-6)
(U3.2 mm)

Mild
steel
(6 mm)

WBST/MS 130A Hot
forging
dies

Fig. 1 Vibration setup used in present investigation
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SMAW operation was used for bead on plate technique, and it is a process in
which coalescence is produced by electric arc forms between consumable filler
metal and base metal. The filler metal is coated by the flux which is helpful to
prevent the base metal from atmospheric contaminations during welding. For
investigation, the mild steel is used as a baseplate, stainless steel (AISI 316), mild
steel electrode (E-3016), and Stellite (Co-6) is used as electrode to construct weld
bead. Two weld beads are generated for the comparative study, one is by simple
process without use of vibratory called as conventional welding (C-SMAW) and
another was under the vibratory conditions, vibratory welding (V-SMAW). On
macrolevel, the weld bead structure was studied and the difference in bead
geometry, like ripple formation, reinforcement, and weld width structure was noted
(Fig. 2).

3 Result and Discussion

3.1 Microhardness Testing

For microhardness testing, the specimens were prepared using standard procedures
like belt grinding, polishing using fine grades of emery paper up to 1500 grit size.
This helped in removing coarse and fine oxide layers as well as scratches on the
surfaces that were to be analyzed. Microhardness tester (Make: Omnitech,
Capacity: 1000 grams) was used to measure microhardness at various zones of
interest in different weldments. A load of 500 grams and a dwell time of 20 s were
used for these studies. The hardness value was measured along the center line, and
the mid-thickness of the weld joints, i.e., the distance between the two measuring
points was 1 mm, each point was measured three times to inquire about its average
value. Due to various intensity of vibration at various zones of the weld bead, the
hardness distribution is uneven. Therefore, hardness was measured at various zones
like heat-affected zone, weld metal zone, and base material. Microhardness across
different zones of the weldment samples WBMS/MS, WBSS/MS,, and WBST/MS was
measured in transverse direction and the same is shown graphical form (Figs. 3, 4,
and 5). As shown in figure, it has been found that microhardness of the weld metal/
zone has been improved because of use of vibration. This can be ascribed into the
way that when vibrations are actuated into the weld pool during welding, a
wave-like unsettling influence is made which will break the growing dendrites. The
result of vibrations is that the developing dendrites cannot arrive at their actual
dendritic lengths as they can do in the conventional condition. Smaller dendritic
size in the weld pool prompts moderately higher microhardness in the vibratory
weldpool condition.
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3.2 Microstructural Study

The initial results were found to be encouraging as the weld metal microhardness
and tensile properties have been improved in almost all the specimens to a sig-
nificant extent due to application of vibration, which indicates that setting up of
auxiliary mechanical vibrations of low amplitude and high frequency into the weld
pool could be used as a means for influencing the weld microstructure and hence
mechanical properties favorably increased. As per the result obtained from hardness

Fig. 2 Weld bead structure
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test, microstructural behavior of vibratory welding was observed. The microstruc-
ture figures show the drastic changes in the grain size due to application of
vibrations. Figures 6, 7 and 8 showing the microstructure figures (C-SMAW:

Fig. 3 Microhardness plot of WBSS/MS (AISI 316 SS on mild steel) specimen

Fig. 4 Microhardness plot of WBMS/MS specimen
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Conventional SMAW Process, V-SMAW: Vibratory welding process), it has been
observed that under the vibratory condition, fine-grain structures have been formed
compared to the conventional SMAW weld bead. The dendrites are not able to
grow to their fullest extent during vibratory conditions as these dendrites would
have grown up during conventional SMAW condition.

Applied vibration fragmentizes the growing dendrites, these dendrites act as a
new nucleus site for further solidification process. Vibration techniques during
welding stir the molten metal before its solidification. This type of interruption
increases the cooling rate of the molten weld zone and helps to reach the super-
cooling temperature.

Above discussion concluded that the applied Vibration:

• breaks the growing dendrites,
• increases the cooling rate,
• helps to prevent the newborn nucleus from remelting,
• increase the number of grains and
• finally produces the fine-grain structure.

3.3 Tensile Testing

The tensile specimens were prepared in accordance with ASTM E-08 standards.
Tensile specimens were tested on a universal testing machine, (Make: FIE,
Capacity: 600 kN). Observations that were recorded from this test include yield

Fig. 5 Microhardness plot test of WBST/MS (stellite on mild steel) specimen
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strength (YS), ultimate tensile strength (UTS), and percentage elongation. The
displacement rate was 0.5 mm/min. The elongation was measured with the
extensometer (FIE makes) GL-50 mm. The tensile tests of weld bead structures are
presented in Figs. 9 and 10. For investigation, three specimens were tested on UTM
machine and average value has been taken for study. As per the result obtained,

Fig. 6 Microstructure of weld bead (SS over MS plate)

V-SMAWC-SMAW 

Fig. 7 Microstructure of weld bead (MS over MS plate)
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a drastic improvement has been found in yield strength and tensile strength of weld
bead. The fine-grain structure might be the reason for improvement in strength.
Maximum 15% of improvement has been found in weld bead for the case ST over
MS in yield strength and UTS. To check the ductility of vibratory welding, the
percentage elongation has been measured. The result shows that the percentage
elongation is increased by twice as compare to the conventional welding condition.
Figure 11 is showing the percentage elongation of WBSS/MS.

C-SMAW V-SMAW

Fig. 8 Microstructure of weld bead (ST over MS plate)

Fig. 9 Comparative study of yield strength
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4 Conclusion

The auxiliary mechanical vibrator could successfully transmit vibrations directly
into the weld molten pool. These vibrations did not allow the grains to grow, due to
which fine microstructures are formed. With increase in frequency of the applied
vibration, the hardness values increase.

The microstructure properties are hugely changed by the application of vibra-
tions. The external vibrations disturbed the solidification mechanism of the weld
zone due to which fine grains and steeper HAZ form. Weld bead under the resonant
frequency condition has improved grains as compared to the other ones.

Fig. 10 Comparative study of UTS

C-SMAW V-SMAW

5.71

12.9
% Elongation Fig. 11 Comparative study

of percentage elongation
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Investigating Laser Surface Texturing
on SS 304 for Self-cleaning Applications

Ambar Choubey , Sabir Ali, Sunil Yadav, C. S. Mandloi,
Christ Prakash Paul, and K. S. Bindra

1 Introduction

In laser surface texturing, various geometric structures are generated using laser
ablation processes for a specific applications [1, 2]. The advantage of laser texturing
is the ability to produce high precision structures of micro to nanoscale on the
surface. The process is highly localized, automated, repeated, dry, non-contact type
and can be performed under normal ambient conditions. The process is also
eco-friendly because no chemicals or toxic wastes are used and can process nearly
all types of materials. For laser surface texturing of metals like stainless steel, an
infrared pulsed laser is a preferred choice, because of minimum thermal distortion
in the material. When metallic surface ablated using ns laser, initially it shows
hydrophobicity and then after exposing some time with ambient air surface con-
verted shows super-hydrophobicity. Super-hydrophobic surfaces have proven
cost-effective solutions for anti-fouling coatings, anti-icing, anti-corrosion, and
self-cleaning surface and have attracted research interest in recent times due to the
variety of biological, scientific, and industrial applications [3, 4].

Most of the researchers reported works for the generation of the
super-hydrophobic surface on metals use costly ultrafast pico or femto second
duration lasers [5, 6]. However, for industrial applications, there is a need to make
the generation of super-hydrophobic surface by a cost-effective technique using
compact and low price ns fiber lasers. Hence, in the present experiment, a ns fiber
laser is deployed for the generation of super-hydrophobic surfaces with good
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scalability, ruggedness and durability. The super-hydrophobic surface can also be
generated using different types of low surface energy coatings on the surface [7, 8].
However, in terms of life and durability in a harsh environment, the laser-textured
super-hydrophobic surfaces are superior as compared to that with coated surfaces.
The actual life for a coated self-cleaned super-hydrophobic surfaces generally varies
from few weeks to few months, but the requirement is larger usually in the 5–
10 years range, especially for applications in harsh and outdoor environments.
Some of the examples of the potential applications are reduction of dust accumu-
lation by self-cleaning on the solar cell surfaces in desert regions and prevention of
bio fouling underwater on a ship hull. Hence, laser-based surface texturing is the
best solution for the generation of the self-cleaned super-hydrophobic surface.

In the present work, the laser texturing of SS304 stainless steel is carried out for
the generation of super-hydrophobic surface and the subsequent application for
self-cleaning. The major focus of the work is to optimize laser process parameters
investigating the effect of laser power, laser fluence, and laser track separation on
super-hydrophobicity. ANOVA is used for the optimization of laser process
parameters and wettability of the surface.

2 Theory and Analytical Model

There are many examples of hydrophobic surfaces in nature. For example, lotus
rose leaves and some insect wings like butterfly having natural
super-hydrophobicity. The structure on their surface has minimum surface energy
and minimum contact between water drop and surface. The water drop stays on the
surface with minimum contact area, the effect of low surface energy and surface
tension leads to form a spherical shape of the water drop with minimum contact
area.

The contact angle of these drops is around 150° or more on such surfaces.
Because of the minimum contact area with surface, the water drop easily rolls or
slides from the surface (depends on surface friction) when it turns by a few degrees
(<10°) [9]. The hydrophobicity nature of the surface is measured by the contact
angle of water droplets on the surface. The contact angle h is given by Young’s
equation as follows [9].

cos h ¼ cSG � cSL
cLG

ð1Þ

where cSG, cSL, and cLG are the surface tension of the fluid with the solid repre-
sented by S, liquid by L and gas by G. Due to contact angle hysteresis [10], a
droplet can be pinned on inclined surfaces, as shown in Fig. 1. Sliding angle (SA) a
is defined as the angle between the tilted substrate and horizontal plane when a
droplet starts to move down the surface due to gravity. The slide angle (SA) is used

222 A. Choubey et al.



to quantify the slippery nature of a surface and its self-cleaning characteristics.
The contact angle hysteresis (CAH) (coshrec − coshadv) is related to the sliding
angle as [10]

mg sin a=w ¼ cLGðcos hrec � cos hadvÞ ð2Þ

where m is the droplet mass, g is the gravity, and w is the droplet width contact with
the surface. The lower the value of CAH, the contact area within the liquid/solid
interface reduced and shows hydrophobicity, and self-cleaning and slippery nature
of the surface were observed. So, the smallest value of CAH with the minimum
surface contact area of fluid drop on the solid surface is responsible for the easy
sliding features as shown in Fig. 1.

When a liquid drop falls on a textured surface, it can sit on the surface either with
minimum contact with the surface or flow between the grooves of the textured
surface. It can be explained with two different model Wenzel and Cassie-Baxter
model [11]. In Wenzel state, the drop penetrates the gap of the grooves of the texture
surface resulting in an increased contact area fraction of liquid with a solid surface. In
Wenzel model, the movement of the water drop is restricted because of larger contact
area with the surface. On the other hand, in Cassie-Baxter state, the water drop has a
minimum surface contact area on the texture surface because, and the air gets
entrapped in the grooves of the surface as shown in Fig. 2. This effect generates
spherical shape of the droplet with minimum contact area, and drops easily can roll
on the surface. For self-cleaning application, Cassie-Baxter state is more favorable.

The contamination on the surface is attached with strong force. If the capillary
force of the water drop is more than the adhesion force of contamination, it gen-
erates friction forces, results in the contamination, and removes easily during the
sliding of the water drop. This leads to a self-cleaning effect on the surface. In most
of the cases, friction forces (self-cleaning forces) are in the range of micro-Newton.

Fig. 1 Different state of water drop and corresponding contact angle on the surface
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If the textured surfaces exposed to the ambient air it becomes more contaminated
with time. These deposited particles are originated from nature (e.g., microorgan-
isms and pollen). For example, deposition of contamination on the solar cell surface
in ambient atmosphere required self-cleaning in quick time span to regain their
efficiency.

3 Experimental Work

The texturing experiments are performed on the SS 304 samples with a dimension
of 50 mm � 50 mm. The samples were polished manually followed by ultrasonic
cleaning using water and surface cleaning using acetone. A 100 ns pulsed fiber
laser system (Make: IPG photonics, Model: YLPN-1-1X130-100-M) with variation
of 1–20 W average power and repetition rate in the range of the 30–150 kHz is
deployed for the laser texturing experiment. The laser system is having a Galvano
scanning system for X–Y movement of the laser beam and beam delivered through
f-theta focusing lens (focal length f = 163 mm). The scan speed is in the range of
100–800 mm/s. The minimum focal spot diameter was 60 lm, and its variation is
in the range from 60 to 800 lm for setting the different fluence level during tex-
turing on the surface. Figure 3 presents the schematic arrangement of the laser
texturing setup.

Fig. 2 Difference in Wenzel and Cassie-Baxter model

Fig. 3 Schematic arrangement of laser texturing setup
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The laser beam is scanned on the substrate surface, along the x (0°)-axis and then
along the y (90°)-axis achieving the final laser-textured grid-patterned structure. The
number of laser scan passes N varies in the range from 1 to 10. The line spacing
(S) between two laser scanning lines set 100 lm and the corresponding spot over-
lapping shown in Fig. 4a, b. All the experiments were carried out under open
atmosphere. The spatial profile of the laser beam is Gaussian. Taguchi method is
deployed to find out the effects of laser process parameters on the surface texturing
[12]. The process parameters under investigation are (1) laser fluence (2) scanning
speed and (3) line spacing or hatch spacing each set at three levels. Hatch spacing is
directly related with the spot overlapping and spot size of the laser beam according to
relation, hatch spacing = (1-overlapping) � spot diameter. The laser average power
varies in the range from (10 to 20 W), spot diameter varies (70–800 µm), and pulse
duration (100 ns) was fixed during the different sets of experiment. Taguchi’s L9
(33) orthogonal array and three levels are selected for the optimization of parameters
during the experiments. Table 1 presents the laser texturing process parameters and
their corresponding level used in the experiment under report. Surface profile of the
laser-textured SS304 surfaces is analyzed using a confocal microscope (Make:
Leica, Model: TCS SP8). Measurements of the contact angle are performed using
Goniometer (Make: Ossila, Model: L2004A1) with a 25 lL distilled water droplet.
The apparent contact angle (APCA) is recorded everyday under normal condition.
The fresh SS304 laser-textured sample was treated as reference.

4 Results and Analysis

Laser texturing experiments are carried out by varying laser fluence (F), scanning
speed (V), and line spacing (h) as shown in Table 1. ANOVA is performed to
estimate the effect of F, V, and h on contact angle in ANOVA input and response as

Fig. 4 a Hatch spacing and spot overlapping. b X–Y scan pattern for texturing
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given in Tables 2 and 3, respectively. From the ANOVA analysis, in the present
experiment, it is observed that the contact angle is mainly governed by laser fluence
having minimum P-value in Table 3 with a contribution percentage of 46.04%.
Laser fluence is followed by line spacing and scanning speed with a contribution of
26.72% and 16.61%, respectively. P-value greater than 0.05 indicates weak cor-
relation between the contact angle and process parameter. However, the satisfactory
R square value (89.42%) is obtained from ANOVA response. R square indicates the
degree of closeness between a measured response variable and predicated response
variables by ANOVA.

A further effect of process parameter, i.e., laser fluence (F), scanning speed (V),
and line spacing (h) is studied by means of mean plot as shown in Fig. 5. It is
observed that as laser fluence increases, contact angle increases up to a maximum
value of contact angle at 7 J/cm2, and afterward contact angle decreases with laser
fluence. Similarly, as scanning speed increases, contact angle increases up to
scanning speed of 300 mm/s, afterward contact angle decreases with scanning
speed. Decrease in contact angle can be attributed to changes in surface profile
model from Cassie-Baxter to Wenzel as scan speed increases as shown in Fig. 2.
Further, as line spacing increases, contact angle decrease initially and then
increases. Reduced value of contact angle at lower values of line spacing is
attributed to merging of laser tracks leading to disappearing of texturing pattern.
However, at higher values of line space, measured value of contact angle increases
because of non-merging of laser track and clear texture pattern.

Further, optimized process parameter is identified by using the S/N ratio plot as
shown in Fig. 6. Criteria chosen for an optimized parameter are higher contact

Table 1 Laser texturing
process parameters and their
corresponding levels values

S. No. Process
parameter

Symbol Unit Levels

1 2 3

1 Laser fluence F J/cm2 3 5 7

2 Scanning speed V mm/s 200 300 400

3 Line spacing h µm 30 50 100

Table 2 L9 orthogonal
array, nine rows present the
set of parameters for the
experiments, and the value of
contact angle measured
immediately after laser
texturing

Column sample
ID

L (parameters) Contact angle
measuredF V h

20200701 3 200 30 45°

20200702 3 300 50 48°

20200703 3 400 100 68°

20200704 5 200 50 85°

20200705 5 300 100 110°

20200706 5 400 30 75°

20200707 7 200 100 82°

20200708 7 300 30 94°

20200709 7 400 50 44°
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angle as it is required for generation of super-hydrophobic surface [13]. From S/
N plot, it is observed that optimum values of process parameters of level 1, level 2,
and level 3 of laser fluence, scanning speed, and line spacing, respectively, give the
highest contact angle 110°. Thus, identified optimum parameter for surface tex-
turing is 5 J/cm2, 300 mm/s, and 100 µm.

The laser scanning speed v is related to the percentage laser spot overlapping (n),
laser spot diameter S, and pulse repetition rate f with the relation [14]

v ¼ S� 1� nð Þ � f ð3Þ

The surface profile of textured surfaces affected by laser fluence, scanning speed,
and the laser track separation. For a small line separation of 10 lm, the laser track
overlapping is high, so the multi-directional structure is not well observed. In
contrast, for a separation in the range of 50–100 lm, these structures are clearly
observed as shown in Fig. 7a, b. As given in Table 2, the value of contact angle is
measured with Goniometer for different sets of laser processing parameters. For
sample Id 20200705, values of contact angle are the maximum (*110°), and the

Table 3 Analysis of variance for contact angle and super-hydrophobic surface

Source DF Adj SS Adj MS F-value P-value

Laser fluence (J/cm2) 2 1984.7 992.3 4.35 0.187

Scanning speed (mm/s) 2 716.7 358.3 1.57 0.389

Line spacing (µm) 2 1152.7 576.3 2.53 0.283

Residual error 2 456.0 228.0

Total 8 4310.00

Fig. 5 Means of mean plot for variations in contact angle
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process parameters are the optimum parameters. Table 3 presents the statistical
analysis of process parameters using ANOVA and shows that laser fluence is
(J/cm2) having the minimum P-value and is the most significant parameters during
the texturing followed the line spacing and scanning speed. The ablation depth for
N number of pulses is given by [14]

d ¼ N � 1=að Þ ln F=Fthð Þ ð4Þ

and ablated mass is

ma ¼ N qAdð Þ ð5Þ

where 1/a is the effective penetration depth of laser energy in SS material having a
calculated value of 20 nm in the present experiment, Fth is the laser fluence at the
threshold, q is the density, and A is the textured area of the surface as explained by
Tam et al. [15]. It was observed that the ablation depth strongly depends on the
fluence level. At threshold fluence, Fth ablation started, and after increasing fluence
and crossing the value of saturation fluence Fs further ablation is difficult and
materials surface is damaged. For SS 304 in present experiment, the value of Fth

varies from 3 to 8 J/cm2. For optimum damage free surface texturing, fluence level
5 J/cm2 is set in the present experiment.

It is clear from Fig. 8 that there is a window of laser fluence, where ablation was
achieved without damaging the surface. For single laser scanning, the ablation
depth was *80 nm and can be enhanced by an increasing number of laser scanning

Fig. 6 Means of SN ratio for variations in contact angle
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passes N. The ablation depth was measured using confocal microscope. Contact
angle and super-hydrophobic behavior of the surface depend on the line spacing
and exposure time of laser-textured surface. It shows clearly that after 10 days
exposure, contact angle or super-hydrophobicity is maximum for 100 lm line or
hatch spacing. The ablated mass during laser texturing is collected by a suction
system to avoid re-deposition of ejected debris on the textured surface. After per-
forming several experiments and surface analysis, the optimum values of process
parameters were 100 ns pulse duration, 15 W average power, 300 mm/s speed,
20 kHz repetition rate, 5 J/cm2 fluence level, 100 lm lines spacing, and N = 5
number of laser passes in x- and y-axis. The textured groove width was *180 µm
and depth of about 8–10 µm and center-to-center distance of *100 µm.
Laser-textured surface displayed enhanced hydrophobicity with respect to untreated

Fig. 7 a Microscopic images of the grid-patterned after laser texturing and high-magnified image
are shown in (b), respectively, for 100 lm line spacing. Many microscaled grid-shaped channels
were formed on the SS 304 surface

Fig. 8 Comparison of
calculated and measured
ablation depth variation with
fluence, after 8 J/cm2 fluence
level ablation depth start
saturates
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specimens, as shown in Fig. 9. The measured contact angle of untreated and
laser-textured surfaces are 40° and 110°, respectively, measured with Goniometer.
After 10 days exposure with air ambient, this 110° contact angle value reaches to
1560, and surface becomes super hydrophobic. The possible reason is for generation
of super-hydrophobic surface, and after 10 days it was the gradual conversion of
contact angle related to the absorbed airborne contaminants from air moisture [16].
To remove particles from a super-hydrophobic surface, the capillary force FC acting
on the particle at the rear side of the drop needs to overcome the adhesion force
between the particle and the surface, FAdh. Then the surfaces intentionally are
contaminated with particles of sizes (80 nm to 1 mm) and polarities (hydrophobic/
hydrophilic) [16].

It was observed that for an optimized grid pattern, the surfaces were cleaned by
using 15–30 water drops of 25 ml volume. These drops rolled off on the
laser-textured surface inclined at 15° angle and cleaned almost all of the contam-
ination. This laser-textured super-hydrophobic surface is also tested by depositing
contamination of dust and carbon, and when the water drop shower is applied for
only 5 s, it cleans the surface completely by self-cleaning process with 98%
cleaning efficiency, as compared to the normal contaminated surface takes 120 s
with only 40% cleaning efficiency. The self-cleaning efficiency is given by [17]

g ¼ 1� Nf =Ni
� � ð6Þ

Here, Ni and Nf are the respective surface densities of the contaminated partic-
ulates on the surface before and after self-cleaning. Analysis software for materials
science, i.e., Avizo Fire from Visualization Sciences Group, attached to the Leica
microscope has been used to count the initial and the final number of particles. The
microscopic image of self-cleaning laser-textured super-hydrophobic surface (lower
portion of sample) and unclean non-textured, normal surface (upper portion of the
sample) is shown in Fig. 10.

Fig. 9 Image of water drop on surface of untreated and laser-textured surface of SS 304
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5 Conclusion

In this study, the laser-textured surfaces on SS 304 with square grid shape were
generated successfully using selective ns duration laser-based texturing process.
Initially, the as-prepared SS 304 laser-textured surface showed super-
hydrophilicity. However, after the ambient air exposure for 10 days, the surfaces
experienced gradual wettability conversion to steady super-hydrophobicity. The
effect of different laser process parameters on super-hydrophobicity during laser
texturing is also performed. ANOVA is used for optimization of process parame-
ters. Laser fluence was the most important parameters for the generation of
super-hydrophobic surface on SS 304. There is an optimum window of fluence
between 3 and 8 J/cm2 for good quality texturing on SS 304 surface. Development
of laser texturing-based self-cleaning technique is more convenient in terms of
durability, efficiency, cost effectiveness, and feasibility. Laser-textured self-cleaning
surfaces can have a broad range of applications from self-cleaning of machine parts
for food industry, food packaging, home appliances, shipping, aerospace, and
medical instrumentation, for reducing the growth of corrosions, scaling bacteria on
surface, and enhancing the life of the parts.

Acknowledgements Authors thankfully acknowledge the valuable technical support of Mr. Anil
Adbol, Mr. Sokhen Tudu, and Mr. Lalit of Laser Additive Manufacturing Laboratory during the
work.

Fig. 10 Image shows difference in self-cleaned textured (lower part) and non-textured surface
(upper part)
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Critical Assessment of Metallurgical
and Mechanical Characteristics of Pulse
Laser Welded a + b Phase Ti-Alloy

Bikash Kumar and Swarup Bag

1 Introduction

Dual-phase Ti-alloy is of utmost interest for extensive application at room as well as
moderately elevated temperature, especially due to its appealing properties such as
lightweight and high strength-to-weight ratio, good compatibility with body fluid,
resistance against corrosion and oxidation, and superior mechanical properties. In
principle, this alloy is comprised of a-phase and b-phase stabilized by 6 vol.% of Al
and 4 vol. % of V, respectively. Reversible transformation (depicted in Fig. 1) is an
exceptional attribute of Ti-6Al-4V alloy, which might be the reason for stable and
improved mechanical properties at elevated temperature. Initially, Ti-6Al-4V alloy
exists as mixture of a-phase and b-phase hence termed as a + b alloy. As the metal
heated beyond 940 K, dissolution of a-phase starts and transforms into b-phase up
to 1273 K which is known as b-transus temperature. Upon further heating up to
solidus temperature, i.e., 1877 K, weld metal exhibits fully b-phase (BCC crystal
structure). In the range of solidus and liquidus temperature, weld metal renders b as
well as liquid phase. On the contrary, molten metal (liquid phase) again transforms
into b-phase during cooling cycle at b-transus temperature. Afterwards, whether it
would follows diffusional mechanism of transformation or non-diffusional, it
depends on the cooling rate followed beyond b-transus temperature. If attained
cooling rate is higher than critical cooling rate (i.e., 410 K/s) non-diffusion a0-
martensitic transformation takes place which results in acicular a0-martensite.
Otherwise, diffusional growth of a-phase comes into existence which leads to the
formation of lamellar structured a-phase. Final microstructure of mechanically
processed material plays a decisive role to determine the overall engineering
properties of the structure. In addition, microstructure and morphology of
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Ti-6Al-4 V alloy possibly can be controlled through the cooling rate. From the
perspective of fusion welding, shielding system also contributes to the alteration of
weld quality. Shielding environments surrounding the weldment–heat source
interplay region are perhaps the crucial facet that can severely affect the quality of
welded joints. Inert gases for instance argon, helium, or combination of both is
usually placed to protect the molten zone [1–3]. One of the authors suggested that
combination of Ar + He in varied volume ratio can minimize the loss parameters
which leads to growth in penetration depth in the course of laser welding [1].
Shielding gas applied to inhibits contamination from external detrimental factors
that promote defects, i.e. porosity and crack development. Thus, other author
endorsed isolated chamber to furnish shielding environment in the weld zone and to
minimize the generation of porosity as well [4, 5]. Proper shielding environment
favourably changes the quality of weld joint since Ti-alloy is susceptible towards
the formation of oxides, nitrides and carbides that can severely deteriorates the
overall service life of welded structure. Hence, it is vital to pay attention towards the
metallurgical–mechanical facets during welding for stable and reliable welded
joints of Ti-6Al-4V alloy.

Welding provides an efficient and affordable technique of fabricating large and
small structural assembly by utilizing this Ti-alloy. Several researchers have applied
different welding processes such as gas tungsten arc welding (GTAW) [6], gas
metal arc welding (GMAW) [7], ultrasonic welding [8, 9], linear friction welding
[10], laser beam welding and electron beam welding to analyse the performance of
process parameters on microstructural evolution, and thermal–mechanical–metal-
lurgical behaviour of welded structure. El-Batahgy and DebRoy [6] did compara-
tive study between laser and GTA welded Ti-6Al-4V alloy. It is revealed that laser
fabricated samples render relatively low distortion and smaller molten zone than
GTA welded specimens. Apart from that, higher amount of acicular a0-martensite is
observed in laser welded samples which is prominent cause of high hardness owing
to high cooling rate. Pardal et al. [7] indicated that the performance of GMA welded
specimens is found to be less productive owing to high spatter generation, wan-
dering of arc and subsequent wavy nature of molten pool. However, combination of
laser welding with arc process makes it happen to benefit from advantageous
characteristics of each process [8]. Zhao et al. [9] convey that the application of
ultrasonic vibration can efficiently prohibits the growth of columnar crystal within
the molten zone which enhances the tensile properties of welded joints. Linear

Fig. 1 Reversible transformation by aþ b alloy
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friction welding is solid-state joining technique in which thermo-mechanically
affected region exhibits recrystallization of Widemanstatten aþ b phase within
prior b-grain boundary [10].

Pulse Nd:YAG laser is characterized by high peak power that is significantly
larger than average power of laser beam, allowing melting and solidification to take
place in a fraction of second [11]. The lasers have potential of pulse shaping at
frequency of up to several kHz and with pulse duration ranging from 0.5 to 20 ms
[12]. Akman et al. [5] implemented Nd:YAG pulsed laser for the fabrication of
Ti-alloy joints and stated that ratio of pulse energy and pulse duration is critical
factor to determine penetration depth. It is also emphasized that transformation of
phase from a to b through heat treatment and coarsening of grain can deteriorates
the mechanical properties. Hence, low hardness is observed at large heat input.
Baruah and Bag [13] investigated the influence of pulsation effect during simulation
of heat source and reported that sophistication can be improved through pulsation
since it facilitates elucidation of thermo-mechanical behaviour pattern of laser
welded joints. Furthermore, Kumar et al. [14] interpreted the welded joints fabri-
cated at continuous and pulsed mode. At optimized minimum heat input in pulse
welded samples, the acicular shape a0-martensite within fine prior b grain boundary
results extraordinary tensile strength even more than base metal. Few researchers
elucidated that the risk of porosity formation and undercut during welding of
Ti-alloy owing to entrapment of different gases can be minimized through the utility
of pulsation effect [15, 16]. In addition, Kumar and Bag [17] studied the metal-
lurgical transformation behaviour of pulse laser welded thin sheets of Ti-alloy and
concluded that relative stability of phase transformation during heating cycle can
trigger the state of stress pattern during cooling cycle through manipulating
martensitic fraction. Therefore, it convinces that it is important to pay attention
towards the optimization pulse parameters during welding to own desired structural
properties, microstructural and metallurgical features, and improvement in the weld
characteristics.

Nowadays, finite element-based mathematical tool promotes the accurate mea-
surement of thermal data at difficult-to-access location and to trace other intricate
characteristics. Several researchers developed different heat source model to pre-
cisely improve the qualitative and quantitative prediction of thermal history [18,
19]. A lot of literature is available which focuses on mathematical representation of
heat source where geometrical dimension is primarily mapped with molten pool
geometry [20–22]. Hence, the selection of appropriate heat source model is critical
for the adequate prediction of time-temperature field in conduction-based heat
transfer phenomena.

The present study extensively contributes to the core insight into parallel
interaction between thermal–metallurgical and associated mechanical performance
of pulse laser welded thin joints of Ti-6Al-4V alloy. The investigation is carried out
on laser welding and evolved bead analysis, XRD-based metallurgical analysis,
development of heat transfer model and its validation with experimental result, and
microstructural–mechanical interaction. Interrelation between thermal history and
assisted phase transformation is briefly explored. In addition, surface discoloration
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methodology is applied to track the influence of effectiveness of applied shielding
environment of molten zone. FESEM-based microstructural attributes are also
studied to trace the morphological variation at weld zone.

2 Materials and Methodology

As received a + b alloy (Ti-6Al-4V alloy is also known as dual-phase Ti-alloy, i.e.,
a + b alloy) of dimension 120� 100� 0:5mm3 is used as weldments for the
fabrication of welded joints. The pulse Nd: YAG laser system of capacity 2 kW is
used to perform the weld phenomena [23]. The pulse laser system is comprised of
four major sub-components, i.e. laser head, 2-axis automated table, cooling system,
CNC controller retrofitted with laser system. Here, laser head is in static position
that can only move in Z-direction to control the stand-off distance. Hence, only
2-axis automated table is used for the movement of the workpiece. CNC controller
imposes the laser beam by controlling the process parameters as per given input by
the user. External shielding environment is provided around the molten pool to
inhibit the contamination as much as possible. Another shielding pipe is connected
to the laser nozzle system to cool the nozzle chamber so that discrepancy on the
lens can be avoided. In the present study pulse parameter, i.e., defocusing distance,
is considered as effective controlling parameter during welding. Hence, two dif-
ferent conditions, i.e., focal point on the top surface (fp ! 0) and the bottom surface
(fp ! �0:5) of workpiece (as pictorial representation is demonstrated in Fig. 2), are
considered for the investigation. It indicates that the minimum laser spot size can be
accomplished when the workpiece surface lies of the focal point, whereas relatively
broadened laser spot can be obtained if workpiece surface deviates from its focal
point due to convergence and divergence of the laser beam. Corresponding process
parameters on which welded joints are fabricated are illustrated in Table 1.
Constant scanning speed of 800 mm/min is used for all weld fabrication.

Conventional sample preparation procedure has been performed on the surface
of weldment to remove the contaminated layer of oxides, grease or oil. The edge of
weldments that has to be welded is cleaned with grit paper. Furthermore, after
fabrication of welded joints, every sample is cross-sectioned normal to the welding
direction at middle of the plate to get samples for microstructural analysis, XRD
analysis, FESEM analysis and evaluation of tensile properties. Microhardness
testing is performed on the weld interface by using Vicker’s microhardness tester.
Furthermore, tensile testing is performed to estimate the joint efficiency and
mechanical behaviour of welded joints. The sample of cross section 5� 5mm2 is
used to carry out X-ray diffraction analysis to trace the phase constituents present
over the weld interface specially at fusion zone. Cross-sectioned samples are
crossed through different stage of polishing with several grade of grit paper fol-
lowed by velvet cloth polishing to reveal the microstructure and highly magnified
FESEM images.
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3 Theoretical Background

A conduction-based three-dimensional heat transfer model is established to estimate
temperature history at different zones of weld interface. Half of the geometrical
domain is designed to perform the thermal analysis owing to the symmetry of
fabricated joints. Fourier based nonlinear heat conduction equation is solved for
each node during movement of heat source to calculate the attained temperature.
Non-uniform meshing is implemented over the geometrical domain, i.e., very fine
mesh at weld zone and HAZ, coarse mesh at nearby region and subsequent more
coarse mesh at farther away location. Temperature-dependent thermo-physical
properties and some constant properties utilized for thermal modelling are con-
sidered from the literature [23, 24]. Double ellipsoidal heat source model is applied
for the generation of heat flux to substitute the representation of laser beam, since, it

Fig. 2 Schematic of welding phenomena at different focal distances

Table 1 Process parameters used for the fabrication of welded joints

Sample Peak
power
(W)

Pulse
frequency
(Hz)

Pulse
energy
(J)

Pulse
width
(ms)

Average
power
(W)

Defocus
(mm)

Heat
input
(J/mm)

Pulse mode

S1 800 20 6.4 8 128 0 9.6

S2 800 20 6.4 8 128 0.5 9.6

S3 1000 20 12 10 160 0 15

S4 1000 20 12 10 160 0.5 15
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can predict accurate weld profile and temperature history [25]. For the generation
and movement of heat flux, FORTRAN-based in-house developed DFLUX sub-
routine is written which incorporated the effect of pulsation as well.

4 Results and Discussions

4.1 Laser Welding and Bead Analysis

Figure 3 illustrates the bead (top view) evolved during laser welding under various
weld conditions in pulse mode. Level of contamination and whether the applied
shielding system working well or not during fabrication of welded joints can be
estimated through the appearance of bead colour or surface discoloration technique
is an important feature of Ti-6Al-4V alloy. The presence of silver colour bead for
S1 (800 W) and S2 (800 W) reflects the application of better shielding system and
minimum level of contamination [14]. However, transformation of silver into
reddish straw for case S3 or into reddish brown for weld metal S4 confirms rela-
tively higher contamination as compared with S1 and S2. It could be due to sudden
growth (double time) of heat input from 9.6 J/mm ! 18 J/mm for S1 ! S4.
However, Ti-alloy is prone to contamination, i.e., carbide, nitride and oxide for-
mation at elevated temperature. Among various parameters, pulse width (pulse
duration) and defocus distance are considered to track its impact on weld joint.
Figure 3 (top view) and 4 (cross-sectional view) show that the fusion width
increases from 1.504 mm ! 1.617 mm upon increasing pulse duration from
8 ms ! 10 ms. It increases from 1.504 mm ! 1.571 mm with increasing defo-
cusing position from top (*0 mm) to bottom surface (*0.5 mm) at a pulse width
of 8 ms and 1.617 mm ! 1.690. The threshold energy is the minimum energy
required to melt the weldments for the fusion to form a successful joint. It is
expressed as a function of power density and interaction time. The time for which
laser source is in contact with workpiece is known as interaction time. As the pulse
duration increases from S1 to S3, the interaction time also increases during pulse
ON time, by virtue of which volume of molten metal increases and enhances the
fusion width. The other parameter is the average power density that can be
expressed as inversely proportional to the area of laser spot. Defocus distance
dramatically influences the bead geometry owing to the variation of power density.
As the defocus position increases from S1 ! S2 or S3 ! S4, i.e., 0 mm ! 0.5
mm, the laser spot area on the surface of welded metal increases due to convergence
of laser beam as shown in Fig. 2. Therefore, same laser power has to be distributed
on large spot area, hence, laser power density decreases and fusion width increases
as reported in Fig. 4. It can be inferred that upon increasing defocus position for
same laser power, local cooling rate enhances extensively at the molten surface.
Furthermore, Fig. 4 depicts that partial penetration is observed for the samples S1
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and S2 at laser power of 800 W and pulse duration of 8 ms, owing to insufficient
heat input. However, full depth of penetration is obtained for the weld metal S3 and
S4 welded at laser power 1000 W and pulse duration of 10 ms. Hence, the cases S3
and S4 are regarded as optimized weld condition from successful weld joints
perspective.

4.2 Comparison Between Experimental and Numerical
Bead Profile

Figure 5 portrays the validation of three-dimensional thermal model by comparing
numerical result with experimentally measured weld bead profile. Figure 5a rep-
resents the spatial and temporal variation of temperature distribution at the middle
of the plate in pulse ON condition. The arrow represents the velocity direction of
heat flux. Figure 5b depicts the magnified image of Fig. 5a. The calculated weld
bead profile and different zones are characterized by different colour contour.
Fusion zone (FZ) and fully transformed-heat-affected zone (FT-HAZ) are repre-
sented by grey and yellow band, whereas mushy zone which is surrounded by FZ

S1: Pulse width 8 ms; S2: Pulse width 8 ms; .5 

S3: Pulse width ms;  S4: Pulse width  ms; .5 

Fig. 3 Demonstration of bead appearance (top view) under various weld conditions
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and FT-HAZ, which is depicted as red band. Moreover, partially transformed-heat
affected zone (PT-HAZ) is symbolized as green and another band. The comparative
study reveals good and satisfactory correspondence between experimental and
numerical outcomes. The maximum temperature obtained by the case S1 and S4 is
2289 K and 2772 K, respectively, which is found to be sufficiently more than
melting point. However, exhibited temperature range corresponding to HAZ is
1659–1292 K. Table 2 illustrates the geometrical measurement of experimental and
numerically calculated weld pool. The maximum error percentage of FZ and HAZ
is found to be 12% and 8%, respectively, and shows the robustness of the devel-
oped model. Based on the visual inspection, it is clarified that the aspects ratio
(w/h) of weld zone is more than 1 and the corresponding laser power is under 1 kW.
Hence, all the fabricated joints are categorized as conduction mode rather than
keyhole mode of welding.

Fig. 4 Cross-sectional view of weld bead profile at different process conditions

Fig. 5 Validation of heat transfer model: a 3D distribution of temperature at the middle of the
plate at pulse ON condition, b magnified image of temperature distribution; comparison of
experimental (left) and numerically calculated (right) temperature profile for the cases c S1, and
d S4
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4.3 Interrelation Between Thermal Cycle and Phase
Constituents

Figure 6a depicts the interrelation between thermal cycle and solid-state phase
transformation that occurs within thermally agitated region during and after
welding. Temperature associated with a-dissolution, b-transus, martensitic start
(Ms) and finish (Mf) is recognized as critical temperature, since metallurgical
diversification has been observed beyond these limits. Figure 6 shows that the point
‘1’ lies on room temperature at which Ti-alloy exist as dual-phase alloy, i.e.,
composed of a-phase and b-phase. As the temperature rises beyond 940 K, a-
dissolution takes place and begins to transform into b-phase. Furthermore, at b-
transus temperature (i.e. 1273 K) single phase, i.e. b-phase retained in the alloy. As
the temperature grows up to peak value due to pulsation effect (pulse ON condi-
tion), only liquid phase exist in the molten pool designated as point ‘2’. Pulsation
effect is confirmed by the zig-zag path because pulse on and off phenomena pos-
sessed for time duration of millisecond. Additionally, point ‘3’ lies within tem-
perature range of solidus and liquidus limit which indicates the presence of liquid
phase and solid (b) phase during cooling cycle. Upon further cooling, columnar b-
phase emerges beyond solidus temperature (1877 K). However, as the metal attains
temperature less than b-transus, b ! a transformation takes place. As a result,
growth of a-phase occurs within prior b-phase grain boundaries. Since the present
study is associated with pulse-assisted process, hence high cooling rate, i.e.,
� 420 K/s, is expected during solidification phenomena. At the temperature
beyond martensitic start value (1053 K), a0-martensitic lath formation occurs, and
martensitic transformation finishes at Mf. Nevertheless, the mixture of aþ a0 þ b
phase exists after solidification at ambient temperature with various morphologies.

Figure 6b demonstrates the X-ray diffraction pattern revealed for base metal of
Ti-6Al-4V alloy. It signifies that plane (110) and (002) corresponds to b-phase and
the planes (1 0 �1 0), (1 0 �1 1), (1 1 �2 2), (1 0 �1 2), (2 0 �2 1) corresponds to a=a0

possessed by the base metal. Crystallographic dimensions of a and a0 are approx-
imately same; therefore, it is somewhat difficult to distinguish between them.
Figure 6c illustrates the diffraction pattern of fusion zone under different weld
conditions (800 and 1000 W). Peak broadening and peak shifting characteristics are
noticed at weld zone of both samples, i.e. S1 and S4. This may be due to the
retained lattice micro-strain within the molten metal. It is indicated that peaks

Table 2 Quantitative analysis of bead profile and associated error in numerical model

Sample FZ HAZ

Exp. Num. Err.% Exp. Num. Err.%

S1 0.72 0.65 10 0.35 0.33 6

S2 0.76 - 0.40 -

S3 0.80 - 0.63 -

S4 0.85 0.76 12 0.71 0.66 8
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corresponding to every plane exhibit higher intensity at higher heat input, i.e., 18 J/
mm rather than 9.6 J/mm. Enough heat input and lower cooling rate attained at the
highest heat input might be the predominant cause for the presence of intense peak.
Higher heat input allows the metal to get transformed more and favours the growth
of martensitic lath significantly. Relatively higher intensity of plane corresponds to
a0-phase confirms the existence of higher volume fraction of martensite. In addition
to this, some peaks correspond to TiC which is also noticed for higher heat input,
i.e., for sample S4. It signifies that the contamination is also prevalent at higher heat
input rather than lower heat input as also concluded by surface discoloration
technique.

4.4 Compositional Analysis

Figure 7a depicts the EDS scanning at fusion zone of welded sample. It shows the
compositional variation of a-stabilizing elements, i.e., Al and b-stabilizer, i.e., V,
across the scanned section in terms of intensity counts. It is obvious that there is no
segregation or agglomeration of a- or b-stabilizer is observed throughout the
scanned area. However, enriched amount of a-stabilizer is noticed at core region of

Fig. 6 a Correlation b/w thermal history and phase transformation; illustration of XRD pattern of
b base metal and c weld metal
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a0-lath, whereas lean composition of b-stabilizer is obtained on those locations.
Furthermore, Fig. 7b represents EDS scanning over elemental area of weld metal
S4. It reveals that the dispersion of a-stabilizer (green) is severe and more promi-
nent than that of b-stabilizer (pink). It confirms that b ! a=a0 transformation is
prevalent after melting and re-solidification phenomena during pulse welding.
Moreover, retained b-phase contributes minimum amount in the molten zone. Dark
spot in scanned area signifies the segregation of oxide and other detrimental
compounds which formed or entrapped within molten area during welding.
Figure 7d manifests that the wt% composition of oxygen is significantly higher, i.e.,
4.3% at scanned area of dark spot.

4.5 Microstructural Evolution

Variation in microstructural morphology plays a decisive role to trigger the final
mechanical properties of Ti-alloy welded structure. Figure 8 shows the evolved
microstructure at different zones of welded specimens S1 and S4. Figure 8a signifies
dramatic difference in microstructure at FZ, FT-HAZ and PT-HAZ owing to
non-uniform temperature gradients during welding. Solidification of molten metal
emphasizes epitaxial growth of columnar b-grain boundaries and emergence of
a-phase within prior b-grain boundary. Fusion zone of case S4 is characterized by
hexagonal grey blocky structured martensite composed of thick a0-lath and sur-
rounded by coarsed prior b-grain boundary as shown in Fig. 8b. Attainment of low

Fig. 7 EDS analysis of a line scanning, and b elemental area of weld zone; c compositional
analysis by EDS
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heat input at farther away region, i.e., FT-HAZ and PT-HAZ, inhibits the columnar
growth of prior b-grain boundary; however, fine acicular structured martensite is
revealed at FT-HAZ. Furthermore, PT-HAZ attains insufficient heat input due to
which it is unable to transform into fully b-phase. Nevertheless, small-sized (fine)
grain with pre-mature grain boundary is observed for the case S1 or lowest heat input
as demonstrated in Fig. 8c. It is because the minimum heat input exhibits lowest
solidification time, hence, high cooling rate. Rapid cooling does not permit the grain
or grain boundary to grow more due to which it retained as small and fine in domain
of molten zone. On the contrary, higher heat input favours significant grain growth.

4.6 Mechanical Performance

Figure 9 demonstrates the mechanical performance of fabricated joints at various
welding conditions. Ultimate tensile strength (UTS), elongation, yield strength are
the crucial factors that decide the joints strength and joint efficiency. Figure 9a
elucidates the engineering stress and strain curve estimated using universal tensile
testing (UTM) machine. It is obvious that UTS (*900 MPa) and elongation
(14.5%) of base metal are significantly higher than other welded joints. It conveys
that welded joints are somewhat weaker than base metal. In addition, welded joints

Fig. 8 Microstructural pattern: a depiction of microstructure at different zones, b grain size
demonstration for weld metal (S4) and c grain size demonstration for weld metal (S1)
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fabricated at heat input of 18 J/mm (samples S3 and S4) renders UTS of approx-
imately 820 and 810 MPa, respectively, whereas 220 and 210 MPa for specimens
S1 and S2. Although weld metal S1 and S2 fabricated at lowest heat input and
achieved needle-shaped acicular structured morphology within fine prior b-grain
boundary, attained minimum contamination (as confirmed by discolouration tech-
nique) exhibited inferior strength and ductility properties. Insufficient depth of
penetration due to application of less heat input might be the causes of poor
mechanical properties. Furthermore, it is clarified that elongation percentage of each
sample is very less. It might be due to the generation of brittle martensitic phase at
the weld zone. Figure 9b signifies the hardness distribution across the weld inter-
face for the specimens S1 (9.6 J/mm) and S3 (18 J/mm). It shows that hardness is
remarkably higher at fusion zone for both the cases; however, distinguishable
variation in magnitude is observed. Martensite exhibits relatively higher hardness
among all the phases and fusion zone of each sample is comprised of martensitic
phase. Hence, fusion zone exhibited higher hardness than another zone. Attainment
of higher cooling rate at lowest heat input promotes needle-shaped acicular a0-
martensite which is the hardest morphology accordingly weld metal S1 possessed
higher hardness. Moreover, grey blocky structured a0-martensite within coarsened
prior b-grain boundary attributed at relatively higher heat input is relatively soft
phase as a result sample S3 emphasized relatively lower hardness at weld zone.

5 Conclusions

The laser welding of 0.5-mm-thin sheet Ti-6Al-4 V alloy is performed at pulse
duration of 8 ms and 10 ms by considering focusing and defocusing distances.
A finite element-based thermal model is established to analyse the pulse welding.

Fig. 9 a Depiction of engineering stress versus strain at different weld conditions; b distribution
of hardness across the weld interface
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Interrelation between thermal history and associated phase transformation is pre-
dicted. The following conclusion is drawn from the present investigation.

• Surface discoloration methodology can qualitatively predict the level of con-
tamination within weld zone only by virtue of visual inspection.

• Lowest heat input of 9.6 J/mm reveals insufficient depth of penetration; how-
ever, attained minimum contamination, whereas higher heat input of 18 J/mm,
achieves full depth of penetration with higher level of contamination.

• Elemental scanning analysis shows enriched a-stabilizing elements throughout
the weld zone. It indicates that diffusionless transformation is prevalent due to
which a0-martensite is found to be distributed uniformly.

• Different plane corresponds to a=a0 phase, and transformed b-phase is observed
in fusion zone. Grey blocky structured martensite with thicker a0-lath is
observed for pulse duration of 10 ms, whereas, fine grain with acicular a0-
martensite is obtained for heat input of 9.6 J/mm.

• Ultimate tensile strength (UTS) of 820 MPa is obtained, when focal point is
considered at top surface of weld metal (i.e. fp ! 0). While UTS of 810 MPa is
perceived, when focal point is shifted to bottom surface (i.e. fp ! �0:5) for
pulse duration of 10 ms. However, very low UTS, i.e. in the range of 200 MPa,
is attained for the pulse duration of 8 ms by virtue of insufficient penetration.

• The weld metal fabricated at the lowest heat input achieves needle-shaped
acicular morphology within fine prior b-grain boundary. Despite it attained
minimum contamination, exhibited inferior engineering properties. Insufficient
depth of penetration due to low heat input is the dominating factor for poor
mechanical properties.

• Presence of acicular a0-martensite favours the enhancement of hardness within
weld zone. Grey blocky structured martensite accomplishes at higher heat input
found to be relatively soft.
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Characterization as a Tool for Failure
Investigation: Tata Steel Experience

Kaushal Kishore, Arthita Dey, Sanjay Kushwaha,
Suman Mukhopadhyay, Manashi Adhikary, and Anup Kumar

1 Introduction

Failure is often defined as the inability of a component or a system to efficiently and
effectively perform its intended function(s). Failures can be relatively simpler or
extremely complex owing to the extent of availability of background information,
operating parameters, state of the failed component, environmental conditions, etc.
Over the years, analysis of some of the historic failures such as de Havilland’s
comet [1, 2], sinking of Titanic [3], Great Molasses Flood of Boston [4, 5] and the
Chernobyl nuclear explosion in Ukraine [6] have shaped the way critical failures
are analysed even today and recommendations are made to improve the reliability
and durability at the component, assembly and system levels. In the past few
decades, many guidelines are set in the form of handbooks for failure analysis of
components illustrated in the form of numerous case studies [7–9]. However, in
some way or the other, failures vary from industry-to-industry, even if the basic
science remains the same. Integrated steel plants consist of components experi-
encing a wide range of stresses and environment varying from temperature up to
1600 °C in Linz-Downawitz convertor [10], severe thermal cycling in corrosive
atmosphere like the hood tubes of steelmaking vessel and boiler tubes of a power
house [11, 12], shafts, pins, gear boxes and bearings operating at or around room
temperatures but under different state of mechanical stresses [13–15], highly cor-
rosive atmosphere of coke and by-product recovery plants [16] to rolling mills
where situations are entirely different and dynamic [17]. Therefore, the present
work is aimed at presenting a methodology for failure investigations of components
in steel plant.
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2 Methodology for Failure Investigations

Figure 1 shows the common chronology of steps adopted when a critical compo-
nent fails in a steel plant.

The first important step in failure investigation which can easily be determined
during visual observation is the identification of the broad category of failure, that
is, whether that component fractured, worn out or corroded. This would direct the
investigation for collection of operating parameters and the use of characterization
techniques. It is essential to find out the service life that component lasted before the
failure. In certain cases, it is observed that components are used beyond their design
life and as such failure is not surprising. However, if the failure is premature, it
needs to be viewed in a different light. On-site observations including the location

Fig. 1 Typical chronology followed for failure analysis of a component in a steel plant
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of failed component and its detailed function in the system or assembly help in
understanding the type of stresses and environment it could experience during its
service life. If the component fractured, then it becomes essential to look at the load
or current data (if available) over its service life and check if prior to the failure,
there was an overload. An operational overload can inevitably result in brittle or
ductile fracture depending up on the state of stress, inherent ductility of the material,
strain rate and operating temperature [18]. However, if the loading history does not
show any signature of overload and the component still fractured, then it is likely
that it is a progressive failure, which can be low or high cycle fatigue, stress
corrosion cracking, etc. For corrosion and wear related failures, it is essential to
analyse the environment, fluid or mass flow rate, location of failure with respect to
any abrupt cross-sectional change, contaminants like sulphur, chlorine, etc., which
can accelerate the rate of corrosion in the presence of moisture, pH of the medium
and so on [19]. It should be noted that special attention should be paid on over-
hauling history of the failed component. Faulty assembly in terms of greater
clearance, misalignment, poor lubrication, hammering, etc., have led to failures
which are otherwise difficult to decode without an overhauling history.

Once adequate detail of operational data, maintenance practices and history is
collected, careful visual observations are made using unaided eyes as well as with
the help of magnifying glass or stereomicroscope. This is intended for
macrofractography and identification the of damage (crack, corrosion pit or local-
ized wear) initiation for subsequent investigations. In case of fracture, macroscopic
features such as beach marks, ratchet marks and colour contrast would indicate
fatigue mode of failure. Visual image of a brittle fracture would show fresh and
shiny appearance with no gross plastic deformation. These are often characterized
by chevron marks whose origin would also indicate the crack initiation point. In
contrast, a ductile fracture would be characterized by dull and woody appearance
with gross plastic deformation.

Visual observation is often followed by fractography (in case of fracture) under
scanning electron microscope. It can confirm the mode of fracture: ductile, brittle
and fatigue. Further detail about the size, shape and orientation of dimples would
throw light on the loading condition and relative ductility of the material. Likewise,
the presence of cleavage planes or rock candy structure will suggest whether the
brittle fracture is transgranular or intergranular. Fatigue fracture surfaces, if pre-
served are usually associated with striation marks. However, an absence of striation
marks should not lead to a conclusion that the component has not failed under
fatigue mode. Less ductile material with limited slip systems often do not leave
striation marks when cracks propagate under cyclic loading. Furthermore, the
corrosive or oxidizing environment under which the component is placed may leave
a layer of corrosion or oxidation products over the fracture surface which may not
reveal striations even after extensive cleaning. In such cases, the role of visual and
stereoscopic observations to detect signatures of fatigue such as ratchet marks,
beach marks and multiple planes of crack propagation becomes pivotal. It should be
noted that in addition to ascertaining the failure mode and mechanism, carefully
fractography under scanning electron microscope can also suggest reason for crack
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initiation such as the presence of hard inclusions or entrapment like mould powder
near the crack initiation site. The rate of fatigue crack growth and the number of
stress reversals can also be estimated and its detail is discussed elsewhere [13, 20].

Once the mode of failure and possible crack origin is established, metallography
is carried out to observe general steel cleanliness and inclusion ratings. Inclusions
as the root cause of failure of components is discussed in detail [21]. Metallography
at the crack initiation location also reveals if the presence of decarburization,
pre-existing cracks, hard phases like untempered martensite or cementite network
contributed to the failure. Furthermore, the adequacy of heat treatment (quenching
and tempering, normalizing or temper embrittlement) can be determined by
microstructural analysis in conjugation with mechanical properties evaluation like
hardness, tensile and impact tests. Likewise, in the case of corrosion and
related failures, whether there is severe crack branching or unrelated blind cracks
would indicate for stress corrosion cracking and hydrogen induced cracking,
respectively [22].

Once all the information is collected, it is important to link the sequence of
events to establish the mode of failure, its reason and corrective measures. Here,
few case studies of failure analysis in a steel plant are presented with a thrust on the
importance of different characterization techniques.

3 Results and Discussion (Case Studies)

3.1 Failure Analysis of 2 Ton Electric Fork Lift in a Cold
Rolling Mill

2 Ton electric fork lift model EV-20 is used to run in ARP section at CRM as
shown in Fig. 2a. It is used to handle red oxide gunny bag. Approximately 32
gunny bags are handled each day by the fork lift. The fork lift was under operation
for last 20 years and was dedicated for this operation. As can be seen from Fig. 2b–
c, there were two roller plates which were welded to the frame of the machine at
two different locations. Further two forks mounted on the frame handle the gunny
bags. Thus, it formed the whole roller bracket. Among these two roller plates, one
plate broke from both weld locations as shown in Fig. 2d–e. Discussion with plant
suggested no evidence of overloading.

Fracture surfaces showed distinct and well-defined beach marks confirming
fatigue mode of failure (Ref. Fig. 3). This is consistent with the fact that no
overload was recorded as per the plant professionals. The origin of the fatigue crack
as found out by tracing the centre of the beach marks was around the root of the
welding.
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SEM fractography shown in Fig. 4a revealed the presence of weld pool at the
fatigue crack initiation location. This is followed by distinct striation marks in crack
propagation region confirming progressive failure by fatigue mechanism.

Hardness survey across the weld revealed variation (Fig. 5) of weld hardness
from roller plate, which seemed to cause the initiation of fatigue crack from the
weld and propagation of the same in the direction of roller plate finally resulting in
the failure of the same. There was a weld undercut which would have led to
ineffective stress transfer and can contribute to the fatigue failure. No crack was

Fig. 2 On-site visual images showing the application of the fork lift and the location of failure
from the weld

Fig. 3 a Failed roller plate; b–d closer views of the fracture surface or top welding locations; e–
g closer view of the fracture surface of bottom welding location
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observed to propagate from weld towards frame as hardness of the weld and frame
material were compatible to each other. It was also important to note that the fork
gave a life of 20 years, this indicates that service stress was very low, that is why
the plate sustained the long life in spite of being presence of inherent weld notch
and undercut.

Based on these characterization techniques, it can therefore be concluded that the
fork lift failed from the welded plates in progressive fatigue mode as revealed by
beach marks and striations. Crack initiation occurred at the weld pool and the
presence of undercut there would have aggravated the situation.

Fig. 4 SEM fractography near the fatigue initiation zone: a weld pool present near the location of
fatigue crack initiation, b higher magnification image showing striation marks in the crack
propagation region

Fig. 5 Macrostructure of the weld and corresponding hardness values
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Following recommendations are provided for extension of service life:

(i) Ultrasonic testing of the weld joints before the installation and during service
life at predefined intervals.

(ii) Only skilled welder should be allowed for fabrication of such critical com-
ponents as it can lead to serious safety issues.

3.2 Failure Analysis of Bend Pulley Shaft of INBA Slag
Granulation System of a Blast Furnace

Granulation of blast furnace slag is an important step in converting otherwise waste
into useful resource and raw material for cement industries. Conveyor belt carries the
granulated slag to the silos. A bend pulley of the conveyor belt failed after 2.5 years
as against a design life of 5 years. Visual image of the failed shaft is shown in
Fig. 6a. It failed from the step portion. Fracture surface shown in Fig. 6b, c revealed
multiple ratchet marks all along the circumference of the shaft. This indicates that the
shaft failed in torsional fatigue mode which is consistent with the loading condition
of the shaft.

In order to ascertain the reason of premature fatigue failure, detailed metallur-
gical analysis was carried out. Table 1 shows the summary of chemical analysis of
the shaft relative to the specified steel grade.

Chemistry of the failed shaft showed higher carbon and phosphorus than the
specification. This means there was some issue with oxidation potential or blowing
time during the steelmaking stage. The presence of higher carbon and phosphorus
can induce brittleness in the material.

Figure 7a, b shows the unetched micrographs of the failed shaft. Multiple
non-metallic inclusions were observed near the fracture contour. Such severe sul-
phide inclusions can contribute to fatigue crack initiation. Furthermore, inclusion
rating of the failed shaft summarized in Table 2 shows that sulphide inclusions of 2.5
severity was present in thin series, whereas beyond ratable limit due to excessive
thickness was present in thick series. This confirms improper steel cleanliness.
Etched microstructures revealed the presence of pro-eutectoid a-ferrite and pearlite
phases. It appears that the crack as indicated by the fracture contour propagated
along the pro-eutectoid a-ferrite/pearlite interface as shown in Fig. 7c, d. It is well
established and demonstrated that for rotating components under cyclic loading
condition, an adequately quenched and tempered martensitic microstructure is
superior compared to the ferrite–pearlite microstructure in terms of fatigue life.

Based on these metallurgical characterizations, it can be concluded that shaft
failed in torsional fatigue mode due to a combination of metallurgical deficiencies.
Higher phosphorus, extremely severe sulphide inclusions and the presence of fer-
rite–pearlite microstructure are all undesirable from the standpoint of fatigue failure.

Following recommendations are provided for extension of service life:
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(i) Better steel cleanliness is recommended to reduce the length of sulphide
inclusions. These inclusions act as stress raisers and reduce the fatigue life of
components.

(ii) Adequate quenching and tempering heat treatment should be carried out for
the shaft as tempered martensitic microstructure have superior fatigue
strength compared to ferrite–pearlite microstructure.

(iii) Shot peening may be carried out to induce compressive residual stresses to
further improve the fatigue life.

Fig. 6 Visual images of failed bend pulley: a bend pulley along its length, b angular view of the
shaft, c fracture surface revealing multiple ratchet marks

Table 1 Summary of chemical analysis of the failed shaft

Sample C Mn S P Si

Shaft 0.48 0.67 0.038 0.09 0.268

Spec IS 1570 C40 steel (As
per drawing)

0.37–
0.44

0.50–
0.80

0.045 max 0.045 max 0.40 max
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3.3 Failure Analysis of Heat Exchanger of a Batch
Annealing Furnace

During cooling cycle of the batch annealing furnace (BAF), H2 gas from BAF at a
temperature of around 600 °C is passed through the heat exchanger (HE) to cool
down around 50 °C. Industrial cooling water (ICW) is used for cooling the gas.
Thereafter, it is recirculated to BAF through blower. The schematic of heat
exchanger as used in plant is shown in Fig. 8a, b; the cover under which the heat
exchanger is put. As shown in Fig. 8c, H2 gas is coming from BAF through the
ducts marked by orange coloured arrows and going to the blower through the tube
as shown in Fig. 8d. Water flowing through the tube is marked by blue coloured
arrows. As per the drawing, there were 207 tubes of SA 179 steel grade covered by
fins. Fins are used for better heat transfer efficiency. All the tubes’

(a)

(c)

(b)

(d)

Fig. 7 Optical micrographs showing a unetched microstructure near the fracture contour,
b unetched micrograph at the quarter-thickness position, c etched microstructure near the fracture
contour, d higher magnification etched micrograph

Table 2 Inclusion rating as per ASTM E-45

A (Thin/heavy) B (Thin/heavy) C (Thin/heavy) D (Thin/heavy)

3.0/* 0.0/0.0 0.0/0.0 0.5/0.0

*Not ratable due to excessive length or thickness
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specification covers seamless cold drawn low carbon steel pipe. Both fin and tubes
are supplied in hot dip galvanized. Outside surface of the tubes are expected to be in
sand blasted condition and primer zinc silicate dry coating layer to be applied. It
was also mentioned in the drawing that two coats of aluminium paint suitable for
500 °C must be applied on the outer surface and inside should thoroughly be
cleaned and rust preventive oil shall be applied. Heat exchanger of BAF bypass
cooling got punctured during annealing cycle. The tube was on side A facing the
bottom of heat exchanger as shown in Fig. 9a, b. In addition to the leakage, the
tubes at side C facing H2 gas were found to be white rusted as depicted in Fig. 9d.
There were several other tubes which were found rusted on different sides of the
heat exchanger (Ref. Fig. 9 c and e). Several samples from this heat exchanger were
collected for metallurgical analysis as shown in Fig. 10. The tube which was leaked
was cut and found chocked or blocked (Ref. Fig. 11). The same also revealed
cracking of tube due to corrosion from inner side (Fig. 12).

Fig. 8 a Schematic of heat exchanger, b cover of the heat exchanger; c–d different water line
arrangement and H2 outlet at the site

258 K. Kishore et al.



Fig. 9 Failed heat exchanger tube assembly from different sides a and b showing SIDE A; c,
d and e showing SIDE B, C and D, respectively; f shows the arrangement of water distribution

Fig. 10 Sample referred for failure analysis
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Similar observation was found in the other rusted tubes, with the only difference
that there was deposition inside, but those tubes were not fully blocked. This
indicated that deposition happened over a period of time. Chemical analysis of the
tube and fins conformed to the specification. White rusting confirmed the presence
of galvanized coating. But since most of the tube was corroded, therefore coating
was not visible. EDS analysis (Figs. 13 and 14) and chemical analysis of deposits
revealed presence of oxides of Ca, Si, Mg, Na, Al along with Cl in certain locations.
The water analysis also confirmed the source of these elements to be from the water
in the circuit. From the above analysis, it seems that the tubes are failing due to
deposit corrosion. Literature survey shows that, deposit corrosion is typically
related to minute volumes of inactive solution from lap joints, surface deposits or

Fig. 11 Tubes were chocked/blocked

Deposit and scale 

Fig. 12 Microstructure from leaked location revealing deposit at the defect location
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crevice. Deposit corrosion is also known as crevice or under-deposit corrosion [23].
This type of corrosion is one of the most severe types of corrosion, especially
affecting piping systems. It is very localized and aggressive, leading to deep pen-
etration of the metal surface with less corrosion involved in the adjacent areas.
Surface deposits are the major reason why corrosion factors and other forms of
initiating mechanisms choose individual sites [24]. A deposit over a bare unpro-
tected metal spot worsens and accelerates the corrosion. The deposit restricts the
free access of oxygen [air] under the deposit and creates differential aeration cor-
rosion cells which multiplies corrosion rate as shown schematically in Fig. 15.

Following recommendations were given to avoid premature failure:

(i) Cleaning of tube after a certain interval by purging water/nitrogen gas at high
pressure could be beneficial to remove blockage or deposit. As the failure is
attributed to under-deposit corrosion, the best preventive measure is to avoid
the accumulation of corrosion products.

(ii) Pulsed injections can also be made by introducing a gas (compressed air or
nitrogen) at very high speed (3 ms−1) periodically at short intervals of time (5,
10 and 60 min). The effect is to increase the turbulent regime, creating

Fig. 13 EDS analysis of the deposit

Fig. 14 EDS analysis of the leakage location
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pressure fluctuations inside the tube and higher shear stresses on the surface.
As a consequence, a greater detachment of deposit can be achieved than that
obtained by simply increasing the speed of water flow.

4 Concluding Remarks

Careful sequence of characterization of failed components when combines with
adequate background information about operation and maintenance practice helps
in root cause analysis of critical components in steel plants. Suggested methodology
can be helpful guide for future failure analysis and life cycle extension.
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Assessment of Bio-dielectric
Calophyllum inophyllum (Polanga) Oil
in Electro-discharge Machining: A Step
Toward Sustainable Machining

Bikash Chandra Behera, Matruprasad Rout,
and Arpan Kumar Mondal

1 Introduction

The electro-discharge machining (EDM) process is a non-conventional machining
process in which electrically conductive material is machined. The mechanism of
material removal in EDM is due to the electron bombardment on the workpiece in
repeated intervals. In this process, material is machined in the form of tiny debris.
This process is mainly used to manufacture forging dies, press tool and molds for
injection molding. It is also employed for producing intricate and irregular shaped
profiles. Small holes on carbide and hardened steel can be machined by EDM.
There are different varieties of EDM processes such as die shrink EDM,
micro-EDM and wire EDM [1]. The hydrocarbon-based oils are generally used for
the die shrink EDM, but in wire EDM and micro-EDM deionized water is used.
These dielectric fluids work as a medium in which controlled electrical discharge
occurred. It also helps to carry away debris and heat generated by the discharge.
The dielectric fluid significantly affects the productivity, quality and cost of the
machining and when hydrocarbon-based dielectric fluid is used health hazards and
environmental impact becomes two other important aspects for selecting the
dielectric fluid [2].
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The manufacturing industries have been considered as one of the main sources
of environmental hazards [3]. The minimization of environmental hazards is the
prime focus after implementation of the ISO 14000 environmental management
system standard. The main requirements of ISO 14000 standard are identifying the
source of pollution in the manufacturing industries. Hence, today’s researchers are
thinking about eco-friendly manufacturing, i.e., green manufacturing. In EDM
process, hydrocarbon-based dielectric fluid is the main source of pollution. The
complete replacement of the hydrocarbon-based dielectric fluid has not yet been
developed. Zia et al. [4] reported that the environmental concern is due to the
emission from and disposal of the hydrocarbon dielectric. However, the main health
concern is connected to fire explosion, inhalation of fume and contamination of
dielectric on the skin. Kou and Han [5] experimentally investigated the EDM of Ti–
6Al–4V using water-based dielectric for their study and reported that the envi-
ronmental pollution can be minimized by using water-based dielectric. The envi-
ronmental pollution and health hazards can also be minimized by using vegetable
oil as a dielectric fluid. Higher operational safety due to low risk of vegetable-based
dielectric catching fire makes it as safer fluids to use. The hydrocarbon-based
dielectric like kerosene has higher emission of pollutant into atmosphere making it
less environment friendly, but vegetable oil emits less pollutant and hence envi-
ronment friendly. As discussed, vegetable oil is environment friendly, so they
provide better personnel health. The vegetable oils have low manufacturing cost
and also have higher breakdown voltage, hence more efficient than conventional
oils. Valaki et al. [6] reported the practical viability of jatropha curcas oil-based
bio-dielectric for EDM. They suggested that the jatropha curcas oil can be used as
an alternative to hydrocarbon-based bio-dielectric. Das et al. [7] experimentally
investigated the technical feasibility of jatropha, canola and neem oil as the
bio-dielectric and reported that all the bio-dielectrics ensure better MRR and better
surface finish. However, jatropha and canola are remarkable. Mishra and Routara
[8] have conducted EDM of EN 24. They used polanga bio-dielectric (PBD) and
hydrocarbon-based dielectric for their study and reported that the performance of
PBD is remarkable in terms of MRR and eco-friendly aspect. Das et al. [9]
experimentally studied efficacy of neem oil as a dielectric with EDM of Ti–6Al–
4 V. They reported an improvement in material removal rate by 22 % with neem oil
as the dielectric. The better surface integrity is also achieved in neem dielectric
environment.

Though works have been reported on PBD as dielectric, more investigation is
needed to establish PBD as a bio-dielectric. In this study, EDM of P20 steel is
examined using PBD and kerosene as dielectric fluids.
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2 Preparation of Bio-dielectric

The PBD has been chosen as the bio-dielectric fluid to study the EDM process.
Since the dielectric fluids have different properties, their operating efficiency differs
from each other. The raw polanga oil might get pre-breakdown during EDM pro-
cess as it has high viscosity. So, to make the polanga oil suitable for the dielectric
fluid, multiple refining stages have been followed to decrease the viscosity and
achieve other desirable properties (Fig. 1). In general, three stages have been used
to minimize the viscosity of the raw polanga oil. These steps are degumming and
esterification which is followed by transesterification. After transesterification water
washing, heating and steering have been conducted to convert it to the desired
dielectric fluid. The characterization of the dielectric was done based on the ASTM
standard. The raw polanga oil and the processed polanga oil, i.e., PBD are shown in
Fig. 2. The different fluid properties, viz. viscosity, thermal conductivity, specific
heat, etc., have been recorded for this study.

3 Experimental Methods

The experiments have been performed by using a CNC electric discharge machine
classified as (die-sinking type) MIC 432CS (Make: ECOWIN, Taiwan) machine
whose polarization on the electrode is considered as negative and the workpiece as
positive. The schematic diagram of the setup is shown in Fig. 3. The process
parameters used for the experiments are given in Table 1. Two types of dielectrics,
viz. kerosene and PBD are used to perform the experiments. Different properties of

Fig. 1 Various purifying process used to produce suitable dielectric from raw polanga oil (FFA
stands for free fatty acid test)
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these two dielectrics are given in Table 2. The material removal rate (MRR) and
surface roughness (Ra) have been recorded to analyze the efficacy of the PBD. In
this experiment, P20 plastic mold steel of size 220 mm � 203 mm � 15 mm has
been used. The physical properties and chemical composition of the workpiece are
presented in Tables 3 and 4, respectively. The workpieces before and after
machining are shown in Fig. 4a, b, respectively. The 99% pure copper rod of
20 mm diameter (Fig. 5a) has been chosen to produce the tool of required
dimension (60 mm length). Each piece underwent turning and facing operation in a
lathe machine, till the required dimensions were obtained. A fresh tool (Fig. 5b) is
used for each experiments.

Fig. 3 Line diagram of the experimental setup

)a( (b)  

Fig. 2 a Raw polanga oil and b processed polanga oil
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Table 1 Experiment process parameters and their levels

Process parameters Levels

Pulse current (A) 3, 6, 9, 12, 15, and 18

Pulse ON time (µs) 21, 50, 100, 200, 400, and 600

Pulse OFF/Interval time (µs) 6, 11, 20, 30, 40, and 75

Polarity Positive (electrode +ve)

Table 2 Fluid properties of dielectrics kerosene and PBD

Properties Kerosene [6] Polanga bio-dielectric (PBD)

Density 0.80 g/ml 0.71 g/ml

Viscosity 40 °C 1.2199 cSt 14.5 cSt

Flash point 100–185 °F 421.8 °F

Thermal conductivity 0.145 W/mk

Specific heat capacity 2.01 J/gk

Break down voltage 60 kV/2.5 mm 80 kV/2.5 mm

Acid value 0.049 mg KOH 4.0–12 mg KOH

Dielectric strength 60 kV/2.5 mm 80 kV/2.5 mm

Color Colorless Greenish yellow

Table 3 Mechanical properties of P20 plastic mold steel [6]

Properties Hardness
(Brinell)

Hardness
(Rockwell)

Tensile
strength
(MPa)

Yield
strength
(MPa)

Compressive
strength (MPa)

Value 300 30 965–1030 827–862 862

Table 4 Chemical
composition (wt%) of P20
plastic mold steel [6]

Carbon 0.28–0.40

Silicon 0.10–0.50

Manganese 0.20–0.80

Phosphorous 0.030 max

Sulfur 0.030 max

Chromium 1.40–2.00

Molybdenum 0.30–0.55
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4 Result and Discussion

4.1 Material Removal Rate

The MRR can be defined as the total volume of material machined and divided by
the time required for machining. The mathematical expression of MRR is

MRR ¼ WB �WA

tm

where WB and WA are the weight of the workpiece before and after machining,
respectively, and tm is the machining time.

Figure 6a illustrates the variation of MRR with peak current. For both the
dielectrics, the MRR is increasing with increase in the peak current. The percentage
of increment in MRR is 59.81–78.45% when PBD is used as the dielectric. This
could be due to the higher average temperature generated at machining zone when
PBD is used as a dielectric. The reason of higher average temperature in case of

Fig. 4 a Workpiece before and b workpiece after electro-discharge machining

Fig. 5 a Raw copper rod and b copper electrode after machining
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PBD is due to high amount of oxygen content in PBD fluid [10, 11]. This causes
vaporization and melting. Another reason for greater MRR in case of PBD is
because of efficient flushing of debris from machining zone. The higher flushing
ability of PBD is because of its high viscosity [10]. Figure 6b represents the
influence of Ton time on MRR. Longer discharge energy cycle and higher discharge
channel might be the reason of improvement of MRR with increase in Ton[12, 13].
Higher MRR is recorded when used PBD as compared with the kerosene. The
percentage of improvements varies from 30 to 51%. This could be owing to greater
thermal conductivity of PBD, which causes higher heat transformation toward the
machining zone. Lower specific heat of PBD could be another reason for better
MRR [11]. Figure 6c shows the influence of Toff on MRR. With increase in Toff
time MRR decreases. Higher Toff time causes narrow plasma channels, which
further minimizes the striking area of positive ions on workpiece surface. The
percentage of improvement is varying from 6 to 40% when PBD is used as the
dielectric. Lower specific heat and higher thermal conductivity of PBD are the
reason behind it [14].

4.2 Surface Roughness

The surface finish reflects the nature of the machined surface. The tribological
connection between the mating parts relies upon the surface finish of individual
parts. Better surface finish boosts the service life of the mating parts. In this
investigation, arithmetic average surface roughness (Ra) was recorded and pre-
sented in Fig. 7a–c. Each machined surface is measured twice, and average values
have been recorded for analysis. A Taylor Hobson profilometer (0.8 mm cutoff
length) has been used to record the arithmetic average roughness parameter.
Figure 7a represents the variation of Ra with the current. The trend indicates that Ra

increases with increase in the current. The higher current increases the impingement
energy, resulting in deeper and uneven crater on the work surface. The Ra value
recorded for the machined surface for machining with PBD as a dielectric is
comparatively low (in comparison with machining with kerosene). The percentage
of decrement varies between 0.04 and 17.79%. The lower Ra when PBD is used
might be because of the good thermal property and lower specific heat of the
dielectric, which might have limited the energy density. The efficient heat transfer
to the environment, i.e., dielectric media produces shallower cavities. Figure 7b
illustrates the variation of Ra with Ton. More sparking time drags out vaporization
and melting, resulting in an increase in Ra as more profound and extensive cavities.
The lower Ra obtained with PBD as a dielectric might be because of the greater
thermal conductivity, which ensures improved heat distribution on the workpiece
surface. In addition, increased dielectric temperature as an effect of lower specific
heat of PBD minimizes the viscosity which enhances the flushing effectiveness.
Figure 7c indicates the impact of Toff time on Ra. It is clearly seen that Toff has
marginal effect on Ra. Higher Toff ensures maximum gap condition for ensuing
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starting cycles by permitting re-ionization of the ionized gap. Also, smaller and
narrower cavities are shaped because of reduced sparking time to diminish Ra.
Marginally, lower Ra values recorded with PBD might be because of the good
thermal property which could have resulted in well distribution of energy density on
the workpiece surface [7].

Fig. 6 Variation of material removal rate with a current, b pulse ON time and c pulse OFF time
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Fig. 7 Variation of surface roughness with a current, b pulse ON time and c pulse OFF time
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5 Summary

The above reported experimental study can be outlined as follows:

• Experimentations were conducted, with primary objective of operational and
functional feasibility of using transesterification polanga oil as bio-dielectric
(PBD) and proved successful.

• Study was conducted, and information is gathered for two predominant output
responses such as MRR and Ra.

• Comparative analysis of output responses (MRR and Ra) was done for
machining with hydrocarbon-based oil, i.e., kerosene as dielectric and transes-
terification polanga oil as bio-dielectric.

• 0.08–0.77 times improvement in MRR is observed in case of EDM with PBD.
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Analysis of Tensile and Microstructural
Properties of Al–Ni Joints by Ultrasonic
Spot Welding

Soumyajit Das, Mantra Prasad Satpathy, Bharat Chandra Routara,
and Susanta Kumar Sahoo

1 Introduction

In recent years, growing concerns about global warming and energy consumption
increase a lot of attention in the automotive and aerospace industries. The auto-
motive manufactures have started accepting a key method of light-weighting so that
the amount of fuel being consumed can be utilized economically [1–3]. To man-
ufacture multi-material structures vehicle aluminum (Al) and nickel (Ni) alloy are
the most preferred materials due to their high specific strength, low density, easy
processing, and recyclability properties [4]. The density of Al and Ni alloys is
2.7 g/cm3 and 8.9 g/cm3, respectively. To joint high strength, Al–Ni alloys by
using traditional fusion welding (FSW) process may create solidification defects
like micro-cracks and gas porosity [5, 6]. Similarly, other solid-state bonding
techniques such as resistance spot welding (RSW) were known by their feasibility
of bonding dissimilar materials [7]. However, the possibility of brittle intermetallic
compounds (IMCs) formation which occurs during the RSW process because of
lead to local variations of the alloy functional characteristics [8]. To defeat these
problems, solid-state welding technique at shorter weld time without excessive
temperature is required.

Form the above viewpoint, ultrasonic metal spot welding (USMW) is a
solid-state welding method that uses high-frequency ultrasonic acoustic vibrations
(generally 15–40 kHz) to join the workpieces which are placed under the action of
clamping force (usually 500–2000 N). The temperature increased between work-
pieces is close to 30–80% at the melting point of the materials. Also, this process
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will not be affected by any chemical properties of the workpieces. The main
advantages of the USMW technique over other solid-state welding technique were a
shorter welding cycle and lower energy input [9, 10]. This method is particularly
appropriate for joining thin components, for example wires, metallic foils, pack-
aging materials [11, 12]. A schematic diagram of the USMW setup is elucidated in
Fig. 1.

Numerous researchers have worked in the USMW area to demonstrated evi-
dence about the welding of dissimilar metals. Kim et al. [13] studied the USW
process by using conductive materials such as Ni-plated Cu and Cu. As a result, a
better-quality benchmark was provided by classifying the failures natures in T-peel
tests. The tests were performed using a full factorial experimental design according
to the varying weld pressures and times. A tensile machine was used to determine
the quality of the joint and recognize the weldability of the T-peeled tests. Ni et al.
[14] performed the aluminum to nickel joints with and without interlayer to
improve the temperature of the weld region. The result concluded that the interlayer
improves weld region temperature compare to the non-interlayer specimen.
Meanwhile, the maximum tensile shear strength of joint with interlayer achieved
the highest value which was 67.8% higher than without interlayer welded specimen.
Das et al. [15] analyzed the effect of different weld parameters for joining aluminum
(AA1060) with cupronickel (UNS 71500) sheets. The results showed that the
tensile shear load increased with increasing weld time and achieved the maximum
value of the joint. Several types of weld quality were also noticed based upon the
joint formation at different weld parameters. The weld interface discovered the
bonding mechanism with the mechanical interlocking feature. Matsuoka [16] pre-
sented an explanation of an investigational study of the USW of metals. The
investigates were showed to join Al and Cu together. The outcomes summarized
that the suitable range of process parameters, like vibration amplitude, welding
time, and welding pressure have to be made for every welding condition [17, 18].
Rajathi et al. [19] investigated the mechanical analysis at various process param-
eters, for example vibration amplitude, weld time, and weld pressure on Al–Cu
sheets. The results described that the weld strength achieved high value at low weld
pressure, high vibration amplitude, and welding time. After that, it decreased with
further increase in weld pressure because of the crack formation occured in the weld

Fig. 1 Schematic diagram of USMW setup
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region. In this study, 0.3 mm aluminum (AA1100) sheet was welded to the 0.3 mm
pure nickel sheet by using the USMW technique, and the effect of welding
parameters on this dissimilar material was investigated. To clarify the weld strength
of these Al–Ni joints, mechanical analysis and microstructural characterizations for
the weld interface are introduced to improve the weld quality.

2 Experimental Details

In this experiment, 0.3 mm aluminum (AA1100) was lap welded with 0.3 mm pure
nickel sheets by using the USMW method. The physical properties and chemical
composition of both materials are detailed in Tables 1, 2, and 3. Specimens with a
dimension of 75 mm length and 20 mm width were cut from the sheet metals for
the preparation of welding samples. During the welding process, Ni was kept at the
anvil side, whereas Al was placed on top of the Ni surface. For all the configura-
tions, 20 mm overlap of Al and Ni specimens was ensured. The schematic diagram
of the lap configured welding specimen is shown in Fig. 2a.

A lateral drive ultrasonic spot welder (Telsonic® M4000) was used to perform
experiments with the maximum output of 3 kW and the frequency of 20 kHz. The
complete diagram of the USMW setup was represented in Fig. 2b. The rectangular
shape of the horn tip (9 mm � 11 mm) with knurled patterns was also presented in
Fig. 2c. Throughout the USMW process, three input parameters such as weld
pressure (WP), weld time (WT), and vibrational amplitude (A) were varied one at a
time whereas other input parameters were kept constant. The weld parameters with

Table 1 Physical properties of aluminum (AA1100) and nickel alloy

Materials Ultimate tensile
strength (MPa)

Yield
strength
(MPa)

Thermal conductivity
(Wm−1 °C−1)

Specific heat
(Jg−1 °C−1)

AA1100 89.6 20 222 0.904

Pure
nickel

317 59 60.70 0.460

Table 2 Chemical composition of aluminum (AA1100) alloy

Elements Al Cu Fe Si Be Mn Others

wt. (%) � 99.00 � 0.20 � 0.95 � 0.95 � 0.08 � 0.05 � 0.15

Table 3 Chemical composition of nickel alloy

Elements Ni Cu Fe Mn C Si S

wt. (%) 99 � 0.25 � 0.40 � 0.35 � 0.02 � 0.35 � 0.01
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their various levels are shown in Table 3. Tensile shear strength was conducted to
evaluate joint strength by applying 20 kN load in an Instron 3300 machine. The
strain rate was constant at 2 mm/min for every welding conditions. To investigate
the welding behavior, field emission scanning electron microscopy (FESEM) was
used for the analysis of various microstructural conditions (Table 4).

Fig. 2 a Schematic diagram of the lap configured welding specimen, b lateral drive USMW
machine, c horn tip with knurls

Table 4 Various levels of weld parameters

Factors Level 1 Level 2 Level 3 Level 4 Level 5 Level 6

Amplitude (µm) 47 68 – – – –

Weld pressure (MPa) 0.22 0.24 0.26 – – –

Weld time (s) 0.1 0.2 0.25 0.3 0.35 0.4
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3 Results and Discussion

3.1 Tensile Shear Failure Load Analysis

The tensile shear strength results of the welded specimens were determined from
the ultimate failure load. A good weld specimen always discloses an acceptable
joint strength during the tensile shear test. The current study considers that the weld
formation in the USMW method took a very short time with a moderate amount of
WP under high-frequency vibration. The effect of WT, WP, and vibration amplitude
of 47 µm on the tensile strength was demonstrated in Fig. 3a. The highest tensile
shear failure load 453 N of the weld specimen was reached at 0.24 MPa (WP) and
0.3 s (WT). It was noticed that the tensile lap shear load first increased with the
increase of WT and afterward it decreased with the further increase of WT for all
the input parameters. This was due to the weld time that can cause several plastic
deformations at the weld region which finally occurred the formation of cracks
around the weld periphery. Figure 3b indicated that when the USMW happened at
the vibration amplitude of 68 µm, the maximum tensile shear failure load of 561 N
was achieved at 0.3 s (WT) and 0.24 MPa (WP). From the two different graphs, it
was concluded that the increase of vibration amplitude caused more relative motion
between the weld specimens and it ultimately increased a huge amount of interface
temperature. As a result, more amount of plastic deformation and brittle IMCs were
formed at the weld region which was directly affecting the weld strength of the
Al–Ni joints.

Fig. 3 Tensile shear failure load of Al–Ni welded specimens at a 47 µm, b 68 µm
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3.2 Microstructural Analysis of Weld Interface

To evaluate the effect of various input parameters on the weld quality, the
microstructural analysis was an effective way to reveal the complete weld mecha-
nism. Vibration amplitude and weld time played a vital role in Al–Ni joints of the
USMW process. Throughout the USMW process, the weld interface temperature
was increased, and the horn tip penetrates deeper into the softer Al sheets as
compared to Ni because Al is more malleable than Ni alloy. The FESEM analysis
along the bond-line of Al–Ni joints at different WTs and vibration amplitudes is
demonstrated in Fig. 4a–c. In this microstructure analysis, intermetallic diffusion at
the weld region, mechanical interlocking, metallurgical adhesion, and local melting
of weld materials were the most observed. The interfacial gaps around the bond-line
are shown in Fig. 4a. The Al–Ni sheet was not completely welded when the WT of
0.1 s and vibration amplitude 47 µm. When the WT was increased from 0.1 to 0.3 s
and the vibration amplitude of 68 µm, these gaps were minimized (Fig. 4b).
However, the wavy-like interface pattern reveals the weld interface was affected by
WT in Fig. 4c. The swirling-type trend exhibits the effective diffusion of atoms at
the bond-line. Also, a small crack formation was present at the Al surface due to the
penetration of horn increased with the increase in weld time across the weld spot.
As a result, it was exposed that the intermetallic bond formed between the welded
specimens affected the weld quality of the joint as well as weld strength.

Fig. 4 FESEM images showing different weld qualities at a 0.1 s b 0.3 s c 0.4 s, EDS line scan
results for different weld times at d 0.1 s e 0.3 s f 0.4 s
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4 Conclusions

The mechanical behavior and microstructural analysis of Al (AA1100) and pure
nickel joints at different weld parametric conditions were investigated in this pre-
sent study. The following conclusions can be obtained from the current
investigation:

I The tensile shear failure load disclosed that the maximum weld strength was
reached 561 N at 0.68 lm of vibration amplitude and 0.3 s of WT. After
that, this failure load decreased with an increase in WT, WP, and vibration
amplitude due to excessive surface crack formation around the weld spot.

II FESEM analysis revealed the different levels of weld strength quality
depending upon the weld input parameters. During the low weld time, the
weld pattern was improved heterogeneously at areas below the horn tip
edges. For that, the weld interfaces were straight, as the welding time
increased plastic deformation area also expanded, and the weld zone changed
from typical shape to a convoluted wavy pattern.

III The EDS line scan analysis discloses the diffusion process at the weld region,
and the thickness of IMC increases with the weld time. At the maximum
weld time, there is an excessive reduction of the weld strength of the
materials, and it was leading to the cracks at the weld interface.
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Cutting Force Analysis in Micro-milling
of Al6061-SiCp Composite

Satyendra Kumar Patel , Ashwani Pratap , Priyabrata Sahoo ,
Binayaka Nahak , and Tej Pratap

1 Introduction

The micro-featured products of aluminum metal matrix composites (Al6061-SiCp
MMC’s) have attracted interest of industrial community due to their enhanced
surface functionality based on different applications and its extraordinary material
properties such as extremely good material properties, lightweight, dimensional
stability, wear resistance and directional properties over other used materials [1–5].
The increasing application of such products in different areas like automobile,
aerospace, marine, structural, electronics, etc., leads to the increase in industrial
wealth and growth. However, the economical and mass scale production of such
micro-features on Al6061-SiCp MMCs is very much challenging with any of the
manufacturing processes due to hard SiCp abrasive in the soft matrix and the
limitations of different material processing methods [2, 4–6]. Pratap and Patra
reviewed the applicability of different micro-fabrication processes, their process
capabilities and limitations and identified that mechanical micro-end milling has
great capability to produce 3D micro-features on wide range of materials. The
flexibility and extremely high accuracy make it capable of producing 3D complex
micro-features on variety of engineering materials, freeform, cost effectiveness and
repeatability of the features which makes it as a leading technology in the present
time [5]. Despite several advantages of the micro-end milling process, the micro-
scale machinability of Al6061-SiCp MMCs is very much challenging due to the
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non-homogeneous distribution and anisotropic behavior of brittle SiCp abrasive as
a reinforcement in the soft metal matrix and the formation of surface defects due to
interaction of tool with individual grains [2–6]. Even the complexity of the process
gets increased due to the scaling phenomenon of the tool, controlling of burr
formation and minimization of machined surface defects [4–8]. The miniaturization
of cutting tools increases the aspect ratio while the fluctuation of cutting forces
caused by varying chip thickness with tool rotation and cutting of different grains of
the particulate composite causes uneven force on the tool leading to tool failure
[4–10].

Further, it is a very well-known fact that matrix and reinforced particles have
different hardness and material properties and hence both show completely different
machining characteristics [4–6, 11]. Even, the properties of Al-MMC’s workpiece
are very much prone to the use of its manufacturing methods. Stir casting is most
preferable methods for the fabrication of MMCs due to its advantageous charac-
teristics like simple and low cost, uniform reinforcement, good bonding with metal
matrix and its reinforced particles, precise control of the matrix structure and
applicability to large volume production [2, 12].

From the literature, it was observed that the extensive analysis of cutting force in
micro-milling of Al6061-SiCp MMCs is limited, and it is very much essential to
avoid the shortcomings of the process for any kind of surface defect caused by
machining of different grains and premature tool breakage due to downscaling of
the machining process. Therefore, initially the Al-6061-SiCp MMCs with different
range of reinforcement (0, 5, 10 and 15% of SiCp by weight) have been fabricated
using stir casting process. Further, an extensive study of micro-milling cutting force
analysis is performed on the fabricated sample to analyze the effects of different
reinforcement percentage and cutting parameters. The cutting force trend is further
correlated with reinforcement percentage and machining parameters to study the
cutting mechanics of composites.

2 Experimental Procedure

2.1 Preparation of Al6061-SiCp MMCs

Stir casting is used for the fabrication of Al6061-SiCp MMCs with different range
of reinforcement (0, 5, 10 and 15% of SiCp by weight). Initially, an ingot of Al6061
alloy is used as soft metal matrix element, and micro-sized SiCp particle is used as
reinforcement material. The average particle size (APS) of SiCp is 60–80 µm as per
the manufacturer details. First the ingot of Al6061 alloy is completely melted in the
furnace, and then the SiCp particle is introduced into the melt (5, 10 and 15% of
SiCp by weight) while stirring the solution continuously to achieve the uniform
SiCp particles in the matrix. To enhance the bonding between metal matrix and
reinforced SiCp particle, a very small amount (1% by weight) of Mg powder is also
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added. After proper mixing of the solution, it is casted into the sand mold cavity of
standard shapes. The fabrication flowchart of aforementioned samples is shown in
Fig. 1.

For the experimentation, total four numbers of samples of Al6061 base material
(0% SiCp) and Al6061-SiCp MMCs (5, 10 and 15% of SiCp by weight) are
fabricated. From the casted sample of Al6061-SiCp MMCs, the workpiece of size
40 mm � 40 mm � 15 mm is prepared for the micro-milling experiments. Before
the experiments , the workpiece of aforementioned sized is polished and cleaned in
order to avoid any surface contamination and flatness issues.

2.2 Setup for Micro-milling Experiment

Micro-milling of the fabricated Al6061-SiCp MMCs is performed on the
multi-purpose three-axis machining center (Mikrotools DT-110). All the experi-
ments are done with a low-speed spindle having range of spindle speed 10–
3000 rpm and positioning of ±1 lm. The axial movements of the machine tool in
three perpendicular directions, i.e., X, Y and Z directions are achieved by the servo
controller to control the machining parameters feed and axial depth of cut while
spindle speed is controlled by motor. The Z-axis of DT-110 moves vertically up and
down with respect to workpiece to get desired depth of cut, and Y-axis gives feed.
All the experiments are performed by a 500 µm diameter fresh two-fluted solid
carbide micro-end milling tool (Make: YG-1 Tool Company).

Fig. 1 Fabrication flowchart of the Al6061-SiCp MMC’s samples
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The workpiece is clamped on the stationary Kistler dynamometer which was set
on the machine table of the DT-110. The flatness and reference plane is selected by
the use of inbuilt contact probe. Further, the cutting force is acquired by the
piezoelectric dynamometer from Kistler (Type 9256C2) with sampling frequency of
10,000 Hz and resolution of 0.002 N. The charge signals generated by the piezo-
electric sensors are converted into voltage signal by the charge amplifier, and then
these voltage signals are converted into force signals with the help of dynamometer
sensitivity by the data acquisition (DAQ) system (Kistler, type 5697) of Dynoware
software. All experiments are done under dry condition. The experimental setup
along with one set of micro-milled channels and cutting force acquisition is shown
in Figs. 2 and 3, respectively.

Table 1 shows the experimental cutting conditions by setting the machining
parameters and their assigned levels. The machining parameters (spindle speed and
feed) have four levels at equal interval, and constant value of axial depth of cut
20 µm is maintained for all the experiments. The selection of parameters is done
based on tool edge radius to check the effect of minimum chip thickness phe-
nomenon and low-speed spindle limitations (limited to 3000 rpm) set by the
manufacturer. Therefore, the lower feed values are close to the tool edge radius
value and spindle speed limited to less than 3000 rpm. By the use of machining
parameters combination, total 16 microgrooves have been cut on each specimen
(combination of four spindle speed and four feed values at fixed value of axial depth

Fig. 2 Experimental setup for micro-milling of Al6061-SiCp MMCs and one set of micro-milled
channels
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of cut). For each experimental run, the responses are measured in terms of cutting
force components. All the experiments have been repeated thrice on each
workpiece.

3 Results and Discussion

The analysis of cutting force is done by considering the root mean square
(RMS) values as the normal and tangential forces continuously change their
directions with the rotation of two-fluted micro-end milling tool. The average of
three RMS values of cutting force in X, Y and Z directions is used for the analysis of
cutting forces: Fx (tangential force normal to feed direction), Fy (feed force) and Fz

(axial force), respectively. Here, the experimental results have been investigated in
three different sections: (i) the effect on feed, (ii) the effect on spindle speed and
(iii) the effect on reinforcement (change in SiCp wt%) on the cutting force com-
ponents. The detailed discussion of each of them is given below.

Fig. 3 Cutting force acquisition in micro-milling of Al606-SiCp MMCs using Kistler
dynamometer (Type 9256C2)

Table 1 Experimental
cutting conditions (machining
parameters and their assigned
level)

Machining parameters
(unit)

Level

1 2 3 4

Spindle speed (rpm) 1000 1500 2000 2500

Feed (µm/tooth) 0.5 1.5 2.5 3.5
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3.1 Effect of Feed on Cutting Forces

The cutting forces variations with feed and different weight % of SiCp reinforce-
ment (0, 5, 10 and 15) for all the four levels of spindle speed are shown in Figs. 4,
5, 6 and 7, respectively. For each level of spindle speed, the trends of cutting forces
are increased with increasing feed. It is also seen that the tangential force (Fx) and
feed force (Fy) have similar force signature with feed while the axial force (Fz)

Fig. 4 Variation of cutting forces with feed under fixed values of spindle speed of 1000 rpm a Fx

b Fy c Fz

Fig. 5 Variation of cutting forces with feed under fixed values of spindle speed of 1500 rpm a Fx

b Fy c Fz

Fig. 6 Variation of cutting forces with feed under fixed values of spindle speed of 2000 rpm a Fx

b Fy c Fz
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shows different trends. Cutting forces (Fx and Fy) at feed of 0.5 and 1.5 µm/tooth
have similar values which shows the influence of size effect. However, a further
increase in feed from 1.5 to 3.5 µm/tooth shows significant change in the chip load
and shows that cutting forces increase with higher rate. The similar trend of cutting
forces is observed for machining of almost all the workpiece (variation in rein-
forcement). The axial force (Fz) trend shows that the magnitude of force is sig-
nificantly high due to plunging in the z-direction. It is also seen that the axial force
(Fz) continuously increases with feed, but the rate of increase is significantly high at
feed of 2.5–3.5 µm/tooth for almost all the workpiece. This sudden increase shows
the very high chip load and rubbing of the end portion at the tool center due to zero
cutting velocity at center of the tool.

3.2 Effect of Spindle Speed on Cutting Forces

The cutting forces variations with spindle speed and different weight % of SiCp
reinforcement (0, 5, 10 and 15) for all the four levels of feed are shown in Figs. 8, 9,
10 and 11, respectively. For each level of feed, the trends of all the cutting forces
(Fx, Fy and Fz) are decreased with increase in spindle speed. It is due to the

Fig. 7 Variation of cutting forces with feed under fixed values of spindle speed of 2500 rpm a Fx

b Fy c Fz

Fig. 8 Variation of cutting forces with spindle speed at feed of 0.5 µm/tooth a Fx b Fy c Fz
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dominance of the shearing capability over plowing of the tool even at the same chip
load which results into the decrease in cutting forces at a great extent. However, the
spindle speed effect at a great extent on decrease in cutting force is not always true
as the higher spindle speed, accelerates the wear and degrades the quality of the
machined surface. The decrease in axial force is more compared to axial force.

Fig. 9 Variation of cutting forces with spindle speed at feed of 1.5 µm/tooth a Fx b Fy c Fz

Fig. 10 Variation of cutting forces with spindle speed at feed of 2.5 µm/tooth a Fx b Fy c Fz

Fig. 11 Variation of cutting forces with spindle speed at feed of 3.5 µm/tooth a Fx b Fy c Fz
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3.3 Effect of Reinforcement (Change in SiCp wt%)
on Cutting Forces

The cutting forces variations with reinforcement (change in SiCp wt%) and feed for
all the four levels of spindle speed are shown in Figs. 12, 13, 14 and 15, respec-
tively. For each level of spindle speed, the trends of cutting forces are increased
with increase in reinforcement of SiCp. Results also indicate that the cutting forces
for base material, i.e., Al6061 (0% SiCp) are significantly low among others. The

Fig. 12 Variation of cutting forces with reinforcement at spindle speed of 1000 rpm a Fx b Fy

c Fz

Fig. 13 Variation of cutting forces with reinforcement at spindle speed of 1500 rpm a Fx b Fy

c Fz

Fig. 14 Variation of cutting forces with reinforcement at spindle speed of 2000 rpm a Fx b Fy

c Fz
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cutting forces start increasing with increasing reinforcement, and its rate also
increases in similar manner due to closed packing of brittle SiCp in the matrix.
Higher reinforcement in the matrix allows the frequent contact of cutting edge with
hard and brittle SiCp which leads to the significant increase in the cutting force.

4 Conclusions

Present study experimentally demonstrates the effect on machining parameters and
SiCp reinforcement on cutting forces generated during micro-milling of
Al6061-SiCp MMCs. The analysis shows that the micro-milling process is shown
to be a promising approach for fabrication of such micro-features on Al6061-SiCp
MMCs. The major observations from the analysis are listed below:

• Cutting force increases with increase in feed as the chip load per tooth also
increases. However, the rate of increase at lower feed value is small compared
with higher feed.

• Cutting forces in all the directions decrease with increase in spindle speed due to
dominance of shearing capabilities.

• Cutting forces increase with increase in reinforcement of SiCp under similar
condition due to closed packing of the hard SiCp particles which leads to
frequent interaction between tool and SiCp.

• Feed of 1.5 µm/tooth and spindle speed of 2500 rpm gave moderate cutting
forces and hence suggested during low-speed micro-milling.
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A Hybrid Slicing Method to Eliminate
the Need of Support Structures in Direct
Energy Deposition and Material
Extrusion-Based Processes

Ritam Sarma, Sajan Kapil, and S. N. Joshi

1 Introduction

Because of the ability for the realization of geometrical and material complexities,
AM has become one of the integral parts of modern manufacturing technologies. It
has transformed modern manufacturing processes to a different level by allowing
industries to cope up with the competitive market of the present world. The total
automation of the process makes it an important component of Industry 4.0. AM
process starts with the slicing of the digital model of the component. In the tradi-
tional planar slicing strategy, the slicing plane is perpendicular to build direction.
Overhanging features of the CAD model require support structures during fabri-
cation in lower kinematics machines. These support structures are required to be
removed later on once the fabrication of the entire component is over. The process
of removal of the support structure is a very tedious and time-consuming task.
Building the support structure also contributes to the increase in the energy con-
sumption of the process. In most cases, human intervention is required resulting in
an increase in the lead time of manufacturing. The cohesive force of the feedstock
materials triggers damage to the parent component during the removal of the
support structure. In such cases, the support structures can be minimized by
reorienting the build direction such that the least support is required to build the
component [1–3]. Some researchers have proposed the use of different sacrificial
material for support mechanisms so that it can be removed later on by dissolving
into warm water, acid bath, ultrasonic vibrations, etc. For example, PLA is used as a
sacrificial material for a parent part built with ABS in fused deposition modeling
(FDM). The sacrificial material can be later on removed by dipping the entire part
into isopropyl alcohol and potassium hydroxide solution [4]. Similarly, Hopkins [5]
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and Ni et al. [6] also advised the use of different polymer for water-soluble sacri-
ficial materials. While in the case of metal AM, the sacrificial material should have
similar weldability as that of the parent material. Hildreth et al. [7] used carbon steel
as a sacrificial material for fabricating stainless steel components. Finally, carbon
steel was eradicated by electrochemical etching of nitric acid and bubbling oxygen
molecules. However, the practice of etching of sacrificial material materials in the
case of metal AM may erode the parent material also and are limited to a certain
pair of materials only. Some other structures (lattice structure, pin structures, etc.) of
similar materials can be seen in the literature to be used as a support mechanism to
minimize the effort required in taking it away from the final component during the
finishing process. However, it consumes a substantial amount of time during mil-
ling and grinding. Sometimes, it becomes difficult to strip off the support from
certain positions even by using higher kinematics milling machines also. Moreover,
the effect on the surface roughness of the final component due to the support
structures cannot be ignored. As it was already discussed, by virtue of higher
kinematics, the need for support structures can be shrunk by an ample amount. Few
researchers have shown the capability of five-axis kinematics in eliminating support
structures. The addition of two rotary axes to the bed together with the three linear
axes helps in capturing the materials for overhanging features by tilting the bed in
such a way that it won’t require any support mechanism. The authors have also
classified the different AM processes into two broad categories based on the lim-
itation in kinematics during deposition: (a) 2.5-axis deposition and (b) 5 or higher
axis deposition. The classification is based on the fact that there are certain AM
processes that are not limited to 2.5-axis deposition and can be incorporated higher
kinematics for deposition as shown in Fig. 1. The AM processes such as SLS and
SLM are limited to 2.5-axis layer deposition while in case of different DED and
material extrusion-based processes, higher axis can be incorporated for realization
of layers.

Dutta and Singh [8] developed a machine-independent framework for the
decomposition of the CAD model into buildable and non-buildable sub-volumes

Fig. 1 Classification of AM based on kinematics limitation in layer realization
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along a given build direction based on silhouette edge. The build directions for
non-buildable volumes were evaluated with the help of Gauss Map [9] or visibility
map [10]. The subvolumes were then sequenced in such a way that it would be
possible to deposit material either in the substrate or in the pre-built subvolumes
without any nozzle collision with the pre-built subvolumes. However, the subvol-
umes that would require support were not demonstrated in their work. A similar
approach was followed by Sundaram and Choi [11] for building a component in the
Z-direction using 5-axis laser assisted direct metal deposition process. The
unbuildable subvolumes were deposited by reorienting the pre-built volume around
Z-axis and Y-axis such that it is possible to capture the material on pre-built volume
without a support structure. Ding et al. [12] proposed a decomposition—regrouping
strategy for components with holes. The entire component was decomposed into
different subvolumes based on curvature criterion followed by generation of
topological depth tree for sequenced slicing of the subvolumes. Similar to the
approach followed by Dutta and Singh, the build directions for subvolumes were
identified by Gauss Map [9]. The initial orientation of the CAD model was taken as
a user input, hence making it less suitable for total automation. Moreover, the
algorithm was limited to closed concave loops during the decomposition of the
volumes. Singh and Dutta [13] demonstrated another method of offset slicing for
machines having multiple degrees of freedom for deposition. The non-buildable
volumes were identified with the help of angle between the normal to the offset to
the base and the component surface at their intersection point. The non-buildable
volumes were further subdivided into unprocessed volumes based on practical
constraints. Ding et al. [14], in 2017, presented a method of slicing for complex
revolved parts. Based on the Silhouette edges, the component was decomposed into
different subvolumes. Planar slicing was performed for the core volume while the
other subvolumes were sliced using cylindrical coordinate systems, taking the
benefit of revolved shape. They manufactured a propeller using 8 axes robotic DED
system. However, the algorithm was limited to specific shaped objects and required
higher axis kinematics, making it confined to a particular set of machines only.
Alkaladi et al. [15] presented an algorithm for depositing material over a freeform
substrate. But the method was restrained to thixotropic ink only. The demonstration
of components with an overhanging feature that may require support was also
missing. Yuan et al. [16] developed an algorithm for multi-directional slicing of
STL files using MATLAB following a similar approach. It performed horizontal
planar slicing directly for the buildable volumes while they transformed the slicing
plane perpendicular to the build directions for each of the non-buildable subvol-
umes and then planar slicing was performed for the same. The method was not
capable of completely eliminating the support for certain complex-shaped objects. It
is not necessary to perform only nonplanar slicing for realizing overhanging fea-
tures without a support mechanism. Kapil et al. [17] have attempted to develop an
algorithm for planar slicing of components with undercut without the need for
support structures through the use of five-axes kinematics. The researchers were
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able to fabricate an impeller without support structure by using the proposed
algorithm in a WAAM setup. However, the algorithm was not capable of handling
abrupt changes in geometry.

From the literature, it can be concluded that through the use of higher kine-
matics, and it is possible to eliminate the need for the support structure. However,
the higher the axis involved in the machine, costlier the process would become
limiting its application to sophisticated industries. Moreover, a generic algorithm
that has the capability of handling complex-shaped components is also missing.
Many researchers have also emphasized five-axis machining for developing
non-uniform layers while dealing with five or higher axis based deposition meth-
ods. In this work, the authors have proposed a hybrid slicing method for depositing
the layers continuously through the five-axis CNC machines or robotic manipula-
tors. The proposed strategy has been demonstrated through CAPP of different
illustrative examples. Finally, the process planning of an airplane model is shown
by using the proposed hybrid slicing strategy without the requirement of any
support structure. This methodology can be implemented to any AM processes that
have the capability of five or higher axis deposition of layers, as shown in Fig. 1.

2 Methodology

Slicing may be considered as the process of finding the intersection between the
CAD model and the slicing plane. Based on the layer height, it can be classified into
two categories, viz. (a) Uniform slicing and (b) Adaptive slicing. In the case of
uniform slicing, the layer height remains constant throughout the process of slicing,
while in the later mentioned strategy, the layer height is varied whenever there is a
change in the curvature of the component. On the other hand, based on the
geometry of the slicing plane, slicing can be grouped into two more categories:
(i) Horizontal planar slicing in which the slicing plane is horizontal and
(ii) Nonplanar Conformal slicing. Apart from the aforementioned criteria, slicing
can be further categorized based on the order of edge approximation:
(A) Zero-order approximation, (B) First-order approximation, and (C) Higher-
order approximation. Higher-order edge approximation leads to the elimination of
certain inherent errors of the AM process, such as the Staircase effect. In most
cases, zero-order edge approximation and first-order edge approximations can be
seen in practice by the researchers. The detailed classifications of slicing are shown
in Fig. 3. Hybridization may be considered as the practice of availing benefits of
two or more different processes by combining them together. The different possi-
bilities for hybridization of slicing are shown in Table 1.

The hybridization of uniform layer slicing and adaptive layer slicing is most
commonly used by the researchers for realizing the overhanging feature with
minimal requirement of support [18–22]. It should be noted that up to a certain
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angle of sloping, it possible to realize the overhanging feature without support. This
limiting angle is influenced by different factors such as surface tension, cohesive
force, and gravitational force and is usually found to be 30° to the vertical axis. In
other words, a slanted wall of mild steel can be deposited by virtue of 3-axis
kinematics up to an angle of 30° to the vertical axis without support in the WAAM
process. Once this limiting angle is exceeded, external supports need to be provided
to deposit the subsequent layers. Some researchers have proposed the use of a

Table 1 Different possibilities of hybrid slicing strategies

Edge approx. Slicing
plane

Uniform layer
thickness

Adaptive layer
thickness

Zero-order edge
approximation

Horizontal

Conformal

First-order edge
approximation

Horizontal

Conformal

Higher-order edge
approximation

Horizontal

Conformal
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smaller layer height to avoid excessive support. However, lower layer height results
in an increase in the build time [23]. Adaptive slicing also helps in the reduction of
support up to a specific limit. The maximum possible layer height can be used for
slicing the region without overhang. This maximum possible layer thickness is
governed by the machine hardware. For example, the nozzle diameter in the case of
FDM is considered to be one of the important parameters influencing the maximum
possible layer thickness. The layer height can be adaptively adjusted as the cur-
vature of the component is changed. This will help in capturing the material for
depositing overhanging features through cantilever action. The process can be
illustrated with the help of slicing a tapered component with an internal duct, as
shown in Fig. 2. The entire component can be divided into two regions based on the
overhang. In region I, the maximum possible layer thickness can be utilized to
deposit material. Once the internal duct is encountered, the layer thickness is
adaptively decreased as the curvature of the duct is also varying. With an increase
in the slope of the curvature, the layer thickness is required to be decreased in
region II. After realizing the duct, the remaining volume can be deposited with
maximum possible layer thickness. Hence, this remaining volume can be deposited
by utilizing the same parameters as that of region I. In this example, the horizontal
planar slicing is performed. This hybrid slicing strategy can be utilized in any
additive manufacturing technology as it involves 2.5 axes for the deposition of the
layers. The hybridization of uniform–adaptive–conformal nonplanar slicing is also
possible in a similar way, as shown in Fig. 5b. The only difference will be it will
require 5-axis deposition process.

The proposed hybrid slicing strategy consists of a planar horizontal slicing
strategy and nonplanar conformal slicing strategy, as shown in Fig. 3. The former
strategy is usually adopted while slicing the volume without overhang. In most of
the cases, the overhang features are conformal to some surface. Such features are
ideal for performing nonplanar conformal slicing. In such cases, the support can be
eliminated by using 5 axes or higher kinematics for deposition. Both the slicing
strategies are briefly discussed in the succeeding sections.

Fig. 2 Uniform—adaptive layer hybrid slicing strategy
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2.1 Horizontal Planar Slicing Strategy

In planar slicing, the slicing plane is perpendicular to the build direction. Hence,
each of the obtained slices would have constant z-coordinate if the build direction is
aligned along Z-axis. The outer contour of each slice is deposited foremost, fol-
lowed by the deposition of the inner area of the contour. This process is repeated for
the succeeding layers. The volume without overhang can be easily built by using a
horizontal planar slicing strategy with 3-axis kinematics. The substrate or pre-built
volume for horizontal slicing should be planar. It should be noted that dimensional
precision is maintained by performing in situ face milling operation after deposition
of each layer in certain DED processes [17]. However, there are some other
sophisticated ways of monitoring dimensional accuracy through inspection tools,
and by varying process parameters, the errors can be compensated during
deposition.

For a given ith slice, bni is the contact normal vector at a given point. The
overhanging feature is required to be identified in the component. This can be done
by checking if the angle between the contact normal and the normal to the planar

slice is greater than 90°. For a build direction of þ bk of an overhang feature, the
following condition has to be satisfied (Fig. 4).

bni �bk\0 ð1Þ

2.2 Nonplanar Conformal Slicing

There are some components in which the overhanging volume may grow conformal
to some pre-built volume. In such cases, a conformal slicing strategy is found to be

Fig. 3 Classification of slicing along with proposed hybrid slicing strategy
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more efficient and reliable in realizing the near-net shape of the component. This
method can be illustrated with the help of the example, as shown in Fig. 5. In
Fig. 5a, the conformal slices of a sphere are shown. The component grows con-
formal to brown colored pre-built spherical volume or substrate. The layers are
deposited on the substrate conformal to it. Hence, the component grows in the radial
directions during deposition. It should be noted that the substrate or the pre-built
volume are nonplanar in case of conformal slicing. The near-net shape of the
deposited sphere would be very close to the final product. In Fig. 5b, the conformal
slicing of the yellow feature is shown, which is grown conformal to brown
cylindrical volume. The yellow feature has a non-uniform overhanging feature in
the middle. Therefore, the layer thickness has to be varied so that it can be deposited
without any support. The entire yellow feature can be further divided into two
regions. The layer thickness for the region above and below the undercut can be
kept maximum. But it has to be adaptively varied while realizing the region with an
undercut. The overhang features for conformal slices can be identified in a similar

(a) Uniform  Planar Slicing (b) Adaptive Planar Slicing  

(c) Overhang feature in Planar slicing

Fig. 4 Horizontal planar slicing
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way to that of horizontal slicing as discussed in the previous subsection. For an
overhanging feature, the angle between the contact normal and the build direction
will be more than 90°. In other words, their dot product will be negative in the case
of undercut features. The overhang feature can be identified with the help of the
following inequality.

bni �cMi\0 ð2Þ

where bni is the contact normal vector of the contour at a given point of the ith slice

and þcMi is the build direction, normal to the conformal slice at the same point.
These vectors are displayed in Fig. 5c. The information of the contact normal can
be easily retrieved from the STL files. If the CAD model is in the form of freeform
surfaces, the contact normal needs to be evaluated by using the information of the
surface of the overhanging feature.

(a) Nonplanar Conformal – Uniform Slicing (b) Nonplanar Conformal – Adaptive Slicing 

(c) Overhanging feature in Conformal slicing  

Fig. 5 Nonplanar conformal slicing
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2.3 Horizontal—Conformal Hybrid Slicing

The aforementioned horizontal and nonplanar conformal slicing is hybridized in
order to avail the advantages of both methods. This can be easily explained with the
help of Fig. 6. In this method, the first step is to identify the features according to
the feasible build directions. The component can be decomposed into two sub-
volumes: green volume and red volume. The green cylindrical core can be easily
built-in +Z-direction by using 3-axes kinematics and horizontal planar slicing, as
discussed in the previous section. This part will be deposited first by using either
uniform layer horizontal slicing. The red-colored subvolume has grown conformal
to the green cylindrical volume. Therefore, this subvolume can be realized only
after depositing the green part. If horizontal slicing is adopted for this volume too, it
would require an enormous amount of support materials from the base. This would
have resulted in an increase in the overall built time of the component. Hence, this
volume can be sliced by using nonplanar conformal slicing. The slicing planes for
this volume will be conformal to the green cylinder and are generated by offsetting
the outer surface of the cylinder. The offset distance is governed by the layer
thickness. Unlike planar slicing, the contours obtained from conformal slicing have
variable x-, y-, and z-coordinates. The contours are deposited initially by using
5-axis kinematics followed by 3-axis infill of the contours. The process is repeated
for entire slices. The intermediate slicing planes of horizontal and conformal slicing
are shown in Fig. 6.

Fig. 6 Illustration of horizontal and conformal slicing strategies
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3 Illustration

An airplane like model has been sliced by using the proposed hybrid slicing
strategy. The CAD model of the component is shown in Fig. 7a. As already dis-
cussed in the previous section, the first step is to decompose the volume and
identify feasible build direction of each feature, as shown in Fig. 7b. The entire
model can be decomposed into two features: the central body and the wings. The
entire procedure of manufacturing is discussed in the subsequent subsections.

(a) CAD Model of the 
airplane 

(b) Decomposition of the CAD model 
along with build direction 

(c) Horizontal Slicing of the 
central body (d) Conformal Slicing of the wings 

Fig. 7 Illustration of horizontal planar—conformal nonplanar hybrid slicing strategy
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3.1 Slicing

The central compartment does not have any undercut feature as it violates overhang
condition, as mentioned in Eq. 1. Consequently, planar slicing can be performed for
the central body portion. The contours of the central body obtained after slicing are
shown in Fig. 7c. Since wings are identified as overhanging features and can be
seen to be grown conformal to the central body, these are sliced using nonplanar
conformal strategy so as to avoid the requirement of unnecessary support that
would have resulted if horizontal slicing strategy would have been adopted. The
slicing plane for nonplanar conformal slicing is obtained by offsetting the outer
surface of the central body in the radial direction by layer thickness. Once the
slicing planes are obtained, the intersection between the slicing planes and the
wings is calculated. The slices obtained after conformal slicing are shown in
Fig. 7d.

3.2 Offsetting for Machining Allowance

Due to the relatively high deposition rate of certain AM processes such as in the
case of WAAM, poor dimensional accuracies are often reported. Hence, the
near-net shape of the component obtained after deposition is required to be finished
using the milling process. Therefore, the contours obtained after slicing need to be
offset in order to provide a machining allowance for finishing operation. This is an
optional step and can be purged in the case of material extrusion-based AM
processes.

3.3 Deposition

Once the slices are obtained, the deposition toolpaths for the slices are calculated in
the next step. Since the contours obtained from the central body violates the con-
dition for overhang, hence it can be deposited using 2.5-axis kinematics only.
Initially, the outer contours are deposited, followed by infill deposition. After the
complete deposition of the central body, the layers of the wings can be deposited
conformally to the central body. The outer contours of the wings are deposited
along the torch vectors using 5 axes or higher kinematics.
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3.4 Finish Milling

The final finish milling is required to be performed on the near-net shape of the
airplane like a model in order to accomplish the desired level of dimensional
accuracy and surface finish in case of certain AM processes. The excess material
provided for machining is removed in the CNC machine using 5-axis kinematics for
milling. Therefore, the toolpaths for the milling process are generated. However, as
already discussed in Sect. 3.2, this process is noncompulsory for material
extrusion-based AM processes.

4 Conclusion

The need for support structures for realizing overhanging features in the case of
metal AM is still recognized as a key issue of the process. However, the use of higher
kinematics may abolish the requirement of support mechanisms. In this paper, the
authors have presented a hybrid slicing method to eliminate the need for support
structures while manufacturing components with overhang. There are different
possibilities available for the hybridization of slicing. The hybridization yields
advantages of different slicing strategies and improves the quality of the final fab-
ricated component. The hybrid slicing approach comprising of a higher order of edge
approximation is found to be one of the least explored areas and has the potential to
overcome different inherent issues of AM process. The methodology proposed in
this paper consists of horizontal planar slicing and nonplanar conformal slicing
strategy. The overhang features are identified using the contact normal vector of the
contours and the feasible build direction. The volume without overhang has been
sliced using a horizontal planar slicing strategy followed by 2.5-axis deposition of
the layers. The overhang features are then sliced using the surface to which it is
conformal. The obtained slices are deposited using 5-axis kinematics. The proposed
strategy is demonstrated by performing the process planning of an airplane model.
A significant reduction in build time, as well as wastage of material, can be observed
in comparison with the conventional slicing strategies. The developed slicing
method can also be utilized in different AM processes like DED and FDM.
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Discrete Element Analysis
of Gravity-Driven Powder Flow
in Coaxial Nozzles for Directed Energy
Deposition

Ambrish Singh, Sajan Kapil, and Manas Das

1 Introduction

Directed Energy Deposition (DED) is a Metal Additive Manufacturing (MAM)
technology with applications in part fabrication and repair. It has also found
extensive use in laser cladding and surface alloying. The technology uses feedstock,
in the form of powder or (and) wire with a heat source, typically a laser, to fabricate
parts in a layer-by-layer manner. The heat source first creates a melt pool on the
CNC substrate, which is then supplied with feedstock using an appropriate
arrangement. Upon solidification of the melt pool, a track is formed with the
geometry representing the part contour for a given part cross-section (layer).
Generally, due to ease of operation, powder feedstock handling in DED is carried
out pneumatically, as illustrated in Fig. 1. Metered powder is conveyed to the melt
pool using a stream of inert gas. This results in high particle velocity leading to poor
catchment efficiency, decreased surface finish, and improper aspect ratio of the
deposited track [1–4]. Pneumatic systems also increase the cost of operation due to
increased consumption of inert gas.

The study presented here tries to mitigate some of the challenges associated with
a pneumatic system through a gravity-based, non-pneumatic feedstock handling
unit. Several aspects of such a gravity-based system are explored in this work,
aimed primarily at identifying key design considerations and operating conditions
most favorable for its implementation. Discrete Element Method (DEM) simula-
tions are used as the method of investigation, providing insight into several critical
flow phenomenons and parameters affecting them.
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1.1 Powder Feedstock Handling in DED

The handling of powder feedstock in DED can be categorized into three phases;
these are metering, conveyance, and delivery. In the metering phase, a preset value
of powder is isolated from the feedstock reservoir. This metered amount of powder
is transported to the delivery head (or nozzle) in the second phase of conveyance. In
the third and the final phase, powder delivery nozzles create a convergent powder
stream with a focal plane matching the location of the melt pool. These three phases
of feedstock handling and the methods through which they can be accomplished are
illustrated in Fig. 2. This work is aimed exclusively at the final phase of powder
delivery.

Fig. 1 Schematic illustration of a DED unit with pneumatic powder handling

Fig. 2 Classification of methods for powder handling in DED at various phases
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1.2 Powder Delivery Nozzles

Several designs of powder delivery nozzles exist in the literature. Some of these
design features a central heat source with a coaxial and conical feedstock delivery
[5], while others are based on centrally fed feedstock surrounded by a coaxial and
conical heat source [6]. Off-axis nozzles (or lateral feed) are yet another variety,
popular with laser cladding of axis-symmetric substrates [4]. This study is focused
on DEM analyses of coaxial nozzles with a central heat source, and conical
envelope of feedstock material. The two popular variants in this category, are
discrete coaxial and continuous coaxial nozzles, schematically shown in Fig. 3a and
b, respectively. A continuous coaxial nozzle features an annular channel whereas, a
discrete coaxial nozzle contains multiple and distinct streams of powder flow. All
coaxial powder delivery nozzles (discrete or continuous) should maintain a uniform
particle distribution around the heat source. This ensures uniformity in geometric
and material properties of the deposited track [7].

2 Methodology

DEM investigations were carried out to establish the feasibility of a gravity-based
powder delivery nozzle. The study primarily aims at identifying propitious oper-
ating conditions under which, implementation of such a system will yield desirable
performance. The study address geometry of the conical nozzle and the effects it has
on the powder stream and, consequently, on the deposition characteristics.

Fig. 3 a Discrete and b continuous coaxial nozzle with circular and annular powder outlet,
respectively
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2.1 Effect of Nozzle’s Cone Angle

The powder delivery nozzle closely represents a frustum of a cone in geometry,
thus allowing the resulting powder stream to be conical and convergent in nature.
A cone angle, in the present context, is defined as the angle of inclination of the
conical nozzle surface the vertical, shown schematically in Fig. 4. Cone angle
significantly affects the powder stream, specifically the plane of convergence (or
focal length) and the ‘depth of focus.’ The ‘depth of focus’ indicates the distance till
which a powder stream remains convergent, having converged at the focal point.
Measurements for focal length and ‘depth of focus’ are made from the nozzle outlet
parallel to the laser beam axis. Five values of cone angle, i.e., 55°, 45°, 35°, 25°,
and 15°, as illustrated in Fig. 4a–e, were selected to study the effect of cone angle
on the powder stream.

2.2 Effect of Head Tilt

As mentioned previously (Sect. 1), the distribution of feedstock around the laser
beam is an important factor in nozzle design. Uniformity is this distribution pro-
vides accurate builds with better part properties. In order to determine the mass
distribution within a conical feedstock envelope, generated by a continuous coaxial
nozzle, multiple measurements were made in the ‘XY’ plane at a fixed location in
‘Z.’ Consider Fig. 5; virtual bins marked 1–18 records the average powder mass

Fig. 4 Different values of the cone angle in a continuous coaxial nozzle (All dimensions in mm)
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traversing across the bin’s domain during the set simulation time. These bins are
symmetrically placed, in a circular manner, around the central axis of the nozzle at a
distance of 3 mm from the outlet. If the variation amongst each of the bins recorded
powder mass is low, then it can be inferred that each of the 18 bins receives (more
or less) equal powder quantity. This will signify a uniform powder distribution. If,
on the other hand, variation amongst each of the bins recorded powder mass is high,
with some of the bins receiving higher powder quantity as compared to others, a
non-uniform powder distribution can be inferred. As the head tilt angle increases, a
shift from uniform powder distribution to a non-uniform one is expected. The
percentage ‘coefficient of variation’ amongst the average powder mass recorded by
each of the bins can indicate the spread of the dataset. In order to implement head
tilt in the simulation, the direction of the gravity force vector was manipulated while
keeping the magnitude constant. Table 1 shows the head tilt angles along with the
orientation of the gravity force vector.

2.3 Continuous and Discrete Coaxial Nozzle:
A Comparative Study

A distinction is made between a continuous and a discrete coaxial nozzle. The
amount of literature on a comparative study between these two is limited, especially

Fig. 5 Virtual bins (mass
sensors) placed symmetrically
around the central vertical
axis

Table 1 Orientation of gravity vector for various values of nozzle inclination

Head tilt angle 0° 2° 4° 6° 8° 10°

gz (m/s2) 9.81 9.80 9.78 9.75 9.71 9.66

gx (m/s2) 0 0.342 0.68 1.02 1.36 1.70
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in the context of a gravity-based design. This part of the study compares discrete
and continuous coaxial nozzles in terms of stability of operation. Granular matter,
when subjected to flow under gravity in confined channels, is prone to jamming.
This makes the selection of channel geometry and dimensions an important con-
sideration in nozzle design. These two variants of nozzles are compared with each
other in the context of ease of powder flow in order to determine the minimum
dimensions of the flow channel necessary for stable and consistent powder delivery.

3 Discrete Element Method

In contrast to the continuum approach, a discrete approach places emphasis on
individual particles, which, when assembled, gives the macroscopic (or overall)
outlook. In other words, in a discrete approach, the macroscopic behavior of a
system results from microscopic interactions within the constituent particles. The
discrete approach is especially helpful in studying phenomena occurring at length
scales comparable to particle diameter. Thus, given the advantages of the Discrete
Element Method (DEM) in studying granular flow and other bulk material
behavior, EDEMTM was used for granular flow simulation. Through multiple
simulations with varying geometry of nozzle cones, preliminary results concerning
conducive operating conditions for a gravity-based powder delivery nozzle were
obtained.

3.1 Theoretical Background

The collision of granular material can be modeled either by using a hard or a soft-
sphere approximation. The hard-sphere model, as illustrated in Fig. 6a, depends on
the advanced prediction of a collision based on particle trajectory [8]. This model
assumes particles to be geometrically rigid and collisions to be instantaneously
occurring over a point of contact; thus, resulting in poor accuracy especially, in the
simulation of multi-particle interactions. A soft-sphere model, on the other hand,
introduces a parameter called ‘overlap dð Þ.’ This parameter allows two geometri-
cally rigid particles to overlap during a collision, thus converting an instantaneous
collision to a finite duration collision. The finite duration collision allows for
multi-particle interaction with an incorporation of dissipative effects such as friction
and particle (elastic) deformation. Also, unlike hard-sphere model which assumes
point contact, a soft-sphere model features an area contact during collision.
Therefore, a soft-sphere model (illustrated in Fig. 6b) is more accurate in simulating
bulk matter behavior when compared with hard-sphere model [8–11].

The overlap parameter (d) can be resolved into normal dN and tangential dT
components. The magnitude and direction of these components govern the forces
acting on a particle, which subsequently sets the trajectory of motion. The detection
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of collision is the most computationally intensive aspect of a DEM simulation. If
the center-to-center distance for two spherical particles is less than the summation
of their radii, a contact is marked.

Generic DEM Algorithm
A generic soft-sphere DEM model is illustrated in Fig. 7. The forces on particles
due to inter-particle or (and) particle-geometry contact (or due to user-specified
initial conditions) are computed first. Using Newton’s second law of motion, cor-
responding to the forces, acceleration, velocity, and subsequently, the position of
the particles is computed through numerical integration. A contact detection
algorithm is used to keep the computation time reasonable while maintaining
acceptable accuracy. Each particle within a granular flow has six degrees of free-
dom, resulting in two types of motion: translation and rotation. Given the force
obtained from the contact model, Newton’s second law is used to calculate trans-
lational and rotational accelerations, which are then numerically integrated over a
time step to arrive at new particle states.

For rotation,

I
dx
dt

¼ M ð1Þ

For translation,

m
dv
dt

¼ Fg þ Fc þ Fnc ð2Þ

Fig. 6 Particle interaction based on a hard-sphere and b soft-sphere model
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where,

I = Moment of inertia
v = Translational velocity of a particle
x = Angular velocity
m = Mass of particle
M = Resultant torque on a particle
Fg = Resultant gravitational force
t = Time
Fc; Fnc = Contact and non-contact force

3.2 Particle Contact Model

The contact forces can be categorized into two components (i) Normal (FN) and
(ii) Tangential (FT) [12]. The amount of overlap (d) can be expressed as

Fig. 7 A generic approach of a soft-sphere DEM model
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d ¼ R1 þR2ð Þ � d ð3Þ

where, R1 and R2 are the particle radii, and ‘d’ is the distance between the particle
centers (C1 and C2), as illustrated in Fig. 8. The study presented here is based on
Non-Linear Elastic Contact and is modeled based on the Hertz-Mindlin No-Slip
theory.

According to Hertz theory, as described by Horabik et al. [12], for two con-
tacting spheres over a finite circular area with radius ‘a’ the normal contact force is
expressed as

FN ¼ 4E�

3R� a
3 ð4Þ

where E� and R� are effective young’s modulus and particle radius, expressed as

E� ¼ EiEj

Ei 1� m2j
� �

þEj 1� m2ið Þ
ð5Þ

R� ¼ RiRj

Ri þRj
ð6Þ

Ei; Ej and mi; mj denotes Young’s moduli and Poisson’s ratio of the two con-
tacting spheres of radii Ri andRj. The normal contact force is related to the degree
of particle overlap (d) using the relation

FN ¼ kNd
3=2
N ð7Þ

where the spring stiffness (kN) is expressed in terms of effective Young’s modulus
(E�) and Particle Radius (R�) of the two contacting particles.

Fig. 8 Normal and tangential
force acting on particles
during contact
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kN ¼ 4
3
E�R� 1=2 ð8Þ

The radius of the circular contact area is related to overlap (dN) by the expression

a ¼
ffiffiffiffiffiffiffiffiffiffi
R�dN

p
ð9Þ

The pressure distribution over the circular area of contact is given by the
expression

p rð Þ ¼ 3FN

2pa2
1� r

a

� �2
� �1=2

ð10Þ

In addition to the normal force, a normal damping force (Fd
N ) is also considered,

which is expressed as

Fd
N ¼ �2

ffiffiffi
5
6

r
b

ffiffiffiffiffiffiffiffiffiffiffi
SNm�

p
VRel
N ð11Þ

where m� ¼ 1
mi

þ 1
mj

� ��1
is the equivalent mass of two contacting particles ‘i’ and

‘j’. VRel
N is the normal component of the relative velocity, b (depends on the

coefficient of restitution ‘e’) and SN which are expressed as

b ¼ ln effiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln2eþ p2

p ð12Þ

SN ¼ 2E� ffiffiffiffiffiffiffiffiffiffi
R�dN

p
ð13Þ

Similar to the above expressions, which considered the normal component of
force, tangential force component (FT ) is expressed as

FT ¼ �kTdT ð14Þ

kT ¼ 8G� ffiffiffiffiffiffiffiffiffiffi
R�dN

p
ð15Þ

where kT and dT are the tangential stiffness and overlap, respectively, and G* is the
equivalent shear modulus. Additionally, tangential damping (Fd

T ) is also incorpo-
rated in the model which is dependent on the normal component of the relative
velocity VRel

T

� �
.
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G� ¼ 2� m1
4G1

þ 2� m2
4G2

	 
�1

ð16Þ

Fd
T ¼ �2

ffiffiffi
5
6

r
b

ffiffiffiffiffiffiffiffiffiffiffi
STm�

p
VRel
T ð17Þ

ST ¼ 8G� ffiffiffiffiffiffiffiffiffiffi
R�dn

p
ð18Þ

3.3 Modeling Setup

A continuous coaxial nozzle was used to carry out the investigation on the effect of
the nozzle’s cone angle and head tilt angle on granular flow characteristics. Copper
was assigned as the nozzle material, which was provided with a uniform influx of
stainless steel powder across its periphery. Some of the relevant modeling
parameters are provided in Table 2.

Table 2 Relevant setup parameters of DEM study

Bulk material properties

1. Material Stainless Steel

2. Solid density 8.05 g/cm3

3. Shear modulus 7.7 � 1010 Pa

4. Coefficient of restitution 0.6 [13]

5. Particle diameter 100 µm

6. Particle injection rate 30 g/min

Equipment (Nozzle) material properties

1. Material Copper

2. Solid density 8.96 g/cm3

3. Shear modulus 4.5 � 1010 Pa

4. Poisson’s ratio 0.35

Simulation parameters

1. Simulation time 1 s

2. Integration time-step 5 � 10−8 s

3. Grid size 2R (Twice the radius of a particle)
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4 Results and Discussion

4.1 Effect of the Cone Angle

The powder stream characteristics for a continuous coaxial nozzle, with a cone
angle of 55°, operating under the effect of gravity is illustrated in Fig. 9.
Observations are made along the vertical nozzle axis at multiple locations, starting
from the nozzle outlet progressing downwards (in the direction of powder flow) in
steps of 2 mm. Sectional planes, in the front view (left side), are marked as 1-1 to
9-9, and the adjacent (right side) figure shows the powder distribution on these
planes, as observed from the top. These illustrations obtained from DEM analysis
confirm the conical and convergent nature of the powder stream. Also, it can be
observed form the illustrations that the powder stream converges approximately
10 mm from the nozzle outlet marking its focal point. Observations beyond this
plane show the powder stream to diverge again, primarily due to inter-particle
collisions. Based on similar qualitative analysis, focal lengths were obtained for a
selection of cone angles.

The test on the effect of cone angle on the powder stream shows a negative
correlation with the focal length and the ‘depth of focus,’ as illustrated in Fig. 10. It
can be observed for Table 3, as the cone angle decreases, the focal length increases.
The ‘depth of focus’ significantly affects the standoff distance at which deposition
should be carried out. A higher value of ‘depth of focus’ is linked with stable
deposition properties [14]. Qualitatively, the DEM results show an increased value
of this parameter with a decreased cone angle. Although it is desirable to have a

Fig. 9 Powder flow pattern observed at multiple locations measured from the nozzle outlet along
the flow stream at a 0 mm, b 2 mm, c 4 mm, d 6 mm, e 8 mm, f 10 mm, g 12 mm h 14 mm, and
i 16 mm
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longer ‘depth of focus,’ a large focal length often attenuates the laser beam and
causes inflight particle vaporization due to excessive radiative heating [15].

Therefore, it is essential to identify the optimal value of the focal length to
achieve higher catchment efficiency and a stable range of process parameters.

Powder Particle Distribution at the Focal Length
Through a similar approach of virtual bins, an effort is made to obtain particle
distribution at the focal plane of the nozzle with a cone angle of 55°. This analysis
is essential to determine the powder stream’s focal spot diameter, which plays an
important role in determining the catchment efficiency of a DED system. At the
focal length, thirty concentric virtual bins were placed, with the radius ranging from
0.1 (innermost bin) to 3 mm (outermost bin) in steps of 0.1 mm, as illustrated in
Fig. 11. Each bin records the average powder mass traversing across it within the
set simulation time. In order to arrive at the average powder mass passing through
an area within two consecutive bins (an annular region), a simple subtraction
operation was performed. For instance, subtracting the average mass received by
bin 2 (radius of 2.9) from the average mass received by bin 1 (radius of 3.0) will

Fig. 10 Increment in the powder stream’s focal length with an increase in the cone angle (All
dimensions in mm)
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provide average mass within the outermost annular region of 0.1 mm. In a similar
manner, the average powder mass received by all annular regions, marked as 2, 3…
30 in Fig. 11, was obtained. This data was then plotted against the area of the
respective annular regions (obtaining area of the annular regions follows the same
subtractive methodology as outlined above), as illustrated in Fig. 12a. This plot of
the data, when overlayed with a Gaussian Curve (curve fitting MATLAB R2014a),
as illustrated in Fig. 12b, reveals an R-square value of 0.90, confirming a good fit.

Given the Gaussian nature of the curve (1/e2) rule can be applied to determine
the focal spot radius. The (1/e2) rule states that; all the areas within which the
average powder mass is higher than 13.6% of the maximum can be included in
consideration of the focal spot area. Through this rule, the focal radius was
determined to be 1.3 mm, and correspondingly, the focal area was calculated to be
around 5 mm2.

As mentioned previously, the spot size of the powder stream at the convergence
point governs the catchment efficiency of the deposition. Although a catchment
efficiency can be defined in several ways, in this context, comparing the area of the
melted substrated with the stream’s spot size is most relevant. Any powder particle
that falls outside the melted substrate area will not become a part of the track thus,
by comparing the areas of the melt pool and the stream spot size, catchment
efficiency can be defined as

%g ¼ Ams

AP
� 100

Table 3 Variations of focal length with the cone angle

Cone angle 55° 45° 35° 25° 15°

Focal length (mm) �10.01 �12.04 �14.00 �26.78 �47.82

Fig. 11 Virtual bin setup of obtaining particle distribution at the focal plane
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where, Ams is the area of the melted substrate and AP the spot area of the convergent
powder stream. Experiments performed by Goodrazi et al. [4], under a similar
mass feed rate of 30 g/min at a laser power of 4500 W and a cladding speed of
400 mm/min, resulted in a melt pool area of 3.17 mm2. Comparing this substrate
melt area with the powder stream spot size results in a theoretical catchment effi-
ciency of 63.4%.

4.2 Effect of Nozzle Inclination

In order to evaluate the effect of nozzle inclination on the powder stream behavior,
multiple measurements were made around the central nozzle axis. Through the
setup highlighted in Sect. 2.2, shown in Fig. 13, a particle distribution was obtained
at various values of nozzle tilt angle.

It can be observed from the results that, as the value of tilt increases, the
distribution of powder particles becomes increasingly non-uniform. Initially, with
zero tilt angle, powder particles are distributed more or less evenly around the
central axis. This is inferred from the observation of ‘relatively’ equal mass
received by each of the bins placed symmetrically around the vertical axis, as
illustrated in Fig. 14a. As the tilt angle is increased, the particle distribution
becomes increasingly non-uniform, with particles favoring one bin over the other.
Consequently, on average, some of the bins record more powder particles passing
through them as compared with others. Figure 14 shows the increase in the
non-uniformity of particle mass with an increase in the tilt angle. The ‘coefficient of
variation (COV),’ which signifies the spread of the dataset, also increases with
increasing title angle, thus confirming the results.

Fig. 12 a Average powder mass received in the incremental bin areas and b Gaussian fit over the
data points
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Furthermore, the results can also be qualitatively verified from Fig. 15, which
shows a higher distortion of the powder stream’s focal point with an increase in the
inclination of the powder delivery head.

Apart from the powder particle distribution, DEM results also suggest an
increase in the focal spot as the angle of inclination increases. However, it should be
noted that with an increase in the angle of inclination, identifying a distinct focal
spot is a challenging task.

4.3 Discrete and Continuous Coaxial Nozzle

As mentioned previously, discrete and continuous coaxial nozzles exhibit a dif-
ference in geometry of the powder flow channel. The discrete coaxial nozzle has
distinct powder streams, which emerge from circular outlets whereas, a continuous
coaxial nozzle has an annular outlet. Figure 16a and c shows the simulation setup
for a comparative study of the two nozzle types. Both the nozzles have the same
channel dimensions and receive the same mass influx. The discrete coaxial nozzle
has six streams, receiving 5 g/min each, whereas continuous coaxial is provided
with 30 g/min evenly distributed across its periphery. From the simulation results, it
was observed that for an annular flow channel, with the selected material properties,
a minimum channel dimension of ‘three times the particle diameter (3 � D)’ is
sufficient to avoid jamming. In the case of cylindrical flow channels with a circular
outlet, a minimum dimension of ‘five times the particle diameter (5 � D)’ is
essential to prevent blocking. These results, as shown in Fig. 16, suggest that a
continuous coaxial nozzle efficiently avoids particle blocking in gravity-based
granular systems as compared to discrete coaxial nozzles.

(b)(a)

Fig. 13 Implementation of virtual bins (mass-sensors) to measure powder distribution a perspec-
tive view and b location of virtual bins from the nozzle outlet (All dimensions in mm)
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)%33.81:VOC(°2)b()%8.6:VOC(°0)a(

(c) 4° (COV:38.02%) (d) 6° (%COV:59.75%) 

(e) 8° (COV:103.11%) (f) 10° (COV:162.20%) 

Fig. 14 Non-uniformity in powder mass distribution with the increased nozzle tilt angle
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Fig. 15 Distortion of the focal spot and non-uniform powder distribution with increased head tilt

Fig. 16 Jamming observed in c, d the discrete coaxial nozzle with the same channel dimensions
as the a, b continuous coaxial nozzle
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5 Conclusion

Through multiple DEM simulations, the feasibility of the gravity-based powder
delivery head for applications in DED is established. Hereafter, the main conclu-
sions reached are summarized below.

• Powder flow under the effect of gravity alone, in the continuous and discrete
coaxial nozzle, is of conical and convergent nature. The powder distribution at
the focal plane shows a Gaussian behavior.

• For a gravity-based system, with a decrement in nozzle’s cone angle, the focal
length and the ‘depth of focus’ of the powder stream increases.

• The nozzle tilt angle, measured from the vertical, has a significant influence on
powder particle distribution around the central axis. A tilt angle, as low as 2°, is
sufficient to distort the focal point and the particle distribution around the heat
source. An implication of this result suggests that a gravity-based powder
delivery head should be mounted vertical, and tilt motion should be provided to
the substrate, either through a robotic arm or a five-axis CNC, to build complex
geometry parts.

• The powder particle distribution becomes increasingly more non-uniform as the
nozzle tilt increases. This, without any corrective measures, will negatively
impact the deposition process.

• Continuous coaxial nozzles show better stream characteristics than a discrete
coaxial nozzle and are less likely to jam. The minimum channel dimensions
required for a jamming-free operation in the case of an annular outlet is much
lower than a circular outlet
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Computational Modelling of In-Process
Mitigation Technique to Control
Residual Stress in Thick Plate Welding

Saurav Suman and Pankaj Biswas

1 Introduction

The dimensional accuracy of any final welded structures poorly affected from the
post-welding distortions and requires a post-weld remedial which increases the
overall cost and effort of production. On the other hand, crack propagation and
fatigue and catastrophic failure of the structure result from welding induced residual
stresses. Therefore, to prevent extra expenses on post-weld treatments, in-process
mitigation techniques are more effective in improving product quality and pro-
ductivity. Masubuchi studied the that compressive residual stresses in thin plates
induces buckling distortions [1]. Michaleris and Sun investigated the thermal ten-
sioning as the mitigation approach in controlling welding tempted buckling dis-
tortions [2]. They observed that too high temperature shows an unfavourable effect
on the buckling distortions while low temperature develops inadequate tensioning
[3]. Deo and Michaleris investigated the impact of transient thermal tensioning
using experiment and compared the case at 200 and 250 °C of time–temperature–
transformation (TTT) for buckling distortion. The tensile stresses in the longitudinal
direction along the welding line owing to side heating effectively condensed the
compressive residual stresses at the plate edges. Also, mechanical restraints were
found effective in reducing the angular distortions [4]. In the trailing heat sink
method, pressurized liquid nitrogen was employed as a cooling jet. The parameters
namely cooling distance, flow rate of liquid nitrogen, and diameter of cooling jet
were selected for an optimal performance, based on various finite element studies.
In the in-process rolling technique, a compressive effect in the through thickness
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direction and a corresponding tensile effect in the welding direction were generated.
A rolling force of 5.5 kN was found to be the minimum force that was required to
eliminate the buckling distortion completely. Yang and Dong also studied the effect
of roller width and roller to torch distance on the buckling distortions [5]. The
cryogenic CO2 cooling was employed to decrease the weld-induced buckling dis-
tortions. The technique of cryogenic cooling had a significant effect on reduction of
out-of-plane distortions in butt welded plates compared to that of fillet welded plates
[6] adopted a dynamically controlled-low stress no distortion (DC-LSND) tech-
nique for the control of weld-induced buckling distortion [7]. In their work, they
employed CO2 snow, produced by compressed liquid CO2 through nozzles, as a
cooling media. It was seen that a trailing cryogenic cooling device drastically
reduced the welding distortions for a gas metal arc welding (GMAW) process. It
was reported that a (DC-LSND) technique had a strong impact on the longitudinal
welding distortion and reduced it by 81%. The optimum travel speed of cooling
device was found to be 600 mm/min. Further it was concluded that, the
microstructure as produced by (DC-LSND) technique was almost the same as that
obtained by conventional process. Price et al. [8] investigated the mechanical
constraints tensioning effect to control the out-of-plane distortions of friction stir
welding (FSW) and tungsten inert gas (TIG) welding. The plates were subjected to
the various magnitudes of tensile stress along the weld line. It was reported that 25–
40% of yield strength as the tensioning effort eliminates the buckling distortions
completely. It was also noticed that the optimum value of tensioning depends on the
welding parameters. An increase in the tensioning beyond the optimum value led to
the formation of buckling distortions again and formed a zone of compressive stress
around the welding area [8]. Richards et al. [9] tried to control the generation of
residual stress by employing global mechanical tensioning. It was observed that by
imposing a mechanical tensioning of the intensity 40% of yield value, residual
stresses tends to zero. It was seen that, the values of mechanical tensioning higher
than that is required to eliminate the buckling distortions, reverses the stress field in
the welded zone. The decrease of residual stresses was very less with the increase of
distance from the weld surface for thicker weld plate [9]. Researchers have carried
out extensive studies on various methods of weld-induced distortion control.
However, it is evident from the literature review that, majority of the methods
proposed lack the ability and feasibility of practical implementation as an active
distortion control technique in fabrication of large stiffened ship panels. The TMT
approach of distortion control had shown some encouraging results in controlling
buckling distortions.

A number of researches are found on the mitigation effect of either side heating
or heat sink processes as thermal tensioning technique. Inside heating (static or
dynamic heat source) case, the thermal gradient during heating and cooling process
is managed across the weld centreline in the transverse direction [3, 10, 11].
Whereas, in heat sink (static or dynamic cooling source) case, sudden drop of
temperature during and just after the welding process affect the residual stress
distribution, i.e. compressive nature stresses in the fusion zone get amplified
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(thermal tensioning effect) just after the welding suddenly which results in low
value of longitudinal residual stresses [12, 13].

Some of the researchers conducted the thermal tensioning mitigation experi-
ments using both side heating and heat sink methods, though all the studies have
been performed on thin sheet weld joints. Ilman et al. [14] conducted static thermal
tensioning on MIG welded AA 5083 sheet (3 mm) using static heat source bed on
both sides of the weld line on top surface and a static heat sink (cooling water) on
bottom surface near the root gap [14]. Recently, Li et al. [22] developed a hybrid
technology of combined transient heating (both sides on top surface) and trailing
cooling source behind welding torch, to weld (5083-H 112) aluminium alloy sheet
(3 mm) which effectively reduced distortion and residual stresses by 58% and 65%,
respectively. However, no such studies on mitigation techniques are found on thick
plate weld joints, i.e. combined thermal tensioning methods on thick weld plates,
especially to control residual stresses.

In the current study, a heating source on both the sides of weld line along with a
cooling source just beneath the root gap and both of its sides has been proposed to
weld a thick plate weld. It was observed that the combined side heating and cooling
is effective in controlling residual stress development in the thick plate welded
joints.

2 Methodology

A submerged arc welded AISI 304 steel plate of 10 mm thickness was considered
for this study. The welding parameters for the SAW welded AISI steel were taken
from a previous literature by the Authors [15] and shown in Table 1 along with P91
steel weld parameters.

The whole modelling process was categorized for comparative study of welding
induced stresses for four cases, i.e. welding, welding with side heating, welding
with heat sinking and welding with combined side heating and heat sink. The
schematic of experimental set-up for proposed combined in-process mitigation
technique is shown in Fig. 1.

Table 1 Process parameters for welding

Parameters Welding
voltage (V)

Welding
current (A)

Welding speed
(m/s)

Length of stickout
(mm)

Values 26.51 445 5 25
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2.1 Mathematical Formulation

The exact amount of heat input similar to experiment was applied using a moving
heat source model in Eq. (1). Similarly, the element death and birth technique was
employed to model addition of molten metal in the root gap during the welding
[16].

Qarc ¼ gVI ð1Þ

where η = Efficiency, V = Source voltage, I = Welding current.
The Gaussian’s double ellipsoidal volumetric heat source model was used to

model the heat input. The expressions of which are given in Eqs. (2) and (3) for
front and rear portion of the heat flux [16–18].

Qfront ¼ 6
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where x, y, & z are the coordinates in the imaginary weld joint region and v give the
welding speed. ‘a’, ‘b’, ‘cfront’, ‘crear’ are the constant parameters. ‘ffront’ and ‘frear’
indicate portion of heat in the front and rear regions of the heat source model.

A surface heat flux model was applied to model the side heating process [19]. It
includes heat sources passing through the top surface of the weld plate on both sides
of the weld centreline. The rate of heat input is given by

Qsup ¼ gQ
p�r2

exp �2
r
�r

� �2
� �

ð4Þ

Fig. 1 Schematic of experiment set-up of combined side heating and heat sink
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Where r = radius of surface area including 95% of the heat flux, r = distance of
the heat torch from the surface.

In finite element analysis, the heat sink or say cooling effect through bottom
surface was simulated as the heat transfer between the specimen and the cooling
media (water flow parallel to plate length considering laminar flow) is described by
forced convection cooling [20] given by Eq. (5).

h ¼ ð0:664� Re1=2L � Pr
1=3

Þ � k=L ð5Þ

where k = Thermal conductivity kJ/s-m-K, L = Length of the plate (m).

ReL ¼ LV1q
l

& Pr ¼ lCp

k

whereL = Length of the plate (m),V∞ = Approach velocity (m/s),q = Density of the
water (kg/m3), l = Viscosity of water (N.s/m2) and Cp = Heat capacity (kj/kg.K).

2.2 FE Modelling and Meshing

The butt joint model for simulation of various thermal effect processes like welding,
side heating and heat sinking was performed in ANSYS Multiphysics software
package. The weld bead comprised of actual shape and size of weld bead similar to
the experiment. The 3D element SOLID 70 suggested for thermal modelling with
eight nodes and single degree of freedom was selected. While SOLID 185 element
recommended for structural analysis was selected [21].

Fine meshing was preferred in weld zone and side heating zone, i.e. peak
temperature zones. The element size was kept coarser for the regions away from
these high temperature regions. The complete model along with the meshing is
shown in Fig. 2. The element birth–death technique was employed to simulate the
real-time addition of weld material during the welding. EKILL and EALIVE
commands were carefully applied for deactivating and reactivating the elements
before and during the welding process, respectively.

3 Results and Discussion

The time vs temperature graph shown in Fig. 3 below presents the thermal profile
of four different cases: welding without in-process mitigation; welding with side
heating (region at 25 mm from weld centreline); welding with heat sink
(h = 20,000 W/m2); and welding with combined side heating and heat sink.
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Two points (one near the FZ and another in side heating region) were selected to
observe the change in temperature w.r.t time. The effect of heat sink leads over side
heating process to control the rate of change in temperature. The effect of heat sink
is clearly observed for the point in FZ while, point in the SH region characterizes
the change in the cooling rate. The peak temperature for welding and side heating is
observed to be same at around 1250 °C, though cooling rate increases for side
heating case. On the other hand, the heat sink causes decrease in the peak tem-
perature for the same point from 1250 to 1134 °C, though the cooling rate remains
same for combined heat sink and side heating.

Residual stress distribution in longitudinal direction (Sz) is shown in Fig. 4, for
all the cases considering in-process thermal tensioning methods. It is clearly
observed and also have been explored that both side heating and heat sink effi-
ciently control the residual stress distribution across the weld line. It is also
noticeable that, heat sink model is effective in decreasing the intensity of residual
stress distribution in the cooling areas, i.e. the stress values reduce to much lower
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Fig. 2 Butt joint model and meshing
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values in the HAZ. From Fig. 4, it is observed that for welding case, the peak
residual longitudinal stress is between 200 and 220 MPa, which reduces with minor
difference on side heating, but heat sink model effectively reduced it to zero which
gradually reached to compressive values up to (−50 to 70) MPa with side heating
process. The graph presents the three cases of combined side heating and heat sink
thermal tensioning technique for three different locations of heating torch.

The more the distance of the heating torch increases from weld centreline, the
narrower the residual stress distribution becomes in the HAZ and FZ. At the same
time, the longitudinal residual stress shows sudden peak in the side heating region.
The sudden peak in longitudinal residual stress similar peak in the side heating
region was observed in thin sheet combined thermal tensioning mitigation [22]. It
occurred under the influence of slight compressive plastic strain during heating. In
fact, this newly developed tensile stress in the heating region reduces the dis-
crepancy of residual stress distribution in the weld and nearby regions. As a result,
it increased the critical buckling load of the plate [23], which successfully con-
trolled the welding distortion.

Hence, for the heating region at 25 mm, the compressive peak converts to tensile
nature and provide a proper balance to prevent buckling distortion. Similarly, the
combined thermal tensioning effect is visible on transverse stress distribution from
the comparative plot shown in Fig. 5. It is observed that side heating slightly
increases the transverse residual stress distribution across the weld, whereas heat
sink thermal tensioning effect is found to be very effective in mitigation of trans-
verse residual stress by almost 66.7%, though combined side heating and heat sink
model is found equally effective for side heating at far away locations. Hence, it can
be said that for collective mitigation effect of longitudinal and transverse residual
stress distribution combined thermal tensioning shows similar effect on thick plate
weld, though it is bit difficult to have same heat sink effect on thick weld plate with
same cooling medium.
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4 Conclusions

In this study, in-process mitigation methods have been discussed to control welding
induced residual stresses in a thick (10 mm) plate weld joint. In-process mitigation
methods were thermo-mechanically modelled for a non-ferritic steels like AISI 304
steel (10 mm thick). The conclusions made on the basis of studies performed are as
follow-

• Side heating processwas found effective on controllingwelding induced distortion
and residual stresses in thick plate weld by balancing the sudden change residual
stress distribution from tensile to compressive across the weld and HAZ region.

• Heat sink thermal tensioning was found appreciably effective, in reducing the
intensity of residual stress peak in the weld and nearby region in the thick plate
weld.

• Heat sink (using cooling water) was found to reduce the peak residual longi-
tudinal stress by almost 30–35% in thick plate weld.

• Finally, it was discovered that combined side heating and heat sink process can
be and effective in-process mitigation method to control residual stress distri-
bution in thick plate weld.
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Phenomenological Modelling of Surface
Morphology in Friction Stir Welding
of Aluminium Alloy

Debtanay Das, Swarup Bag, and Sukhomay Pal

Nomenclature

Ay, Ms, Cs Material constants for the J-C model
e Work-hardening exponent
m Thermal softening coefficient
e Plastic strain
rs Flow stress
_e0 Reference strain rate at 1 s−1

_�e Effective strain rate
Tm Melting point temperature
Tr Reference temperature
T Temperature
Dt Time increment
lmin Minimum element length
c Dilatational wave speed
kL; lL Lame’s coefficient
q Density
xmax Maximum Frequency
n Fraction of critical damping
k Thermal conductivity
_Q Rate of heat generation
C Heat capacity
_T Rate of change of temperature
q Convection heat loss
hconv Coefficient of heat convection
Tambient Ambient temperature
r Radiative heat loss
ee Emissivity
rs Stefan–Boltzmann constant
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1 Introduction

Nearly three decades have passed since the introduction of friction stir welding
(FSW) as a low-temperature welding technique. The core idea behind this method
was to weld the materials below the melting point temperature. Initially, this
method was applied to weld low strength and low melting point aluminium alloys
[1]. After successful application of FSW to low melting point alloys, it is now also
being used to weld relatively high strength alloys with a higher melting point than
that of aluminium alloys such as different grades of steel and Inconel [2, 3]. In the
simplest form, the FSW comprises two components, namely the welding tool and
the workpiece. The workpiece can be divided into three zones based on
microstructural differences, i.e., the stir zone (SZ), the parent material (PM) and the
transitional zone (TZ) between SZ and PM. The TZ comprises the
thermo-mechanically affected zone and the heat-affected zone.

The FSW is a multi-physics problem that encompasses several physical phe-
nomena within itself, like the frictional interaction between the workpiece and the
tool material, thermal interaction between the outer surface of the workpiece and the
surrounding, material mixing and flow within and out of the workpiece [3]. Due to
such complicated nature of the process, this method requires thorough investigation
for several aspects. It is not always feasible to perform multiple experiments to
reach a certain level of confidence concerning an obtained result. Therefore, for
such scenarios, computational modelling should be utilized as a support module of
the actual experimental process. Numerical models have some inherent benefits
making it a widely acceptable choice whenever experimentation is not a viable
option. Moreover, numerical models help to study some phenomena, which are
otherwise extremely difficult to observe in practical cases. Material flow and its
mixing is an integral part of FSW, but its visualization is quite tricky in practical
situations as it can be occurring inside of the workpiece. Numerical models not only
help in material flow visualization, but also useful in cost-cutting and producing
repeatability results. These models can also be used to optimize the tool and fixture
designs, process parameter window, improve joint efficiency and predict the
inconsistencies in the joint, which leads to defect formation. Multiple numerical
methods have been developed and used by the researchers. These methods can be
categorized under the umbrella of either the computational solid mechanics
(CSM) or computational fluid dynamics (CFD) approaches [4].

A basic CFD model considers an Eulerian domain for the workpiece through
which the material flows. The tool is considered to be non-deformable and rigid.
A fluid domain is generally used for the region where the significant material flow
takes place, i.e., the region surrounding the stir zone. For this region, both heat and
momentum equations are solved. The remaining regions in the workpiece do not
observe significant material flow, and therefore, only the heat conduction equation
is solved for these regions. A notable issue with this model is that neither of these
regions follows the combined elasto-viscoplastic behaviour of the material gener-
ally observed in the case of FSW process [5]. It can be argued that the FSW is a

344 D. Das et al.



high strain and high strain rate process [6, 7]. Therefore, it would be a clever
approach to ignore the negligible elastic deformation of 0.002 in favour of larger
incremental time steps [8]. This method significantly helps to lessen the compu-
tational time. The computational domain is divided into multiple sections to rep-
resent the complete FSW system. These sections are the backing plate, the
workpiece and the tool. The workpiece is further divided into a rotating and sta-
tionary mesh. The rotating mesh is the region surrounded by the tool. This region is
considered as a fluid domain for CFD analysis. Adjacent to the rotating mesh is the
stationary mesh that extends throughout the remaining length of the workpiece.
This is used for thermal and flow behaviour modelling of the material escaping out
of the stirred zone. The traverse speed is applied to the material as inlet and outlet
velocities equal to the welding speed. One of the disadvantages of the CFD model
is that it cannot predict residual stresses, which is very important to determine weld
quality and life [9].

CSM method comprises the individual Eulerian approach, the Lagrangian
approach, Coupled Eulerian–Lagrangian (CEL) approach and arbitrary
Lagrangian–Eulerian (ALE) approach. Although these individual approaches are
easier to model, they suffer from certain drawbacks, which can be rectified by the
combination of both of these classical approaches. The Eulerian approach considers
a fixed node which makes modelling free boundaries difficult as the bounding nodes
need not necessarily coincide with the element edges [10]. Thus, modelling of the
plunge stage during FSW with the Eulerian approach is very difficult. Contrary to
the Eulerian approach, the Lagrangian approach considers a moving node. Such an
approach is beneficial for low deformation problems, but during FSW, this model
can suffer from severe node deformation, which makes it difficult for the model to
converge [11]. To compensate for these drawbacks, the best possible approach is
the coupled use of both Lagrangian and Eulerian approaches. Currently, the liter-
ature reveals only two strategies where coupled use of the Lagrangian and Eulerian
approach leads to solution convergence. One of the methods is ALE, where the
mesh is fixed to the workpiece and the nodes represent an individual location in the
material domain. This allows the material to easily distort during the deformation
process. An adaptive remeshing criterion is generally employed by researchers with
ALE to ease the severe deformation issue that might result in non-convergence of
the solution [12]. The second method is the CEL. Although the mathematical
background for the CEL technique was laid as early as 1963 by Noh [13], it was not
until recently this technique was implemented by researchers for the modelling of
FSW process [14]. In this approach, the workpiece is modelled as an Eulerian
domain containing immovable nodes. Inflow and outflow of the material from the
domain indicates the movement of the material in the system. A rigid Lagrangian
body is used to model the FSW tool [15].

Heat generation is one of the most important phenomena during the FSW pro-
cess, where heat is generated because of the friction between the workpiece and the
tool. Different friction laws are used to model the heat generation in the workpiece.
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Coulomb’s friction law predicts the temperature profile more accurately compared
to other friction laws [12]. The heat generation during FSW depends on not only the
friction law but also the size and shape of the welding tool and process parameters
used. Therefore to calculate the total heat generated during FSW, a heat generation
equation as a function of tool radius and process parameters is suggested in the
literature [16, 17]. Although many FSW models only study the heat generation
behaviour, it is not the only phenomenon occur during FSW process. Another
significant aspect of the process is the mixing of material and the flow of the
material. The material flow can be understood with the help of flow stresses.
Therefore, it is of paramount interest to use a material model like the Sheppard–
Wright model [18] or Johnson–Cook model [19] that can help model the flow
stresses in the workpiece. Insufficient flow stresses can lead to insufficient material
flow and improper material mixing results in the generation of defects in the weld
[20]. Another approach that can study the material flow in FSW is the smoothed
particle hydrodynamics (SPH) [21, 22]. This technique is different from the CEL
and ALE approaches due to the fact that it is a meshless technique. The SPH
technique is based on Lagrangian approach and therefore obtaining data at each
node point even with severe deformation is quite simple. This process can be very
easily applied to track free surfaces during FSW and therefore study the various
defects that might occur during the FSW process. Over the years, the researchers
studied the material mixing with the help of tracer particle [23]. It can be used both
experimentally and for numerical prediction. In this case, a tracer particle, which is
different from the base material but similar in properties, is embedded in the path of
tool movement. Studying the final position of the tracers at the end of the weld
gives a clear idea about the material flow and movement in the SZ. However, the
tracking of the tracer particle is a little bit difficult for material mixing at high
rotational speed.

The current work is developed after observing that multiple studies have already
been performed on FSW focusing on the parameter window, thermal model and
material flow. But much focus is not provided on the surface morphology of the
welded sample. It must be recognized that the surface morphology develops
because of the material flow on the workpiece while rotating around the tool. Here,
an attempt has been made to formulate a numerical model following the CEL
approach that predicts the flow of material during FSW process. Further, this study
can be utilized as a precursor to predict the defect due to insufficient material flow.
Moreover, the emphasis is provided on methods such as mass scaling that can be
utilized to speed up the total simulation time. It is a very relevant problem of the
CEL method, which although beneficial over the classical Eulerian method or
Lagrangian method. It is quite notorious for its requirement of substantially high
time to converge for a solution.
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2 Theoretical Formulation

A fully coupled thermo-mechanical model is developed following the CEL
approach to study the FSW process. The workpiece is an Eulerian domain with
fixed mesh, while the tool is a rigid Lagrangian domain. The rotation and linear
velocity boundary condition is applied to the rigid tool. The dimension for the
workpiece is considered as 72 mm � 75 mm � 6.35 mm for the current study. An
ordinary cylindrical tool having a shoulder radius of 9 mm and a featureless pin of
radius 2.5 mm is used. Aluminium alloy is considered as workpiece while tool steel
is used as the tool material. The temperature-dependent physical properties of
Al-6061 aluminium alloy are provided in Table 1. Direct visualization of material
movement is not possible in the CEL approach. Therefore, a separate domain is
fixed on top of the workpiece, i.e., the Eulerian domain consists of two parts,
namely the void domain and the material domain, as shown in Fig. 1. The bottom
domain is the actual workpiece. The top void domain is designed to contain the
flow of material that leads to chip formation.

2.1 Material Model

Plastic deformation occurring during the FSW is captured with the help of a
Johnson–Cook (J-C) material model. It is a rate-dependent viscoplastic material
model. The material constants of Al-6061 for the J-C model are provided in
Table 2. The mathematical representation of the J-C material model is

rs ¼ Ay þMsee
� �

1þCs ln
_�e
_e0

� �� �
1� T� Tr

Tm � Tr

� �m� �
ð1Þ

Table 1 Physical properties of Al 6061 [14]

Temperature
(K)

Thermal
conductivity
(W m−1 K−1)

Poisson’s
ratio

Density
(kg m−3)

Elastic
modulus
(GPa)

Specific
heat (J kg−1

K−1)

298 162 0.33 2690 66.94 945

373 177 0.334 2690 63.21 978

422 184 0.335 2670 61.32 1000

477 192 0.336 2660 56.80 1030

533 201 0.338 2660 51.15 1052

592 207 0.36 2630 47.17 1080

644 217 0.4 2630 43.51 1100

700 229 0.41 2600 28.77 1130
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where rs is flow stress, Ay, Ms, Cs are material dependent constants, e is the
work-hardening exponent, �e and _�e are plastic strain and effective strain rate
respectively, m is the thermal softening coefficient, _e0 is reference strain rate (1 s−1),
Tm and Tr are the melting point and reference temperatures, respectively.

2.2 Mass Scaling and Stability of the Model

One of the most significant disadvantages of the CEL technique is high conver-
gence time. This problem can be rectified with the help of mass scaling. The
artificial increase in the mass of an element is referred to as mass scaling. This
increase in mass leads to an increase in stable time increment. The change in the
time increment due to weight manipulation is based on Eqs. 2 and 3, which are
expressed as:

Dt� lmin

c

� �
ð2Þ

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kL þ 2lL

q

s
ð3Þ

where Dt is the time increment, c is the dilatational wave speed, lmin is the minimum
length of the element, kL and lL are Lame’s constant. On the application of the
mass scaling, i.e., increasing the mass of the model can lead to the fluctuation in the
inertia effects in the model. Therefore, a universal method to ensure that mass

Fig. 1 Arrangement of the workpiece, the tool and the void region for the model

Table 2 Johnson–Cook
material constant for Al-6061
[14, 15]

Ay

(MPa)
Ms

(MPa)
C m e Tr (°

C)
Tm

(°C)

324 114 0.002 1.34 0.42 24 583

348 D. Das et al.



scaling does not have an adverse effect on the model is to compare the internal and
kinetic energy values of the system. The kinetic energy (KE) to the internal energy
(IE) ratio of the system must remain below 5–10% [24].

Implicit integration is a common approach to solve inertia dominated problems.
But, due to the convergence difficulties that might occur in highly nonlinear contact
problems, explicit integration is often preferred [25]. The time increment, in this
case, is only conditionally stable. Thus, the time increment in an undamped case
must satisfy Eq. 4 to achieve stability. The Courant, Friedrichs and Lewy
(CFL) criterion for wave propagation decide the stability condition. It states the
required time for an individual step should be less than the time needed by
dilatational stress waves to pass through the smallest element [25]. The stable time
step for the undamped condition is expressed as:

Dt� 2
xmax

ð4Þ

while with damping the Eq. 4 is modified to:

Dt� 2
xmax

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ n2max

q
� nmax

� �
ð5Þ

where xm is the maximum eigenfrequency of the assembled mesh and nmax is the
critical damping fraction with the highest frequency.

2.3 Boundary Condition and Contact Interaction

During FSW, two different boundary conditions act on the model, i.e., the thermal
and the mechanical boundary conditions. The external surface of the Eulerian
domain is constrained so that material flowing out of the domain can be restricted.
The bottom surface is restricted in the Z-direction to model the effect of the backing
plate during welding. The rotation and translation velocities are both applied to the
rigid tool. The whole process can be divided into three steps, viz. the plunging step,
dwell step and the linear step.

The transient heat equation is solved for the thermal model. The convection and
radiation heat loss from the workpiece are accounted for boundary condition. The
mathematical form of the thermal governing equation and boundary conditions is
given as:

r k Tð ÞrT½ � þ _Q ¼ qC _T ð6Þ

q ¼ hconv T � Tambientð Þ ð7Þ
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r ¼ ee � rs T4 � T4
ambient

	 
 ð8Þ

where C, k(T) and q are temperature-dependent heat capacity, thermal conductivity
and material density, respectively. _Q is the rate of heat generation, _T is the rate of
changing temperature, q is the heat loss due to convection, r is the radiative heat
loss, hconv is coefficient of heat convection,ee is emissivity, rs is Stefan–Boltzmann
constant, Tambient is ambient temperature and T is the varying temperature.

The heat generation during FSW occurs due to tool–workpiece frictional inter-
action. The widely accepted friction law proposed by Coulomb is used to model the
friction contact between the workpiece and the tool. A constant value of 0.4 is used
as the coefficient of friction [1].

3 Results and Discussion

The developed numerical model is validated by comparing the predicted temper-
ature profile with experimental data [26]. The comparison of the experimental and
numerical data is provided in Fig. 2. The numerical data is obtained for the nodes at
half the thickness of the workpiece. The process parameters used for the welding
are a linear speed of 50 mm/min, a rotational speed of 600 rpm and a depth of
plunge as 0.05 mm. The highest temperature predicted on the workpiece on the top
surface is about 520 °C. It must be noted that the temperature rise in FSW is an
indirect phenomenon; i.e., the heat generation is because of the frictional contact
between the tool and the workpiece. Thus, the accurate prediction of temperature
depends significantly on the frictional law and the coefficient of friction used.
Various literature shows the use of different coefficients of friction, generally
ranging between 0.3 and 0.5 [27] because the frictional coefficient and slip rate
cannot be derived by any straightforward method [7]. This can lead to variations in
numerically predicted and experimentally obtained temperature values. The tem-
perature distribution and flow behaviour of FSW process is non-symmetrical as
compared to other conventional welding methods because either side of the weld
centreline observes a slightly different temperature. As shown in Fig. 3, the tem-
perature disparity observed between the advancing and the retreating side is about
5–10 °C. The rotation of the tool results in the deposition of cooler material behind
the tool in the retreating side, while the comparatively hot material is deposited in
the advancing side [28]. Therefore, this temperature difference appears and is more
prevalent near the weld centreline. This temperature difference becomes almost
negligible, moving away from the weld centreline.

Since the FSW process is subjected to different temperatures on the advancing
and retreating sides, this ensures that numerical simulation must be performed for
the complete model rather than one-half of the workpiece as generally done in the
case of arc welding techniques [29, 30]. In addition, the whole solution domain for
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FSW process is computationally expensive. Mass scaling has proven an effective
tool to counteract this problem. The time increment ignoring damping is given
by [31].

Fig. 2 Comparison between simulated and experimentally measured temperature [26]

Fig. 3 Predicted temperature difference between advancing and retreating sides of the workpiece
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Dt�min lmin �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q
kL þ 2lL

r� �
ð9Þ

ninc ¼ ttot=Dt ð10Þ

where ninc is the number of increments required and ttot is the total time. From
Eq. 10, it is understood that either reducing the total time or natural time of the
system can reduce the number of increments or it can be reduced by increasing the
time increment. The first approach is applied by increasing the loading speed. In
case of a quasi-static method, this approach does affect the numerical simulation
significantly. In the current work, we used the second approach of increasing the
increment time. This method has already proved to provide acceptable results
[24, 31]. For the second approach, the time increment is controlled by controlling
the material properties. The material property manipulated here is the density of the
workpiece. From Eq. 9, Dt increases by a factor of x if q is increased by x2. Thus,
effectively reducing ninc by a factor of 1=x. This method of reducing the number of
increments or increasing the stable time is called mass scaling. Mass scaling is used
with rate-dependent problems. The only point of concern is that it should not be so
high that inertia forces start dominating. To ensure that the assumed mass scaling is
not adversely affecting the obtained result, the ratio of kinetic to internal energy
must be below 10% [24]. We have adopted a uniform mass scaling with a factor of
107. The ratio of the kinetic energy to internal energy is shown for the first two
stages of FSW in Fig. 4. The highest value achieved is little above 2%, which is
well within the acceptable range. This shows that the internal energy of the system
remains much higher compared to the kinetic energy, meaning that the FSW
remains a quasi-static process even when we are using a mass scaling factor of 107,
which can also be corroborated from the independent work of Zhang and Zhang
[24]. This opens the possibility of using mass scaling approach for FSW simulation
considering it to be a quasi-static process. Moreover, it is observed that a sudden
spike in the ratio value occurs as the tool shoulder ultimately touches the workpiece
resulting in a sudden temperature rise. Although there is a spike at the beginning of
the dwell stage, it is still within the acceptable limit.

To study the change in the surface morphology of Al-6061, a workpiece with
dimension 240 mm � 140 mm � 4 mm is used. The tool moves with a linear speed
of 90 mm/min and rotates at 1200 rpm. Plunging depth is kept low at 0.05 mm.
Change in the surface morphology of the workpiece with the progress of tool
traverse can be observed in Fig. 5. We can follow a small bulging out of the
workpiece at the back of the tool when the tool is inserted into the workpiece. This
bulge appears due to the pushing of the material behind the tool. From Figs. 5 and
6, it is observed that the temperature of the chip is almost equal to the base material.
Chip formation is a surface defect appearing during the FSW process due to
excessive heat generation. Generally, the chip formation is more pronounced when
the tool rotating speed is comparatively higher than the tool traverse speed. In such
a condition, the workpiece gets into a hot metal processing condition aiding in
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severe plastic deformation. The rise in temperature also reduces the flow stress of
the material, especially in the stirred zone. These factors, viz. high temperature,
high plastic deformation and lower flow stresses, lead to the expulsion of the
material out the stir zone in the form of a chip. Figure 6 shows the image of the chip
formation at the end of the weld. It is evident from the image that the chip formation
is more continuous on the advancing side than the retreating side. Low plunge
depth in the present work can be a reason for the discontinuous chip on the
retreating side. It is evident from Fig. 3 that the advancing side observes a higher
temperature than the retreating side. This difference in temperature may arise from
the disparity of the plastic work done between the advancing and the retreating
sides. This can be observed from Figs. 7 and 8. Figures 7a and 8a show the
cross-sectional view of plastic strain and equivalent plastic strain at the beginning of
the traverse stage. It can be observed from the figure that the plastic strain distri-
bution is almost equally spaced in the advancing and retreating sides at the initiation
of the welding step. This changes by the end of the welding, when the plastic strain
and equivalent plastic strain are more widely spread and have a higher value on the
advancing side than the retreating side. It is observed in Figs. 7b and 8b. Imam
et al. [32] made a similar observation for Al 5083 alloy. Moreover, the width of the
plastic distribution is broader towards the top of the workpiece, i.e. where the tool
shoulder contacts the workpiece. In contrast, the distribution becomes sufficiently
narrow with the increase in workpiece depth. This observation concurs with the
general FSW process, where severe plastic deformation is observed near the tool–
workpiece interaction.

Fig. 4 Kinetic energy and internal energy ratio distribution with step time during the plunge and
dwell step with a mass scaling factor of 107

Phenomenological Modelling of Surface Morphology … 353



Fig. 5 Evolution of chip morphology and temperature contours (°C) during the FSW process at
a 25 s and b 80 s

Fig. 6 Surface morphology and temperature contours (°C) during FSW on both advancing and
retreating sides

Fig. 7 Plastic strain distribution at a beginning of traverse stage and b end of the traverse stage
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4 Conclusions

A coupled Eulerian and Lagrangian model is successfully developed to study the
various features of the FSW process. The developed model is capable of predicting
both temperature distribution and material flow in the weld zone. This work
describes the change in surface morphology observed during the FSW process. In
addition, the model predicts the stress and strain distributions appearing in the
solution domain. Chip formation, a vital aspect of the FSW process, is analysed
using this method. With less plunge depth, the chip formation is less and discon-
tinuous. Thermal analysis predicts a temperature difference of about 10 °C between
the advancing and the retreating sides. In CEL approach, the computational cost is
reduced by using mass scaling method while not affecting the results adversely such
that the FSW process can be considered as a quasi-static process. An apparent
variation in plastic strain distribution is observed on the advancing and retreating
sides of the workpiece. Similar non-uniform distribution of strain is also observed
along with the depth of the workpiece.
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A Numerical Model for Piezoelectric
Beam with Graded Properties

Pankaj Sharma

1 Introduction

Functionally graded materials (FGMs) are the efficient materials in comparison with
other conventional materials. In previous decades, the smart structures are used
piezoelectric materials [1]. But there were certain restrictions of piezoelectric
materials. Due to mitigate the certain restrictions, the functionally graded piezo-
electric materials (FGPMs) have been introduced [2–4]. FGPMs are the combina-
tion of functionally graded materials and piezoelectric materials. In the present
scenario, the FGPMs are used in several engineering applications. The functionally
graded piezoelectric materials (FGPMs) are the advanced materials which have
been used in design of smart structures, sensors, atomic force microscope, actuators
medical imaging and ultrasound [5, 6].

2 Literature Survey

The different mathematical theories are used to analyze the vibration characteristics
of piezoelectric beam with graded properties. The Euler–Bernoulli theory is used
for thin beams, and Timoshenko beam theory is employed for study of thick beams
with consideration of shear correction factor. Yang et al. [7] used Timoshenko
beam theory to predict the modal behavior of FGPM beam. Li et al. [8] adopted
three-dimensional theory to calculate the natural frequencies of FGPM beam. The
Euler–Bernoulli beam theory was used by the Armin et al. [9] to evaluate the
resonant frequencies of FGM beam with graded properties. The first shear defor-
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mation theory is employed by Doroushi et al. [10] to analyze the free vibration
behavior of FGPM beam. The same authors solved the same problem using
higher-order shear deformation theory [11]. Yao et al. [12] studied force vibration
analysis of FGPM beam using modified Timoshenko beam theory. The static and
dynamic analysis of FGPM beam using Timoshenko beam theory was given by
Lezgy-Nazargah et al. [13]. Using three-dimensional theory, Pandey et al. [14]
studied of FGPM beam under electromechanical loads. Li et al. [15] derived the
formulation for FGPM beam using strain gradient theory. Parashar et al. [16]
studied free vibration behavior of axially polarized FGPM using modified
Timoshenko beam theory. Using the same theory, Pankaj et al. [17] gave the exact
solution of flexural modal behavior of axially polarized FGPM beam. Sharma et al.
[18] used first-order shear deformation theory to predict the natural frequencies of
FGPM annular plate. The Timoshenko beam theory was used by the same author to
study the vibration analysis of thickness polarized FGPM beam using Harmonic
differential quadrature method [19]. The detail study of FGPM beam is available
with the literature [20]. As review from the literature, it revealed that the different
theories are employed to evaluate the natural frequencies of FGPM beam. The
Euler–Bernoulli theory is used for thin beams, and Timoshenko beam theory is
employed for study of thick beams. A new theory is introduced called refined
trigonometric shear deformation theory which does not required the shear correc-
tion factor to analyze the modal study of axially polarized FGPM beam.

To the author’s best knowledge, the vibration analysis of axially polarized
FGPM beam using trigonometric shear deformation theory is not available in the
literature. The material properties are assumed to be varied continuously in the
thickness direction according to power law distribution. The energy principle is
used to derive the equations of motion using refined trigonometric shear defor-
mation theory. The approximate efficient numerical technique called generalized
differential quadrature (GDQ) is adopted to convert the partial derivative equations
to linear algebraic equations. The vibration behavior of axially polarized FGPM
beam is analyzed under clamped-clamped boundary condition. Finally, the linear
algebraic equations along with available boundary conditions are solved using
MATLAB tool. It is observed that the refined trigonometric shear deformation
theory is given accurate results for thin and thick beams.

3 Modeling of FGPM Beam

In this study, the geometry of axially polarized FGPM beam model is shown in
Fig. 1. The length, width, and thickness of the beam are represented by l, b, and h,
respectively. The beam is polarized in the direction of length. The extreme left and
extreme right faces are clamped. When a single electric alternating current pulse is
given to this beam and then short-circuited; i.e., the external voltage magnitude is
maintained at zero value, the thickness mode vibrations are observed.
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As per the rule of power law, the material properties at any location in the
thickness direction can be obtained using [20].

n x1ð Þ ¼ nul
2x1 þ h
2h

� �n

þ nl ð1Þ

where nul ¼ nu � nl and nu, nl are the constants at the top and the bottom surfaces,
respectively. The power exponent is represented by n. The displacement compo-
nents are written according to refined trigonometric shear deformation theory as
follows

u ¼ u x3; tð Þ ð2Þ

w ¼ �x1w;3 þ h
p
sin

px1
h

w x3; tð Þ ð3Þ

Here w is axial displacement, whereas the transverse displacement is denoted by
u. The rotation is represented by w:

Now the normal strain (k3) is written as

k3 ¼ w;3 ð4Þ

and the shear strain (k 5) can be obtained as

k5 ¼ u;3 þw;1 ð5Þ

The electric potential (U) can be written as [20].

U x1; x3; tð Þ ¼ � sin
2px1
h

� �
u x3; tð Þþ V

h
x1cos Utð Þ ð6Þ

The electric field induced in x1- and x3-directions is expressed as E1 and E3,

respectively, which are given as

Fig. 1 Geometry of FGPM
beam
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E1 ¼ �U;1 ð7Þ

E3 ¼ �U;3 ð8Þ

Now the normal stress induced in the beam is T3 which is written as [16].

T3 ¼ c33k3 � e33E3 ð9Þ

The shear stress (T5) could be written as [16].

T5 ¼ c55k5 � e15E1 ð10Þ

Here c33; c55 are the stiffness coefficients and e33, e15 are the piezoelectric
coupling coefficients. The dielectric displacements (D1 and D3) are described as
[16].

D1 ¼ e15k5 þ e11E1 ð11Þ

D3 ¼ e33k3 þ e33E3 ð12Þ

Here e11 and e33 are the dielectric constants for piezoelectric material.
The energy term enthalpy (H) can be expressed as

Ta ¼ @H
@ka

ð13Þ

Here a = 3, 5
The dielectric displacement can be written as

Di ¼ � @H
@Ei

ð14Þ

Here i = 1, 3.
The energy term called kinetic energy (j) can be expressed as

j ¼ 1
2

Z
v

q _u2 þ _w2� �
dv ð15Þ

The Hamilton energy principle is used to derive the equations of motion as
written as

d
Zt1
t0

Ldtþ
Zt1
t0

dWdt ¼ 0 ð16Þ
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The relation between Lagrangian (L) function and energy terms is as follows

L ¼
Z
v

j� Hð Þdv ð17Þ

In this study, the term virtual work done ðWÞ is taken as zero. Substitute
Eqs. (13–15) in Eq. (16), the equations of motion are obtained as

�F11u03333 þF12w0333 þF13u033 ¼ �I0€u033 � I2€w03 � I3€u ð18Þ

�F12u0333 þF55w033 � G33 � G11ð Þu03 � F15w ¼ I2€u03 þ I1€w ð19Þ

F13u033 þ G11 � G33ð Þw033 � G16u033 þG66u ¼ 0 ð20Þ

The constants available in Eqs. (18–20) are listed here

F11 ¼
Z h

2

�h
2

c11x
2
1dx1

F15 ¼
Z h

2

�h
2

c55 cos cos
px1
h

� �2
dx1

F12 ¼ h
p

Z h
2

�h
2

c11x1 sin sin
px1
h

� �
dx1

G11 ¼ 2
Z h

2

�h
2

e31 sin sin
px1
h

� �
cos cos

2px1
h

� �
dx1

F55 ¼ h2

p2

Z h
2

�h
2

c11 sin sin
px1
h

� �2
dx1

G16 ¼
Z h

2

�h
2

2s
11 sin sin

2px1
h

� �
dx1

G66 ¼ 4p2

h2

Z h
2

�h
2

233 cos cos
2px1
h

� �2

dx1

I2 ¼ � h
p

Z h
2

�h
2

q sin sin
px1
h

� �
x1dx1
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I0 ¼
Z h

2

�h
2

qx21dx1

I1 ¼ h2

p2

Z h
2

�h
2

q sin sin
px1
h

� �2
dx1

F13 ¼ � 2p
h

Z h
2

�h
2

e31x1 cos cos
2px1
h

� �
x1dx1

G33 ¼
Z h

2

�h
2

e15 sin sin
2px1
h

� �
cos cos

px1
h

� �
dx1

The clamped-clamped boundary condition can be written as u = 0, w = 0 at the
extreme left and the extreme right faces.

4 Numerical Technique

The efficient numerical technique called “generalized differential quadrature
(GDQ)” method is adopted in this work. The partial derivative equations are
converted into linear algebraic equations by using this method. Finally, the
MATLAB tool is used to calculate the natural frequencies of the beam.

Bellman et al. [21] introduced the concept of differential quadrature method in
1971. As per this method, the rth order partial derivative of a function f ðaÞ at a grid
point i is approximated as written as

f rð Þ
;a aið Þ ¼

XN

j¼1
l rð Þ
ij f aj

� � ð21Þ

where i represents the internal grid points and l rð Þ
ij is the weighting coefficients for

rth order derivative. N is the total number of grid points. The weighting coefficients

for first order derivative l 1ð Þ
ij are calculated as

l 1ð Þ
ij ¼ H 1ð Þ aið Þ

ai � aj
� �

H 1ð Þ aj
� � ð22Þ

All above-weighting coefficients are the non-diagonal elements of a matrix. But

the diagonal elements l 1ð Þ
ii are evaluated as [22].

l 1ð Þ
ii ¼ �

XN

j¼1;j 6¼i
l 1ð Þ
ij ð23Þ
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The primary function H að Þ according to GDQ method can be expressed as

H að Þ ¼
YN

j¼1
a� aj
� � ð24Þ

The first order derivative of primary function H(1) could be obtained as

Hð1Þ ¼
YN

j¼1;j6¼k
ak � aj
� � ð25Þ

In general, the weighting coefficients for rth order derivate are obtained as

l rð Þ
ij ¼ r l r�1ð Þ

ii l 1ð Þ
ij � l r�1ð Þ

ij

ai � aj
� �

" #
ð26Þ

The diagonal terms can be calculated as

l rð Þ
ii ¼ �

XN

j¼1;j 6¼i
l rð Þ
ij ð27Þ

The grid points can be written as [22].

ai ¼ � 1
2

cos cos
i� 1ð Þp
N � 1ð Þ

� 	
ð28Þ

i = 1, 2, 3….. N.
Now Eqs. (18–20) can be written as per GDQ method with substituting u ¼ u

eixt, w ¼ weixt and u ¼ ueixt

�F11
PN
j¼1

l 4ð Þ
ij uj þF12

PN
j¼1

l 3ð Þ
ij wj þF13

PN
j¼1

l 2ð Þ
ij uj

¼ �I0x2 PN
j¼1

l 2ð Þ
ij uj � I2x2 PN

j¼1
l 1ð Þ
ij wj � I3x2ui

ð29Þ

�F12
PN
j¼1

l 3ð Þ
ij uj þF55

PN
j¼1

l 2ð Þ
ij wj � G33 � G11ð ÞPN

j¼1
l 1ð Þ
ij uj � F15wi

¼ I2x2 PN
j¼1

l 1ð Þ
ij uj þ I1x2

j wi

ð30Þ

F13

XN
j¼1

l 2ð Þ
ij uj þ G11 � G33ð Þ

XN
j¼1

l 2ð Þ
ij wj � G16

XN
j¼1

l 2ð Þ
ij uj þG66ui ¼ 0 ð31Þ

Here i = 2, 3, …, N−1.
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The boundary conditions are descretized as

ui ¼ 0 for i� 1;Nandwi ¼ 0 for i ¼ 1;N ð32Þ

Now substituting Eq. (32) in Eqs. (29–31), the equations of motion are available
in the following form

X� 4p2f 2M ¼ 0 ð33Þ

Here X is the stiffness matrix, M represents the inertia matrix, and f is the natural
frequency.

5 Numerical Results and Discussions

5.1 Convergence Study

The natural frequencies ðf Þ of axially polarized FGPM beam using refined
trigonometric shear deformation theory are reported here. The material properties
and beam composition are taken from [7]. The clamped-clamped boundary con-

dition is used in this study. The non-dimension frequency ðf
_
Þ is calculated by

ðf
_
Þ ¼ 2pfl

ffiffiffiffiffi
q
c11

q
.

Here f is the natural frequency in Hz. Figure 2 shows the effect of number of
sampling points on non-dimensional frequency of FGPM beam (l = 20 mm and
h = 1 mm). It can be observed that the twelve grid points are sufficient to achieve
well convergence. Therefore, twelve grid points are used to compute the results in
further study.

Fig. 2 Variation in
non-dimensional frequency of
axially polarized FGPM beam
with number of sampling
points (l = 20 mm and
h = 1 mm)
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5.2 Validation Study

The refine trigonometric shear deformation theory is used in this work to evaluate
the modal characteristics of FGPM beam. So results are compared with previous
published work in which modified Timoshenko theory was employed [16] which

are displayed in Table 1. The non-dimensional frequency ðf
_
Þ is calculated by using

f
_
¼ 2pfh

ffiffiffiffiffi
q
c55

q
. It is revealed that the results are very close to the results obtained in

the literature [16].

5.3 Parametric Study

Now the parametric study is carried out. The first two non-dimensional frequencies
are given for different lengths of the beam for different power exponent values
displayed in Table 2. It is revealed that the natural frequency decreases with
increase in the value of length. It can be observed that the frequencies decrease with
increase in volume fraction exponents.

Table 1 Comparison of natural frequencies of FGPM beam using two different theories
Timoshenko beam theory (TBT) and trigonometric shear deformation theory (TSBT)

Frequency ðf
_
Þ n = 0 n = 1 n = 2

l = 7 mm, h = 1 mm

TBT [16] TSDT TBT [16] TSDT TBT [16] TSDT

I 0.1902 0.1900 0.1802 0.1800 0.1782 0.1789

II 0.4611 0.4598 0.4391 0.4396 0.4343 0.4401

l = 15 mm, h = 1 mm

I 0.0449 0.0501 0.0422 0.0431 0.0417 0.0421

II 0.1194 0.1201 0.1125 0.1123 0.1111 0.1121

l = 25 mm, h = 1 mm

I 0.0164 0.0166 0.0154 0.0159 0.0152 0.0157

II 0.0446 0.0449 0.0419 0.0422 0.0414 0.0412
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Figure 3 displays the effect of power exponent on first two lower order natural
frequencies for length l = 6 mm and h = 1 mm. It can be seen that the natural
frequencies are decreased with increase in power exponents.

6 Summary and Conclusion

The vibration analysis of axially polarized FGPM beam is studied. The refined
trigonometric shear deformation theory is used in this work. For this theory, no
shear correction factor is needed. The material properties are assumed to be varied
continuously in the thickness direction. The energy principle is used to derive the
equations of motion. The approximate efficient numerical technique called gener-
alized differential quadrature (GDQ) is used to convert the partial derivative
equations of motion into linear algebraic equations. The vibration behavior of
axially polarized FGPM beam is analyzed under clamped-clamped boundary

Table 2 First two
non-dimensional frequencies
of FGPM beam under
clamped-clamped boundary
condition with different power
exponents n = 0.5, 1.5, 9

Frequency ðf
_
Þ n = 0.5 n = 1.5 n = 9

L = 26 mm, h = 1 mm

I 0.2548 0.2385 0.2276

II 0.6927 0.6491 0.6198

L = 7 mm, h = 1 mm

I 0.8909 0.7999 0.7909

II 2.1005 2.0011 1.9331

L = 6 mm, h = 1 mm

I 0.9001 0.8512 0.8101

II 2.111 2.0299 1.959

Fig. 3 Effect of power
exponent on first two lower
order non-dimensional
frequency of an FGPM beam
(l = 6 mm, h = 1 mm)
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condition. Finally, the linear algebraic equations along with available boundary
conditions are solved with the help of through MATLAB tool. It is observed that
the refined trigonometric shear deformation theory is given accurate and compa-
rable results without consideration of shear correction factor. It is revealed that the
natural frequency decreases with increase in the value of length. It can be observed
that the frequencies decrease with increase in volume fraction exponents. This
theory could be used to study of modal behavior of FGPM thin and FGPM thick
beams without consideration of shear correction factor.

References

1. Yang J (2005) An introduction to the theory of piezoelectricity. Springer, New York, NY.
https://doi.org/10.1007/978-3-030-03137-4

2. Chi S-H, Chung Y-L (2006) Mechanical behavior of functionally graded material plates under
transverse load—Part I: Analysis. Int J Solids Struct 43(13):3657–3674

3. Uchino K (1996) Piezoelectric actuators and ultrasonic motors. Springer, ISBN:
978-1-4612-8638-7

4. Zhu X, Meng Z (1995) Operational principle, fabrication and displacement characteristics of a
functionally gradient piezoelectric ceramic actuator. Sens Actuators, A 48(3):169–176

5. Wu CC, Kahn M, Moy W (1996) Piezoelectric ceramics with functional gradients: a new
application in material design. J Am Ceram Soc 79(3):809–812

6. Rubio W, Montealegre S, Vatanabe L, Paulino GH, Silva ECN (2011) Functionally graded
piezoelectric material systems–a multiphysics perspective. Computational Chemistry of Solid
State Materials

7. Yang J, Xiang HJ (2007) Thermo-electro-mechanical characteristics of functionally graded
piezoelectric actuators. Smart Mater Struct 16(3):784

8. Li Y, Shi Z (2009) Free vibration of a functionally graded piezoelectric beam via state-space
based differential quadrature. Compos Struct 87(3):257–264

9. Armin A, Behjat B, Abbasi M, Eslami MR (2010) Finite element analysis of functionally
graded piezoelectric beams, 45–72

10. Doroushi A, Akbarzadeh AH, Eslami MR (2010) Dynamic analysis of functionally graded
piezoelectric material beam using the hybrid Fourier-Laplace transform method. Engineering
Systems Design and Analysis 49156:475–483

11. Doroushi A, Eslami MR, Komeili A (2011) Vibration analysis and transient response of an
FGPM beam under thermo-electro-mechanical loads using higher-order shear deformation
theory. J Intell Mater Syst Struct 22(3):231–243

12. Yao RX, Shi ZF (2011) Steady-state forced vibration of functionally graded piezoelectric
beams. J Intell Mater Syst Struct 22(8):769–779

13. Lezgy-Nazargah M, Vidal P, Polit O (2013) An efficient finite element model for static and
dynamic analyses of functionally graded piezoelectric beams. Compos Struct 104:71–84

14. Pandey VB, Parashar SK (2016) Static bending and dynamic analysis of functionally graded
piezoelectric beam subjected to electromechanical loads. Proceedings of the Institution of
Mechanical Engineers, Part C: Journal of Mechanical Engineering Science 230(19):3457–
3469

15. Li YS, Feng WJ, Cai ZY (2014) Bending and free vibration of functionally graded
piezoelectric beam based on modified strain gradient theory. Compos Struct 115:41–50

16. Parashar SK, Sharma P (2016) Modal analysis of shear-induced flexural vibration of FGPM
beam using Generalized Differential Quadrature method. Compos Struct 139:222–232.
https://doi.org/10.1016/j.compstruct.2015.12.012

A Numerical Model for Piezoelectric Beam … 369

http://dx.doi.org/10.1007/978-3-030-03137-4
http://dx.doi.org/10.1016/j.compstruct.2015.12.012


17. Sharma P, Parashar SP (2016) Exact analytical solution of shear-induced flexural vibration of
functionally graded piezoelectric beam. In: AIP conference proceedings, vol. 1728, no. 1,
p. 020167. AIP Publishing LLC, https://doi.org/10.1063/1.494621817

18. Sharma P, Parashar SK (2016) Free vibration analysis of shear-induced flexural vibration of
FGPM annular plate using generalized differential quadrature method. Compos Struct
155:213–222. https://doi.org/10.1016/j.compstruct.2016.07.077

19. Sharma P (2018) Efficacy of Harmonic Differential Quadrature method to vibration analysis
of FGPM beam. Compos Struct 189:107–116. https://doi.org/10.1016/j.compstruct.2018.01.
059

20. Sharma P (2019) Vibration analysis of functionally graded piezoelectric actuators. Springer,
New York, NY. https://doi.org/10.1007/978-981-13-3717-8

21. Shu C (2012) Differential quadrature and its application in engineering. Springer. https://doi.
org/10.1007/978-1-4471-0407-0

22. Bellman R, Kashef BG, Casti J (1972) Differential quadrature: a technique for the rapid
solution of nonlinear partial differential equations. J Comput Phys 10(1):40–52

370 P. Sharma

http://dx.doi.org/10.1063/1.494621817
http://dx.doi.org/10.1016/j.compstruct.2016.07.077
http://dx.doi.org/10.1016/j.compstruct.2018.01.059
http://dx.doi.org/10.1016/j.compstruct.2018.01.059
http://dx.doi.org/10.1007/978-981-13-3717-8
http://dx.doi.org/10.1007/978-1-4471-0407-0
http://dx.doi.org/10.1007/978-1-4471-0407-0


Design and Analysis of Microgripper
Using COMSOL for Drug Delivery
Applications

Murugappan Elango and Adithyan Annamalai

1 Introduction

Gripping and manipulating micro-objects are required for a wide range of important
applications such as the assembly of micro-parts to obtain miniature systems or
component assembly in electronics packages [1]. A good micromanipulator should
grasp objects of different orientations in a sturdy way to achieve high positioning
accuracy. The manipulators must control grasping forces in order to prevent any
damage to micro-sized objects.

The model discussed in our paper is a piezoelectrically actuated microgripper
with mechanical contact. The microgripper contains a piezoelectric actuator that
operates in the longitudinal mode. Elongation in the longitudinal direction creates a
lifting movement to the structure. Microgrippers have effective applications in
manufacturing industry, drug delivery and materials research.

Boudaoud et al. [2] described a modelling approach of a MEMS-based micro-
gripper with integrated force sensor while handling micro-glass balls of 80 lm
diameter. A state-space representation was developed to couple both the dynamics
of the actuation and sensing subsystems of the gripper through the stiffness of the
manipulated object. Bank [3] presented the design (mechanical and electrical
structure) of a novel interaction force sensor, in which a microgripper can be easily
integrated. The mechanical and electrical study was carried out for the development
of the interaction force sensor according to typical requirements in micro-handling.
Dechev et al. [4] developed a system to create joints between micro-parts that can
be in-plane or out-of-plane with respect to the substrate. This system could
accommodate micro-parts of different shapes, micro-parts fabricated from different
materials and could also combine micro-parts from multiple chips to assemble a
single microstructure.
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Tamadazte et al. [5] developed a gripper having 4-DOF thereby allowing open–
close motions as well as up–down motions. It was based on piezoelectric actuators
which consisted two parallel piezoceramic PZT PIC 151 bimorphs. Feng et al. [6]
delineated a linear micro-actuator having positive properties like high response and
displacement. They can be used in microsatellite remote sensing applications. The
prototype was developed using a non-silicon process. The authors could finally
realize a bi-stable mechanism having a response time of 0.96 ms [7] designed a
microgripper that can effectively grip objects having a diameter of 80 µm. In fact, a
thermal force sensor was embedded on the arms of the microgripper. The thermal
force sensor besides preventing the gripped object from getting damaged also has
high resolution and large measurement range.

Martinez and Panepucci [8] modelled polymer-based grippers having parallel
displacement geometry meant to operate objects having a diametrical range of
5–50 lm. Piezoelectric and mechanical actuation systems were employed and
simulated. Researchers focused on different types of microgripper, namely elec-
trostatic microgripper, piezoelectric microgripper, thermal microgripper and shape
memory alloy microgripper. Among all these types, piezoelectric microgripper has
advantageous properties like high power density, high speed, extremely high effi-
ciency and low temperature sensitivity. So, this paper focused on the performance
improvement of piezoelectric microgripper. Varona et al. [9] designed a micro-
gripper revolving around the concept of parallel plate electrostatic actuation. This
type of actuator, owing to its compact nature can effectively be used in micro-
robotics and biomedical applications.

The key parameters affecting the performance of microgrippers are delineated in
[10]. They are: material used, gripping range, base material, piezo material, contact
pressure analysis and stress distribution. Based on the above parameters, our
microgripper is designed and simulated using COMSOL Multiphysics package.

2 Gripper Modelling

A microgripper is one of the key elements in drug delivery applications for handling
micro-objects (tablets, capsules, soft gelatin capsules, suspensions, elixirs) safely.
An essential component of all microgrippers is the actuator, which offers the desired
applied force thereby making it operate as a gripper. In this project, the piezoelectric
actuator is used. 2D and 3D elements are used to model the microgripper mecha-
nism and predict the amplification ratio, stress concentration and displacements of
the microgripper mechanism.

The existing design as depicted in [4] is modelled using COMSOL. Polysilicon
is chosen as the base material. Figure 1 shows the existing model of the micro-
gripper. This model emulates the standards of a piezoelectrically actuated micro-
gripper with mechanical contact. This microgripper contains a piezoelectric actuator
that operates in longitudinal mode. Elongation in the longitudinal direction creates a
lifting movement to the structure. There are two arms in the microgripper and its
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dimensions are delineated in Fig. 1 The centre actuation piezo material is used to
close and open the arms of the microgripper.

In Fig. 2, the geometry of the existing microgripper arm has been modified by
employing a V-shaped inclusion on both arms. The material and other properties
are the same as that of model 1, discussed in Fig. 1. The dimensions of the arms of
the microgripper are reduced compared to model 1 as shown in Fig. 2.

Fig. 2 Microgripper model 2 with arm modification

Fig. 1 Microgripper model 1 with straight arm
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3 Simulation

The effectiveness of the gripper depends on nature various materialistic and design
parameters. Three-dimensional simulations are the key to determine the rigidity of
the proposed designs and thereby finally enlisting the structural and layout
parameters. Also, the accidental off-plane actuation, an ensuing result of
non-planarity of the motion is addressed in the design. This would enforce a
pushing action once the gripper is open. The design is simulated using COMSOL
Multiphysics software. For both the designs, the base material is chosen as
polysilicon and the piezo material is chosen as lead zirconate. The boundary con-
ditions considered are fixed and ground. Triangular meshing is used to run the
simulation.

3.1 Base Material Analysis

Four plausible base materials were chosen for analysis, namely polysilicon, silicon,
silicon oxide and silicon nitride. They were analysed and the material showing
highest displacement properties was concluded to silicon nitride as detailed in
Table 1. Figures 3, 4, 5 and 6 show the modified gripper design modelled using
various base materials. Also, a plot showing the displacement values pertaining to
the gripper with the four base materials is shown in Fig. 7.

3.2 Piezoelectric Material Analysis

Three piezo materials that are commonly used in the previously modelled micro-
grippers were considered for analysis. The materials considered are zinc oxide,
aluminium nitride and lead zirconate. Analysis was done to find the displacement
values of the microgripper when different piezo materials were used as shown in
Figs. 8, 9 and 10. Lead zirconate exhibits the highest displacement value when used
as piezo material in microgrippers. Table 2 shows the displacement values of
microgripper when zinc oxide, aluminium nitride and lead zirconate are used as the
piezo materials.

Table 1 Displacement
values of gripper modelled
using different materials

S. No. Base material Displacement (x e−5) (µm)

1 Polysilicon 2.9731

2 Silicon 2.9721

3 Silicon oxide 2.996

4 Silicon nitride 3.012
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Fig. 4 Displacement analysis for base material silicon

Fig. 3 Displacement analysis for base material polysilicon
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Fig. 5 Displacement analysis for base material silicon oxide

Fig. 6 Displacement analysis for base material silicon nitride
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Fig. 7 Displacement values for various materials

Fig. 8 Displacement analysis for piezo material zinc oxide
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Fig. 9 Displacement analysis for piezo material aluminium nitride

Fig. 10 Displacement analysis for piezo material lead zirconate
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3.3 Contact Pressure Analysis

The contact pressure of the new design was compared with that of the existing
design. The contact pressure of the new design increased by 28% from
2.8723 � 106 N/m2 to 3.7004 � 106 N/m2. Thus, the new design could hold
components more effectively than the existing design owing to the increased
contact pressure. The contact pressure of the new design and the existing design is
shown in Figs. 11 and 12.

Table 2 Displacement
values of gripper modelled
using different piezo materials

S. No. Piezo material Displacement (µm)

1 Zinc oxide 0.0814

2 Aluminium nitride 0.0369

3 Lead zirconate 3.012

Fig. 11 Contact pressure of the existing design
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3.4 Gap Distance Analysis

Gap distance is the distance between the holding protrusions. An analysis was done
aimed to measure the gap distance in the existing and modified design. It could be
inferred from Figs. 13 and 14 that the gap distance in the modified experienced a
31% decrease from 0.1468 µm to 0.1114 µm. This decrease could effectively
increase the efficiency of the gripper in holding minuscule sized objects. This
decrease in gap also serves as the primitive reason behind the increase in contact
pressure.

Fig. 12 Contact pressure of the new design
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3.5 Stress Distribution Analysis

Stress distribution analysis is performed on the modified and the existing design. It
is evident from Figs. 15 and 16 that there was no significant difference in the stress
values in the modified design.

Fig. 13 Gap distance including offsets in the current design
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4 Conclusion

Design and analysis of a microgripper for micro-electromechanical systems
(MEMS) applications were performed using COMSOL 4.2. From the simulation
results, it could be found that a maximum displacement value of 30 µm, contact
pressure value of, 3.7004e6 N/m2 can be achieved by utilizing silicon nitride as the
base material and lead zirconate as the piezoelectric material. The contact pressure
increase was attributed to the decrease in gap distance between the holding

Fig. 14 Gap distance including offsets in the current design
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Fig. 15 Stress distribution in the current design

Fig. 16 Stress distribution in the modified design
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protrusions. Also, there was minimal change in stress distribution throughout the
microgripper system of the modified design. This work could also be extended to
other microgrippers used in varied applications.
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Automated Modeling of Swaged
Reissner–Mindlin Plates Using FEniCS

G. Verma , S. Sengupta , S. Mammen, and S. Bhattacharya

1 Introduction

Swaging process is frequently used to connect thin plates to comparatively thicker
orthogonal plates in parallel plate-type fuel assemblies. This is done as welding and
other such processes cannot be performed either due to limitation of space or
because of functionality. This type of joining technique helps in maintaining a
compact core in order to obtain high neutron flux. In this process, the thin fuel
plates are swaged to the comparably thick orthogonal plates by inserting them into
the corresponding slots and roll swaging it. A CFCF-type edge condition is
established for the plates where all the translational movements are constrained and
except one (along the axis parallel to the swage joint), and all other rotational
movements are restricted [1–5]. Caresta and Wassink [3, 4] suggested that for small
rotations, a perfect swage joint can be modeled using torsional springs whose
stiffness is depended on the quality of swage joint.

In the present work, FEniCS package is used to model this swaged joint of thin
Reissner–Mindlin plates using its automated computational modeling approach
(Fig. 1). This modeling technique is benchmarked by comparing its modal char-
acteristics to that of a finite element model created in a commercial code for
different boundary conditions and further validating and comparing with the works
of Caresta and Wassink [3, 4]. Mesh sensitivity analysis is performed by varying
the number of discretized elements and the order of the interpolating polynomial.
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2 Formulation for Thin Swaged Reissner–Mindlin Plate

2.1 Finite Element Formulation of the Reissner–Mindlin
Plate [5, 6]

For an isotropic Reissner–Mindlin thin plate of thickness h and edge lengths a and
b under bending, the neutral surface belongs to domain X � R2 as shown in Fig. 2.
The transverse deflection w and the rotation of the neutral surface along y-axis and

x-axis are given by b ¼ bx by
� �T

. The vector unknown in the neutral axis is
given by u.

u ¼
w
bx
by

2
4

3
5 ð1Þ

The deflected plate curvature j and the shear strain c are given as,

j ¼ Ldb ð2Þ

c ¼ rw þ b ð3Þ

where Ld is a differential operator matrix given as (Fig. 3).

FEniCS 
Application DOLFIN

UFC

FFC

UFL

FIAT

Instant

FErari

Applications

Interface

Core Components

GMP

External Libraries

uBLAS

PETSc

NumPy

SLEPc

UMFPACK

SCOTCH

VTK

Trilinos

ParMETIS

CGAL

MPI

Fig. 1 Flow diagram representing FEniCS architecture [6]
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βy

Neutral Surface (Mid-Surface)

x, u

z, w

Reissner-Mindlin Plate

Fig. 2 Schematic of a Reissner–Mindlin plate with positive vertical displacement w and two
rotations bx; by [6]

L

Co

Fig. 3 Schematic of a swage
joint [4]
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Ld ¼
@=@x 0
0 @=@y

@=@y @=@x

2
4

3
5 ð4Þ

and r ¼ @=@x @=@y½ �T . For the static Reissner–Mindlin plates, the governing
differential equations are given as,

r�DbjðbÞ þ Gkhc ¼ 0 in X ð5Þ

Gkhr�c þ p ¼ 0 in X ð6Þ

w ¼ w; b ¼ b on C ¼ @X ð7Þ

The Galerkin weak form for the dynamic equilibrium equation of the Reissner–
Mindlin plates is given in Eq. (8).

Z
X
djTDbjdX þ

Z
X
dcTDscdX þ

Z
X
duTm€udX ¼ 0 ð8Þ

where is the Dirac-Delta function, Db is the flexural rigidity given as,

Db ¼ Eh3

12 ð1� m2Þ
1 m 0
m 1 0
0 0 ð1� mÞ=2

2
4

3
5 ð9Þ

with E being the Young’s modulus, m as the Poisson’s ratio and G is the modulus of
rigidity. Ds is the shear rigidity which is given as per Eq. (10),

Ds ¼ khG
1 0
0 1

� �
ð10Þ

where the shear correction factor k depends upon the boundary condition. m is the
mass matrix as per Eq. (11) with density q and thickness h.

m ¼
qh 0 0
0 qh3=12 0
0 0 qh3=12

2
4

3
5 ð11Þ

The eigenvalues of the Reissner–Mindlin plates are obtained using the form,

ðK � x2MÞ d ¼ 0 ð12Þ

where global stiffness matrix is K and global mass matrix is M. Ke and Me is the

elemental stiffness and mass matrices given as in Eqs. (13) and (14).
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Ke ¼
Z
Xe

Bb
TDbBbdXe þ

Z
Xe

Bs
TDsBsdXe ð13Þ

Me ¼
Z
Xe

QTmQdXe ð14Þ

where Q1, Q2, Q3 and Q4 correspond to the basis function for each node in an
element.

Bb ¼
0 @Q1=@x 0 0 @Q2=@x 0 0 @Q3=@x 0 0 @Q4=@x 0
0 0 @Q1=@y 0 0 @Q2=@y 0 0 @Q3=@y 0 0 @Q4=@y
0 @Q1=@y @Q1=@x 0 @Q2=@y @Q2=@x 0 @Q3=@y @Q3=@x 0 @Q4=@y @Q4=@x

2
4

3
5

ð15Þ

Bs ¼ @Q1=@x Q1 0 @Q2=@x Q2 0 @Q3=@x Q3 0 @Q4=@x Q4 0
@Q1=@y 0 Q1 @Q2=@y 0 Q2 @Q3=@y 0 Q3 @Q4=@y 0 Q4

� �
ð16Þ

Q ¼
Q1 0 0 Q2 0 0 Q3 0 0 Q4 0 0
0 Q1 0 0 Q2 0 0 Q3 0 0 Q4 0
0 0 Q1 0 0 Q2 0 0 Q3 0 0 Q4

2
4

3
5 ð17Þ

2.2 Boundary Condition for the Swaged Reissner–Mindlin
Plate

According to Caresta and Wassink [3, 4], for a small rotation h around C0, the
displacement component normal to the line of contact leads to compression in the
material. The localized reaction force (per unit rotation) is given as (Figs. 4 and 5).

df ¼ eE�dA�rcosd ð18Þ

where dA ¼ w:dn, e is the strain, A is the area and w width of the contact
respectively. r is the local radius and d is the angle and are given as,

r2 ¼ n2 þ r20 � 2nr0�cosc ð19Þ

c ¼ p
2

þ e ð20Þ

e ¼ arctan
hs
ds

� �
ð21Þ

d ¼ arccos
ðr2N � r20 þ n2Þ

2rNn

� �
ð22Þ
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Normal to the contact line, the resultant force can be represented as,

Fs ¼
Z

df ¼ eEw
ZL

0

rcosd:dn ð23Þ

The lever arm about C0 is given as,

b ¼ Hbsine þ 2
3L

ð24Þ

Co

rN

hs

r0ri

ds

βi

riθ
riθ cos δi

δi

θ

Fig. 4 Schematic of the
swage joint kinematics [4]

Co

Hb

b

Fs

df(0)
C -o

df(L)

Fig. 5 Schematic
representation of force
resulting from small rotation
of the plate [4]
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Hb is the distance between C0 and C�0. This results in a moment about C0 which
is given by,

Ms ¼ Fsh�b ¼ Ksh ð25Þ

Ks ¼ Fsb ð26Þ

where Ks is the equivalent swage joint torsional stiffness. For a very high value of
Ks, a perfectly clamped condition is simulated whereas for Ks ¼ 0, it corresponds
to a simply supported condition. The torsional stiffness is represented in the form of
a distributed value in terms of N/rad.

3 Introduction FEniCS Implementation

FEniCS is a Python/C++ based open-source package which uses finite element
technique to solve partial differential equations (PDEs). The FEniCS platform was
created in 2003 under FEniCS research and software project. The FEniCS package
uses a number of C++/Python open-source libraries such as DOLFIN (Dynamic
Object-oriented Library for FINite element computation) as its primary user
interface, FFC (FEniCS Form Compiler) for automated code generation of matrices
(tensors) and vectors assembly from variational forms, FIAT (Finite Element
Automatic Tabulator) for numerical construction of finite element basis functions,
UFL (Unified Form Language) for declaration of finite element discretization for
variational forms and functional, UFC (Unified Form-assembly Code) as interface
for the finite element code generation, etc. Figure 1 represents the flow diagram
representing the FEniCS architecture.

FEniCS enables simple mathematical construction of the variational form and
permits rapid implementation of its high performance solvers for discretization and
problem solving. FEniCS features automation for basis function generation,
automation for the variational form evaluation, automation for finite element
assembly and automation in the adaptive error control. FEniCS uses unique
scripting method to form function spaces, select type of elements, setting of solvers,
etc. based on the variational formulation of the PDEs.

In the present work, MITC plate elements along with Selective Reduced
Integration (SRI) approach prevent shear locking due to strong symmetry.
Appropriate forms of PETSc matrices are defined for system stiffness and mass
matrices from Galerkin formulation. Symmetry is preserved while applying
boundary conditions to stiffness matrix. Finally, modal analysis is performed using
SLEPcEigenSolver (Fig. 6) [6–8].
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4 Results and Discussion

In the present work, modal analysis for C-F-C-F and SS-F-SS-F boundary (edge)
conditions are performed in order to validate the FEniCS-automated MITC model
of the thin Reissner–Mindlin plate. For validation, the results were compared to
analytical results and to the results obtained from a commercial finite element code.
Table 1 shows the eigenfrequencies and mode shapes obtained for C-F-C-F and
SS-F-SS-F boundary conditions for which the results are in good agreement (error
<1%) for the given aspect ratio of the plate.

Import Libraries
(PETSc and NumPy)

Input Material Parameters 
for Isotropic Linear Elastic 

Materials

Define Plate Flexural, Shear 
Rigidity, Material 

Constitutive Relation

Mesh Generation using 
quadrilaterals and 

Interpolation Function

Define Domain,
Boundary Conditions

Trial and Test Function 
Space

Obtain System Mass and 
Stiffness Matrices using 

Variational Form as PETSc
Matrix

Modal Analysis using 
SLEPcEigenSolver and 

Mode Extraction

FEniCS Environment with DOLFIN Interface 

Fig. 6 Flow diagram of the algorithm [6]

Table 1 Eigenvalues and modal shapes for Reissner–Mindlin plate with C-F-C-F and SS-F-SS-F
boundary conditions through FEniCS and commercial FE

Mode no. FEniCS
(Hz)

Commercial
FE (Hz)

Analytical
(Hz) [9]

Error
(%)

Mode
(n, m)

Clamped-Free-Clamped-Free (C-F-C-F)

1 1143.74 1144.92 1146.02 0.09 (0, 0)

2 1145.17 1146.44 1146.02 0.03 (0, 1)

3 1155.59 1156.13 1156.29 0.01 (0, 2)

4 1171.57 1172.21 1166.57 0.48 (0, 3)

Simply Supported-Free-Simply Supported-Free (SS-F-SS-F)

1 504.18 504.33 504.65 0.06 (0, 0)

2 507.74 507.97 508.77 0.16 (0, 1)

3 525.03 525.46 526.76 0.25 (0, 2)

4 552.74 553.28 555.02 0.31 (0, 3)
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Subsequently, in an effort to establish and validate the FEniCS model for swaged
Reissner–Mindlin plates, the variation of normalized frequency parameter with the
distributed rotational stiffness for a swaged plate with specific aspect ratio is ana-
lyzed as shown in Fig. 7 and the results are compared to Caresta and Wassink
experimental results [3, 4]. From Fig. 7, it is observed that for higher rotation
stiffness values, the frequency parameter kn (Eq. 27) approaches unity, toward
fundamental eigenfrequency of the clamped fuel plate edge.

kn ¼ xna
2ðqh=JÞ1=2 ð27Þ

Here, xn is the circular eigenfrequency, h is the plate thickness and q is the
material density. J is the flexural rigidity given by Eq. (28),

J ¼ Eh3=12ð1� m2Þ ð28Þ

The normalized kn parameter is the ratio of kn for a given stiffness to perfectly
clamped edge stiffness. Figure 8 displays the first four modes of the swaged plate.
An important point to note is that for both C-F-C-F and SS-F-SS-F plates, the mode
shapes are equivalent to that of the swaged plate as per Table 1. Mesh sensitivity
analysis is performed for three different mesh sizes and three different degrees of
interpolation. The results presented in Fig. 8 use 18,000 elements and degree of
interpolation as 2.

10-2 10-1 100 101 102 103 104 105 106

N
or

m
al

is
ed

Distributed Spring Stiffness (N/rad)

MODE 1st 4th
 Caresta et al.              
  FEniCS Code             
Commercial Code      

Fig. 7 Variation of frequency parameter with distributed spring stiffness
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5 Conclusion

In the present work, FEniCS-based automated computational model of swaged
variable stiffness Reissner–Mindlin plates using MITC elements is established. This
modeling technique is benchmarked by comparing its modal characteristics to a
finite element model developed in a commercial code and to the analytical solu-
tions; and further validated with the works of Caresta and Wassink. It is observed
that eigenvalues and mode shapes obtained from the analysis of the FEniCS model
were found to be in good agreement. Sensitivity analyses are carried out by
studying the variation in discretization and in the order of interpolating polynomial.
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Theoretical Analysis of Composite Blade
in Static Condition to Find Material
Uncertainty and Validation
with COMSOL Software

Avinash K. Parkhe and Sandeep S. Wangikar

1 Introduction

The importance use of composite materials has been increasing consistently in
different industries like civil engineering, mechanical engineering, aerospace
engineering due to their advantageous characteristics. Sometimes, due to faulty
manufacturing process or delamination of beams, it gives variation in results during
working and it creates errors during measuring unknown parameters. Few
researchers have conducted some static and dynamic analysis on composites.
Ronge et al. presented dynamic analysis of rotating blade in undamaged and
damaged using health monitoring concept [1]. Kachare et al. represented experi-
mental setup for measuring acceleration in dynamic condition using developed
sensor [2]. Hake et al. presented the static and dynamic setup for delamination
checking in blade for different loads and acceleration measurement for different
rpm. For analyzing the material uncertainty, the deflection is measured. The
composite blade is considered like a cantilever beam. A non-contact device working
on the magnetic field, i.e., the Hall Effect Sensor is established. A magnet field is
created if a magnet has come in front of sensor and further the change in voltage or
field is calibrated in terms of deflection of blade. For checking all the blades
uncertainty, the same process is followed [3–8]. Here, in this study, theoretical and
numerical analysis has carried out on composite blade for checking the material
uncertainty. During the manufacturing process of blade, some internal cracks or
cavities are produced which will create the delamination in blades and due to this
delamination stiffness of blade gets loosed which creates the errors during mea-
surement or during further analysis. So, here, we are going to check such cracks

A. K. Parkhe (&) � S. S. Wangikar
SVERI’s College of Engineering, Pandharpur 413304, Maharashtra, India
e-mail: akparkhe@coe.sveri.ac.in

S. S. Wangikar
e-mail: sswangikar@coe.sveri.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
S. Bag et al. (eds.), Next Generation Materials and Processing Technologies,
Springer Proceedings in Materials 9, https://doi.org/10.1007/978-981-16-0182-8_30

397

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_30&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_30&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_30&amp;domain=pdf
mailto:akparkhe@coe.sveri.ac.in
mailto:sswangikar@coe.sveri.ac.in
https://doi.org/10.1007/978-981-16-0182-8_30


presents by measuring deflection of blade to check the uncertainties present in
material. The blade is fixed like a cantilever, where one end is fixed and another end
is free to apply the load. Due to applied load at free end, deflection will take place at
free end. In this study, theoretical analysis has carried out on composite blade to
checks the material uncertainty presents it. To validate those theoretical results,
numerical analysis has carried out on same blade using COMSOL Multiphysics
software for measuring the same deflection parameter. Then, theoretical and
numerical results are compared with each other to find % error between them. After
this comparison, it is observed that there is no material uncertainty or delamination
in the blade during its manufacturing.

2 Theoretical Analysis of Composite Blade

In theoretical analysis, blade is fixed like cantilever type where one is fixed and
another end is free for applying point load as shown in Fig. 1. Due to applied load
at free end, deflection is taking place, and there are standard formulas for calcu-
lating defined parameters. So, the changes are carried out to determine M.I. for
hollow composite box beam. Then, further calculations are found out.

Fig. 1 Cantilever type
composite blade
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2.1 Moment of Inertia for Composite Box Beam

The standard formula for calculating the deflection at free end is given below:

d ¼ Pl3

3EI
ð1Þ

M.I. is calculated for this by using formula given below.

I ¼ bd3

12
ð2Þ

I ¼ p
64

D4 � d4
� � ð3Þ

Total M.I. of beam = 38975.75 mm4

2.2 Free End Deflection Calculation

By using M.I. calculated above, deflection at free end by varying point load at free
end from 10 N to 80 N is calculated and presented in Table 1. Sample calculation
for deflection is given below.

Deflection for 10 N:

d ¼ 10 � 8003

3 � 135 � 103 � 38975:75

d ¼ 0:32mm

Table 1 Deflection at free
end of beam (analytical
results)

S. no. Load (N) Analytical deflection (mm)

1. 10 0.32

2. 20 0.64

3. 30 0.97

4. 40 1.29

5. 50 1.62

6. 60 1.94

7. 70 2.27

8. 80 2.59
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3 Numerical Analysis of Composite Blade

To validate the theoretical results, the numerical analysis of composite blade has
carried out using COMSOL Multiphysics software for measuring the same
deflection parameter. The composite blade has a ply lay-up [0°/90°]s on all four
sides the composite blade contains 8 layers. With the help of solid mechanics,
module in the COMSOL Multiphysics deflection is calculated. Figure 2 shows
geometry of composite blade in COMSOL software.

Meshing method is used for meshing the geometry in COMSOL Multiphysics.
The geometry of composite blade with extremely coarse mesh is shown in Fig. 3.

Fig. 2 Geometry of composite blade in COMSOL

Fig. 3 Meshing of composite blade
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During analysis the composite blade will be considered as cantilever type. So,
one end is fixed and other end is free to apply the load as shown in Fig. 4.

3.1 Numerical or Simulation Result

The numerical analysis has carried out on same blade to check its deflection at free
end after applying load. As there is no any support at free end, the maximum
deflection will take place and it will get increases with increase in load at free end.
Some of the numerical results obtained from COMSOL software are represented by
Figs. 5 and 6.

Figure 5 represents the numerical result or deflection at free end for 10 N load.
The red color in Fig. 5 represents the maximum deflection taking place at free end
which is equal to 0.3 mm.

Similarly, Fig. 6 represents the numerical result or deflection at free end for
20 N load. The red color in Fig. 6 represents the maximum deflection taking place
at free end which is equal to 0.59 mm and it will continuously increases with
increase load at free end which is represented by Table 2.

Finally, theoretical and numerical results (COMSOL results) are compared with
each other to check % error between them. After the analysis and comparison of
both results, it has been observed that there is no much difference in theoretical and
numerical results or deflection. So, we can say that there is no any material
uncertainty presents in the blade. The comparisons of both results are also repre-
sented by the following graph (Fig. 7).

Fig. 4 Boundary conditions applied to blade
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Fig. 5 Deflection at free end for 10 N

Fig. 6 Deflection at free end for 20 N

Table 2 Deflection at free
end of blade (numerical
results)

S. no. Load (N) Numerical deflection (mm)

1. 10 0.3

2. 20 0.59

3. 30 0.89

4. 40 1.19

5. 50 1.48

6. 60 1.78

7. 70 2.08

8. 80 2.37
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4 Conclusion

As the composite blades are manufacturing by different processes like using vac-
uum bagging process or by hand lamination process. Due to some faulty machines
or processes some delamination, uncertainty, defects will be observed in such
composite products which will create some errors while conducting tests on it. To
find such errors, various parameters are measured like stress, deflection, natural
frequency, strain, etc. In this study, the theoretical analysis has carried on composite
blade for measuring the deflection at free end and same results are compared with
numerical results obtained from COMSOL software.

From the above theoretical and numerical study on composite blade and through
its comparison, the following conclusions are obtained:

1. The theoretical analysis has carried out on cantilever type composite blade for
measuring the deflection at free end. During analysis, load at free end is varied
from 10 N to 80 N to find the deflection. The deflection will increases with
increase in load at free end.

2. Also, the numerical analysis is carried out using COMSOL software for mea-
suring the same deflection at free end of the blade and accordingly the results are
represented by figures.

3. Through this comparison, it has been observed that the deflection values of
composite blade obtained from theoretical and numerical analysis are very near
to each other. There is no much difference between them which shown by above

Fig. 7 Graph of theoretical versus numerical results
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graph. So, we can say that there is no any material uncertainty or delamination
presents in the blade or there is no any error in manufacturing process of
composites.
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Free Vibration Analysis of FGM
Structures Using FEM Technique

Pankaj Sharma, Ashish Khinchi, and Ankit Jain

1 Introduction

Benefits of functionally graded materials (FGMs) over composite materials are that
in FGMs material properties vary continuously; however, material properties are
discontinuous across the layer in composite material. Furthermore, material prop-
erties in FGMs are graded in all three direction x, y and z, respectively, but this is
not possible in composite materials. In the FGMs, volume fraction varies from zero
to a hundred per cent due to this smoother stress distribution, lower stress con-
centration and higher bonding strength obtained [1]. A more desirable benefit of
using functionally graded materials in a dental implant is that it provides a more
favourable mechanical environment for attending the better osseointegration and
remodelling. FGMs implant produces low von-Mises stress as compared to the
titanium implant. FGMs implant improves bone apposition efficiency and bio-
compatibility in terms of both mechanical and chemical affinities [2, 3]. The
ceramic phase of FGMs is able to withstand high-temperature conditions due to
their better thermal resistance properties, whereas the metal phase of FGMs pro-
vides better mechanical properties and minimizes the possibilities of catastrophic
failure. Thus, FGMs possess several advantages over composite material. So, this is
appropriate material for various kinds of applications [4, 5].

Garg et al. [6] proposed a model based on FEM method which works on HSDT
theory. In this analysis, orthotropic, isotropic, composite and sandwich laminate
skew plates are used by the author for harmonic behaviour. Srinivasa et al. [7] dealt
with the modal analysis of isotropic and composite skew plate. In this analysis,
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experimental value is compared with results obtained by FEM software. Two
opposing sides are clamped, and the remaining side is completely free used by the
author as a boundary condition. The effect of two parameters, i.e. aspect ratio and
skew angle, was studied by the author.

Zhang and Lei [8] discussed the modal characteristics of FG nano-composite
triangular plates based on FSDT theory. Jadhav and Deshmukh [9] discussed
combined experimental and numerical approach on modal behaviour of glass fibre
epoxy composite plate, having rectangular, circular, triangular and elliptical cut-out
with same cross-sectional area with the help of FEM approach. Gormman [10]
carried out the modal study of right-angle triangular plate. A basic mathematical
approach was applied to a right-angle triangular plate to obtain natural frequencies
and corresponding mode shapes. In this analysis, simply supported end condition
was used by the author. Sakiyama et al. [11] presented harmonic behaviour of
right-angle triangular plate with variable thickness. An estimated procedure was
used by the author for obtained natural frequencies and related mode shapes. Belalia
[12] presented a nonlinear and linear modal behaviour of thick triangular FGPs
having two equal sides. Power law gradation adopted by the author for material
properties variation. Effect of several factor, i.e. functionally graded indices,
thickness ratio, apex angle, was reported in this analysis. Modal analysis of taper
triangular plate under thermal environment was analysed by Kaur [13]. Rayleigh–
Ritz technique was used by the author to determine the frequency parameter and
respective mode shape. Taper parameter and aspect ratio for a different type of
triangular plate under clamped end condition were reported by the author. All the
results obtained in this analysis are presented in tabular form only. Free vibration
behaviour of symmetrical trapezoidal plates is presented by the Saliba [14]. In this
research, superposition technique was adopted by the author to obtain a natural
frequency. This superposition technique was invented by Gorman. In this analysis,
simply supported boundary conditions were applied to the trapezoidal plate. Results
are presented in graphical as well as tabular form under the effect of aspect ratio.
Computer-generated mode shape was also presented by the author. Zamani et al.
[15] carried out the harmonic analysis on thick trapezoidal plates with different
combinations of boundary conditions. FSDT and GDQ approaches were adopted by
the author for validation study and other analyses. Effect of several parameters such
as boundary condition, thickness and layup set-up on the resonant frequency of
skew and trapezoidal plate was presented in this research article. Gupta et al. [16]
dealt with the vibration behaviour of non-homogeneous trapezoidal plate under
thermal effect. In this analysis, density and thickness varies as parabolic and lin-
early, respectively. Effect of many factors, i.e. tapering constant, aspect ratio and
non-homogenous constant, is studied in detail by the author. The detailed study of
FGM structures with and without piezoelectric effect with the help of COMSOL is
available in the literature [17–20].

The engineering application of skew plate are such as wings, tails, fins of air-
craft, missiles, panels in skew bridges and highways. The engineering application
of trapezoidal plates are marine, aerospace engineering fields and in construction of
simple and complex structures, etc. The engineering application of triangular plates
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is aerospace industries and automotive industries. Free vibration analysis of FGM
structures, i.e. triangular plate and trapezoidal plate, using COMSOL is not avail-
able in the literature before.

2 Modelling of FGM Structures

In the present study, various FGM structures such as skew plate, triangular plate
and trapezoidal plates are used in free vibration analysis. The parametric study is
presented for FG-triangular plate and FG-trapezoidal plate. The effects of the
functionally graded index and width-to-thickness ratio on natural frequencies are
reported. Geometries of FGM structures, i.e. skew plate, trapezoidal plate and
triangular plate, are shown in Fig. 1.

Power law gradation (P-FGM) also known as rule of mixture is used on FGM
structures (triangular plate and trapezoidal plates) for smooth and continuous
variation of material constant in the thickness direction. FGM is composition of
metallic and ceramic materials. The top surface is hundred per cent ceramic. The
bottom surface is hundred per cent metallic phase. For ceramic phase (alumina) E, q
and v are 380 GPa, 3800 kg m−3 and 0.3, respectively, and for metallic phase
(aluminium) E, q and v are 70 GPa, 2700 kg m−3and 0.3, respectively [3] where E,
q and v are the Young modulus, density and Poisson ratio. The Poisson ratio (v) is

Fig. 1 Geometries of FGM structures i skew plate ii triangular plate iii trapezoidal plate
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kept constant. FGM (Al/Al2O3) has several good properties such as low weight
high strength, good wear resistance and temperature resistance properties. So, in
this analysis FGM (Al/Al2O3) is used. Material constants are varied according to
these equations [3].

Ez ¼ ðEc � EmÞVp
f þ Em ð1Þ

qz ¼ qc � qmð ÞVp
f þ qm ð2Þ

Vf ¼ z
h

þ 1
2

� �
ð3Þ

Here, Vf and g are volume fraction and functionally graded index (also known as
power law index), respectively.

2.1 Boundary Conditions

1. Triangular plate with different boundary conditions are consider as

• All sides are clamped (CCC).
• Two sides clamped and the other one is simply supported (CCS).
• All sides are simply supported (SSS).

2. Trapezoidal plate under end support are consider as

• All sides are clamped(CCCC).
• All edges are simply supported (SSSS).
• Unequal opposite edges are simply supported, and other edges are clamped

(CSCS).

3 Validation Study

3.1 Validation Study for Isotropic Skew Plate

Free vibration analysis of isotropic skew plate is taken into consideration for val-
idation study. Two types of boundary conditions are being used, i.e. simply sup-
ported (SSSS) and clamped. The geometrical parameters are a = 1 m, b = 1 m and
h = 0.001 m. The results are listed in Table 1. The dimensionless form is defined as
w’ = w (b2/p2) (qh/D)0.5. Here, D is the flexural rigidity of isotropic plate. For the
isotropic plate, the present solution shows good compatibility with Ref. [6].
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3.2 Validation Study for Laminate Composite Skew Plate

Now, the free vibration analysis of laminate composite skew plate is taken into
consideration for validation study. Two types of boundary conditions are being
used, i.e. simply supported (SSSS) and clamped (CCCC). The geometrical
parameters are a = 1 m, b = 1 m and h = 0.1 m. For the laminate composite skew
plate, the present solution shows good compatibility with Ref. [6]. The material
properties are E1 = 400 GPa, E2 = E3 = 10 GPa, G13 = G23 = 5 GPa G12 = 6 GPa.
The results are shown in Table 2. The dimensionless form is define as w’ = w (b2/
p2h) (qh/D)0.5 (Fig. 2).

4 Parametric Study

The modal characteristics of the functionally graded triangular plate and func-
tionally graded trapezoidal plate are considered for parametric study.

Table 1 Comparison of first dimensionless frequencies of isotropic skew plate under CCCC and
SSSS end condition (a = b = 1 m and h = 0.001 m)

Boundary conditions Skew angles

0 30 45

SSSS Garg et al. [6] 2.000 2.539 3.629

Present 1.999 2.531 3.6207

Error (%) 0.04 0.31 0.24

CCCC Garg et al. [6] 3.648 4.680 6.699

Present 3.644 4.677 6.638

Error (%) 0.10 0.06 0.91

Table 2 Comparison of first dimensionless frequencies of composite laminate plate under
different end conditions (a = b = 1 m, h = 0.1 m)

Boundary Conditions Skew angles

0 30 45

SSSS Garg et al. [6] 1.5699 2.0884 2.8032

Present 1.5497 2.0003 2.7006

Error (%) 1.70 4.21 3.6

CCCC Garg et al. [6] 2.3820 2.7922 3.4739

Present 2.3081 2.7351 3.4168

Error (%) 3.10 2.04 1.64
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4.1 Parametric Study for Triangular Plate

The modal study of FG-triangular plate is considered for parametric study. The
geometric parameters are a = 1 m, b = 1 m, c = 1 m and thickness (h) = 0.01. The
effect of functionally graded indices and width-to-thickness ratio (k) on natural
frequencies is studied in detail.

Mode Shapes 
 SSSS CCCC 

0

30 

45 

Fig. 2 Mode shapes of skew plates under different end conditions (a = b = 1 m and
h = 0.001 m)
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4.1 (I) Effect of Functionally Graded Index (g) on Natural Frequencies
In this study, functionally graded index is varied from range of 1 to 6.
Width-to-thickness ratio (k = 100) is kept constant. The results are obtained for
different boundary conditions using finite element software COMSOL-5.4 and are
listed in Table 3 (Figs. 3 and 4).

4.1 (II) Effect of Width-to-Thickness Ratio (k) on Natural Frequencies
The modal analysis of triangular plate is carried out for width-to-thickness ratio
k = 100, 20, 10 and 5 with functionally graded index g = 1. The results are
obtained for different boundary conditions using finite element software
COMSOL-5.4 and are listed in Table 4 (Figs. 5 and 6).

4.2 Parametric Study for Trapezoidal Plate

The modal study of FG-trapezoidal plate is considered for parametric study. The
geometrical parameter is a = 1 m, b = 0.6 m and thickness (h) = 0.01 m. Effect of
functionally graded indices and width-to-thickness ratio (k) is studied.

4.2 (I) Effect of Functionally Graded Indices on Natural Frequencies
In this study, functionally graded index is varied from range 1 to 6. Three types of
end conditions are being used, i.e. CCCC, SSSS and CSCS. Width-to-thickness
ratio (k = 100) is kept constant. The results are obtained for different end conditions
using finite element software COMSOL-5.4 and are listed in Table 5.

Table 3 Natural frequencies (Hz) of FGM triangular plate under various support conditions with
different functionally graded index (a = b = c = 1 m, h = 0.01 m and k = 100)

Mode g

g = 1 g = 2 g = 3 g = 4 g = 5 g = 6

CCC Mode 1 394.93 334.21 293.85 269.67 256.83 249.11

Mode 2 751.4 635.88 559.08 513.09 487.52 473.96

Mode 3 1169.9 990.00 870.42 792.02 759.01 737.91

Mode 4 1247.9 1056.00 928..47 852.07 809.63 787.12

CCS Mode 1 325.87 257.77 242.66 222.51 211.42 205.55

Mode 2 658.42 557.19 489.89 449.59 427.19 415.31

Mode 3 1052.7 890.83 783.23 718.8 682.98 663.99

Mode 4 1127.6 954.24 839.99 769.97 731.60 711.26

SSS Mode 1 210.66 178.27 156.74 143.84 136.68 132.88

Mode 2 490.66 415.23 365.07 335.04 318.35 309.49

Mode 3 839.29 710.25 624.47 573.10 544.54 529.39

Mode 4 908.83 769.11 676.21 620.58 589.66 573.26
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4.2 (II) Effect of Width-to-Thickness Ratio (k) on Natural Frequencies
The modal analysis of trapezoidal plate is carried out for width-to-thickness ratio
k = 100, 20, 10 and 5 with functionally graded index g = 1. The results are
obtained for different boundary conditions using finite element software
COMSOL-5.4, and results are listed in Table 6.

MODE SHAPES 

C
C
C

C
C
S

S
S
S

Fig. 3 Mode shapes of triangular plates under different end supports (a = b = c = 1 m, h = 0.01
and g)
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5 Summary and Conclusion

This modal characteristics of FGM structures such as skewed, triangular and
trapezoidal plate are presented in this paper. The accuracy of the present method is
validated by the result obtained with previously published work. The effect of
functionally graded index, width-to-thickness ratio and boundary condition of the
FGM structures on natural frequencies is reported. This study is useful in the design
of FGM structure for engineering applications. Some of the significant results are
summarized as

• It can be observed that natural frequencies decrease with increase in volume
fraction index for power law distribution under different boundary conditions for
FG-triangular plate and FG-trapezoidal plate as discussed earlier with help of
plots.

• It can also be observed that natural frequencies increase with decrease in
width-to-thickness ratio for power law distribution under different boundary
conditions.
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C-C-C C-C-S S-S-SFig. 4 Effect of functionally
graded indices on natural
frequencies of FG-triangular
plate under various support
conditions for mode 1

Table 4 Natural frequencies
for various width-to-thickness
ratio (k) of FGM triangular
plate under several end
conditions (a = b = c = 1 m,
h = 0.01 m and g = 1)

k Mode

Mode 1 Mode 2 Mode 3 Mode 4

CCC 100 394.93 751.4 1169.9 1247.9

20 1839.6 3353.7 5018.3 5304.6

10 3120 5312 7568.2 7907.2

5 4358.6 6858.1 9397.8 9714.5

CCS 100 325.87 658.42 1052.7 1127.6

20 1544 3003.3 4622.9 4912.2

10 2703.5 4909.1 7179.4 7550.5

5 3948 6559.7 9158.1 9553.6

SSS 100 210.66 490.66 839.29 908.83

20 1029.8 2332.56 3864.2 4159.2

10 1934.1 4115.9 6435.8 6860

5 3220.2 6112.7 8834.9 9309.1
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Mode shapes 
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Fig. 5 Mode shapes of trapezoidal plate with different end conditions (a = 1 m, b = 0.6 m and
h = 0.01, g = 1
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Table 5 Natural frequencies (Hz) of FGM trapezoidal plate under various support condition with
different functionally graded indices (a = 1 m, b = 0.6 m, h = 0.01 m and k = 100)

Mode g

g = 1 g = 2 g = 3 g = 4 g = 5 g = 6

CCCC Mode 1 419.27 354.81 311.95 286.29 272.03 264.46

Mode 2 627.83 531.30 467.13 428.70 407.34 396.01

Mode 3 949.82 803.79 706.7 648.57 616.25 599.11

Mode 4 1034.7 875.66 769.89 706.56 671.35 652.38

SSSS Mode 1 223.62 189.24 166.38 152.69 145.08 141.05

Mode 2 414.34 350.64 308.29 282.39 268.83 261.35

Mode 3 668.94 556.10 497.72 456.78 434.02 421.95

Mode 4 738.57 625.02 549.52 504.32 479.19 465.86

CSCS Mode 1 270.51 228.92 201.27 184.71 175.51 170.63

Mode 2 527.53 446.43 392.51 360.22 342.27 332.75

Mode 3 706.24 597.67 525.48 482.25 458.22 445.8

Mode 4 892.54 755.32 664.09 609.46 579.02 562.98

Table 6 Natural frequencies for various width-to-thickness ratio (k) of FGM trapezoidal plate
under various end condition (a = 1 m, b = 0.6 m, h = 0.01 m and g = 1)

k Mode

Mode 1 Mode 2 Mode 3 Mode 4

CCCC 100 419.27 627.83 949.82 1034.70

20 1942 2846 4164.3 4479.30

10 3279 4648 6472.8 6858.3

5 4547.1 6208.4 7411.4 8172.4

SSSS 100 223.62 414.34 668.94 738.57

20 1088.9 1979.5 3123.7 3424.00

10 2083.30 3548.80 5347.60 5798.50

5 3372.4 5409.2 7411.4 7606.9
(continued)
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• It is also noted that in the study of clamped end conditions, natural frequencies
are found to be greater than the simply supported end conditions and other
combinations of boundary conditions.
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Numerical Behaviour of Al 6063 Under
Varying Striker Velocity and Length
of Split Hopkinson Pressure Bar
at Large Strain Rates

Manish Kumar Gupta

1 Introduction

The study of aluminium alloy Al 6063 under high strain rate conditions has always
been important due to its wider use in aerospace industry, structural materials and
space vehicles due to their great specific strength and low density [1, 2]. To study
the impact characteristics of wires made up of iron, John Hopkinson [3] used the
Hopkinson bar experimental technique in 1872. Later on, some modifications were
done to the Hopkinson bar by several researchers to get the exact pressure–time
curves, error-free wave dispersion and the strains present in the pressure bar [4–6].
Different techniques such as pulse shaping system [7, 8] and conical striker method
[9–11] were also introduced to see the changes in rise and fall of waves. Lee and
Lin [12] examined the impact behaviour of stainless steel 304L under dynamic
conditions using SHPB. Chen et al. [13] investigated the behaviour of ductile alloys
under SHPB system. Heating source equipped with SHPB is adopted by Kajberg
and Sundin [14] to observe the mechanical response of steels at high temperatures.
Flow behaviour of Al alloy 6061 is investigated by Hall and Guden [15] under the
effect of different lubricants used in SHPB system. The characterization of stainless
steel 316 L with a high strain rate is analysed by Tasdemirci et al. [16] using SHPB
experimental system and finite element simulation of SHPB compression system
done for cylindrical specimen [17]. Radial inertia and friction effects had been
examined for pure aluminium 1100 under high strain rate using the finite element
software [18]. Effects of pulse shaping technique are studied numerically in the
SHPB apparatus [19].

There are some literatures available for dynamic behaviour of Al 6063 based on
simulation. However, it is hard to find the publications that examine the behaviour
based on SHPB parameters variation, especially for striker bar. This paper presents

M. K. Gupta (&)
Department of Mechanical Engineering, NIT Patna, Patna, India
e-mail: manishkumargupta@springernature.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
S. Bag et al. (eds.), Next Generation Materials and Processing Technologies,
Springer Proceedings in Materials 9, https://doi.org/10.1007/978-981-16-0182-8_32

419

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_32&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_32&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_32&amp;domain=pdf
mailto:manishkumargupta@springernature.com
https://doi.org/10.1007/978-981-16-0182-8_32


a numerical simulation of Al 6063 in SHPB under different conditions of striker bar
to understand the effect of striker bar. In addition, the effect of aspect ratio of
specimen is also being studied to see the changes in incident and reflected waves
due to change in specimen dimension.

2 Methodology

This paper presents the numerical simulation of Al 6063 under dynamic conditions
with the variation of SHPB parameters and specimen diameter. The striker bar
length and velocity have been changed 200–400 mm and 20–40 m/s, respectively,
for SHPB parameter variation. The diameter of specimen Al 6063 is also changed
from 5 to 15 mm by keeping the length constant to see the impact of aspect ratio on
behaviour of the material. During the adjustment in velocity of striker bar and
specimen diameters across, all simulations are performed under the length of
200 mm striker bar.

2.1 Split Hopkinson Pressure Bar

A compression SHPB contains striker, input bar and output bar. Input bar and
output bars are of equal length and diameter as can be seen from Fig. 1. A damper
is also devoted at the end part of output bar to absorb the energy transmitted by the
output bar. The sample to be tested is inserted between input and output bars. It
works on the principle of one-dimensional wave propagation. When striker impacts
with certain velocity to the interface of input bar, it creates compression stress/strain
wave (incident wave,ei) in the input bar. Wave created in the input bar propagates
along the input bar and loads the specimen under compression. On reaching the
wave to the sample, some part of the incident wave (ei) gets reflected back to the
input bar as reflected wave (er); the remaining wave gets transmitted to the output
bar as transmitted wave (et). Figure 1 represents the working and wave propagation
theory of signals obtained by strain gauges attached with the bars which are used to
find the strain rate (_es), strain ðesÞ and stress ðrsÞ of test sample as follows [20]:

_es tð Þ ¼ � 2C0

Ls
er tð Þ ð1Þ

es tð Þ ¼ � 2C0

Ls

Z

t

0

er tð Þdt ð2Þ

rs tð Þ ¼ Eb
Ab

As
et tð Þ ð3Þ
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where C0 is the wave speed in the bar; Ls is the specimen length; Eb is the modulus
of elasticity of bar; Ab and As are the cross-sectional area of bar and sample,
respectively; t is the time. C0 is the under-root ratio of elastic modulus to the density
of bar material.

2.2 Finite Element Analysis

The finite element simulations are investigated using FE software Abaqus/Explicit
6.14 [21]. A 3D model of SHPB system is modelled in ABAQUS to understand the
effect of parameters. Each components of SHPB system are created separately in
ABAQUS/CAE and subsequently assembled as can be seen from Fig. 2. Table 1
represents the dimensions of bars and specimen. Mild steel is selected as bar
material having density, elastic modulus and Poisson’s ratio; 7800 kg/m3, 200 GPa
and 0.3, respectively. For specimen Al 6063, the Johnson–Cook (JC) material

Fig. 1 Illustration of SHPB system and working principle
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model [22] is selected. It is widely used to show the behaviour of metals under high
strain rate and is often used in SHPB simulation for constitutive behaviour of
specimen presented as Eq. 4.

r ¼ AþBen½ � 1þC ln _e�½ � 1� T�ð Þm½ � ð4Þ

where r is true stress; e is true strain; A, B, C, n, m are material parameters; _e� is
calculated by the division of equivalent strain rate to reference strain rate and T * is
temperature (homologous). It is widely used to show the behaviour of metals under
high strain rate and is often used in SHPB simulation for constitutive behaviour of
specimen. Constitutive model constants used for Al 6063 are shown in Table 2.
Density, modulus of elasticity and Poisson’s ratio are considered as 2700 kg/m3, 69
GPa and 0.25, respectively, for Al 6063.

Meshing of each component of SHPB is done with elements C3D8R. The bars
and specimen are meshed using global element size of 0.28 and 0.5, respectively.
Total number of elements and nodes are presented in Table 3 with corresponding
condition of the simulation.

A general contact algorithm is applied between input bar and specimen and
specimen and output bar. Boundary conditions and meshing of 3D models are
shown in Fig. 2. To generate the high strain rate, the striker bar is impacted to the
input bar with the velocity of 20, 30 and 40 m/s with different lengths. The last end
of output bar is kept fixed so that it can absorb all the forces transmitted through the
output bar at the end portion.

Fig. 2 3D SHPB assembly with boundary conditions and meshed model with zoom at specimen
position
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2.3 Validation of Numerical Approach

To validate the numerical methods used in this paper, the result reported by [24] for
Al 6063 in dynamic condition is compared here. In their numerical simulation,
length of striker bar, input and output bars were 200 mm and 1500 mm, respec-
tively. Each bar’s diameter was of 20 mm. Al 6063 specimen taken in their sim-
ulation was 10 mm diameter and 10 mm length. The same conditions of SHPB are
considered here for validation purpose. Figure 3 shows the comparison between the
results obtained by the present approach and the result obtained by Afdal et al. [24].
It can be seen that both results are in close agreement, which validated this
numerical approach.

3 Results and Discussion

The present investigation focuses on the effect of varying parameters of SHPB
components and specimen aspect ratio on the wave propagation and stress–strain
behaviour of Al 6063. In order to see the effect of parameters variation of SHPB

Table 1 Geometric properties of SHPB

Parameter Striker bar Input bar Output bar Specimen

Length (mm) 200–400 1000 1000 10

Diameter (mm) 20 20 20 5–15

Table 2 Constants used to define a constitutive model of Al 6063 [23]

A B N C m

111.82 MPa 241.4 MPa 0.415 0.012 1.003

Table 3 Total number of elements in assembly with variations in simulation

Parameters Total number of elements(C3D8R)

Striker velocity 20 m/s 45,755

30 m/s 45,755

40 m/s 45,755

Striker length 200 mm 45,755

300 mm 47,447

400 mm 49,139

Specimen diameter 5 mm 39,255

10 mm 45,755

15 mm 56,515
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components, striker bar length and velocity have been varied from 200–400 mm
and 20–40 m/s, respectively, whereas the specimen diameter is varying from 5 to
15 mm to observe the aspect ratio of Al 6063 at high strain rate.

3.1 Effect of Striker Bar Velocity

Figure 4 represents the correlation among the waves and true stress–strain curve
with various velocities in the striker bar of SHPB framework. From Fig. 4a, it is
seen that the peak values and duration, i.e. span of waves, are reasonably relative to
the speed of striker bar, and it is least for 20 m/s and most extreme for 40 m/s.
Figure 4b shows the typical true stress and true strain curves for Al 6063 at various
speeds. As observed, the impacted speed has critical impact on the state of stress–
strain curves. The maximum and minimum true ultimate stress is obtained for
striker’s velocity 40 m/s and 30 m/s, respectively. Therefore, striker’s velocity
governs both wave’s variation and flow curve of Al 6063 under large strain rate.

3.2 Effect of Length of Striker Bar

Figure 5 shows the effect of striker bar length on the flow curve of Al 6063 and
wave propagations in bars at impact velocity of 20 m/s. The results state that the
wave duration of incident, reflected and transmitted signals for each striker bar
length is almost same; however, it shifted the location with respect to time as the
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striker bar length varies from 200 to 400 mm as shown in Fig. 5a. It is also
observed that the peak values of each wave are dependent on the length of the
striker bar and are minimum for 200 mm and maximum for 400 mm. Figure 5b
presents the true-stress-true-strain curve for Al 6063 with the variation of striker bar
length. It is concluded that the ultimate true stress values of specimen increase as
the length of the bar increased. Hence, it can be concluded that the striker bar
having length of 200 mm and velocity of 20 m/s having the lowest ultimate true
stress and peak wave value. The striker bar having length of 400 mm and 300 mm
with velocity of 20 m/s having almost constant ultimate true stress and peak wave
value higher than that of the 200 mm length with 20 m/s of striker bar.

3.3 Effect of Diameter of Specimen

Figure 6 depicts the effect of specimen’s diameter from 5 to 15 mm by keeping the
length constant as 10 mm on the flow curve of Al 6063 and wave propagations in
bars at an impact velocity of 20 m/s. It can be seen in Fig. 6a that nothing is
happening with the variation of diameter of the specimen on the incident wave
propagated through the bar, whereas the reflected and the transmitted waves are
affected as the diameter of specimen changes from 5 to 15 mm. Maximum and
minimum peak values of reflected wave are found for diameter 5 and 15 mm,
respectively. For transmitted wave, the maximum and minimum peak values are
obtained for specimen having diameter of 15 and 5 mm, respectively. The com-
parison of the true stress vs true strain curve of Al 6063 for different diameters is
shown in Fig. 6b. It is observed that the maximum and almost same values of
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ultimate true stress value for Al 6063 have diameter 10 and 15 mm and minimum for
5 mm diameter of specimen at impact velocity of 20 m/s with the striker bar length
of 200 mm. Similar results are found for yield stress, i.e. higher and almost same for
10 and 15 mm specimen diameter and minimum for 5 mm diameter of specimen.

Table 4 presents the true yield stress and true ultimate compressive stress of each
simulation with elongation percentage. It can be understood from Table 4 that the
yield stress value for each simulation is almost constant, but the true ultimate
compressive stress changes with change in condition of SHPB simulation. The
results state that the ultimate compressive stress of Al 6063 is positive strain rate
sensitive, and ductility also increases with velocity increment in striker bar. Table 4
also illustrates that there is only marginal increment in ultimate compressive stress
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and ductility with increase in striker bar length. For the maximum value of the
ultimate compressive stress is found for specimen having 10 mm diameter, maxi-
mum ductility is obtained for specimen having 5 mm diameter.

4 Conclusions

In this paper, numerical simulation of Al 6063 under high strain conditions has been
done by varying the striker length, striker velocity and specimen diameter to rec-
ognize the result of these parameters on the wave propagation and flow stress
behaviour. For SHPB parameters variation, the simulations have been performed
under the different length and velocity of the striker bar. To see the effect of aspect
ratio, specimen diameters have been changed by keeping the length constant. The
following outcomes are found from the simulation:

(1) As the striker velocity increases, both the peak values and duration of the
incident, reflected and transmitted waves increased. Maximum and minimum
peak values and duration of waves are found for 40 and 20 m/s, respectively.

(2) Al 6063 has the positive strain rate sensitivity for ultimate compressive
strength, whereas yield strength remains unaffected from changes in velocity.

(3) Ductility of Al 6063 increased with increasing strain rate.
(4) Wave’s location shifted as length of striker bar changes, but the duration of

these waves remains constant. Peak values of each wave are dependent on the
length of the striker bar and maximum for 400 mm and minimum for 200 mm.
However, these values are very nominal and can be ignored.

(5) Effect of striker bar length on true stress–strain can be neglected.

Table 4 Numerical results of compression tests under different conditions

Parameters True stress–strain curve Total
elongation (%)Yield stress

(MPa)
Ultimate compressive
stress (MPa)

Striker
velocity

20 m/s 160 ± 1 318 ± 4 12 ± 0.1

30 m/s 162 ± 2 400 ± 2 20 ± 0.12

40 m/s 160 ± 1 480 ± 3 31 ± 0.2

Striker length 200 mm 160 ± 1 318 ± 4 12 ± 0.1

300 mm 162 ± 1 321 ± 3 13 ± 0.5

400 mm 160 ± 2 324 ± 3 13.5 ± 0.2

Specimen
diameter

5 mm 162 ± 3 281 ± 2 12.5 ± 0.3

10 mm 160 ± 1 318 ± 4 12 ± 0.1

15 mm 163 ± 3 317 ± 2 10 ± 0.2
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(6) Specimen diameter change does not affect the incident wave of bar. The
reflected wave peak values increased and the transmitted wave peak values
decreased with the increase in diameter of specimen.

(7) Maximum and almost same values of ultimate true stress value for Al 6063
have diameter 10 and 15 mm and minimum for 5 mm diameter of specimen.
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Mathematical Modelling-Based
Solar PV Module and Its Simulation
in Comparison with Datasheet
of JAPG-72-320/4BB Solar Module

Sriparna Das, Akshit Samadhiya, and Kumari Namrata

1 Introduction

The advancement of country is determined by the growth of industry and it running
efficiently by taking less input or power and giving desirable amount of output
without polluting the environment. So, electric power is the basic need of all the
countries. Extraction of power is the ideal source for running of industries. Using of
coal, petroleum and other non-renewable energy resources to run the industry is not
the solution as they will take millions of years to form, by the process known as
carbonization which mainly deals with carbon. The dead vegetation is buried under
the soil with the presence of high temperature and high pressure, it gets changed to
coal which takes a lot of years to reform itself, and petroleum is formed by two step
process first by producing diagenesis from kerogen, and in second step, catagenesis
forms kerogen to petroleum and natural gas. Diagenesis is when under less pressure
and temperature the compacting process is done. Under mild pressure and tem-
perature, the mixture of proteins, lipids, water and minerals form into kerogen with
the help of microbes, which is costly as well as time consuming. So, one should use
renewable energy sources to run industry which includes solar energy, hydro
energy, wind energy, nuclear energy, diesel energy, natural gas and also energy
from tides. But solar is the most suitable and available form of energy as huge
portion of total power production can be generated by placing solar panels and solar
cells without polluting the environment as it does not require coal or diesel to burn
and produce energy. The design of solar PV cell and comparing its performance
analysis with the practical existing cell is explained subsequently. As India stands
third in producing as well as consuming of electrical energy, so this evolvement of
model will help to examine the performance of the various solar cell that is coming
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into market for production of solar module and giving much more stress for using
of solar energy for power production.

2 India’s Sources of Power Production

The installed capacity of India according to 2019 is 368.79 GW according to the
record taken from 31 December 2019. The generation of power consists of 55.4%
that is 205,134.5 MW from coal, 12.3% that is 45,699.22 MW from large hydro,
1.3% that is 4683.16 MW from small hydro, 10.2% that is 37,693.75 MW from
wind power, 9.4% that is 34,627.82 MW from solar panel, 2.7% that is
10,022.95 MW from biomass, 1.8% that is 6780 MW from nuclear power, 6.7%
that is 24,955.36 MW from gas and 0.1% that is 509.71 MW from diesel sources
[1]. One should keep in mind conservation of the energy so that it will not get
wasted, it should be transferred into other forms as per requirements and should
have provision for storing the extra energy for future purpose. Here, the focus has
been given how to represent a solar P.V cell by a single diode model equivalent
circuit and its modelling before implementing into practical use so as to have the
idea of its power generation capacity and overall efficiency.

3 Methodology

In this paper, a photo cell is represented by a block diagram model using a single
diode equivalent circuit diagram analysing from the numerical analysis of the photo
cell. In photocell, light energy falls on the junction formed by p-n layer and excites
the hole and electron to move within the junction so that the current flowing is
taking place [2]. Analytical methods are used basically to make this model. After
the modelling is done, the parameters like irradiance, voltage and temperature,
needed as input in the model are taken from the datasheet of the solar PV practical
module, and the output is seen as approximately close to the output given in the
datasheet of the module, followed by the error calculation for analysing the per-
formance of the model created.

4 Mathematical Model Form of Photovoltaic Cell

Solar cell is one of the upcoming technologies of conversion of photons or the rays
of the sun to electrical energy. A number of photovoltaic cells connected in either
series or parallel to form a PV module. When we connect a number of PV module
either in series or in parallel, then it forms PV array. This is one of the good efficient
technologies for the generation of electricity from the sun’s rays that is available in
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nature. The solar cell can be represented by a single p-n junction diode. The light or
the sun’s rays falling on the semiconductor material are absorbed by silicon. The
two layers of the PV cell are specially doped with one excess of electrons and
another deficit of electron, and this causes occurrence of electric field. The electric
field will cause the electron which is not tightly bound to move to one direction
which is known as the junction. When the energy of the sun falls, then it allows the
electrons to flow which will cause a current to flow. Here, in the representation of
single diode equivalent model, there are two resistances attached, one connected in
series and other in parallel, the former to reduce the fill factor and later one to
decrease losses and for protection purpose [3]. Ideally parallel resistance should be
infinite, and series resistance should be shorted.

5 Modelling of an Ideal PV Cell

By applying Kirchhoff’s current law from Fig. 1, we get [4]:

I1 ¼ Iph1 � Id1 ð1Þ

From the general equation of the diode, we can say

Id1 ¼ Is1 exp
q1Voc1

Ns1K1A1T0

� �
� 1

� �
ð2Þ

Substituting the value of Id1 from Eq. (2) to Eq. (1), we get

I1 ¼ Iph1 � Is1 exp
q1Voc1

Ns1K1A1T0

� �
� 1

� �
ð3Þ

But consideration of the actual ideal circuit is not possible as there is addition of
series and parallel resistance in the circuit [5]. The series resistance is due to losses

Fig. 1 Ideal structure of a PV
cell [6]
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for Joules’ effect that is losses due to flowing of current in metal grid, semicon-
ductor material, collecting bus and terminal. The parallel resistance is due to
seepage of current due to cell thickness and surface effect. So, the above equations
are modified into following equations:

Id1 ¼ Is1 exp
q1ðV1 þ I1Rs1

Ns1K1A1T0

� �
� 1

� �
ð4Þ

I1 ¼ Iph1 � Is1 exp
q1ðV1 þ I1Rs1

Ns1K1A1T0

� �
� 1

� �
ð5Þ

If we consider the solar cell is acting in series parallel manner, then the above
Eq. (5) is transformed to a new equation shown as

I1 ¼ Np1 � Iph1 � Np1 � Is1 exp
q1ðV1 þ I1Rs1

Ns1K1A1T0

� �
� 1

� �
ð6Þ

There are various parameters that we need to describe as they are not described
in the above equation Iph1 that is photocurrent of PV cell due to change in irradi-
ance, the reverse saturation current Irs1 and the saturation current Is1 which is given
by the below equations:

Iph1 ¼ Isc1 þ Ki1 T01 � Tr1ð Þ½ � � G1

Gref1
ð7Þ

Irs1 ¼ Isc1

exp q1Voc1
Ns1K1A1T0

� �
� 1

h i ð8Þ

Is1 ¼ Irs1
T01
Tr1

� �3
exp

q1Eg1

A1K1

� �
1
Tr1

� 1
T01

� �� �
ð9Þ

These above equations are used to design the model of solar PV cell in
MATLAB, and inputs are given from the datasheet, that is shown in Table 1, and
output is obtained, and comparative analysis is done between the datasheet
parameters and the generated model (Fig. 2; Table 2).

6 Steps Associated for Making Simulation

1. First develop the temp conversion model for converting the temperature from
Celsius to Kelvin.

2. Develop the block which includes the constant that is used in the formulas and
their values will not change that is Ns1K1A1T01.
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3. Develop the photocurrent model.
4. Develop reverse saturation current mode and then saturation current mode.
5. Develop output current mode.

Table 1 Given parameters of solar PV used module [8]

S. no. Parameters Denoted Name Values used

1 Max. Power Pm1 320 W

2 Max. Voltage Vm1 37.38 V

3 Max Power Current Im1 8.56A

4 O.C Voltage Voc1 46.22 V

5 S.C Current Isc1 9.06A

6 No. of Series cells Ns1 72

7 No. of Parallel cell Np1 1

8 Ideality factor of diode A1 1.3

9 Temp. coefficient of cell Ki1 0.058/ °C

10 Ref. Temp. Tref1 25C

11 Solar irradiance Gref1 1000 at STC

Fig. 2 Circuit diagram of a practical PV cell [7]

Table 2 Comparing the parameter of datasheet of JAP6-72/320/4BB with the simulated model

S. no. Parameters Datasheet values Simulated model values Rel. error (%)

1 Pm1 320 W 316.4 W 1.125

2 Isc1 9.06 A 9.05 A 0.11

3 Vm1 37.38 V 41.91 V 12.1

4 Im1 8.56 A 7.551A 11.7

5 Voc1 46.22 V 46.20 V 0.04
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7 Simulated Model

The simulated model is shown in below (Figs. 3, 4, 5) [9]:

8 Results and Discussion

From the above-generated simulation and graph, comparison between the perfor-
mances of the simulated model of the PV cell with the datasheet values of the
practical solar cell can be made easily [11]. Here, single diode representation is
basically used to represent the PV model. This can also be replaced by double diode
mechanism, but due to cost effective, this policy is considered. Values of power,
voltage and current are measured by keeping once irradiance constant and other
time temperature constant. In this simulation model, the input required is irradiance,
voltage and temperature taken from datasheet. We have set the value of irradiance

Fig. 3 PV model
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Fig. 4 Inner structure model of PV cell

Fig. 5 I-V and P-V graph of a PV cell [10]
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as 1000 W/m2, voltage as 37.38 V and temperature as 25 °C, and we measured the
power as the output, as for this case, only the system will have the maximum
efficiency. By substituting different values by hit and trial process, this state can
easily be obtained. From the datasheet of the practical solar cell, the output comes
to 320 W, but the simulated output comes to be 316.4 having an error of 1.125%.
So, the power that can be extracted is well enough stating the efficiency of the
model is quite high and this model can easily replace the existing one at lower cost.
Further, it can be observed that the voltage generated at the output is a bit more than
input, so it steps up the voltage a bit, and the simulated current value differs than the
practical one and has the error of 11.7%.

The values of various parameters like current, voltage and power vary same as
that of ideal exixting solar cell while keeping either temperature or irradiance
constant. When keeping the temp at 25 °C and changing the irradiance, we can see
the changes in parameters in Table 3 [12], and when keeping the irradiance at
1000 W/m2, we change the temperature then the change in parameters which is
shown in Table 4 [13].

When the temp remains constant and with decreasing the irradiance that is the
solar radiation is becoming less, then it can be realized that the current value and the
voltage value both decrease, so power will also decrease with decrease in irradi-
ance. When keeping the irradiance constant and changing the temperature that is
when we increase warmth of the surrounding, it can be seen there is decrease in
voltage very slowly with the decrease in current. So, this is exactly similar to the
characteristics of an ideal PV cell.

Table 3 Values of change in power and current with change in irradiance keeping temperature
25 °C

S. no. Irradiance (W/m2) Current (A) Voltage (V) Power (W)

1 1000 7.551 41.91 316.4

2 800 6.177 41.09 253.8

3 600 4.696 40.20 188.7

4 400 3.124 39.25 122.6

5 200 1.480 38.27 56.64

Table 4 Values of change in power and current with change in temperature keeping irradiance
1000 W/m2

S. no. Temperature (°C) Current (A) Voltage (V) Power (W)

1 25 7.551 41.91 316.4

2 30 6.766 41.44 280.4

3 35 5.766 40.84 235.6

4 40 4.581 40.13 183.8

5 45 3.234 39.32 127.2
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9 Conclusion

The single diode detailed modelling [14] from its construction till the simulation
performed for taking the results is explained in a stepwise manner. The model has
been simulated by using MATLAB software [15]. The maximum error while
making this model is 12.1%. This model can be used to test also all the different
practical PV cell by basically changing the input parameters. This simulated model
can also help to calculate the amount of power that can be generated throughout the
year getting the value of irradiance and temperature of that month. From the
practical model, values are taken and given as an input to the simulated model and
how the model behaves from the original existing module is depicted in this paper
with simulation and proper explanation.
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Computational Analysis of Efficiency
for Non-toxic Perovskite Solar Cell
with Inorganic HTMs

Arnab Das and A. B. Deoghare

1 Introduction

In 1896, Swedish scientist, Svante Arrhenius stated that the use of fossil fuel could
contribute to global warming [1]. Over the last few decades, this issue has become a
hot-buttoned topic. A number of alternative sources of energy have been investi-
gated since then, which also resulted in lower emissions, lesser fuel price and less
pollution.

Solar energy is a vital source of renewable energy within which light and heat
from the Sun are harnessed employing a variety of ever-evolving technologies like
photovoltaics, solar heating, solar architecture, solar thermal energy, molten salt
power plants and artificial photosynthesis. In the present scenario, solar cells made
of silicons are widely used for commercial purpose. For the manufacturing and
production of silicon-based solar cells, sophisticated fabrication techniques are
required which makes the solar panel costlier. But recent researches have shown
that perovskite materials can be used as a replacement of silicon-based cells as these
materials are simple and cheap to produce. Perovskites act as active absorber layer
in perovskite solar cells (PSC) to produce electricity from the light and heat of the
Sun [2].

However, there are few challenges that need to be addressed before perovskites
displace silicon from its dominant position in photovoltaic industry. These are
substitution of lead (Pb) by a non-toxic element and resisting the degradation by
replacing the expensive hole transport material (HTM) made from
2,20,7,70-tetrakis (N,N-di-p-meth oxyphenylamine)-90, 9-spirobifluorene
(spiro-OMETAD). Persistent efforts are being utilized around the globe to handle
the above issues. The replacement of lead may be done by replacing the toxic lead
atom by selected metals either having similar ionic radius and/or outer electron shell
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structures. Replacing lead (Pb) by tin (Sn) has shown the foremost effective results.
However, it is found that simply replacing lead (Pb) by other metals will not lead to
higher photo conversion efficiencies PCEs [3].

On the other hand, spiro-OMETAD is used in perovskite-based solar cells very
frequently as HTM. It is found that this material is moisture-sensitive. It is also
proved that ultraviolet light and moisture cause degradation within the perovskite-
based cells. Hence, it can be said that spiro-OMETAD is liable for the degradation of
the solar cells [4, 5]. A reasonable amount of literature can be found dedicated to the
effect of HTM layer on the stability of the perovskite-based cells [6–8]. There are
also some published works based on the degradation of the performance of
dye-sensitized cells (DSC) because of the presence of spiro-OMETAD [9, 10]. The
problem is related to the oxidizing effects [7, 8] and thermal stress effects [6, 9, 10].
From this, it may be concluded that the main disadvantage is related to the mate-
rial itself. To resolve these issues, some inorganic materials are suggested to be used
as HTM layer, like nickel oxide (NiO) [11], copper thiocyanate (CuSCN) [12],
cuprous oxide (Cu2O) and copper iodide (CuI) [13].

In this study, SCAPS-1D, developed by the University of Gent, was used to
calculate the key parameters of tin iodide perovskite photovoltaic cell with the
subsequent configuration: Glass/FTO/TiO2/CH3NH3SnI3/HTM/Au, HTM being
NiO, CuSCN, CuI, Cu2O and spiro-OMETAD. This work focuses on searching for
the effects of the absorber thickness layer, HTM thickness, absorber layer defect
density on the cell to predict the performance of the device. It should be beneficial
to device design and understand the operation mechanism, which may be helpful
for innovative experimental studies and fabrication processes.

2 Analysis of the Device

2.1 Method

The construction of perovskite solar cells (PSCs) is almost like most of the inor-
ganic thin-film solar cells. The excitation is Wannier-type in perovskite materials.
Within the case of inorganic thin-film solar cells, the excitation type is also similar.
Simulation software is often used as a tool for understanding of the device
mechanism and determining the optimum design. Solar cell capacitance simulator
(SCAPS) is such kind of simulation software which was widely applied for inor-
ganic semiconductor photovoltaic cell devices like silicon, CdTe, Cu(In,Ga)(S,Se)2
(CIGS) and Cu2ZnSn(S,Se)4, and it is often accustomed for simulating PSCs, based
on the two similarities in excitation type and device configuration as discussed
earlier. SCAPS is a one-dimensional solar cell simulation program which uses three
differential coupled equations that are Poission’s equation, continuity equation for
electrons and holes.
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The equations are

d
dx

�e xð Þ dw
dx

� �
¼ q p xð Þ � n xð ÞþN þ

d xð Þ � N�
a xð Þþ pt xð Þ � nt xð Þ� � ð1Þ

dnp
dt

¼ Gn � np � npo
sn

þ npln
dn
dx

þ lnn
dnp
dx

þDn
d2np
dx2

ð2Þ

dpn
dx

¼ Gp � pn � pno
sp

� pnlp
dn
dx

� lpn
dpn
dx

þDp
d2pn
dx2

ð3Þ

where x is the direction along the thickness, q is electron charge, G is generation
rate, e is permittivity, w is electrostatic potential, n is electric field, and D is dif-
fusion coefficient. n(x), p(x), nt(x), pt(x) are free electrons, free holes, trapped
electrons and trapped holes, respectively. N�

a xð Þ refers to ionized acceptor-like
doping concentration, and N þ

d xð Þ stands for ionized donor-like doping
concentration.

2.2 Modeling of the Device

Figure 1 shows the configuration of the photovoltaic cell, used for simulation,
where different colors indicate different layers and their thickness. For the HTM
layer, different HTMs have been used. These are Cu2O, CuI, NiO, CuSCN and the
traditional spiro-OMETAD. The thickness of each layer is varied with different
configurations to get the best results. For the thickness of the perovskite layer, the
thickness is varied from 50 to 800 nm, the HTM thickness is varied from 50 to
500 nm, ETM (TiO2) layer thickness is chosen to be within the range of 50–
200 nm, and finally, FTO thickness is varied from 50 to 500 nm for each simulation
with different HTMs. For the left contact end, gold (Au) is chosen, and glass is used
as the transparent right contact material. The input parameters for different layers
are shown in Table 1. These parameters are collected from various experimental
data [14–16].

2.3 Simulation Procedure

The thicknesses of the various layers of the cell were optimized by following a
certain algorithm as shown in Fig. 2. For the primary iteration, the thicknesses of
the ETM layer and the perovskite layer were set to 100 and 500 nm, respectively.
For perovskite solar cells having spiro-OMETAD as HTM, these values are found
as optimum values [17, 18]. Using these thicknesses for ETM and perovskite layer,
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the HTM thickness is optimized by an iterative process. Thus, the optimum
thickness of the HTM was identified. Using this value for HTM thickness, itera-
tions were applied again to get the new optimized thickness value for the ETM
layer. This method was done again and again to search out the set of optimum
values for ETM and HTM layer thicknesses for various combinations of the con-
sidered cell structures. Finally, the optimum thickness for the absorber layer was
computed using the set of optimized ETM and HTM thickness values. However, it

Fig. 1 Configuration of the solar cell structure

Table 1 Input parameters of all the materials for SCAPS simulation

TiO2 CH3NH3SnI3 Spiro-OMETAD p-Cu2O p-CuI p-CuSCN p-NiO

Die-electric
permittivity

10 8.2 3 7.11 6.5 10 10.7

Electron
mobility (cm2/
Vs)

100 1.6 1e-4 2e2 100 100 12

Hole mobility
(cm2/Vs)

25 1.6 2e-4 8e1 43.9 25 2.8

Acceptor
concentration
(1/cm3)

0 1e18 1e18 1e18 1e18 1e18 1e18

Donor
concentration
(1/cm3)

1e17 1e18 0 0 0 0 0

Bandgap (eV) 3.26 1.30 3.06 2.17 3.1 3.6 3.8

CB DOS (1/
cm3)

2e17 2.2e18 2.8e19 2.02e17 2.8e19 2.2e19 2.8e19

VB DOS (1/
cm3)

6e17 1.8e19 1e19 1.1e19 1e19 1.8e18 1.0e19

Affinity (eV) 4.2 4.17 2.05 3.20 2.1 1.7 1.46

Band to band
recombination
rate (cm3/s)

2.3e-9 2.3e-9 2.3e-9
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should be noted that these optimum values may be varied by varying the carrier
mobilities. After finding out these values, the defect density of the absorber layer is
varied to find out the best suitable configuration for maximum efficiency. Finally,
these values are compared, and the possible outcome is tried to predict for all the
configurations, which is discussed in the result and discussion section. A flowchart
of the simulation procedure is shown in Fig. 2 for easy understanding of the whole
process.

3 Results and Discussion

The modeling of TiO2/CH3NH3SnI3/HTM/FTO perovskite solar cell structure is
presented in this work, while in case of HTM material, various inorganic materials
like Cu2O, CuI, CuSCN, NiO have been tried, and the results are compared with the
traditionally used spiro-OMETAD HTM material. Methyl ammonium tin iodide
(CH3NH3SnI3) is a non-toxic material and can be used for commercial purpose. The
analysis was performed in SCAPS-1D software, and various parameters like the J-V
characteristics, FF characteristics, PCE were found out. It was found that, Cu2O and
CuI, when used as HTM have outperformed the performance of the solar cell using

ETM Thickness = 100 nm; Perovskite Thickness = 500 nmSTART

Optimization of HTM Thickness for maximum PCE

Perovskite Thickness = 500 nm; Optimized HTM Thickness

Optimization of ETM thickness for maximum PCE

Optimized ETM and HTM Thickness

Optimization of Perovskite Thickness and variation of defect density for maximum PCEResults

Fig. 2 Flowchart of the simulation procedure
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spiro-OMETAD as HTM by achieving PCE more than 22.5%. All the simulations
are conducted under AM 1.5G illumination, and the input parameters are listed in
Table 1. The optimized cell configurations for all the materials as HTM are dis-
cussed in the Sect. 3.1, and the final thickness values are listed in Table 2.

3.1 Best Suitable Configuration

Simulations were performed by varying the thickness of the materials used for each
configuration. From every simulations, the data are collected and finally analyzed,
so that best suitable configuration for each of the materials can be predicted. For the
analysis, a certain algorithm is used, which is depicted in the methodology section.
The optimized cell configuration is chosen on the basis of maximum PCE obtained
for each case. The details of the thickness of each material for all the configuration
are listed in Table 2.

It should be noted that, all the configuration details shown in the table are for
maximum PCE obtained for each case and these results were found when the defect
density of the absorber layer was minimum. The effect of defect density is discussed
later. But, from Tables 3, 4, 5 it is noticeable that, the configurations of
spiro-OMEATD HTM cell, Cu2O HTM cell and CuI HTM cell are almost similar.
While the optimized thickness of the perovskite absorber layer lies in between 650
and 750 nm for all the three configurations, and HTM layer thickness lies in
between 50 and 100 nm. The ETM layer thickness was found to be 100 nm for best
possible outcome for all the three configurations. Again, it was also found that, the
cells having NiO and CuSCN as HTM are having almost similar configuration, as
the perovskite layer thickness and the ETM layer thickness for these two cells were
found to be 400 and 100 nm, respectively, for both the configuration. The HTM
layer thickness was found to be lying in between 200 and 250 nm for NiO and
CuSCN HTM cells. The maximum achievable PCE was found in the case of Cu2O
and CuI as HTM, as both of the cell configuration have achieved efficiency more
than 22.5%. This is even found to be more than the efficiency achieved by using

Table 2 Optimized thickness for ETM, HTM and absorber layer

Thickness Spiro-OMETAD as
HTM

Cu2O as
HTM

CuI as
HTM

CuSCN as
HTM

NiO as
HTM

HTM 50 nm 100 100 250 200

Perovskite 700 nm 750 650 400 400

ETM
(TiO2)

100 nm 100 100 100 100

FTO (nm) 500 500 500 500 500

PCE (%) 22.33 22.50 22.51 18.58 21.21
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spiro-OMETAD as HTM. But, the cells, having CuSCN and NiO as HTM, were
lagging behind in case of PCE obtained by these two cells, as the maximum
achieved PCE by these two cells was 18.58% and 21.21%, respectively.

3.2 J-V Characteristics

The J-V curve created by simulation using SCAPS-1D software is shown in Figs. 3
and 4 for Cu2O HTM cell and CuI HTM cell, respectively, under illumination. This
curve is generated, due to carrier generation and separation because of incident of
photons into the absorber layer. The J-V curve helps to find out the short circuit
current, open circuit voltage, fill factor and the PCE of a certain cell configuration.
The curve shown in Figs. 3 and 4 is automatically generated by the SCAPS-1D
software, which shows the various parameters at the maximum PCE condition for
Cu2O and CuI HTM cells, respectively.

Fig. 3 J-V characteristics curve for Cu2O HTM cell
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3.3 Effect of Absorber Layer on Various Parameters

To understand the performance of any solar cell, the J-V characteristics are not
enough. Various other factors, specially, the effect of absorber layer plays a vital
role, when it comes to predict the behavior of a cell under certain conditions.

The effect of the defect concentration on the absorber layer and its thickness
were carried out to find out the maximum PCE for each configuration.

3.3.1 Effect of Absorber Thickness on PCE for All the Cell
Configurations

The effect of absorber layer thickness on the PCE is shown in Fig. 5 for all the cells.
The PCE of the solar cell is directly affected by the change in absorber layer
thickness. As the thickness of the absorber layer is increased, the PCE obtained is
also increased. This is because of more absorption of photons, as the thickness of
the absorber layer is more. But, after reaching a certain limit, because of more
recombination centers, the PCE starts to decrease. The same trend can be seen for
all the cell configurations, as shown in Fig. 5. It can be noticed that the PCE vs
perovskite thickness curve for the cells having spiro-OMETAD, Cu2O and CuI is

Fig. 4 J-V characteristics curve for CuI HTM cell
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almost similar and all of these cell configurations have achieved cell efficiency more
than 22%, while cells having Cu2O and CuI have shown the best possible outcome.
The cell having CuSCN has the lowest PCE achieved, whereas cell having NiO has
reached the PCE of more than 21%, but this value of PCE lies for very short range
of absorber thickness, as it falls drastically when the absorber layer thickness is
further increased.

3.3.2 Effect of Absorber Defect Density on the PCE

The effect of absorber layer defect density is carried out in this step. For this
analysis, the defect density of 1015, 1014 and 1013 is chosen. Generally, when the
defect density is increased, the minority carrier lifetime is reduced. With the
reduction of lifetime, the diffusion length of the electron and hole also reduces, and
thus, the recombination loss in the absorber layer also increases. Hence, the best
value of PCE can be obtained by reducing the defect density in the absorber layer.
Figure 6 shows the effect of defect density in the PCE for all the cell configurations.
In Fig. 6, the PCE vs the perovskite absorber layer thickness curve is plotted for
various defect density of the absorber layer. Figure 6a–e shows the PCE vs per-
ovskite thickness curves for spiro-OMETAD, Cu2O, CuI, NiO and CuSCN as
HTM, respectively. The black line shows the curve for defect density 1013, while
the red and blue line show the curves for defect density 1014 and 1015, respectively,
for all the cell configurations. As expected, the best result could be seen for the
configuration, having less defect density in the absorber layer. The parameters
obtained by the defect density study are listed in Tables 3, 4, 5, 6, and 7.

From the analysis done by changing the defect density of the absorber layer, the
final parameters that were found are listed in Tables 3, 4, 5, 6 and 7 for the cells
having spiro-OMETAD, Cu2O, CuI, NiO and CuSCN as HTM, respectively. From

Fig. 5 Absorber layer thickness vs PCE
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these values, it can be noticed that the values for spiro-OMETAD, Cu2O and CuI are
very close. The fill factor values for these three configurations have increased as the
defect density in the perovskite layer has been reduced. Whereas the fill factor value
for cells having NiO and CuSCN as HTM has decreased as the defect density is
increased. This is because of more recombination centers. From the above analysis,
Cu2O and CuI material can be chosen as HTM for the CH3NH3SnI3 solar cell.

Fig. 6 Effect of defect density of absorber layer
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3.3.3 Effect of Perovskite Thickness on Various Parameters

From the above analysis it could be said that, HTMs (CU2O and Cul) can provide
more power conversion efficiency (PCE) than traditionally used spiro-ometad HTM
for solar cells using Perovskite material as CH3NH3Snl3. The various parameters
like Voc, Jsc and FF are found to be similar also for these three solar cell con-
figurations. So, in this step, the analysis is carried out to find out the effect of

Table 3 Effect of defect density on spiro-OMETAD HTM-based cell

Findings 1015 defect density 1014 defect density 1013 defect density

Thickness of absorber 300 nm 450 nm 700 nm

Voc (V) 0.8587 0.9407 1.0357

Jsc (mA/cm2) 28.340474 31.467798 33.489040

FF (%) 59.78 61.91 64.38

PCE (%) 14.55 18.33 22.33

Table 4 Effect of defect density on Cu2O HTM-based cell

Findings 1015 defect density 1014 defect density 1013 defect density

Thickness of absorber 450 nm 550 nm 750 nm

Voc (V) 0.8325 0.9291 1.0318

Jsc (mA/cm2) 31.403148 32.547903 33.695094

FF (%) 61.84 63.41 64.70

PCE (%) 16.17 19.18 22.50

Table 5 Effect of defect density on CuI HTM-based cell

Findings 1015 defect density 1014 defect density 1013 defect density

Thickness of absorber 350 nm 550 nm 650 nm

Voc (V) 0.8482 0.9315 1.0390

Jsc (mA/cm2) 29.644683 32.535857 33.239298

FF (%) 61.85 62.48 65.19

PCE (%) 15.55 18.94 22.51

Table 6 Effect of defect density on NiO HTM-based cell

Findings 1015 defect density 1014 defect density 1013 defect density

Thickness of absorber 450 nm 600 nm 400 nm

Voc (V) 0.8179 1.4717 2.9791

Jsc (mA/cm2) 32.370282 32.913131 30.717585

FF (%) 58.14 39.06 23.18

PCE (%) 15.39 18.92 21.21
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perovskite thickness on the open circuit voltage (Voc), short circuit current (Jsc), fill
factor (FF) and PCE for the cells having Cu2O and CuI as HTM. Figures 7 and 8
show the variation in the above-mentioned parameters with respect to change in
absorber layer thickness for Cu2O HTM cell and CuI HTM cell, respectively.

Figures 7 and 8 describe the effect of absorber perovskite layer thickness on the
various parameters like: open circuit voltage, short circuit current, fill factor and
photo conversion efficiency for the two types of cells, having Cu2O and CuI as
HTM, respectively. It is noticeable that, the both of the cells are having similar type
of results for all the parameters. The Voc and FF curve tends to move downwards,
as the thickness of the absorber layer is increased. This happens because of the
creation of more recombination centers as the thickness of the absorber is increased.

Table 7 Effect of defect density on CuSCN HTM-based cell

Findings 1015 defect density 1014 defect density 1013 defect density

Thickness of absorber 500 nm 400 nm 400 nm

Voc (V) 1.0742 2.6115

Jsc (mA/cm2) 31.954779 30.710304 30.717474

FF (%) 46.81 22.73

PCE (%) 16.07 18.23 18.58

(a) Voc vs Perovskite Thickness (b) Jsc vs Perovskite Thickness

(c) FF vs Perovskite Thickness (d) PCE vs Perovskite Thickness

Fig. 7 Effect of perovskite thickness on various parameters for Cu2O HTM cell

452 A. Das and A. B. Deoghare



The Jsc increases as the perovskite layer thickness is increased, because, as we
increase the thickness of perovskite layer, more number of electron-hole couple is
also generated. Same thing happens with the PCE curve, as the PCE value increases
up to a certain point because of more number of e-h couple generations, and after
that, because of creation of more recombination centers, the curve tends to move
downwards.

4 Conclusion

Numerical modeling of non-toxic perovskite thin-film cell is carried out using solar
cell capacitance simulator (SCAPS) software in this work. For prevention of
degradation, different inorganic hole transport materials like Cu2O, CuI, NiO and
CuSCN are tried in the place of traditionally used organic hole transport material
spiro-OMETAD. A comparison study of various parameters like photo conversion
efficiency (PCE), open circuit voltage (Voc), short circuit current (Jsc) and fill factor
(FF) is carried out for various cell configurations. From the J-V characteristics
curve, generated by the SCAPS software, the data are collected, and maximum

(a) Voc vs Perovskite Thickness (b) Jsc vs Perovskite Thickness

(c) FF vs Perovskite Thickness (d) PCE vs Perovskite Thickness

Fig. 8 Effect of perovskite thickness on various parameters for CuI HTM cell
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efficiency is found out for each configuration. It was found that, maximum effi-
ciency for the cell configurations is 22.33, 22.50, 22.51, 21.21 and 18.58% for the
cells having spiro-OMETAD, Cu2O, CuI, NiO and CuSCN as HTM, respectively.
It was also seen that, all the maximum efficiency was achieved when the absorber
layer defect density was set to minimum (1013). From this analysis, it can be
concluded that, among the cell configurations, inorganic Cu2O and CuI as HTM can
outperform the organic spiro-OMETAD as HTM. But, only the J-V characteristic
curve is not enough to understand any solar cell performance. To observe the
performance of the cell, various other factors are also analyzed. A comparative
study on the effect of the absorber layer on PCE of the cells has been carried out,
and it was found that, the Cu2O HTM cell and CuI HTM cell show similar behavior
like spiro-OMETAD HTM cell, whereas the other inorganic HTM cells were
lagging in case of PCE. From all these analysis, it could be concluded that, Cu2O
and CuI can be used as HTM as a replacement of spiro-OMETAD, to reduce the
degradation along with CH3NH3SnI3 perovskite absorber material to remove the
toxicity from the solar cell. For better prediction of the cell performance, the effect
of the absorber thickness is also analyzed on the various parameters like Voc, Jsc
and FF for Cu2O and CuI HTM cells.

Based on the different device structure modeling, solar cell with structure Cu2O/
CH3NH3SnI3/TiO2/FTO and CuI/CH3NH3SnI3/TiO2/FTO can exhibit an efficiency
of 22.5% and the fill factor of more than 64% with the optimized physical
parameters like HTM and ETM thickness of 100 nm for both configuration, and
absorber thickness of 750 nm and 650 nm, respectively. The proposed result will
give a valuable guideline for the feasible fabrication and designing of high power
conversion efficiency non-toxic perovskite solar cell.
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Optimization of Process Variables
of Twin-Screw Extruder Using Response
Surface Methodology for the Production
of Fish Added Extruded Snack Product

R. Pradeep , K. Rathnakumar, and P. Karthickumar

1 Introduction

The micro and small food processing industries gaining appreciation and
acknowledgments from various governmental and non-governmental organizations;
nowadays, it helps in achieving sustainable food production with nutritional sta-
bility for the nation [1]. Since it enables the opportunities for newcomers to start up
a profitable business, Industry 4.0 will also help industries to automate the process
and carrying out better management practices to such a trade [2]. The micro and
small food industries, besides its small investment, always look further to develop
new and innovative products to gain attention and appreciation from the consumers,
which led to the competitiveness among the food processors to address the primary
concern in any existing food products.

One such product called expanded crisp snack products, commercially called
Kurkure, Cheetos, which is a famous snack among all age groups of people because
of its lucrative and scrumptious nature [3]. Children are fonded of this snack than
adults. The primary concern of this popular snack is lack of nutrition, even it has a
high market value. Hence, fortification of such products is needed to improve its
nutritional quality up to an acceptable level, which makes the product with a
considerable market and nutritional value.

The primary fishery in India includes emperors, seer fish, groupers, tuna, snap-
pers, goat fishes, and anchovies that fetch a reasonable price for fishers. Besides,
these enormous quantities of low-value fishes like lesser sardines, oil sardine’s
sciaenid, skipjack tuna, leather jacket, silver bellies, lizard fishes, catfishes are also
landed. However, they are not effectively utilized and predominantly shifted for
fishmeal or the dry fish market as fish protein is rich in all essential amino acids
irrespective of the size of the fish [4]. Small varieties of fishes are not relished

R. Pradeep (&) � K. Rathnakumar � P. Karthickumar
College of Fisheries Engineering, Tamil Nadu Dr. J. Jayalalithaa Fisheries University,
Nagapattinam, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
S. Bag et al. (eds.), Next Generation Materials and Processing Technologies,
Springer Proceedings in Materials 9, https://doi.org/10.1007/978-981-16-0182-8_35

459

https://orcid.org/0000-0002-5964-2134
https://orcid.org/0000-0001-5251-583X
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_35&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_35&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0182-8_35&amp;domain=pdf
https://doi.org/10.1007/978-981-16-0182-8_35


because of pin bones and are generally converted into meal for animal feed. Hence,
the development of seafood-based snack products can enhance human consumption
of these underutilized fishes rather than being utilized for other non-human uti-
lizations [5]. This paves the way to the production of nutritious snacks, as mentioned
above, by the addition of low-value fish to high market value snacks.

Several kinds of research were focused on the production of fish added extruded
snacks, and its nutritional stability rendered the proper procedure for the production
of good nutritional quality extruded snacks [6]. Extruded fish snack products were
developed using extrusion technology with cooking formulation consisting of fish
flour and cereals mixture were extruded at a moisture content of 15%, screw speed
480 rpm, sectional barrel temperature of 30, 60, 130, and 160 °C at four stages and
2 mm diameter of the die. The extruded product developed was fried using edible
oil, and the resulting extruded product was analyzed for a physical characteristic,
texture profile, proximate composition, microbiological analysis, and sensory
acceptability [5]. However, still commercial fish added extruded snack products are
not available in the market because of the less product acceptability and process
variable optimization. The color, odor, puffiness, and other sensory properties of
fish added extruded snacks are not as same as the higher market value typical
extruded snacks. It happens because of the lack of optimization of machine
parameters and raw material concentration [7] for the production of extruded fish
snack product with high acceptability. The study investigated the effect of feed rate,
feed moisture content, screw speed, and barrel temperature on the density,
expansion, water absorption index (WAl) and water solubility index (WSI), and
sensory characteristics such as hardness and crispness of an expanded rice snack [8]
have concentrated machine parameter mainly for its product preparation.

Moreover, another primary concern is the types of machinery for the production
of innovative products, for example, fish added extruded snack products. The micro
and small food processing cannot afford to buy expensive machinery for every
innovative product, and it is unrealistic too. Hence, the optimization of the existing
conventional mechanism available already for the production of new and innovative
products is necessary for the low capital food processing industry.

This paper aims to achieve such optimization of the very common twin-screw
extruder available in every food processing industry for the production of fish added
extruded snack products. The quality parameters are optimized by adjusting the
process variable of the twin-screw extruder, for the production of good quality and
highly acceptable extruded fish snack product.

2 Materials and Methods

2.1 Raw Material Preparation

Fresh lizardfish (Sauridatumbil) was purchased from Akkaraipettai fishing harbor,
Nagapattinam. It cleaned, steam boiled (Fig. 1), and then bones removed. The
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cooked meat was allowed to dry under a temperature of about 50 °C. Then, the
dried product was made into powder with the help of a mixer. The fish powder was
divided equally and packed in aluminum foil laminated pouches and stored at room
temperature. The cornflour (grounded maize kernels purchased on the local market,
Nagapattinam) taken in a certain amount according to the trails, and 5% of
lizardfish powder added along with it, and other ingredients like salt (2%) and water
(10%) added to produce the experimental samples.

2.2 Twin-Screw Extruder

This study was carried out by the twin-screw extruder (M/s. Basic technology, Pvt
Ltd, Kolkata, India). It consists of hopper, twin-screw (either co-rotating or
counter-rotating in nature), barrel, heating element, die, and cutter. This twin-screw
extruder helps us achieve the hot extrusion process very easy to produce the high
acceptable puffed snack products. The pitch of the screw made decreasing along its
length to apply gradual compression to the food material. Heaters (preferably two)
help to achieve the desired temperature, thereby making the food material plastic
enough to form the shape of our desire. The specification and image (Fig. 2) of the
machine that has used throughout this research is given below.

2.3 Proximate Evaluation

The dried fish powder used for the extruded snack production has to be evaluated
for its proximate composition, which has a severe impact on the final product and
customer acceptance. Hence, the proximate analysis was done for both fresh fish
and dried fish powder. Different laboratory tests conducted at the fish processing
incubation center, Keechankuppam, Nagapattinam, to analyze the proximate

Fig. 1 Fresh, cooked, and powdered lizardfish
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composition. Proximate composition viz., protein (AOAC 988.05), moisture con-
tent (AOAC 930.15), fat (948.22) and ash (AOAC 186) analyses were carried out
according to the mentioned procedures.

2.4 Design of the Experiment

The experiment designed with the principal aim to optimize the process variables
for the production of good quality extruded snack products. The values of process
variables are fixed within the specified operating range decided by the capacity of
the twin-screw extruder. The input machine variables like screw speed and heater
temperature 1 and 2 are randomly selected for 28 trail sets within the operating
ranges.

• Maximum screw speed - 400 rpm

• Capacity – 45 to 50 kg/hr

• No. of heaters – 2 

• Power requirement – 440 v, 3 phases

Fig. 2 Twin-screw extruder used for the experiment
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The quality and acceptability of the products rely on specific physical and
sensory responses like expansion ratio, texture, color, bulk density, true density,
and 50 product weights. Thus, an experiment is conducted with the 28 sets of
different input machine parameter combinations, as discussed earlier. The responses
of each trial are recorded and analyzed with design expert software version 11,
which helps to optimize the machine parameters to get the desired product qualities.
One additional parameter of maize concentration was also added as the input
parameter since it also has its impact on the goodness of product developed.

Expansion ratio: Randomly selected 20 extruded samples subjected to this test.
The diameter of the extruded samples measured with vernier caliper (M/s. Kannan
Hydrol & tools, Chennai), from which the average diameter of the extruded snacks
calculated. The expansion ratio calculated by the ratio of the average diameter of
the product to the diameter of the die [9].

Sensory evaluation of extruded snack: Sensory evaluation of extruded snacks
was carried out by a panel of 30 subject experts available in the College of Fisheries
Engineering, Nagapattinam. They were asked to indicate their opinion on a 9-point
hedonic scale (9 for extremely liked product to 1 for dislike extremely). The experts
analyzed each product for its appearance, color, flavor, taste, and overall accept-
ability of the product.

Bulk density: Randomly selected 20 extruded samples considered for this test.
The diameters of the extruded samples measured with Vernier caliper, from which
the average radius of the extruded snacks calculated. Assuming the shape of the
extruded snacks to be cylindrical, extruded snacks, the total volume was calculated
by adding the individual lengths of 20 extruded samples. The bulk density calcu-
lated by dividing the average weight by the volume of extruded samples given in
Eq. (10) [11].

Bulk density ¼ Weight=Volume of extruded samples ð1Þ

True density: True density of the extruded product calculated by the mustard
replacement method. In this method, extruded products filled up to a specific
volume with the air voids between the products. After that, air voids filled with the
mustard, and the volume occupied by the mustard calculated, and this volume
subtracted from total volume occupied by the extruded products. Finally, the total
weight of the product is divided by the reduced volume to find the true density of
the extruded products given in Eq. (1) [12].

True density ¼ Weight= Total volume � mustard volumeð Þ ð2Þ

50 Product weight: 50 Product weight of the sample taken by measuring the
weight of randomly selected 50 extruded products. It shows that the product will be
more acceptable if this weight is minimal [11].
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2.5 Response Surface Methodology

Response surface methodology is the technique to optimize the process variables
systematically. Since most of the innovative foods products developed from modern
machinery in food industries are lagging in its acceptability by the people, because
of the inappropriate knowledge about the machine with its process variables for a
particular product. This technique identifies the relationship between various
machine parameters and their interaction. The specific technique called
Box-Behnken mechanism applied to this problem, which helps us to find the right
process variable in the particular range of operating conditions of twin-screw
extruder

2.6 Box-Behnken Mechanism

It is the set of techniques applied to a controlled experiment to study the influence
of different variables in the outcome [13]. Generally, the first step is identifying the
independent variable or factors that affect the product or process and then studying
their effects on dependent variables or the response.

It uses the corner selection, face, and central points by considering experimental
space with fewer points. It is less expensive to run with the same number of factors.
It can able to estimate efficiently first- and second-order coefficients.

3 Results and Discussion

3.1 Proximate Analysis

This study mainly concentrates on producing the acceptable quality in terms of
sensory and physical characteristics of the product, which requires the actual
nutritional composition of the raw material for better understanding to maintain the
same nutritional quality after the extrusion process. The proximate analysis of both
fresh and powdered fish conducted, and the result obtained as given below in
Table 1. The results obtained are satisfactory enough to produce a nutritionally
acceptable product. At the same time, it can accommodate the process of extrusion
in all possible ways to create a product of acceptable quality. Previous studies
reported the quality of fish [14] was satisfactory. The fish contains 1% fat used in
this study, which helps to withstand the barrel’s temperature without affecting the
final product quality. For product quality, the responses recorded given in Table 2,
which includes both physical and sensory responses of the product developed. The
significance of developed model is given in Table 3, and coefficients of the process
variable of the developed model are given in Table 4.
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Expansion ratio: The expansion ratio is the decisive factor that always helps to
improve the crunchy nature of the product. It is an important parameter to be
considered for the better quality of the final product [15]. It is observed from
Table 3 that the expansion ratio is significantly affected by heater temperature 2
linearly. It shows that the increase in temperature just before the die helps in
achieving the increase in expansion ratio up to a certain level. The researchers
obtained similar results in making puffed snacks from different ingredients [16–18].

The expansion ratio of the product is also quadratically affected by the screw
speed. It gives us a clear view that the increase in screw speed, eventually increases
the expansion ratio of the product (Fig. 3). A similar interpretation was found with
carrot pomace as an ingredient for an extruded snack. The expansion ratio of the
final product is controlled by varying the heater temperature 1 and 2.

Texture: The texture of the product is a sensitive indicator that meets the
exceptional quality to be acceptable by consumers. From Table (11), it is affected
quadratically affected by heater temperature 1 and 2. The same instance was
recorded in [10]. Figure 4 confirms the set temperature for producing fish added
extruded snack product and helps to obtain a good texture.

Color: The color is also a sensory attribute and an indirect measure of the quality
of the product. The consumer choice of preference must play a vital role in judging
this parameter. Since this experiment purely based on expert’s survey on all 28
samples, the result could orient towards the high acceptable color of the product.
The results obtained in Table 3 show that the color of the product is affected by
linearly and quadratically on heater temperature 1. Figure 5 also supports the jus-
tification well with the effect of heater temperature against color.

Bulk density: It is the responsible parameter for the space occupancy of the
product in the package. Since it has some more advantages in the packaging and
logistic aspects, the product with considerable bulk density will help in the
reduction of packaging cost. It is observed from Table 3 that it is affected linearly
by heater temperature 1 and quadratically by screw speed. Bulk density of the
product is induced by screw speed and heater temperature in a particular way
(Fig. 6).

True Density: It plays a vital role in deciding the absolute matter in the product,
which helps in determining the actual nutritional quality of the product. From
Table 3, the true density is affected linearly by heater temperature 1 and quadrat-
ically by heater temperature 2 and screw speed. Figure 7 depicts the same
above-said justification.

Table 1 Proximate composition of lizardfish analyzed at fresh and powdered state

S. no. Parameters % composition in fresh fish % composition in powdered fish

1 Moisture 76.99 6.02

2 Protein 19.01 89.63

3 Fat 1.13 1.05

4 Ash 1.31 2.06
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50 product weight: This response is essential for the purpose when it comes to
the packaging of the products. In the packaging area, the product weight plays a
vital role in determining the package quantity, so by the economic view, this has to
be optimally higher to achieve more benefits. From Table 3, it is understood that the
quadratic factor of heater temperature 1 and 2 affects 50 product weight signifi-
cantly. Figure 8 proves the dependency of 50 product weight on temperature 2
along with maize content. The temperature given to the raw material determines the
weight of puffed snacks in addition to the maize concentration in it [17].

Among the process parameters, controlling the expansion ratio is a bit compli-
cated than any other, since the expansion ratio is an essential parameter in deciding
the product’s ultimate quality. It is optimized with higher importance than any
different response.

3.2 Optimization

The optimum condition was then determined using the Box-Behnken mechanism.
The final acceptable product should have an increased expansion ratio, representing
all other parameters with adjusted input values, and also, its model significance

Table 3 Significance values of the model developed for every response with significant terms

Source Expansion
ratio

Texture Color Bulk
density

True
density

50 product
weight

Model 0.0360 0.0068 0.0044 0.0005 0.0002 0.0152

A-screw speed 0.8479 0.6439 0.3302 0.3822 0.3144 0.1067

B-heater
temperature 1

0.2838 0.0609 0.0244 0.0009 <0.0001 0.7583

C-heater
temperature 2

0.0171 0.3101 0.0015 0.4325 0.5469 0.3466

D-maize
content

0.3847 0.0334 0.1347 0.0298 0.1195 0.7612

AB 0.0590 0.8447 0.1231 0.2046 0.5813 0.3531

AC 0.3362 0.9589 0.6943 0.6314 0.8351 0.5993

AD 0.6945 0.4444 0.4283 0.2817 0.4206 0.5982

BC 0.0095 0.0069 0.0132 0.0030 0.0061 0.3477

BD 0.3362 0.2895 0.1175 0.1948 0.7632 0.3911

CD 0.1392 0.0154 0.9458 0.0260 0.0208 0.3092

A2 0.0162 0.1084 0.6924 0.0001 <0.0001 0.3826

B2 0.0720 0.0006 0.0013 0.0032 0.0019 0.0074

C2 0.0548 0.0025 0.0043 <0.0001 <0.0001 0.0048

D2 0.0823 0.0398 0.1030 0.0054 0.0011 0.0003
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value is comparatively less than the different response model, as in Table 4. The
emphasis placed on the expansion ratio, but the other parameters are maintained at
the same level of importance to achieve the product of acceptable combination. The
two best possible combinations derived from optimization for producing the pro-
duct of high acceptability in twin-screw extruder within the operating range given

Fig. 3 Effect on expansion ratio—H2 versus H1

Fig. 4 Effect on texture—H2 versus H1
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in Table 5. It was compared with the derived results in the optimization process.
The accuracy of the optimized model is 95.31% for importance 4 and 93.68% for
importance 5.

4 Conclusion

The nutrition-rich expanded crisp porous snack produced from the mixture of
lizardfish, rice flour, and corn. This snack gaining recognition and appreciation due
to their ready to eat nature, delicious taste, and appealing look. This paper is
addressed and designed in a particular way to eliminate this issue by optimizing the
most popular twin-screw extruder in its approach for producing the product of our

Fig. 5 Effects on color—H1 versus other variables

Fig. 6 Effects on bulk density—H2 versus screw speed
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interest. This study determined the process condition for any food processing
industries to formulate their combination for the production of nutritious and high
market demand product called an extruded fish snack. In the future, this opti-
mization may be included in the machine itself with the help of modern techniques

Fig. 7 Effects on true density—H1 versus screw speed

Fig. 8 Effect on 50 product weight—maize content versus H2
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like programmable logic controller (PLC), which makes the machine intelligent
enough to produce the high acceptable extruded fish snack product.
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MCDM Optimization of Characteristics
in Resistance Spot Welding
for Dissimilar Materials Utilizing
Advanced Hybrid Taguchi
Method-Coupled CoCoSo, EDAS
and WASPAS Method

Dilip Kumar Bagal , Antarjyami Giri, Ajit Kumar Pattanaik,
Siddharth Jeet , Abhishek Barua , and Surya Narayan Panda

1 Introduction

Resistance spot welding (RSW) is a high-speed process, wherein the actual time of
welding is a small fraction of second and it is one of the cleanest and most efficient
welding process that has been widely used in sheet metal fabrication [1–6]. The
high speed of process, the case of operation and its adaptability for automation in
the production of sheet metal assemblies are its major advantages. Limitations of
RSW are equipment cost and power requirements, difficulty of disassembly for
maintenance or repair of RSW joints, and the nature of the design needed for the
process (lap joints are required) [5–9]. Resistance spot welding has steadily gained
importance over the years because of its ability to join the variety of materials and
complicated shapes with high accuracy and great precision. Resistance spot welding
(RSW) is a high-speed process, where the actual time of welding is a small fraction
of second and it is one of the cleanest and most efficient welding processes that has
been widely used in sheet metal fabrication [11–13]. The high speed of process, the
case of operation and its adaptability for automation in the production of sheet
metal assemblies are its major advantages. Over the last few years, the weight of
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automobiles has increased considerably due to the addition of safety related items,
such as impact resistance bumpers and door impact beams, emission control
equipment and convenience items, such as air conditioning. At the same time, fuel
consumption has increased significantly primarily due to emission control equip-
ment [1–15].

In this study, the Taguchi parameter design phase is the most important design
phase and served the objective of determining the optimal resistance spot welding
parameters to achieve the lowest weld time and the highest tensile-shear strength
and nugget diameter in dissimilar (steel + Al) materials under varying resistance
spot welding parameter conditions. The following are the questions considered in
this study the relationship between the control factors (squeeze time, welding time
and current) and output response factors (tensile-shear strength and nugget diameter
and weld time). In this investigation, three parameters such as squeeze time,
welding time, current were chosen and also optimized to know about the change of
mechanical properties around the welded nugget area. In this study, Taguchi’s
design of experiment was used for experimental design, and multi-response opti-
mization techniques, i.e., combined compromised solution (CoCoSo), evaluation
based on distance from average solution (EDAS) and weighted aggregated sum
product assessment (WASPAS) method were used to find optimum results.

2 Experimental Analysis and Methodology

AA1200 aluminum alloy sheets with a thickness of 2.5 mm and 50HS stainless
steel of 3.0 mm thickness were used as base alloys in this investigation. The sheets
were cut to required size by shear-off machine, followed by surface grinding to
remove oxides and scales. The dimensions of the AA1200 sheet and 50HS are
114.3 mm � 25.4 mm � 3 mm and 114.3 mm � 25.4 mm � 3 mm respectively.
The sheets were resistance spot welded in a 25.4 mm overlap configuration. The
chemical composition and mechanical properties of the base alloys are presented in
Tables 1 and 2. Prior to welding, the surface of all specimens from both types of
material were first ground by abrasive paper using acetone, then thoroughly
cleaned, and finally spot welded to prepare the similar and dissimilar welded joints
using a spot welding machine SIP type PPV50. A tensile test machine (Tinius
Olsen) was used to carry out all the tensile-shear tests for the dissimilar spot-welded
specimens. The procedure of experimental work was planned to be conducted in
three groups according to the type of weld joint for dissimilar (steel + Al) materials.
Nine specimens from each group were spot welded according to the experimental
design employed in the current work. During welding the aluminum with steel, it
was needed to insert a 0.3 thick sheet of copper (AISI C10200) as a filler metal
between the dissimilar materials of the specimen to be welded [8] (Fig. 1).
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3 Optimization Methods

3.1 Combined Compromise Solution Method (CoCoSo)

The following steps are used to solve CoCoSo decision problem [16, 17]:

Table 1 Chemical
composition (wt%) of base
metals

Element 50HS AA1200

Content (%) Content (%)

Chromium, Cr 20.5–23.5 –

Nickel, Ni 11.5–13.5 –

Manganese, Mn 4–6 � 0.050

Molybdenum, Mo 1.5–3 –

Silicon, Si 1 max � 1

Nitrogen, N 0.20–0.40 –

Niobium, Nb 0.10–0.30 –

Vanadium, Va 0.10–0.30 –

Phosphorous, P 0.04 max –

Carbon, C 0.06 max –

Sulfur, S 0.010 max –

Zinc, Zn – � 0.10

Aluminum, Al – � 99

Iron, Fe – � 1

Copper, Cu – � 0.050

Titanium, Ti – � 0.050

Table 2 Parameters, codes
and level values used for
orthogonal array

Parameter Unit Code Level 1 Level 2 Level 3

Squeeze
time

(s) A 13.75 15 16.25

Welding
time

(s) B 0.375 0.5 0.625

Current (A) C 60 65 70

Fig. 1 Dimensions of RSW
specimen
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1. Determination of initial decision-making matrix using Eq. (1)

Xij ¼
x11 x12 . . . x1n
x21
. . .
xm1

x22
. . .
xm2

. . .

. . .

. . .

x2n
. . .
xmn

2

64

3

75 ð1Þ

2. Using compromise normalization equation, normalization of criteria values is
done:

rij ¼ xij �minxij
maxxij �minxij

; for benefit criterion; ð2Þ

rij ¼ maxxij � xij
maxxij �minxij

; for cost criterion : ð3Þ

3. Determination of total weighted comparability sequence and whole of power of
weight of comparability sequences for respective alternate as Si and Pi,
respectively:

Si ¼
Xn

j¼1

wjrij
� � ð4Þ

Pi ¼
Xn

j¼1

rij
� �wj ð5Þ

4. Three appraisal score are used for generation of comparative weights of other
options derived using Eqs. (6, 7, 8):

kia ¼ Pi þ SiPm
i¼1 Pi þ Sið Þ ð6Þ

kib ¼ Si
minSi

þ Pi

minPi
ð7Þ

kic ¼ k Sið Þþ 1� kð Þ Pið Þ
kmaxSi þ 1� kð ÞmaxPið Þ ð8Þ
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5. Ranking of all alternatives is determined from higher to lower based on ki
values:

ki ¼ kiakibkicð Þ13 þ kia þ kib þ kicð Þ ð9Þ

3.2 Weighted Aggregated Sum Product Assessment Method
(WASPAS)

The chief technique of WASPAS method for solving MCDM problems is [18].

6. Initial decision matrix is set.
7. Decision matrix normalization using following Eqs. (10) and (11) for maxi-

mization and minimization criteria, respectively:

xij ¼ xij=maxixij ð10Þ

xij ¼ minixij=xij ð11Þ

where xij is the assessment value of ith alternate with respect to jth measure.

8. Calculation of total comparative significance of ith alternate, based on weighted
sum method (WSM) using Eq. (12):

Q 1ð Þ
i ¼

Xn

j¼1

xij � wj ð12Þ

9. Calculation of total comparative significance of ith alternate, based on weighted
product method (WPM) using Eq. (13):

Q 2ð Þ
i ¼

Yn

j¼1

xwj

ij ð13Þ
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10. Calculation of total relative significance of alternatives is done using Eq. (5)
and ranked from higher value to lower value:

Qi ¼ k � Q 1ð Þ
i þ 1� kð Þ � Q 2ð Þ

i ð14Þ

3.3 Evaluation Based on Distance from Average Solution
Method (EDAS)

EDAS method was developed by M. Keshavarz Ghorabaee et al. [19] for
multi-criteria inventory classification. The steps for using the EDAS method are
presented as follows [20]:

Step 1: Select the most important criteria that describe alternatives.
Step 2: Construct the decision-making matrix (X), shown as follows:

X ¼ xij
� �

nXm¼
x11 x12 . . . x1m
x21
. . .
xn1

x22
. . .
xn2

. . .

. . .

. . .

x2m
. . .
xnm

2

64

3

75 ð15Þ

where Xij denotes the performance value of ith alterative on jth criterion.
Step 3: Determine the average solution according to all criteria, shown as

follows:

AV ¼ AVj
� �

1Xm ð16Þ

where,

AVj ¼
Pn

i¼1 Xij

n
ð17Þ

Step 4: Calculate the positive distance from average (PDA) and the negative
distance from average (NDA) matrixes according to the type of criteria (benefit and
cost), shown as follows:

PDA ¼ PDAij
� �

nXm ð18Þ

NDA ¼ NDAij
� �

nXm ð19Þ
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if jth criterion is beneficial,

PDAij ¼
max 0; Xij � AVj

� �� �

AVj
ð20Þ

NDAij ¼
max 0; AVj � Xij

� �� �

AVj
ð21Þ

and if jth criterion is non-beneficial,

PDAij ¼
max 0; AVj � Xij

� �� �

AVj
ð22Þ

NDAij ¼
max 0; Xij � AVj

� �� �

AVj
ð23Þ

where PDAij and NDAij denote the positive and negative distance of ith alternative
from average solution in terms of jth criterion, respectively.

Step 5: Determine the weighted sum of PDA and NDA for all alternatives shown
as follows:

SPi ¼
Xm

j¼1

wjPDAij ð24Þ

SNi ¼
Xm

j¼1

wjNDAij ð25Þ

where wj is the weight of jth criterion.
Step 6: Normalize the values of SP and SN for all alterative, shown as follows:

NSPi ¼ SPi
maxi SPið Þ ð26Þ

NSNi ¼ 1� SNi

maxi SNið Þ ð27Þ

Step 7: Calculate the appraisal score (AS) for all alterative, shown as follows:

ASi ¼ 1
2

NSPi þNSNið Þ ð28Þ

where 0 � ASi � 1.
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Step 8: Rank the alternatives according to the decreasing values of appraisal
score (AS). The alternative with the highest AS is the best choice among the
candidate alternatives [21].

4 Results and Considerations

Samples are prepared by using Taguchi’s experimental design which is shown in
Table 3 and as per design of experiment, nine experimental runs are carried out.
The analysis of the results of the above-mentioned welding conditions is being done
on basis of tensile-shear strength, nugget diameter and weld time of the work piece.
Table 3 elucidates that the maximum resulted force of (Steel + Al) spot-welded
specimens are 8.39 MPa.

4.1 Optimization Using Combined Compromised Solution
(CoCoSo)

The first step demonstrates forming of the normalized decision-making matrix
(using compromise equation (max–min)), which is shown in Table 4. The further
step is to generate the comparability sequence matrix. In this process, the weights of
decision-making criteria are involved in the algorithm. The Si and Pi vectors must
be generated, and the values of Ka, Kb, and Kc are calculated using equations of
CoCoSo approach used to calculate the ranking score by k shown in Table 4.

From Table 4, for a values of input, parameter in experiment number 1 has the
highest ki value. Therefore, experiment number 1 is an optimal parameter combi-
nation for RSW operation according to CoCoSo technique optimization. Now the ki

Table 3 Result table for tensile-shear strength and nugget diameter and weld time

Run no. A B C Tensile-shear
strength (MPa)

Nugget
diameter (mm)

Weld
time (ms)

1 13.75 0.375 60 5.33 3.86 49

2 13.75 0.5 65 8.09 4.52 53

3 13.75 0.625 70 7.77 5.56 75

4 15 0.375 65 6.95 5.44 40

5 15 0.5 70 8.10 6.75 49

6 15 0.625 60 7.07 6.31 55

7 16.25 0.375 70 6.67 5.98 51

8 16.25 0.5 60 7.12 5.82 46

9 16.25 0.625 65 8.39 6.21 63
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Table 4 Weighted comparability series (Sj), exponentially weighted comparability sequence (Pi),
final aggregation and CoCoSo ranking of the alternatives

Run no. Si Pi kia kib kic ki Rank

1 0.9317 2.9244 0.1663 9.8116 1.0000 4.8365 1

2 0.3253 2.0923 0.1042 4.1278 0.6270 2.2658 6

3 0.1775 1.5312 0.0737 2.5076 0.4431 1.4423 8

4 0.6137 2.5411 0.1360 6.8657 0.8181 3.5208 2

5 0.2585 1.5263 0.0770 3.1911 0.4629 2.0110 7

6 0.4294 2.2408 0.1151 5.1069 0.6925 2.7127 5

7 0.5535 2.4481 0.1294 6.2947 0.7784 3.2600 3

8 0.5170 2.4065 0.1261 5.9579 0.7581 3.1095 4

9 0.1180 1.5570 0.0722 2.0199 0.4344 1.2408 9

Fig. 2 S/N ratio by CoCoSo method

Table 5 ANOVA result for ki

Source DF Seq SS Adj MS F P % influence

A 2 2.258 1.129 0.70 0.589 1.96

B 2 75.017 37.509 23.18 0.041 65.09

C 2 34.746 17.373 10.74 0.085 30.15

Residual error 2 3.236 1.618 2.81

Total 8 115.257
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values of alternatives were used to plot mean effect. In Fig. 2, A2 B1 C1 shows the
smallest value combination in main effect plot for the three factors, i.e., A, B, C
respectively which is optimum parameter arrangement for RSW operation.
Most influential factor
Table 5 gives the results of the ANOVA for the tensile-shear strength, nugget
diameter and weld time using the calculated values from the ki of alternatives of
Table 4. According to Table 5, factor B, welding time with 65.09% is the most
significant controlled parameters for RSW process followed by factor C, current
with 30.15% of contribution and factor A, squeeze time with 1.96% of contribution
if the minimization tensile-shear strength, nugget diameter and weld time are
simultaneously considered.

S = 1.2720, R − Sq = 97.19% R − Sq(adj) = 88.77%

4.2 Optimization Using WASPAS

Since semantic terms, used to express the responses, have already been converted
into crisp (real) values, the application of the WASPAS method starts with nor-
malization of the decision matrix by applying WASPAS approach since the output
has to be minimized. Subsequently, total relative importance of alternatives as per
WSM and WPM is calculated by using equations of WASPAS approach. Finally,
joint criterion of optimality of the WASPAS method is calculated by using
WASPAS methodology. Table 6 provides the values of total relative importance
(performance scores) for all the considered alternatives for a k value of 0.5.

Based on the total relative importance values of alternatives, it is observed that
trial 1 is determined as the best sample according to the ranking. Therefore,
experiment no. 1 is an optimal parameter combination for RSW operation according
to WASPAS technique optimization.

Table 6 Computational
details of the WASPAS
method

Run No. Q 1ð Þ
i Q 2ð Þ

i
Qi Rank

1 0.9499 0.9461 0.9480 1

2 0.7072 0.7042 0.7057 6

3 0.6457 0.6416 0.6437 8

4 0.8226 0.8159 0.8193 2

5 0.6892 0.6845 0.6869 7

6 0.7255 0.7239 0.7247 5

7 0.7721 0.7703 0.7712 3

8 0.7702 0.7674 0.7688 4

9 0.6329 0.6329 0.6329 9
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Now the Qi values of alternatives were used to plot mean effect. In Fig. 3, A1 B1
C1 shows the smallest value combination in main effect plot for the three factors,
i.e., A, B, C respectively which is optimum parameter arrangement for RSW
operation.
Most influential factor
Table 7 gives the results of the ANOVA for the tensile-shear strength, nugget
diameter and weld time using the calculated values from the Qi of alternatives of
Table 6. According to Table 7, factor B, welding time with 68.24%, is the most
significant controlled parameters for RSW process followed by factor C, current
with 28.99% of contribution and factor A, squeeze time with 2.52% of contribution
if the minimization tensile-shear strength, nugget diameter and weld time are
simultaneously considered.

S = 0.1110, R − Sq = 99.74%, R − Sq(adj) = 98.97%

Fig. 3 S/N ratio by WASPAS method

Table 7 Analysis of variance for Qi

Source DF Seq SS Adj MS F P % influence

A 2 0.24134 0.12067 9.79 0.093 2.52

B 2 6.53704 3.26852 265.30 0.004 68.24

C 2 2.77741 1.38870 112.72 0.009 28.99

Residual error 2 0.02464 0.01232 0.26

Total 8 9.58043
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4.3 Optimization Using EDAS

The first step demonstrates forming of the normalized decision-making matrix and
determines the average solution according to all criteria using EDAS method. The
further step is to generate the positive distance from average (PDA) and the neg-
ative distance from average (NDA) matrixes according to the type of criteria, i.e.,
benefit criteria in this case using equation shown in table. Determination of the
weighted sum of PDA and NDA for all alternatives was done in next step using
equation shown in Table 8. After finding weighted sum of PDA and NDA, nor-
malization is done using equation. Finally, the appraisal score (AS) was calculated
for all alterative using equations of EDAS approach and ranking was done
according to the decreasing values shown in Table 9.

Table 8 Positive distance from average and negative distance from average of all output
responses

Expt. No. Tensile-shear
strength

Nugget diameter Weld time

PDAij NDAij PDAij NDAij PDAij NDAij

1. 0.2674 0.0000 0.3121 0.0000 0.0000 0.0000

2. 0.0000 0.1113 0.1939 0.0000 0.0000 0.0001

3. 0.0000 0.0668 0.0091 0.0000 0.0000 0.3993

4. 0.0458 0.0000 0.0305 0.0000 0.1344 0.0000

5. 0.0000 0.1131 0.0000 0.2030 0.0000 0.0000

6. 0.0288 0.0000 0.0000 0.1252 0.0000 0.0375

7. 0.0838 0.0000 0.0000 0.0663 0.0000 0.0000

8. 0.0224 0.0000 0.0000 0.0372 0.0221 0.0000

9. 0.0000 0.1529 0.0000 0.1068 0.0000 0.1747

Table 9 Weighted sum of PDA and NDA, normalized values of SP and SN, appraisal score and
rank of all output responses

Expt. No. SP SN NSP NSN AS Rank

1. 0.2010 0.0000 1.0000 1.0000 1.0000 1

2. 0.0252 0.0668 0.1254 0.5630 0.3442 6

3. 0.0012 0.1479 0.0059 0.0987 0.0523 8

4. 0.0677 0.0000 0.3369 1.0000 0.6685 4

5. 0.0000 0.0942 0.0000 0.3832 0.1916 7

6. 0.0173 0.0264 0.7617 0.8272 0.7944 2

7. 0.0503 0.0086 0.2501 0.4496 0.3498 5

8. 0.0194 0.0048 0.5999 0.9683 0.7841 3

9. 0.0000 0.1528 0.0000 0.0000 0.0000 9
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Based on the total relative importance values of alternatives, it is observed that
trial 1 is determined as the best sample according to the ranking. Therefore,
experiment no. 1 is an optimal parameter combination for RSW operation according
to EDAS technique optimization.

Now, the appraisal score (AS) calculated for all alterative was used to plot mean
effect for SN ratios. Based on this study, one can select a mixture of the levels that
provide the smaller average response. In Fig. 4, the combination of A3 B1 C1
shows the largest value of the SN ratio plot for the factors A, B and C respectively
which is optimum parameter arrangement for RSW operation.

Most influential factor
Table 10 gives the results of the ANOVA for the tensile-shear strength, nugget
diameter and weld time using the calculated values from the AS of alternatives of
Table 9. According to Table 10, factor C, current with 66.48% is the most sig-
nificant controlled parameters for RSW process followed by factor B, welding time
of 18.61% contribution and factor A, squeeze time with 11.05% of contribution if

Fig. 4 S/N ratio by EDAS method

Table 10 Analysis of variance for AS

Source DF Seq SS Adj MS F P % influence

A 2 56.17 20.08 1.02 0.573 11.05

B 2 94.64 36.35 1.85 0.461 18.61

C 2 338.03 169.02 8.61 0.234 66.48

Residual error 2 19.64 19.64 3.86

Total 8 508.48
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the minimization tensile-shear strength, nugget diameter and weld time are simul-
taneously considered.

4.4 Confirmation Experiment

The confirmation experiments were conducted using the optimum combination of
the machining parameters obtain from Taguchi analysis. These confirmation
experiments were used to predict and validate the improvement in the quality
characteristics for RSW of AA1200 and 50HS. The final phase is to verify the
predicted results by conducting the confirmation test [21–23]. The estimated total
relative significance can be determined by using the optimum parameters as:

lpredicted ¼ a2m þ b1m � 3lmean ð29Þ

where a2m and b1m are the individual mean values of total relative significance with
optimum level values of each parameters and lmean is the overall total relative
significance [21–23] where Table 11 shows the confirmatory test results.

5 Conclusions

This investigation clarifies the methodology for investigating the influence of the
spot welding parameters on the tensile-shear force for dissimilar spot-welded joints
of aluminum and steel materials. The “smaller is the better” approach was applied
in Taguchi approach using Minitab 19 software to design the experiments and
analyze the overall results. The Hybrid Taguchi methodologies, i.e., CoCoSo,
WASPAS and EDAS were designed to predict which input variables give the
optimum responses of resistance spot welding operation.

From this analysis, some important conclusions are drawn and listed below:

1. The optimum results can be achieved by a parametric optimization method,
which provides a short period of time with a lower cost.

2. Analysis of the experimental results through the signal to noise ratio and means
responses exhibited that the significant influence on the tensile-shear force for
the similar material joint is the current. While, the squeeze time possesses a

Table 11 Confirmatory test results

Optimization technique Optimal setting Predicted value Experimental value

CoCoSo method A2 B1 C1 4.75139 4.5208

WASPAS method A1 B1 C1 0.956638 0.9480

EDAS method A3 B1 C1 0.9807 0.9212
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major impact pursued by welding time and then current for the dissimilar
material joint.

3. Tensile-shear force enhanced as the welding time was increased for the all
welded joints. But the other parameters exhibited a different behavior, and the
linear regression of the output results demonstrated this behavior. For the dis-
similar joints, it is preferred to apply a lower squeezing time with a higher
welding time and current.

4. The optimal setting of this investigation based on CoCoSo, WASPAS and
EDAS is A2 B1 C1, A1 B1 C1 and A3 B1 C1 respectively.

5. The results of confirmatory tests which were carried out at optimal setting are
quite nearly come near the actual value with minimal error.

6. The CoCoSo and WASPAS methods have better result than EDAS because the
P-value of input parameters comes less than 0.05 that means this experimental
design fitted with 95% confidence interval.

It should be mentioned here that the current research can improve the spot
welding process for similar and dissimilar welded joints through predicting the
optimum input welding parameters for the optimal responses by applying Hybrid
Taguchi approaches in order to avoid the encountered problems in the spot welding
procedures of different structures as well as to reduce many expensive welding
trials.
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MCDM Optimization of Karanja
Biodiesel Powered CI Engine to Improve
Performance Characteristics Using
Super Hybrid Taguchi-Coupled
WASPAS-GA, SA, PSO Method

Dilip Kumar Bagal , Anil Kumar Patra, Siddharth Jeet ,
Abhishek Barua , Ajit Kumar Pattanaik , and Dulu Patnaik

1 Introduction

Nowadays, biodiesel is produced from different derived from different organic
substances to power compression Ignition engines. Biodiesel has been proved as a
superior replacement for petroleum diesel fuel, but they need suitable engine
modification or quality enhancement. Biodiesel has gained immense popularity due
to its renewability and improved gas emission after combustion. Biodiesel such as
Tamarind oil, Jatropha, Soyabeam, Mahua, Sunflower, Neem, Karanja, Rapeseed,
etc. are popularly considered as a substitutes of petroleum diesel. Biodiesel made of
these things has cleaner burning, non-toxic, renewable, environmentally friendly
and biodegradable fuels which can be employed as a unadulterated form or in
mingled form through petroleum diesel for different types of diesel engines [1–10].

The biodiesel development was done from Karanja tree seeds. In assessment of
above-mentioned facts, the resolution of this investigation is to employ
multi-objective optimization approach to optimize operative parameters of diesel
engine to improve the performance powered with different blend of Karanja biodiesel
and petroleum diesel. Different blends of Karanja biodiesel–diesel, engine load and
compression ratio were considered as input operating parameters with different
levels. Taguchi’s method was used for experimental design using which six output
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responses, viz., brake thermal efficiency, exhaust gas temperature, oxides of Nitrogen
(Nox), brake-specific fuel consumption, % of carbon monoxide (CO) and unburnt
hydrocarbon (HC) were evaluated. A hybrid approach was used for optimizing
engine operating parameters using weighted aggregated sum product assessment
method (WASPAS) coupled with genetic algorithm, particle swarm optimization and
simulate annealing. After prediction of the optimal operating parameters, confir-
mation experiments were implemented for validation of developed model.

2 Preparation of Karanja Biodiesel

Karanja tree seed has a prospective to be used for the creation of biodiesel which
contains 27–39% of the oil. By transesterification practice at 65 °C with 1 wt% of
KOH, 6:1 ratio of methanol to oil, Karanja oil methyl ester (KOME) of about 97%
yield was acquired from Karanja oil in 2 h [1, 3]. After the completion of methyl
ester formation, the heating was stopped, and the KOME was chilled and moved to
a separating funnel where glycerol layer was separated. After washing oil with hot
distilled water until the water, anhydrous sodium sulfate was added and left
overnight moisture absorption. Hence, the sample of biodiesel was obtained after
decantation which was further sent to laboratory for determination of its different
properties [1, 3]. Table 1 displays the properties of Karanja Oil. The different
properties of Karanja biodiesel and different blends of Karanja biodiesel +
petroleum diesel have been stated in Table 2.

3 Experimental System

The experimentations were executed on four-stroke, one-cylinder compression
ignition engine. Engine was coupled with rope brake dynamometer and eddy
current dynamometer. A manometer was used to meter intake air mass flow rate and

Table 1 Properties of the
Karanja oil

Properties Values

Flash point 225 °C

Kinematic viscosity @ 40 °C 40.2 mm2/s

Acid value 5.40 mg KOH/gm

Density 0.927 gm/cc

Cloud point 3.5 °C

Saponification value 184

Pour point 6 °C

Carbon residue 1.51 wt%

Calorific value 8742 MJ/kg

Specific gravity 0.936
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fuel consumption flow meter was used for measuring rate of fuel consumption.
Figure 1 depicts process of cleaning for Karanja biodiesel. Figure 2 shows the final
washed sample of Karanja Bio-Diesel along with experimental setup and figure 3
shows the schematic layout of experimental setup. To gain variable compression
ratio, addition of different number of gaskets between cylinder block and cylinder
head was done. Exhaust gas temperature was monitored and measured by means of
exhaust gas temperature gauge (EGT gauge) which is a thermocouple-type
pyrometer fitted at the engine exhaust pipe. Table 3 shows the exhaust gas analyzer
specification. Output response variables were recorded for different operating
conditions planned according to response surface methodology. Table 4 displays
the engine specification and Table 5 spectacles the different operating parameters
with different levels.

4 Optimization Methods

4.1 WASPAS Method (Weighted Aggregated Sum Product
Assessment)

The paramount practice of this this method is [11].

1. Preliminary decision matrix setting.
2. Decision matrix normalizing using Eq. (1) [maximization] and Eq. (2)

[minimization]:

xij ¼ xij=maxixij ð1Þ

xij ¼ minixij=xij ð2Þ

Table 2 Different properties of Karanja biodiesel, petroleum diesel and their blends

Properties Karanja
biodiesel

Petroleum
diesel

B10 B15 B20 B25

Density at 15 °
C (kg/m3)

912.43 824 841 845 849 855

Cetane number 57 51 48 47 46 46

Kinematic
viscosity (m2/s)

1.0 � 10−5 2.3 � 10−6 2.8 � 10−6 3.3 � 10−6 3.7 � 10−6 3.7 � 10−6

Calorific
value (MJ/kg)

37.7 45 42.8 40.18 39.2 38.39

Flash point (°C) 97 °C 56 °C 60 °C 61 °C 65 °C 70 °C
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Fig. 1 Process of cleaning for Karanja biodiesel

Table 3 Exhaust gas measurement along with prescribed range

Item Method Measuring range

CO Non dispersive infrared 0–9.99%

HC Gas analyzer 0–5000 ppm

NOx Electrochemical cells 0–5000 ppm

Table 4 Compression ignition engine specification with the attachments

Component Description

Make and model KOEL DM10

Type of engine Four-stroke, water-cooled, single-cylinder

Rated power 7 kW/10 hp @ 1500 rpm

Compression ratio 17.5:1

Bore � stroke 102 mm � 116 mm

Torque 0.048 kN m

Overall dimensions of the standard engine 617 mm � 532 mm � 850 mm

Device for engine loading Eddy current dynamometer

Table 5 Different operating parameters with different levels

Parameters Code Level 1 Level 2 Level 3 Level 4

Compression ratio A 17.5 17.7 17.9 18.1

Biodiesel blend B B10 B15 B20 B25

Engine load C 20% 60% 80% 100%
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3. Total comparative significance calculation with weighted sum method by
Eq. (3):

Q 1ð Þ
i ¼

X
n

j¼1

xij � wj ð3Þ

4. Total comparative significance calculation with weighted product method by
Eq. (4):

Q 2ð Þ
i ¼

Y
n

j¼1

xwj

ij ð4Þ

Fig. 2 Final washed sample of Karanja Bio-Diesel along with experimental setup

Fig. 3 Schematic layout of experimental setup
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5. Total relative significance by Eq. (5) and ranking them from greater to lesser
value:

Qi ¼ k � Q 1ð Þ
i þ 1� kð Þ � Q 2ð Þ

i a ð5Þ

4.2 Genetic Algorithm

Genetic algorithm is based on the natural encroachment manner which is applied to
advance responses for complex upgrade issues. Here, the wellbeing work
reestablishes a single numerical health which is comparative with the utility or the
limit of the individual which that chromosome addresses. Two guardians are picked
and their chromosomes are recombined, usually using the instruments of half and
half and change. Hybrid is progressively significant for quickly investigating a hunt
space. Transformation gives just a modest quantity of arbitrary pursuit [12–17].

4.3 Simulated Annealing

Simulated annealing is a probabilistic method which reflects the path toward
hardening (modest cooling of fluid metal) with a particular ultimate objective to
achieve least salve regard in a minimization issue. The cooling wonder is surren-
dered out by administering a temperature like boundary gave the idea of the
Boltzmann likelihood circulation [12–17].

4.4 Particle Swarm Optimization

PSO is an inhabitants-based stochastic augmentation scheme. The insight of mul-
titude depends on the guideline of social and mental conduct of the multitude. The
optimization method is instated with a populace of irregular arrangements and looks
for optima by refreshing ages. There is just one bit of food in the region being
looked. All the feathered creatures do not have the foggiest idea where the food is.
In any case, they know how far the food is in their inquiry. So the best procedure to
achieve the food is to just follow the fowl, which is closest to the food. In
improvement issues, each feathered creature in the hunt space is referred to as
molecule. All the particles are assessed by the wellness capacity to be optimized
and have speeds for the particles. The particles fly through the issue space by
following the current ideal particles [14].
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5 Results and Considerations

The experimental analysis was conducted according to different operating param-
eter conditions prepared by means of Taguchi’s experimental plan presented in
Table 6 with results for brake thermal efficiency, oxides of nitrogen (NOx), exhaust
gas temperature, brake-specific fuel consumption, % of carbon monoxide (CO), and
unburnt hydrocarbon (HC) were calculated andrecorded in Table 6. Table 7 shows
the computational particulars of all alternatives using WASPAS.

From total relative significance values of alternatives, it was detected that
investigational results obtained in experiment no. 2 are the best result according to
the ranking.

Now, the total relative importance of responses was used to plot mean effect.
Based on this study, one can select a mixture of the levels that provide the smaller
average response. In Fig. 4, the grouping of A1, B1, C1 indicates the bottom value
of main effect plot. Therefore, A1 B1 C1, i.e., fuel compression ratio of 17.5; B10
blend of Karanja biodiesel and petroleum diesel; and engine load of 20% is the
optimum diesel engine operating parameter combination for Karanja biodiesel
powered diesel engine.

5.1 Optimization Using Nature-Based Algorithm

Consequently, designing constraints are distinct in normal optimal format and
deciphered using genetic algorithm, simulated annealing and particle swarm
Optimization. The minimization problem expressed in mathematical form using the
total relative significance of WASPAS method is as below:

Minimize

ab
�715:025 þ 37:5482a þ 1:27248ab þ 0:0390438acð Þ ð6Þ

all equations are subjected to constraints:
17.5 � a � 18.1
10 � b � 25
20 � c � 100
For GA, finest solution was achieved after 53 generations. For simulated

annealing, finest solution was achieved after 2293 iterations. Optimum parameters
obtained by GA, SA and PSO are shown in Table 8. Figures 5, 6 and 7 show best
fitness value with generations using GA, SA and PSO, respectively.
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Table 6 Taguchi’s design for experimental runs and output responses

Run
No.

A B C BTE (%) BSFC
(kg/
kWh)

EGT
(°K)

CO (%) NOx (ppm) HC (ppm)

1 17.5 10 40 32.34 0.25 457 0.12 1230 68

2 17.5 15 60 30.19 0.26 485 0.01 1169 71

3 17.5 20 80 30.51 0.29 496 0.20 1219 65

4 17.5 25 100 29.10 0.29 534 0.31 1152 85

5 17.7 10 60 32.34 0.26 473 0.33 1120 71

6 17.7 15 40 31.13 0.26 470 0.23 1112 66

7 17.7 20 100 30.77 0.30 524 0.50 1146 85

8 17.7 25 80 29.77 0.28 507 0.44 1058 63

9 17.9 10 80 30.03 0.30 475 0.35 1125 73

10 17.9 15 100 28.14 0.31 515 0.33 1101 93

11 17.9 20 40 30.06 0.31 473 0.19 1108 61

12 17.9 25 60 28.39 0.31 499 0.20 1004 64

13 18.1 10 100 32.93 0.33 510 0.54 1216 98

14 18.1 15 80 31.46 0.32 496 0.35 1171 76

15 18.1 20 60 32.71 0.34 497 0.28 1162 69

16 18.1 25 40 31.97 0.32 491 0.32 1111 64

Table 7 Computational
details of the WASPAS
method

Run No. Q 1ð Þ
i Q 2ð Þ

i
Qi Rank

1 0.7452 0.5058 0.6255 4

2 1.0000 1.0000 1.0000 1

3 0.6894 0.4238 0.5566 8

4 0.6558 0.3668 0.5113 11

5 0.7231 0.3897 0.5564 9

6 0.7244 0.4243 0.5744 6

7 0.6616 0.3265 0.4940 12

8 0.6887 0.3486 0.4314 14

9 0.6764 0.3634 0.4313 15

10 0.6355 0.3514 0.5999 5

11 0.6884 0.4268 0.5576 7

12 0.6720 0.4140 0.7031 2

13 0.6568 0.3170 0.3233 16

14 0.6659 0.3591 0.5439 10

15 0.6765 0.3820 0.6474 3
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5.2 Maximum Effective Factor

Table 9 gives the ANOVA results for the calculated values of total relative
importance of all six output responses. According to Table 9, factor B, blend of
Karanja biodiesel and petroleum diesel, is the most significant controlled

Fig. 4 Main effect plot and residual plots for total comparative significance

Table 8 Optimal parameter
setting and fitness value
obtained using GA, SA and
PSO

Algorithm Factor
setting

Fitness
value

Genetic algorithm 0.68151

Simulated annealing A3 B1 C3 0.68294

Particle swarm
optimization

0.68151

Fig. 5 Best fitness value
with generations using GA
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parameters for diesel engine operation followed by factor C, engine load and factor
A, engine compression ratio, if the minimization of BTE, EGT, BSFC, NOx, CO
and HC is concurrently considered.

S = 0.1646, R − Sq = 98.40%, R − Sq(adj) = 96.00%

Fig. 6 Best fitness value
with generations SA

Fig. 7 Best fitness value
with generations using PSO

Table 9 ANOVA for Qi Source DF Seq SS Adj MS F P %

A 3 2.85410 0.95137 35.10 0.000 1.96

B 3 0.08626 0.02875 1.06 0.433 65.09

C 3 7.07034 2.35678 86.95 0.000 30.15

Residual
error

6 0.16262 0.02710 2.81

Total 15 10.1733
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5.3 Confirmation Experiment

The confirmation experiments were led for different operating parameters. Table 10
shows result of confirmatory test of different lubricating environment with different
optimizing methods [17–27].

6 Conclusions

This study involves three different operating parameters of CI engine, namely
different blend of Karanja biodiesel and petroleum diesel, and engine load and
different compression ratio for investigation of performance characteristics.
A hybrid approach was employed for optimizing engine operating parameters using
a recent technique, i.e., weighted aggregated sum product assessment method
(WASPAS) coupled with Taguchi’s design of experiment. Genetic algorithm,
simulated annealing algorithm and particle swarm optimization were also employed
to predict optimal operating parameter setting by using the regression analysis.
Table 11 shows the optimal operating parameter setting by using different
techniques.

According to ANOVA, blend of Karanja biodiesel and petroleum diesel is most
influencing parameter for controlling the enactment of the diesel engine than other
two operating parameters if minimization of brake-specific fuel consumption,
exhaust gas temperature, oxides of nitrogen (Nox), brake thermal efficiency, % of
carbon monoxide (CO) and unburnt hydrocarbon (HC) was simultaneously
considered.

Table 10 Confirmatory test results

Technique Best setting Projected value Experimental value

Taguchi-WASPAS A1 B1 C1 0.95566 0.97531

Genetic algorithm 0.68151 0.68007

Simulated annealing A3 B1 C3 0.68294 0.68173

Particle swarm optimization 0.68151 0.68007

Table 11 Optimal factor settings

Algorithm Compression ratio Biodiesel blend Engine load

Taguchi-WASPAS 17.5 10% or B10 20%

Genetic algorithm 17.9 10% or B10 80%

Particle swarm optimization 17.9 10% or B10 80%

Simulated annealing 17.9 10% or B10 80%
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Characterization of Electrically
Hybridized Friction Stir Welding
of Mild Steel and Optimization
of Process Parameters

Dilip Kumar Singh , Kaushik Sengupta ,
Arpan Kumar Mondal , Debtanu Patra , and Arindam Dhar

1 Introduction

This manuscript presents the friction stir joining process to join the similar and
dissimilar material of different grade and composition. It has been developed to
overcome the fusing joining defects such as porosity, enhance the mechanical
properties, reduce the heat affected zone (HAZ), reduce the weight of the compo-
nents, and make economical by reducing the energy consumption and filler rod, etc.
The weight reduction is important as the automobile and aerospace required to
reduce the buy-to-fly ratio. The FSJ is the solid-state technique.

To take advantage of friction-stir-welded aluminum alloy, it has already been
applied to rail cars and automobiles, in the aerospace and electronics industries and
to a wide range of structural components. After that, the joining of high-temperature
alloy is the challenge for the industrial development. In current scenario, many
researches are going on for friction stir joining of high-temperature alloys such as
stainless steel and titanium. There are major challenges found that the heat gen-
eration capability due to tool rotation in the form of friction to perform the
solid-state joining. In such case, the high-temperature alloys are required to achieve
higher temperature to develop the material flow required additional heat source,
which may be induction, electrical resistance, plasma, laser, etc. Also, the tool
geometry and material will play essential role for defects free joining at solid state.
Some of the researchers specified the tool material such as WC and PCBN, and
their pin profile for the joining of stainless steel. Therefore, materials with high
melting points, such as steel, can be used as tungsten carbide (WC) tools. The
mechanical properties of the joints were evaluated to change the rotation speed and
the traveling speed, which are the main process parameters.
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2 Principal of Friction Stir Joining

Friction stir welding is done by two steps, (I) initially, heat is generated by friction
between the tool and the workpiece, and (II) the probe starts mixing the material.
Transverse speed and the rotational speed of the tool is controlled to get the welding
efficiency [1, 2]. Figure 1 shows the basic diagram of friction stir welding. At first,
the base plate is fixed, after that the tool starts to rotate, and the tool pin is plunged
into the joining line of the base plate. Then, downward force is applied to the tool,
and when the temperature rise became up to the three-fourth of the melting tem-
perature of the base metal, then the transverse speed is given.

It is a solid-state welding process, where the welding occurs by the stirring
action of material beneath the tool called the nugget zone. So that the temperature
rise always stays under the melting temperature of the base metal, which is to be
welded [3]. When FSW was developed from that time, it was used on low tem-
perature melting alloys like aluminum and magnesium [4]. In recent times, friction
stir welding is applied on high-temperature melting point alloys. It is started to
apply on advance material like steel, titanium alloy, etc. [5]. In the case of
high-temperature melting alloys, high tool wear rate occurred very fast, where
tooltip damages very excessively and shoulder is affected by friction [6]. So, FSW
needs very high frictional force to generate enough heat. Also, tool tip faces heavy
load on when it goes to the transverse direction. So, if we apply another heat source

Fig. 1 Schematic diagram friction stir welding
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to soften the metal, then the load on the tool will be decreased [6], and it has been
found that preheating makes the weld very easy, and it reduces tool wear because of
variation in flow stress value. The electrical resistance source of heat is found more
successful and available source of energy in all industrial application. There are
many other heat sources utilized to make successful high-temperature alloy material
joining. The defect-free friction stir weld joint also depends on the process
parameters of material joining.

The friction stir joining process parameters are rotational speed, welding speed,
tilt angle, tool depth, and the force acting on the work piece as given in Table 1.

3 Experimental Setup

In this experimentation, all the operation is successfully carried out by the universal
milling machine as shown in Fig. 2. Essential care has been taken during the
welding operation. In Fig. 2, the milling machine has controlled its tool rotational
speed by the levers 1 and 2. The levers 3 and 4 are given to control the speed
variation of the bed. After setting the desired speed of the bed, the bed is then
controlled by the electronics board and switch. The point 5 is the switch to control
the speed of the bed. The experiment is carried out on 100 � 75 � 1.6 mm
dimension sample with tungsten carbide tool, which has cylindrical 3 mm tool pin
diameter with 1.4 mm pin length. The specimen material composition is given in
Table 2. The electrical energy is utilized as additional source of energy to produce
additional heat energy by using high-voltage transformer from a microwave oven.

As per the schematic shown in Fig. 3, the transformer has two ports which is
connected to the milling machine setup as shown in Fig. 3. One port will connect to
the welding plate, and another port is connected to the tool pin post. Then, the
electric resistance heating exactly will occur at the touch point of the tool pin to the
work piece. Then, localized heat will be occurred at the stir zone of the welding.
The resistance connection point are in seven location (denoted R).

The welding performed successfully is shown in Fig. 4. The welded specimen
has tested the mechanical properties such as tensile strength and hardness. Also, the
base metal mechanical properties are tested before performing the welding. The
welded sample's tested properties are given in Table 3.

Table 1 Variable parameters and its effects

Parameters Effects

Rotational speed (rpm) Frictional heat, stirring, mixing, and oxide layer removal

Welding speed (mm/min) heat control, plastic flow

Tool tilting angle The appearance of the weld

Tool plunge depth (mm) Effective stir material, need moderate insertion depth

Down force (Newton) Frictional heat, maintaining contact conditions
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All the welded plates of mild steel are cut according to the specimen ASTM E8.
Figure 4 shows the design specimen of ASTM E8 for tensile testing.

4 Taguchi Optimization

Taguchi technique is a remarkable factual outline of trial tool used to assess the
impact of process parameters on output parameters. In Taguchi method, opti-
mization of process parameters is played a key role to getting the high-quality
product without increasing cost. The optimization of process parameters in Taguchi
method is improved the quality. The optimal process achieved from the Taguchi
method is not sensitive to the variation of environment condition and it is not

Fig. 2 Universal milling machine

Table 2 Mild steel
composition

C Mn Si S P

0.14 0.92 0.20 0.021 0.028
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Fig. 3 Schematic diagram of the hybrid system

Fig. 4 a Schematic diagram of the hybrid system. b Tensile test specimen configuration
according to the specimen ASTM E8
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sensitive to the other noise factors. Taguchi method has a great advantage that it
gives emphasis to a final performance characteristics value is always nearest to the
desired value rather than any value within some selected specified limits, so
improvement in the product quality. The L9 orthogonal array selected based on the
DOE calculated by using Minitab software (Table 4).

5 Result and Discussion

It can be seen from the table that the maximum ultimate tensile strength for the mild
steel is 594 MPa which is very similar to the base metal. So, the obtained result is
desirable.

After completing all the tensile test of mild steel, successful weld samples were
tested. All the output result obtained for stainless steel are given in Table 2. The
welding efficiency is also calculated in compare with base metal as mentioned in
Eq. (1) (Fig. 5).

Welding efficiency ¼ UTS of weled sample
UTS of basematerial

� 100 ð1Þ

In Table 3, we can see that the best welding efficiency for mild steel is at tool
rotational speed 650 rpm and welding speed 43 mm/min. For the experiment,
sample 5 has the welding efficiency near to 100%. It means that in 650 rpm, the rate

Table 3 Mechanical properties of welded sample

Sl. no. Tool rotational
speed (rpm)

Welding
speed (mm/min)

UTS (MPa) Hardness (Hv) Welding
efficiency

1 500 24 532 115 89.26

2 500 43 540 116 90.60

3 500 75 458 98 76.84

4 650 24 580 125 97.31

5 650 43 594 128 99.66

6 650 75 501 108 84.06

7 1050 24 573 124 96.14

8 1050 43 568 123 95.30

9 1050 75 500 108 83.89

Table 4 Taguchi L9 array Taguchi array L9(3^3)

Factors 3

Runs 9

Columns of L9(3^4) array: 1 2 3
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of heat input is perfect, so that the tensile strength of the welding is high. The poor
tensile strength I got is at the 500 rpm. It is proven that the heat generation is lower
at lower rotational speed.

In case of sample no 8, the failure occurred at the TMAZ in the advancing side
because there is not much material flow occurred. The breaking zone for stainless
steel is shown in Fig. 6. In the figure, it is clearly shown that nearly in every case,
the tensile failure occurred at the welding zone (samples 1, 2, 3, 4, 5, 6, and 9). So,
the results showed that for these cases, the heat input at the stir zone did not match
with the required heat input. So due to this reason, the welding defects occurred at
the welding zone. In case of welding samples 8 and 9, it can show in the above
figure that the failure occurred at the advancing side of HAZ. It implies that the
required heat input at the stir zone is fulfilled by the rotational speed 1050 rpm.
Welding speed has effect on the welding strength. It has been observed that when
the welding speed was 75 mm/min, then the welding strength is getting lesser. For
minimum welding speed, both the steels have the strength just lesser than the best
result. Similarly, the tool rotational speed has effects on the tensile strength of the
joint. The optimization of tensile strength against the process parameters S/N ratio
is given in Table 5.

Fig. 5 Specimen tensile strength test
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The process parameters optimization is performed to achieve maximum tensile
strength by using Taguchi static tool.

Figure 6 represent the tensile strength optimization graph and found that max-
imum tensile strength is achieved at 650 rpm, current 80 A, and 75 mm/min
welding speed. Similarly, the hardness optimization has been performed and is
given in Table 6 (Fig. 7).

Similarly, the optimum hardness is achieved at 650 rpm, current 80 A, and
75 mm/min welding speed. Also, the optimization is performed for the welding

Fig. 6 S/N Ratio plot graph for tensile strength

Table 5 Tensile strength S/N ratio—larger is better

Tool rotation (rpm) Current (A) Welding speed
(mm/min)

UTS (MPa) SNRA1

500 40 24 532 54.51823265

500 80 43 540 54.6478752

500 120 75 458 53.21730956

650 40 43 580 55.26855987

650 80 75 594 55.4757289

650 120 24 501 53.99675452

1050 40 75 573 55.16309244

1050 80 24 568 55.08696671

1050 120 43 500 53.97940009
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efficiency and shows that the results higher is better in S/N ratio. The Taguchi static
tool optimization confirmed that the larger is better signal-to-noise ratio found
maximum at 650 rpm and 75 mm/min welding speed with 80 A current for addi-
tional heat generation (Fig. 8, Table 7).

Table 6 Hardness S/N ratio—larger is better

Tool rotational
speed (rpm)

Current (A) Welding speed
(mm/min)

Hardness (Hv) SNRA1

500 40 24 115 41.21395681

500 80 43 116 41.28915978

500 120 75 102 40.17200344

650 40 43 125 41.93820026

650 80 75 128 42.14419939

650 120 24 108 40.66847511

1050 40 75 124 41.8684337

1050 80 24 123 41.79810223

1050 120 43 108 40.66847511

Fig. 7 S/N Ratio plot graph for hardness
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6 Microstructure Analysis

The material thus joined has been studied for the microstructure analysis. Figure 9
represents the microstructure of the joint. From the microstructural study of the base
material, as shown in Fig. 9a, the base material contained disoriented ferrite grains
with some fine pearlite grains. Figure 9b represents the microstructure of the HAZ,
where it has been found that the ferrite-to-pearlite ratio has been found decreased.
In HAZ, the upper grain size has been monitored to be 14.6 µm as equivalent
circular diameter. However, in the stir zone, the upper size of the grains has been

Fig. 8 S/N Ratio plot graph for welding efficiency

Table 7 Welding efficiency and S/N ratio—larger is better

Tool rotational
speed (rpm)

Current (A) Welding
speed (mm/min)

Welding
efficiency

SNRA1

500 40 24 89.26 39.01313765

500 80 43 90.6 39.14256395

500 120 75 76.84 37.71174712

650 40 43 97.31 39.76314945

650 80 75 99.66 39.97041766

650 120 24 84.06 38.49178771

1050 40 75 96.14 39.65808236

1050 80 24 95.3 39.58185801

1050 120 43 83.89 38.47420389
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found to be 7.2 µm. The microstructure of the stir zone is shown in Fig. 9c, and
structure analysis of this region has been found to be tempered martensitic. The
martensitic structure has been formed from the austenitic structure during welding
by stirring action with sufficient amount of cooling rate. The martensitic structure
has been found to be the reason for the increase in hardness of the material in the
stir zone compared to the other zones of the weld joint.

7 Conclusion

In this experimental analysis, the FSW weldability and mechanical properties of
mild steel, which is an advanced high-strength steel, are investigated using the
tungsten carbide tool. From the experiment results, following conclusions can be
drawn.

(i) Defect-free joints were formed at 75 mm/min at 650 rpm using the WC tool.
However, a groove-like defect is found along the joint line due to the
insufficient heat input as shown in Fig. 4.

(ii) The welded joint tensile strength found maximum 594 MPa with welding
efficiency 99% efficiency. The impact test characteristics were like the tensile
test characteristics.

(iii) The hardness traverse measurement showed that the hardness at the stir zone
found high 128 Hv which is near to the base metal. The base metal is deemed
to have been reformed by the decrease in the ferrite matrix and the increase in
the martensite due to the quenching effect after the FSW.

(iv) The process parameters optimization results are found at 650 rpm, 75 mm/
min welding speed, and 80 A electric resistance heat source.

Fig. 9 a Base metal, 50 µ. b HAZ, 50 µ. c SZ, 50 µ

Characterization of Electrically Hybridized … 515



(v) The microstructure study of the joint represented that the size of the stir zone
of the joint has been found to be 7.2 µm, least of the grain size among zones
of weld.

(vi) The hardness of the stir zone increased due to conversion of the
microstructure from austenitic to the martensitic due to the high cooling rate
of the joint during joining process.

8 Future Scope of Study

(i) Forces acting on the tool can be computed for various welding and rota-
tional speeds which will help to determine the radial and axial loads on the
tool which may help in tool optimization and to increase in efficiency.

(ii) The mechanical properties such as residual stress, fracture, fatigue, and
corrosion have good scope in future on ERFSW joint which may be needed
to understand the failure and to calculate factor of safety (FOS) of the joint.

(iii) The effect of post-heat treatment of FSW joints with different aging treat-
ments to improve the tensile strength can be studied.

(iv) Study of dissimilar friction stir welding between copper–brass and alu-
minum–magnesium can be attempted.

(v) More experiments with different tool materials and geometries should be
attempted in order to improve the tensile strength and make the process
acceptable to the welding industries.

(vi) Study of heat transfer analysis can be extended to lap friction stir welded
joints.

(vii) The process of FSW can be extended to thermo-setting plastics.
(viii) ERFSW may be used for welding titanium alloys and with dissimilar

high-strength metals with FSW by utilization of the additional heat input of
the electric resistance. ERFSW may be proved to be one of the upcoming
greens joining process for industries.

(ix) Automobile industries may use it with the robotic weld design for similar
and dissimilar material which may be proved to be green technology joining
process.
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Optimized Design and Performance
Testing of a 1.5 MW Wind Turbine
Blade

Rajendra Roul and Awadhesh Kumar

1 Introduction

With the advent of technology, the demand for energy is increasing dramatically,
and due to this, depletion of fossil fuel is increasing monotonically which further
leads to pollution and becomes an environmental concern for engineers and sci-
entist. To mitigate this issue, various renewable energies are being employed, for
example, wind energy, solar energy, and hydro energy [1–4]. In the present sce-
nario, wind energy is dominating worldwide for its innovative and fastest-growing
clean energy approach [5, 6]. The effective production and usage of wind energy are
highly important for improved energy infrastructure and sustainability. To harvest
wind energy, typically two types of configuration are used: The one is horizontal
axis wind turbine and other is vertical axis wind turbine. Due to various advantages,
HAWT is dominating the wind industry [7]. To improve the competitiveness of
wind energy with other sources of energy, researchers are focusing to develop wind
turbines which show a reduction in cost of energy with increase in annual energy
output and lower overall costs.

Wind turbine is composed of three important parts: The first is rotor which
consists of two or three blades, the second is nacelle which is the house for gearbox,
rotor shaft, generator, and control system, and the third is the tower. Among all the
three parts highlighted above, blade plays a vital role in capturing wind energy
because of its design, and because of this, a lot many researches are going on in
designing and optimizing blades. The blade design process focuses on both aero-
dynamic and structural requirements of the blade. For aerodynamic point of view,
wind turbine optimization is executed by using blade element momentum
(BEM) theory without considering the three-dimensional changes nor modifying
any airfoil shape [8]. The advantage of BEM theory is that it provides calculation
very fast, and because of this, it is extensively used in blade optimization and
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aero-elastic analysis [9–12]. However, such methods provide solution which is
quite different from real-time solution [13], and this is due to the absence of viscous
and 3D effect. To resolve this issue, researchers use the concept of parameterization
of airfoils to modify the shape of the airfoil and optimize the airfoil [14, 15].
Parameterization of the airfoil is the method where the shape and coordinate of the
airfoil are controlled by specific variable called control variables. These control
variables then act as an input for an optimization of the airfoil. For parameterization
of airfoils and utilizing it for optimization, various methods are available like parsec
method [16], splines [17], B-splines [18, 19], and Bezier curve [20–24]. Few
researchers also work on polynomial approach of parameterization technique and
found that it is highly influencing the final optimized design [25]. More details of
state of the art of parameterization technique can be found in the literature [26].
Although various parameterization techniques have been used for airfoil parame-
terization, to the author knowledge, parsec parameterization technique has not been
applied for wind turbine application. For parameterization and optimization to carry
out, it is necessary to choose the optimization algorithm, and this algorithm usually
falls within two categories: One is gradient-based methods and another is heuristic
algorithms. Former optimization method is a widely used optimization method due
to its fast process and has been implemented to optimize wing section, airplanes and
also to the turbo-machinery airfoil [27–29]. However, they never lead to global
optimism. Therefore, testing various initial conditions becomes important to have
some project accuracy. These methods are not reliable in this sense [30]. Although
later optimization like genetic algorithms is considered to be slower, they are more
efficient and powerful. A variety of individual cases, including airfoil [21, 22],
wings [24], and entire airplanes [31], were applied. The combination of these two
types of algorithms is often used by hybrid methods [32, 33].

In this paper, MATLAB code was written to implement parsec parameterization
technique and coupling it with X-foil [34] and genetic algorithm to get the control
variables, optimize the airfoil, and check the aerodynamic coefficients of the base
and optimized airfoil. NREL S818 airfoil, NREL S825 airfoil, and NREL S826
airfoil are considered in this analysis for parameterization, optimization, and design
of wind turbine blade.

2 Airfoil Parameterization

Parsec parameterization is used in this method. This method uses 12 variables to
control the airfoil surface. These 12 variables act as a design variable which is
further used in the optimization process to get an optimized airfoil. The name of the
twelve variables is shown in Table 1. The upper and lower surfaces of airfoil are
obtained by using six-order polynomial equation shown in Eqs. 1 and 2.
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Zup ¼
Xn¼6

i¼1

aiup � xi�
1
2 ð1Þ

Zlo ¼
Xn¼6

i¼1

ailo � xi�
1
2 ð2Þ

where Zup is the appropriate upper surface y-coordinate and Zlo is the coordinate for
the lower surface signifying y-direction, and aiup and ailo are the coefficients rep-
resenting 12 control variables that are essential to be determined. Apart from this, to
solve the Eqs. 1 and 2, the following conditions are required which are given below

1. At x(u, l) = maximum, y(u, l) = maximum

2. At x(u, l) = maximum, dy u;lð Þ
dx ¼ 0

3. At x(u, l) = maximum, d2y u;lð Þ
dx2 ¼ maximum

4. At xu ¼ 1, yu ¼ Toff þ TTE
2

5. At xl ¼ 1, yl ¼ Toff � TTE
2

6. At xu ¼ 1, dyu
dx ¼ tan aTE � bTE

2

� �

7. At xu ¼ 1, dyl
dx ¼ tan aTE þ bTE

2

� �

3 Objectives and Geometry Constraints

The objectives are to maximize coefficient of lift and

Table 1 Twelve design
variables

(1) Upper radius (leading edge-Rleu)

(2) Lower radius (leading edge-Rlel)

(3) Crest point (upper Yup)

(4) Crest point (lower Ylo)

(5) Position (upper crest Xup)

(6) Position (lower crest Xlo)

(7) Curvature (upper crest Yxxup)

(8) Curvature (lower crest Yxxlo)

(9) Edge offset (trailing-Toff)

(10) Edge thickness (trailing-TTE)

(11) Edge direction angle (trailing-aTE)

(12) Edge wedge angle (trailing-bTE)
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F Zup; Zlo;Re
� � ¼

Xn
i¼1

cli
cdi

� 1
p

To avoid overlap between two airfoil surfaces, the following condition was set

Zup � Zlo [ 0

To provide structural strength to the wind turbine blade, the thickness is retained
between 7.5 and 13.5% of the chord using the condition shown below.

0:135[ Zup � Zlo [ 0:075

To avoid very highly cambered airfoil, few limits were set to the y-coordinates
which are shown below. However, the x-coordinates were fixed to reduce the
control variables,

Zup � 0:18a

Zlo � � 0:1

4 Design of Wind Turbine Blade

The wind turbine model considered in this paper is shown in Fig. 1. The
three-dimensional wind turbine blade is designed by considering the geometrical
parameters given in the report [35]. This blade contains three types of the airfoil
which are placed from root to tip, and those airfoils which are used in designing the
wind turbine blade are given in Fig. 2. The specifications of the blade and rotor
parameters are given in Table 2.

Fig. 1 Three-dimensional referenced blade
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5 Results and Discussions

5.1 Control Variables of Base Airfoils and Optimized Airfoil

Tables 3, 4, and 5 provide an information of parsec variables of original airfoil and
optimized airfoil. By using Eqs. 1 and 2, the control variables are obtained. The
original parsec variables were taken as input to carry out the optimization process.

5.2 Comparison of Base Airfoil and Optimized Airfoil

Figures 3, 4, and 5 are demonstrating the curve of original and optimized airfoil.
Maximum thickness of S818 airfoil is 24.40% of chord occurred at the position
29.30% chord, whereas its optimized airfoil exerts maximum thickness as 21.40%
of chord occurred at the position 28.40% of chord. Maximum thickness of S825
airfoil is 17.07% of chord occurred at the position 29.90% of chord, whereas its

Fig. 2 Airfoils used in the blade

Table 2 Main parameters of
referenced turbine

Parameters Values Units

Rated power, prated 1.5 MW

Number of blades, NB 3 Not applicable

Rotor radius, R 41.25 m

Angular velocity, x 2.22 rad/sec

Swept area 5346 m2
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Table 3 Parsec parameters
for S818 airfoil

Control variables Original outcome Optimized outcome

(Rleu) 0.0176 0.025418

(Rlel) 0.0047 0.011372

(Xup) 0.3606 0.359227

(YXXup) −0.8238 −0.8241

(Xlo) 0.2633 0.271728

(Ylo) −0.0661 −0.06828

(YXXlo) 1.5987 1.59913

(TTE) 0 0.000319

(Toff) 0.0004 −0.00358

(aTE) 16.5305 16.5305

(bTE) 11.5973 11.5973

Table 4 Parsec parameters
for S825 airfoil

Control variables Original outcome Optimized outcome

(Rleu) 0.0176 0.025418

(Rleu) 0.0047 0.011372

(Xup) 0.3606 0.359227

(Yup) 0.1034 0.115891

(YXXup) −0.8238 −0.8241

(Xlo) 0.2633 0.271728

(Ylo) −0.0661 −0.06828

(YXXlo) 1.5987 1.59913

(TTE) 0 0.000319

(Toff) 0.0004 −0.00358

(aTE) 16.5305 16.5305

(bTE) 11.5973 11.5973

Table 5 Parsec parameters
for S826 airfoil

Control variables Original outcome Optimized outcome

(Rleu) 0.0212 0.027152

(Rlel) 0.0064 0.011853

(Xup) 0.3904 0.391641

(Yup) 0.1226 0.130074

(YXXup) −0.8927 −0.89293

(Xlo) 0.207 0.208656

(Ylo) −0.0338 −0.02531

(YXXlo) 0.5629 0.562999

(TTE) 0 0.012579

(Toff) 0.0004 0.011381

(aTE) 14.4516 14.4516

(bTE) 15.2262 15.2262
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optimized airfoil exerts maximum thickness as 14.04% of chord occurred at the
position 33.70% of chord. Maximum thickness of S826 airfoil is 14.40% of
thickness occurred at the position 33.70% of chord, whereas its optimized airfoil
exerts thickness 15.09% of chord occurred at the position 33.90% of chord. Each of
these airfoils has unique role in determining the efficiency of wind turbine, and
because of this, they are placed at different spans of the blade according to their
thickness. S818 airfoil is kept at the root position of the blade, S825 airfoil is kept at
mid position of the blade, and S826 airfoil is placed at the tip position of the blade.

5.3 Comparison of Aerodynamic Coefficients

The ratio of cl/cd is very important parameter to consider while designing the wind
turbine blade. The maximum cl/cd at a given angle of attack for a particular airfoil
can be used as a twist angle for modifying the straight blade and also can be used
for the twisted blade to get better aerodynamic efficiency. Figures 6, 7, and 8 show
the cl/cd ratio curve of S818 airfoil, S825 airfoil, and S826 airfoil. The maximum
cl/cd of S818 airfoil and its optimized airfoil occurred at 10° angle of attack. But its
optimized airfoil shows 27.63% increment of cl/cd value as compared to the base
one. Now, for S825 airfoil and its optimized airfoil, the best cl/cd ratio occurred at
6° angle of attack in which optimized airfoil shows an increment of 22.44% of cl/cd
as compared to the base S825 airfoil. Finally, for S826 airfoil and its optimized
airfoil, the best cl/cd ratio occurred at same 6° angle of attack, and it has been found
that optimized airfoil of S826 airfoil shows a same increment as that of optimized
S825 airfoil. Figures 9, 10, and 11 give an information about the stall point which
plays a vital role in investigation of the performance parameter of airfoil and wind
turbine blade. Stall angle is the angle at which coefficient of lift decreases after
reaching maximum point. Stall angle for S818 airfoil occurred at 14° angle of
attack, and for S825 airfoil and S826 airfoil, it occurred at 16° and 6° angle of
attack.

Fig. 3 Original NREL S818 airfoil and optimized airfoil
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Fig. 4 Original NREL S825 airfoil and optimized airfoil

Fig. 5 Original NREL S825 airfoil and optimized airfoil

Fig. 6 Comparison of cl/cd ratio between S818 airfoil and optimized airfoil
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Fig. 7 Comparison of cl/cd ratio between S825 airfoil and optimized airfoil

Fig. 8 Comparison of cl/cd ratio between S826 airfoil and optimized airfoil

Fig. 9 Comparison of coefficient of lift between S818 airfoil and optimized airfoil
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5.4 Aerodynamic Analysis

Aerodynamic analysis of the blade starts with the design of optimized wind turbine
blade. Figure 12 is reflecting the three-dimensional design of optimized wind tur-
bine blade. The design of blade is accomplished with the help of SolidWorks. The
chord and twist distribution of the optimized blade is shown in Figs. 13 and 14.
Moreover, Figs. 13 and 14 also demarcate the distribution between the referenced
and the optimized blade. The trend of twist distribution is same for both optimized
and original blades, but the optimized blade shows some decreasing value of twist
as compared to the referenced one. The trend of chord distribution between the
optimized blade and original blade shows some random variation. The root portion
of the optimized blade shows more chord value as compared to the referenced one.
This is because root portion of the wind turbine blade is more prone to get damage
due to bending. Hence, it is necessary to keep the root portion thicker as compared
to the other section of the blade.

Fig. 10 Comparison of coefficient of lift between S825 airfoil and optimized airfoil

Fig. 11 Comparison of coefficient of lift between S826 airfoil and optimized airfoil
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The performance parameter of wind turbine is determined according the solution
of power coefficient and power output. Figures 15 and 16 show the comparison of
power coefficient and power of original blade and referenced blade. From the
figure, it has been found that at velocity 12 m/s, the optimized blade shows

Fig. 12 Three-dimensional optimized blade

Fig. 13 Comparison of twist distribution between referenced blade and optimized blades

Fig. 14 Comparison of chord distribution between referenced blade and optimized blades

Optimized Design and Performance Testing … 529



decrease in the power output, which also shows that torque is decreased, and when
torque gets decreased, the cost of gearbox present inside the nacelle will also
decrease. This eventually brings down the cost of wind turbine. Hence, the designed
optimized blade is sufficient to provide the rated output power and in the same way
also shows reduction in rotor cost.

5.5 Structural Analysis

In this section, the plot of flapwise deflection, edgewise deflection, and total thrust
of the blade is shown. An open-source software called Q-Blade [36] has been used
to perform the structural analysis. Wind speed of 12 m/s has been considered for
the structural analysis. Figures 17 and 18 show that deflection in both directions of
the optimized blade reflects less value as compared to the referenced blade. Less

Fig. 15 Comparison of power coefficients between original blade and optimized blade

Fig. 16 Comparison of power between original blade and optimized blade
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deflection is a good sign for the life span of the wind turbine blade. In addition to it,
Fig. 19 demonstrates the curve of thrust against the wind speed, and it has been
found that at 12 m/s, there is a decrement of 2.2% in the value of thrust in case of
optimized one.

Decrease in thrust value can lead to reduction in the cost of the rotor.

Fig. 17 Edgewise deflection
of original and optimized
blades

Fig. 18 Flapwise deflection
of original and optimized
blades
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6 Conclusions

This work presents a multi-objective aerodynamic and structural optimization
method to design HAWT blades. A procedure starts with the parameterization of
airfoil, followed by optimization of airfoil and design of wind turbine blade.
Genetic algorithm has been used to carry out optimization process. XFoil is inte-
grated with the code to get the aerodynamic results. Comparison of optimized and
original airfoil has been done and been observed that optimized airfoil shows an
increment of more than 20% in the value of cl/cd ratio which shows great sign to
get good aerodynamic output of optimized wind turbine. Moreover, the best angle
of attack is also observed. A 1.5 MW blade is applied as the referenced configu-
ration, and Q-blade is used for the structural analysis. Deflection in both the
directions along the span of the blade is calculated and has been observed that
optimized blade shows less deflection as compared to referenced one. Thrust and
power output also reflected some meaningful output in the case of optimized blade.
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A Fuzzy Set-Based Energy Consumption
Model of Selective Laser Sintering

Faladrum Sharma and Uday Shanker Dixit

1 Introduction

The ever-increasing environmental concerns have challenged the manufacturing
industries to develop energy-efficient products and exploit sustainable manufac-
turing technologies. One such technology is additive manufacturing (AM). It is
popularly known as 3D printing and is a foundation of the fourth industrial revo-
lution, i.e., Industry 4.0. The ability of AM to manufacture a product by depositing
material in layer-by-layer fashion makes it advantageous compared to other tech-
nologies especially for manufacturing complex-shaped geometries with minimal
wastage of raw material.

During the process of converting a raw material to the final product, energy is
consumed at every stage. The proper assessment of the energy requirement of a
manufacturing process and reducing it is a significant strategy for achieving sus-
tainability. Pertinent to AM, researchers have carried out numerous studies in the
field of energy assessment. Mongol et al. [1] investigated the effect of different
parameters on the energy consumption of three different AM processes, viz.,
thermojet, fused deposition modelling (FDM) and selective laser sintering (SLS).
They considered a typical geometrical part in their analysis. The parameters in the
study comprised orientation, position, height, layer thickness, quantity of support
material and manufacturing time. It was observed that minimizing the height of the
part minimizes energy consumption for thermojet and SLS processes. However, for
an FDM process, reducing the volume of the support structure results in the min-
imum energy consumption. Sreenivasan et al. [2] studied the involvement of dif-
ferent components of an AM machine in energy consumption. They conducted
experiments on a selective laser sintering (SLS) machine and recorded the power
consumption by a current measuring instrument. They suggested to replace the
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heating system of the machine that consumes the maximum energy, with a better
thermal control system. They also suggested to use an efficient laser system for
reducing the energy consumption. Baumers et al. [3] classified the energy con-
sumption of laser sintering AM machines based on the geometry and height of the
part, time required to build the part and the energy consumed during the warm-up
and cool-down of the machine chamber. Paul and Anand [4] discussed the
dependence of energy consumption on layer thickness, orientation of the part and
total area of sintering in an SLS process. However, their study was limited only to
laser energy consumption based on the virtual manufacturing of a cube, a cylinder
and a 3D shape comprising various geometrical surfaces. Meteyer et al. [5]
developed a mathematical model of energy consumption in a binder jetting AM
process. They validated the model by fabricating a small-sized part. Kellens et al.
[6] presented parametric models to quantify the environmental footprint based on
energy and resource consumption. The models were developed considering build
height and volume of the parts to be produced. Peng et al. [7] analysed the energy
consumption of an extrusion-based AM technology, viz., fused deposition mod-
elling (FDM). They considered the energy consumed during the melting of raw
material as a primary energy and the energy consumed by machinery components
as a secondary energy. Yang et al. [8] proposed a mathematical model for the
energy consumption of a stereolithography (SLA) process. They conducted
experiments to validate the model and implemented design of experiments
(DOE) to analyse the impact of different parameters on the overall energy con-
sumption. They emphasized that proper setting of the machine parameters can
reduce the energy consumption without compromising the quality of the product.

With respect to energy consumption, researchers have also carried out com-
parative studies with other manufacturing technologies to assess the sustainability
of AM. Morrow et al. [9] carried out a comparative analysis of direct metal
deposition (a laser-based AM process) and conventional manufacturing (end mil-
ling) in terms of energy consumption. They highlighted that the energy con-
sumption of the two processes is influenced by the geometry of the part to be
manufactured. Ullah et al. [10] compared SLA and a subtractive process, viz.,
wood-sawing technique with reference to emission of carbon dioxide gas (involved
in model building material and model making process) and consumption of natural
resources. They proposed a sustainability index as a function of energy con-
sumption, emission of carbon dioxide and resource depletion. Telenko and
Seepersad [11] made a comparative study of SLS and injection moulding
(IM) based on energy requirements. The total energy consumption by SLS was
considered as the energy required in the processing of feedstock and the energy
consumption during the building process. It was found that energy consumption per
part for IM reduces with an increase in the production volume, but for SLS, it
remains almost constant. Also, the authors emphasized that full utilization of the
machine chamber, reducing the powder loss, recycling the powder and reducing the
scanning time of layers can make SLS process more energy-efficient.

The energy consumption models of AM technology developed over the years are
deterministic. Often, the energy consumption has got an element of uncertainty.
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A common approach to tackle uncertainty can be to develop a fuzzy set-based
model. This work develops a fuzzy set-based energy consumption model for a
specific AM technology, i.e., selective laser sintering (SLS).

After this brief introduction, Sect. 2 describes a deterministic energy estimation
model. Section 3 fuzzifies the model developed in Sect. 2 and presents a fuzzy
set-based energy consumption model. Two case studies are presented in Sect. 4.
Finally, Sect. 5 concludes the paper.

2 Deterministic Model for Energy Estimation of Selective
Laser Sintering

A deterministic model is a pre-requisite for developing a fuzzy set-based model.
This section describes the deterministic energy consumption model of SLS that is
later converted to a fuzzy set-based model in Sect. 3. For estimating the energy
consumption of any AM process, it is necessary to have proper information of
different energy consuming components of a 3D printing machine. Although every
3D printed parts are produced by the deposition of material in a layer-by-layer
manner, the operating principles vary for different categories of AM. This work
considers a popular AM process, viz., SLS. A schematic diagram of the process is
depicted in Fig. 1.

Fig. 1 Illustration of selective laser sintering (Modified with permission from Sharma and Dixit
[12])
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SLS falls under the category of powder bed fusion (PBF) process, one of the first
commercialized AM processes. It uses raw material in the form of polymeric,
metallic or ceramic powder. The entire building process takes place inside a closed
chamber often referred as build chamber. There are several machinery components
in the chamber. The rotating roller spreads the powder and forms a layer in the build
area of the chamber. The heater system is composed of an infrared heater for
heating the closed chamber and a resistive heater for maintaining the powder at an
elevated temperature but below the melting point throughout the building process.
The well-directed laser beam, generally of a CO2 laser, sinters the powder particles
according to the geometry of the part. After the laser sinters the particles of a layer,
the movable piston lowers the powder bed vertically according to the layer thick-
ness set by the operator. After this, the powder bed is again filled up with powder
by the roller for sintering by the laser beam. The heap of powder is placed in front
of the roller by the powder supply system that is controlled by another movable
piston. This process repeats until the entire part is built. Unlike other AM processes,
an advantage of SLS is that it does not require any support structures. The powder
itself acts as a support for complicated geometries. After the building of the part is
completed, it is removed from the build chamber and necessary post-processing
activities are performed. Table 1 lists all the energy consuming elements of SLS.

2.1 Energy Consumed by Laser System

The energy consumed by the laser beam during the sintering of the powder is
dependent on laser parameters, geometrical parameters of the part as well as
material properties. The estimation of the energy requirement by the laser system
considering all parameters simultaneously by an analytical model is a tedious task.
Franco and Romoli [13] analysed the effect of different laser parameters on the
energy requirement for polyamide polymer powder, which is also considered as a
raw material in this study. The interaction of laser beam and the powder is char-
acterized by a basic parameter, viz., the energy density. The energy density, Ed is
given by [13]

Table 1 Energy consuming components of SLS

Energy consuming
components

Purpose

Laser system Sintering of powder in layer-by-layer manner

Heater system Maintaining the chamber at an elevated temperature and heating the
powder

Rotating roller Supplying and levelling the powder in bed

Pistons in the movable
platform

One piston for lowering of the powder bed and the other piston for
supplying the powder in front of the roller
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Ed ¼ Pl

Vsdl
; ð1Þ

where Pl is the power rating of the laser, Vs is the scan velocity of the laser and dl is
the diameter of the laser beam. Franco and Romoli [13] conducted experiments on
an SLS machine and provided data to estimate laser energy consumed per unit mass
based on different values of Ed. Based on those data, the laser energy consumption
can be estimated.

2.2 Energy Consumed by Heater System

The heater system is composed of an infrared heater and a resistive heater [14]. The
closed chamber is maintained at a high temperature by the infrared heater. On the
other hand, the resistive heater is used to maintain an elevated temperature of the
build platform throughout the fabrication of the part. The energy consumed by the
infrared heater, Eir is given by [5]

Eir ¼ Pirtprocess
gir

; ð2Þ

where Pir is the power rating of the infrared heater, tprocess is the time involved in
warming up the machine chamber and building the part and ηir is the efficiency of the
infrared heater. On the other hand, a resistive heater is required to heat the powder in
the build platform for proper sintering to occur. The energy is required in the form of
heat. It depends on the powder material properties. The heat input Qr to maintain the
elevated temperature of the powder during building of the part is given by

Qr ¼ mpcp Tf � Ti
� �

; ð3Þ

where mp is the mass of the powder, cp is the specific heat of the powder, Tf is the
final attainable temperature of the powder and Ti is the initial temperature of the
powder. The heat input Qr is provided by the resistive heater and its energy con-
sumption Erh is given by

Erh ¼ Qr

gr
; ð4Þ

where ηr is the efficiency of the resistive heater. The total energy consumed by the
heater system, Eheater is given by

Eheater ¼ Eir þErh: ð5Þ

A Fuzzy Set-Based Energy Consumption Model … 539



2.3 Energy Consumed by Roller

The roller spreads the powder and forms a layer in the machine bed. The roller
moves according to the kinematic profile as illustrated in Fig. 2. The mechanical
energy of the roller is estimated as per velocity profile shown in Fig. 2.

The energy spent in portion AB, E1 is given by the change in kinetic energy and
work done against powder:

E1 ¼ 1
2
mrv

2
r þ

1
2
Irx

2
r þFrSAB

¼ 1
2
mrv

2
r þ

1
2
Irx

2
r þ

1
2
Frvrt1;

ð6Þ

where mr is the mass of the roller, vr is the maximum attainable translational velocity
by the roller, Ir is the moment of inertia of the roller about its centre and xr is the
maximum attainable angular velocity by the roller. The term Fr is the resistive force
provided by the powder to the roller, SAB, is the distance travelled by the roller from
point A to B and t1 is the time spent by the roller to reach the point B. The roller is
considered to be a solid cylinder whose moment of inertia Ir is given by

Ir ¼ 1
2
mrR

2
r ; ð7Þ

where Rr is the radius of the cylindrical roller. During travelling of the roller, it is
assumed that rolling takes place without slipping that satisfies the relation

vr ¼ xrRr: ð8Þ

At point B, the roller attains its maximum velocity and continues to moves until
point C. The energy spent in portion BC, E2, is given by

Fig. 2 Velocity versus time
diagram of the roller
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E2 ¼ FrSBC
¼ Frvr t2 � t1ð Þ; ð9Þ

where t2 is the time required by the roller to reach the point C. From point C, the
roller decelerates and comes to rest at point D. For bringing the roller to rest, it
requires some amount of kinetic energy. However, during this period, the powder
also offers resistance. Hence, the energy spent in portion CD, E3 is less than the
energy spent in portion AB. E3 is given by

E3 ¼ 1
2
mrv

2
r þ

1
2
Irx

2
r � FrSCD; ð10Þ

where SCD is the distance travelled by the roller from point C to D. The total energy
spent, Er is given by

Er ¼ E1 þE2 þE3

¼ 1
2
mrv

2
r þ

1
2
Irx

2
r þFrSAB þFrSBC þ 1

2
mrv

2
r þ

1
2
Irx

2
r � FrSCD:

ð11Þ

However, SAB = SCD, hence

Er ¼ mrv
2
r þ Irx

2
r þFrvr t1 � t2ð Þ: ð12Þ

The study conducted by Nan et al. [15] revealed that the roller force, Fr, is
approximately 20 times the total weight of the heap of powder generated in front of
the roller. This heap of powder is generated approximately up to the half the
diameter of the roller [16]. The diameter of the roller is evaluated based on the size
of the polymer powder. Haeri et al. [16] stated that the size of the powder particle is
related to the size of the roller as follows:

Droller

Dpowder
¼ 1000; ð13Þ

where Droller and Dpowder are diameter of the roller and powder, respectively.
Overall, the energy required by the roller is provided by a motor. Hence, the energy
requirement by the motor to operate the roller, Eroller is given by

Eroller ¼ Er

gm
; ð14Þ

where ηm is the efficiency of the motor.
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2.4 Energy Consumed by the Movable Platform

The part fabricated in a build platform moves in the downward direction according
to the prescribed layer thickness. Apart from this, a powder delivery platform is also
present on the other side that supplies the powder in front of the roller. Both the
platforms are controlled by piston. The piston moves and stops repeatedly
according to the number of layers present in the part. Assuming that no energy is
required in stopping, the mechanical energy of the piston, Ep is given by the
summation of potential and total kinetic energy:

Ep ¼ mpghþ 1
2
mpv

2
pNl; ð15Þ

where mp is the mass of the piston, g is the acceleration due to gravity, h is the total
height travelled by the piston, vp is the velocity of the piston and Nl is the number of
layers present in the part. Similar to the energy required by the motor, the energy
required by the piston, Episton is also provided by the motor:

Episton ¼ Ep

gm
; ð16Þ

where ηm is the efficiency of the motor.
Apart from the energy consumption mentioned in Sects. 2.1–2.4, some addi-

tional energy is also consumed by the computer, workstation, and some amount of
energy is also lost during the process. This extra amount of miscellaneous energy,
Emisc, is considered to be 5% of the total energy:

Emisc ¼ 0:05 Elaser þEheater þEroller þEpiston
� �

: ð17Þ

3 Implementation of Fuzzy Set Theory in the Energy
Estimation

Based on the deterministic model developed in Sect. 2, this section describes the
method to develop a fuzzy set-based model to consider uncertainties in the esti-
mation. Fuzzy set theory is a popular technique for handling uncertainties. For
developing a fuzzy set-based model, the uncertain variables are considered as fuzzy
variables. A fuzzy variable is an imprecise value that is obtained based on the input
from an expert’s judgement. The uncertain or the fuzzy variable in a fuzzy set
represents an interval. All the values of the interval are assigned membership grades
that vary from 0 to 1, where the values 0 and 1 represent full non-membership and
full membership, respectively. For simplicity, linear triangular fuzzy numbers are
used in this work for considering uncertain parameters. A linear triangular fuzzy
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number assigns the membership grade of 1 to the most likely (m) estimate while the
low (l) and the high (h) estimates of experts are assigned a membership grade of 0.5
as illustrated in Fig. 3.

A typical fuzzy variable (say A) at a particular value of a-cut is given by

Aa ¼ aa1; a
a
2

� �
; ð18Þ

where Aa is the interval corresponding to membership grade a, a1
a and a2

a are the
lower and upper estimates of the interval, respectively. Arithmetic operations of two
fuzzy variables (say A and B) at a particular value of membership grade, i.e., at a
particular value of a-cut are carried out as follows:

Summation : aa1; a
a
2

� � þ ba1; b
a
2

� � ¼ aa1 þ ba1; a
a
2 þ ba2

� � ð19Þ

Subtraction : ðaa1; aa2Þ � ðba1; ba2Þ ¼ ðaa1 � ba2; a
a
2 � ba1Þ ð20Þ

Multiplication : aa1; a
a
2

� � � ba1; b
a
2

� � ¼ aa1 � ba1; a
a
2 � ba2

� � ð21Þ

Division : aa1; a
a
2

� �� ba1; b
a
2

� � ¼ aa1
ba2

;
aa2
ba1

� �
ð22Þ

It is assumed that the fuzzy variables considered in this study belong to a set of
positive real numbers for which Eqs. (19)–(22) are valid. A fuzzy set-based energy
consumption model is developed by considering the variables as fuzzy and per-
forming fuzzy arithmetic operations. This gives the energy consumption as a fuzzy
number. The addition and subtraction of A and B result in linear triangular fuzzy
number. However, it is not the same for multiplication and division, but as an
approximation, it can also be represented as linear triangular fuzzy numbers. More
details are available in Ref. [12] where a fuzzy set-based cost model for SLS

Fig. 3 Fuzzy variable as a
function of membership grade
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process is described. The same procedure can be applied for developing fuzzy
set-based energy estimation model. The overall procedure is illustrated in Sect. 4 by
taking two case studies.

4 Case Studies

The deterministic model will be implemented to estimate the energy consumption
for manufacturing two parts, viz., part A and part B in an SLS machine having a
build volume of 230 � 230 � 230 mm3 [17]. Those two parts and the same SLS
machine were also considered for cost estimation of SLS by Sharma and Dixit [12].
The raw material considered for making the parts is polyamide powder of density
840 kg/m3 [13]. The details of the parts and other parameters used in energy
estimation are listed in Table 2.

The first step is to estimate the energy consumption by the laser system. The
laser parameters used in this study are listed in Table 3. Based on these parameters,
the energy density, Ed is 0.07 J/mm2. As per this value of Ed, the energy required
for both the parts is obtained from Ref. [13]. Then, the energy consumed by the
infrared and resistive heaters is estimated. The infrared heater consumes energy for
heating the chamber during the machine warm-up and building the part. On the
other hand, the resistive heater consumes energy for heating the powder in the
machine bed. It depends on the mass of the powder and its material properties. The
mass of the powder is estimated based on the size of the powder bed and height of
the part. Table 3 lists the necessary parameters of the heater system used in this
study.

The next step involves the energy estimation by the roller for spreading and
levelling the powder. The kinematic behaviour of the roller is illustrated in Fig. 2.
The complete procedure for estimating the time taken by the roller to travel from
one end of the platform to the other considering necessary parameters is explained
in the work of Sharma and Dixit [12]. The roller travels to and fro across the

Table 2 Details of parts and
other necessary parameters
[12]

Parameters Value

Part A Part B

Length of bounding box (mm) 120 74

Breadth of bounding box (mm) 120 34

Height of bounding box (mm) 28 34

Volume of bounding box (mm3) 403,200 85,544

Volume of the part (mm3) 184,893 9603

Mass of the part (gm) 155.31 8.07

Time for machine preparation (s) 1800 1800

Time to build the part (s) 4459.2 1865.04

Layer thickness (mm) 0.15 0.15
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platform based on the number of layers present in the part. For each travel, the roller
consumes energy. The data used for estimating roller energy is given in Table 4.

Lastly, the energy consumed by the moving pistons is estimated. The total
vertical distance travelled by the piston of the build platform is equal to the height
of the part. For the build piston, an additional 20% increase is included in the mass
of the piston to consider the mass of the powder deposited. The parameters for
estimating the energy consumed by piston are given in Table 5. The piston lowers
down according to the prescribed layer thickness and the number of layers present
in the part. An additional 5% increase is included in the number of times the piston
is lowered. However, the total distance travelled by piston of the powder delivery
piston is much more than the piston of the build platform. The powder delivery
piston feeds the powder to the height equal to the radius of roller, i.e., 50 mm. This
process is repeated for every number of layers of the part. Also, the piston has to
travel to the bottom frequently for complete filling of the feedstock with powder.
This is done by an external delivery source. Considering these effects, an additional
increase of 50% of the mass of the piston is also included. Hence, the energy of the
piston for powder delivery is much more than the piston of the build platform.
Finally, based on Eqs. (15) and (16), the energy consumed by the pistons is

Table 3 Parameters for energy consumed by the laser and heater system

Parameters Value Basis

Power rating of the laser (W) 30 Ref. [12]

Scan velocity of the laser (mm/s) 700 Ref. [12]

Laser beam diameter (mm) 0.6 Ref. [13]

Power of infrared heater (W) 1000 Ref. [18]

Efficiency of infrared/resistive heater 0.9 Own judgement

Specific heat of powder (kJ/kgK) 2.5 Ref. [13]

Tfinal of powder (°C) 185 Ref. [13]

Tinitial of powder (°C) 20 Ref. [13]

Table 4 Parameters for estimating the roller energy

Parameter Value Basis

Distance travelled by
roller (mm)

506 Ref. [17], own judgement

Velocity of roller (mm/s) 700 Ref. [12]

Time, t1–t2 (s) 0.69 Ref. [12]

Mass of roller (kg) 5 Own judgement

Diameter of powder (lm) 100 Ref. [19]

Radius of the roller (mm) 50 Ref. [16]

Force required by roller (N) 435.92 Ref. [15]

Efficiency of the motor 0.75 Own judgement considering part load
operation
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estimated. The energy consumed by every component for manufacturing part A and
part B considering a single quantity is listed in Table 6. As evident from the last
two rows of the table, mass of the part and build time may give some indication
about the energy consumption, but it also depends on the part complexity.

4.1 Estimation of Energy Considering Multiple Quantities
of a Part in the Machine Chamber

The energy required by the laser and the infrared heater varies with the number of
quantities manufactured in the machine chamber. However, the energy consumed
by the resistive heater, roller and the pistons is independent of the number of
quantities manufactured in the machine chamber. Hence, if more than one quantity
is manufactured, the overall unit energy requirement is less as the energy is reduced
among by the resistive heater, roller and pistons. As per the size of part A, only two
quantities can be manufactured at a single setting of the machine chamber. In such a
case, the total consumed energy is estimated as 12202.2 kJ, whereas unit energy
consumption is 6101.1 kJ. Hence, in manufacturing two quantities of part A,
energy consumption reduced by 25% for a part. On the other hand, considering the

Table 5 Parameters for estimating the energy consumed by the pistons

Parameters Value Basis

Mass of the platform (kg) 10 Own judgement

Velocity of the platform (mm/s) 700 Ref. [12], own judgement

Efficiency of the motor 0.75 Own judgement

Table 6 Energy consumption by different sources for part A and Part B

Energy components Value

Part A Part B

Energy consumed by laser system (kJ) 45.04 2.34

Energy consumed by infrared heater (kJ) 6954.67 4072.27

Energy consumed by resistive heater (kJ) 570.26 692.46

Energy consumed by the roller in spreading the powder (kJ) 158.55 192.53

Energy consumed by the piston by build platform (kJ) 0.78 0.94

Energy consumed by the piston for powder delivery (kJ) 4.58 4.89

Miscellaneous energy consumption (computer, losses) 386.69 248.27

Total energy consumption of the part (kJ) 8120.57 5213.7

Total energy consumption of the part (kWhr) 2.26 1.45

Total energy consumption per unit mass of the part (kJ/kg) 52286.2 646059.48

Total energy consumption per unit build time (kJ/hr) 4670.57 5121.18
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smaller sized part B, a maximum of eighteen quantities can be manufactured at a
single setting. This is also referred as full utilization of the machine. The energy
consumed for manufacturing a single quantity of part B is 5213.7 kJ, whereas the
unit energy consumed for eighteen quantities is 1007.45 kJ reducing the energy
consumption by 81%. The variation of energy with the quantities of part B is shown
in Fig. 4.

4.2 Implementation of Fuzzy Arithmetic

This section considers all the uncertain parameters as fuzzy. All the fuzzy param-
eters are expressed as low (l), most likely (m) and high (h) estimates in Table 7. In
the estimation of energy consumed by the roller, the lower limit of roller force is
assumed to deviate by 20%, whereas the upper limit by 10% than the most likely
estimate. The height of the heap of powder accumulated in front of the roller is
assumed to vary by 10 and 20% of the radius of the roller for the lower and upper
estimate, respectively. In the estimation of energy consumed by the pistons for
build platform, the lower and upper limits of mass of the piston are additionally
increased by 10 and 30% of the actual mass of the piston, respectively. However,
for the piston of the powder delivery platform, the lower and upper limits are
increased by 30 and 70%, respectively. This piston has to accumulate relatively
more mass of the powder that is continuously fed by the feedstock.

Fig. 4 Variation of energy consumption with quantities of part B

A Fuzzy Set-Based Energy Consumption Model … 547



Table 8 shows the unit energy consumption of the parts considering a single
quantity and full utilization of the machine chamber, i.e., two and eighteen quan-
tities of part A and part B, respectively. The energy as a fuzzy number is obtained
by applying the procedure mentioned in Sect. 3. The variation of energy as a fuzzy
number with different membership grades is shown in Fig. 5.

5 Conclusion

In this work, a fuzzy set-based energy consumption model of additive manufac-
turing with a specific example of SLS is proposed. Initially, the deterministic
energy estimation model based on the working principle of SLS is developed. The
role of different energy consuming elements is briefly described. Subsequently, the
fuzzy set-based model is proposed to tackle uncertainty in the energy consumption.
The fuzzy set-based approach gives the energy consumption as an interval number
with different membership grades, thus giving an approximate idea of the lower and
the upper limits. The methodology proposed in this work is illustrated through two
examples. The energy consumed for building a single part and multiple quantities
of the part in the machine is estimated. It is observed that the maximum energy is

Table 7 Values of different fuzzy parameters

Parameter (l, m, h)

Power rating of the laser (W) (20, 30, 50)

Scan velocity of the laser (mm/s) (500, 700, 1000)

Power of infrared heater (W) (800, 1000, 1200)

Efficiency of infrared/resistive heater (0.8, 0.9. 0.95)

Mass of roller (kg) (4.5, 5, 5.5)

Force required by roller (N) (313.86, 435.92, 527.46)

Layer thickness (mm) (0.12, 0.15, 0.21)

Table 8 Unit energy consumption as a fuzzy number considering a single part and full utilization
of the machine

Quantities in the machine
chamber

Unit energy consumption (kJ)

Low
estimate (l)

Most likely
estimate (m)

High
estimate (h)

Part
A

1 4980.9 8120.57 15075.5

2 3559.49 6101.1 11829.1

Part
B

1 4202.84 5213.7 7666.88

18 717.25 1007.45 1661.96
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(b) 

(c) 

(d) 

Fig. 5 Energy consumption
as a fuzzy number
considering: a single quantity
of part A, b single quantity of
part B, c full utilization of the
machine chamber (two
quantities of part A), d full
utilization of the machine
chamber (eighteen quantities
of part B)
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consumed by the heater system. Considering multiple quantities, unit energy con-
sumption is the least when the full machine chamber is utilized. It is also seen that
although the mass and build time of the product can give some indication of the
energy consumption, but in only an approximate way, energy consumption is
influenced by the part complexity.

The methodology presented in this paper will be validated by conducting a
number of in-house experiments. Further, this work will also be extended to other
types of manufacturing processes to compare their energy efficiencies. This will
help in arriving at a sustainability index for each process.
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Improving the Performance Analysis
of MPPT Controller Unit of a PV
Generation System Using Optimization
Technique Based on Spider Monkey
Principle (SMO)

Sriparna Das and Kumari Namrata

1 Introduction

The importance of renewable energy (R.E) sources increases to a great extent. With
the upcoming of concept known as microgrid, the use of R.E becomes an important
source for production of power. The sources of R.E include energy production from
PV unit which are combined to form PV arrays, wind turbines, tidal sources, waves,
and various other types. On the evolvement of microgrid, DGs are basically placed
at the load center for production of power when the utility grid is off due to
occurrence of faults, so this DGs basically includes renewable sources of energy.

In India, the total power generation capacity from solar energy sources has
increased to 37.627GW at the end of March 2020 [1]. The country successfully
made 42 solar parks for creating solar plants [2]. There is implementation of solar
panels on roof-tops, and it counts about 2.1GW, out of which 70% are utilized in
industry for commercial use. And the other part includes the PV implementation,
India having the plan to introduce off-grid generation for supplying the local
demand of people. But the problem arises as the efficiency of the power production
from PV units is less due to change in the atmospheric conditions and load demand.
So, to fulfill this, the system needs some optimizing schemes for reduction of losses
and running the system for MPP generation. The two important parameters on
which the power production depends are the irradiance and the temperature. With
the variation of these parameters, the change of the power production is shown
subsequently as we move on through the paper. For tracking of MPP, there are
many techniques, but here P&O is considered as it is independent on the envi-
ronmental conditions. Further, there is only requirement of voltage and current
parameters which is present for the considered system, and lastly, the performance
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depends on the step size. If the step size is more, the time requirement for tracking
of MPP is less. Here, new upcoming methods such as artificial neural network and
fuzzy control can be used, but the disadvantage is for those techniques where there
is requirement of large data set which has to be fed in the system, so it requires large
memory. So, use of PI controller unit will make the system robust.

As for getting better output response, SMO technique is performed. It is one of
the most simple and robust algorithms than all other algorithm like artificial bee
colony, particle swamp, genetic, etc. [3]. The conditions of how this strategy is
performed and is discussed in details. This technique is used to minimize the error
of PI controller unit and generating the pulse for boost converter. So, while moving,
first, the PV design is explained, followed by boost converter working, followed by
description of P&O algorithm, and lastly explaining of SMO method [4], stating the
reduction in error while obtaining the power.

2 Modeling of PV Cell

By applying Kirchhoff’s current law from Fig. 1, we get:

I1 ¼ Iph1 � Id1 ð1Þ

From the general equation of the diode, we can say:

Id1 ¼ Is1 exp
q1Voc1

Ns1K1A1T0

� �
� 1

� �
ð2Þ

Substituting the value of Id1 from Eq. (2) to Eq. (1), we get:

I1 ¼ Iph1 � Is1 exp
q1Voc1

Ns1K1A1T0

� �
� 1

� �
ð3Þ

Fig. 1 Ideal structure of a PV
cell [6]
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But here, we cannot consider the actual ideal circuit as there is addition of series
and parallel resistance in the circuit. The series resistance is due to losses for Joules’
effect that is losses due to flowing of current in metal grid, semiconductor material,
collecting bus, and terminal [5]. The parallel resistance is due to seepage of current
due to cell thickness and surface effect [6]. So, the above equations are modified
into following equations:

Id1 ¼ Is1 exp
q1ðV1 þ I1Rs1

Ns1K1A1T0

� �
� 1

� �
ð4Þ

I1 ¼ Iph1 � Is1 exp
q1ðV1 þ I1Rs1

Ns1K1A1T0

� �
� 1

� �
ð5Þ

If we consider the solar cell which is acting in series parallel manner, then the
above Eq. (5) is transformed to a new equation shown as:

I1 ¼ Np1 � Iph1 � Np1 � Is1 exp
q1ðV1 þ I1Rs1

Ns1K1A1T0

� �
� 1

� �
ð6Þ

There are various parameters that we need to describe as they are not described
in the above equation Iph1 that is photocurrent of PV cell due to change in irradi-
ance, the reverse saturation current Irs1 and the saturation current Is1 which is given
by the below equations:

Iph1 ¼ Isc1 þKi1 T01 � Tr1ð Þ½ � � G1

Gref1
ð7Þ

Irs1 ¼ Isc1

exp q1Voc1
Ns1K1A1T0

� �
� 1

h i ð8Þ

Is1 ¼ Irs1
T01
Tr1

� �3
exp

q1Eg1

A1K1

� �
1
Tr1

� 1
T01

� �� �
ð9Þ

This are basically the equations of the model formulated for designing of a PV
cell [7]. These formulas are placed in a MALTAB function, the inputs are taken
from the datasheet of an ideal PV cell, and by varying the temperature and irra-
diation, the electrical parameters are noted and plotted for the prediction of the
power generated from the cell.

By using the values given in Table 1, the PV cell is made in MATLAB, and by
varying the temperature and irradiance, the effect of current and power that is
produced is shown in Figs. 2 and 3, respectively.

From Figs. 2 and 3, there is a clear observation of how there is an effect on
parameters with the change of irradiance and temperature, keeping one constant at a
time. The graph clearly matches to the ideal behavior of a PV cell. On the first case,

Improving the Performance Analysis … 555



as the irradiance is kept constant, the current remains almost constant, and the
voltage gets decreased as the temperature is increased. Similarly, the power gen-
eration gets decreased as the temperature gets increased, while the case is different
if the temperature is kept constant and irradiance is varied. With the increase in the
amount of energy from the sun, more generation of power can be produced, so from
Fig. 3, it is seen clearly that both the current as well as the power get increased with
the increase in irradiance. This is the characteristic which is similar to any PV cell.

3 Boost Converter Unit

The output of the PV cell is limited, and there are many factors which affect the
production, which has been discussed in the above section. So, the use of boost
converter for boosting the voltage is necessary. It is a kind of mechanism which
converts from lower level DC value to higher one [9]. Here it is better to consider
IGBT as switch due to lower switching and conduction loss. It consists of an
inductor, switch, diode, and capacitor for removing voltage ripples. By generating
the duty, the MPP is basically tracked. The parameters are designed on the basis of
output that is needed. The frequency remains fixed as that of grid’s frequency.
Basically, tracking of MPPT is performed on this converter section, and the opti-
mization technique is done for error deduction [10]. The basic design of this
converter is represented in Fig. 4.

4 MPPT Method

The importance of this mechanism is for extracting maximum power from the
electrical system that can be utilized by the mankind. For running the PV system at
higher efficiency, tracking of MPP is important followed by optimization technique

Table 1 Given parameters of
Solarex MSX 60 PV used
module [8]

Name and units of parameters Taken values

Peak power (W) 60

Maximum peak voltage (V) 17.1

Maximum peak current (A) 3.5

O.C voltage (V) 21.1

S.C current (A) 3.8

Kv (V/°C) −80 � 10−3

Kf (A/°C) 3 � 10−3

Np 1

Ns 36
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to lessen the errors. In this paper, the focus has been given on P&O strategy [11],
and the process is explained followed by a flowchart for easy understanding.

The main advantage is that the search for MPP has no dependency on temper-
ature, climate, and the surroundings. However, only requirement is either current or

Fig. 2 Effective change of a current with change in voltage, b power with change in voltage
keeping irradiance constant on both cases
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voltage sensor values. It helps in tracking the point which will indicate maximum
power level. The algorithm is basically to find the final state power and previous to
final state power. After the computation of these values, this method can easily be
applicable. When the circuit is in operation, there will be occurrence of disturbance
in the duty cycle. So, after introducing a perturbation, there will be change of duty
cycle, the power that is Pn gets increased, Pn is greater than Pn−1, then the value is
needed to be increased, and the line is to be moved in right direction to track that
point.

Fig. 3 Effective change of
a current with change in
voltage, b power with change
in voltage keeping
temperature constant on both
cases
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On other hand, if there is decrease in final state power than its previous state
while change in the duty cycle, then the value or the perturbation is needed to be
lessened, and movement should take place in the left-ward direction as while
tracking the point, the maximum point where the power can be extracted is passed,
so decrement of the value is necessary. The speed of this process depends up on the
size of the increment or decrement. If the step size is assumed to be large value,
then finding of the point will be first and vice versa [12]. For easy understanding of
conditions, the visual diagram is shown in Fig. 5.

Fig. 4 Circuital view of boost converter section for stepping up the voltage profile

Fig. 5 Flowchart for MPPT algorithm
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5 Spider Monkey Optimization Technique (SMO)

There are certain algorithms that originates from the imagination of survival of
species in the nature, and from these ideas mathematical models are formulated, and
these are known as nature-inspired algorithm. They originate from the idea to
survive with the change in parameters like availability of food, change in weather
condition, etc. These algorithms are classified as swamp intelligence (SI), evolu-
tionary computation, and existence of artificial neural network. But SI becomes a
subset of both computational intelligence as well as AI. SI is defined as the intel-
ligence which occurs or comes up from a community or a group. Within Si, there
are many such algorithms such as particle swamp, ant colony, artificial bee, and
spider money [13]. In this paper, the stress has been given for the demonstration of
spider monkey optimization due to its simple mechanism and less time complexity.

This algorithm is formulated from a simple strategy of movement of monkeys
for finding of food in a forest. There is existence of two kinds of leaders local and
global. In a group, a female monkey is considered as a leader. At the morning, the
global leader will check the amount of food. If it is not sufficient, they listen to the
ideas of local leader for the place where they can get enough food and will visit for
obtaining food. If there is unavailability of food, they distribute among groups for
finding and at the end of the day become united after collecting the food. Similarly,
here this strategy has been used to optimize the error and to operate the PV cell at
MPP for maximum power generation. The point at which it occurs is tracked, and
the duty has been generated in such a way that the system should operate at that
point only. The algorithm of SMO [14] which has been run in MATLAB is based
on the algorithm as shown in Fig. 6.

The formulation and the searching mechanism of the algorithm is based on the
above flowchart. But in real time, when it comes to the process of implementation,
there are certain steps that are to be followed precisely [15], and those are illustrated
below:

1. Take the input as the population set and define the local and global set which is
to be defined along with pr.

2. The fitness is to be determined from the idea of the location of food from an
individual.

3. Fix the leader in the local set and in the global set.
4. Until the final outcome is not obtained, perform the following steps:
a. For fulfilling the objective, the ideas are taken from each individual, and also the

local leader and change of their old position is generated.
b. Compare the new changed position with the old once and compare them by

greedy selection mechanism and choose that is better.
c. Generate the probability of each individual in the group by the formulas given

below.
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Pi ¼ 0:9 � Fitnessi
Fitnessmaximum

þ 0:1 ð10Þ

where, Pi denotes the probability of ith individual in a group.

a. The new positions are generated from this probability and the experience which
the individual is having.

b. Similarly, change the position of the local and global leaders.
c. If after a number of iterations, the local leader place is not changed, then instruct

the individuals of the group for foraging.
d. If the global leader position is not changed after a number of iterations, then a

division in small groups is done for generating proper search mechanism.

Fig. 6 SMO based error minimization algorithm
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6 Simulation Results

The system is to have higher efficiency, so a new technique is proposed which will
minimize the errors of the controller unit obtaining sensors from P&O method that
generates the duty for the boost converter to run at MPP. Further, SMO is imple-
mented and simulated in MATLAB which is attached to the system for error
deduction. The comparison has been made and also simulated, between a simple
P&O with controller unit which is attached with the P&O with controller plus
optimization mechanism that is attached. After attaching the SMO into the system,
the loss has been minimized, and the system can track the MPP more accurately.
The proposed model is shown in Fig. 7.

By creating the above model, the error of the system is minimized by tuning the
controller efficiently and operating it at the line of maximum power point. The
simulated result of the comparison between SMO based and normal based is shown
in Fig. 8. In this, there is clear difference that can be seen which performance is
better. The parameters like current, voltage, and power obtained with respect to
time are shown. The duty is generated in such a way that clear the tracking of MPP
which takes place. Though, after 1 s, there is abrupt change in parameters, it is well
recovered at 2 s only.

In the new model that is proposed for optimization, there is an increase in the
values of proportional and integral parameters of the controller. The proportional
value gets increased from 0.5 to 2.5, and the integral value changes from 0.03 to
0.116. So, with the increase in those parameters, the steady-state error gets
decreased, and the transient nature reduces, making the oscillation lesser than the
previous system. There is also increase in the amount of power generation in this
new technique.

Fig. 7 Proposed technique for error detection
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7 Conclusion

In this paper, a reduction of error technique is explained. The new model with SMO
is described [16] and is compared with the old set of models. After making the
comparative analysis, it is clear that the tracking of MPP is more precise and
accurate if the optimization technique SMO gets attached with the system. From the
simulated results, there is a clear view of improvement of power generation
capacity by reducing the errors. Due to the generation capacity of PV cell, it is not
constant throughout the year, making the system run at higher efficiency which is
much important. In this way, the generation capacity can be increased, and sup-
plying of increasing demand can be possible.

References

1. Ministry of New & Renewable Energy. Physical Progress (Achievements). Retrieved 18 July
2019

2. List of Solar Parks in India. Retrieved 7 Sep 2019
3. Sachan RK, Gupta S, Kushwaha DS (2018) Evaluation and research directions in

nature-inspired algorithm. In: 2018 5th IEEE Uttar Pradesh section international conference
on electrical, electronics and computer engineering (UPCON), 2–4 Nov 2018, pp 1–5

4. Hazrati G, Sharma H, Sharma N, Bansal JC (2016) Modified spider monkey optimization.
In: 2016 international workshop on computational intelligence (IWCI), 12–13 Dec 2016,
pp 209–214

Fig. 8 Effect of change in current, voltage, and power parameters in case of SMO based as well as
non-SMO based technique

Improving the Performance Analysis … 563



5. Perera PU, He L (2018) A simplified mathematical model of PV cell simulation. In: 2018
IEEE 7th world conference on photovoltaic energy conversion (WCPEC), 10–15 June 2018,
pp 3204–3207

6. Park H, Kim H (2013) PV cell modelling on single-diode equivalent circuit. In: IECON 2013
39th annual conference of the IEEE industrial electronics society, 10–13 Nov 2013, pp 1845–
1849

7. Dey BK, Khan I, Mandal N, Bhattacharjee A (2016) Mathematical modelling and
characteristic analysis of solar PV cell. In: 2016 IEEE 7th annual information technology,
electronics and mobile communication conference (IEMCON), 13–15 Oct 2016, pp 1–5

8. Bana S, Saini RP (2016) A mathematical modelling framework to evaluate the performance of
a single diode and double diode based SPV systems. In: Energy reports, science direct, 19
July 2016, pp 171–187

9. Shulin L, Yibo M (2010) Optimization design of the inductance of the boost converters. In:
2010 international conference on electrical and control engineering, 25–27 June 2010,
pp 3949–3952

10. Asif Iqbal SM, Mekhilef S, Soin N, Omar R (2011) Buck and boost converter design
optimization parameters in modern VLSI technology. In: 2011 international conference and
seminar on micro/nanotechnologies and electron devices proceedings, 30 June–4 July 2011,
pp 125–128

11. Khaldi N, Mahmoudi H, Zazi M, Barradi Y (2014) The MPPT control of the PV system by
using neural networks based on Newton Raphson Method. In: 2014 international renewable
and sustainable energy conference (IRSEC), 17–19 Oct 2014, pp 1–6

12. Coelho RF, Concer FM, Martins DC (2010) A MPPT approach based on temperature
measurements applied in PV systems. In: IEEE ICSET 2010, 6–9 Dec 2010, pp 1–6

13. Behera TK, Behera MK, Nayak N (2018) Spider monkey based improve P&O controller for
photovoltaic generation system. In: IEEE international conference on technologies for
smart-city energy security and power (ICSESP-2018), 28–30 Mar 2018, pp 1–6

14. Tomar AS, Dubey HM, Pandit M (2019) Spider monkey optimization for economic dispatch
with diverse cost function. In: 2019 9th international conference on cloud computing, data
science and engineering (Confluence), 10–11 Jan 2019, pp 349–354

15. Hazrati G, Sharma H, Sharma N (2016) Adaptive step-size based spider monkey optimization.
In: 2016 IEEE 1st international conference on power electronics, intelligent control and
energy systems (ICPEICES), 4–6 July 2016, pp 1–5

16. Kaur A, Sharma H, Sharma N (2017) Disruption operator-based spider monkey optimization
algorithm. In: 2017 international conference on computing, communication and automation
(ICCCA), 5–6 May 2017, pp 216–221

564 S. Das and K. Namrata



Industry 4.0



The Blueprint of Managing Manpower
in the Framework of Industry 4.0

Shwati Sudha and Ankita Singh

1 Introduction

Industry, the mainstay of a country’s economy, already witnessed three industrial
revolutions. Friedrich Engels and Louis-Auguste Blanqui introduced the concept of
“Industrial Revolution.” The term industrial revolution comprises of two words
industry and revolution. As cited from the literature of the Indonesian language
dictionary, industry is viewed as an activity to execute the process of production,
while the notion of revolution states that the changes are expeditious. Hence,
industrial revolution is a rapid change in production process. These speedy changes
in industrial processes stand for a pivotal point in the history of industrial revolu-
tions. The industrial revolutions entrenched from different technological milestones
over the past three centuries. Conventionally, the first stage of industrial revolution
(Phase 1.0) emerged in Great Britain during the late seventeenth and early eigh-
teenth century. It concentrated upon the introduction of machinery with a focus on
mechanization. The second stage (Phase 2.0) emerged in Germany and America
(1820–1870) which emphasized on mass production. The third stage (Phase 3.0)
occurred during the multitude of industrialized countries in the late twentieth
century which was intended toward computerized integration of mass customiza-
tion. The advent of Industry 4.0 in the year 2011 belongs to the Germans, who were
the pioneer to discuss it as a part of the development plan policy (High-Tech
Strategy 2020) at Hannover Fair. This revolution introduced the concept of
robotics, digitization, and automation. The study of West [1] states Industry 4.0 as
an interdependent link between analog production and digital transformation. This
confirms a pathway between manpower, materials, and machines. Industry 4.0 is
usually mentioned as Smart Factory, Internet of Things, or Smart Industry. In 2013,
the “Industry 4.0 Proclamation” was put into practicality and promulgates the
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modernity of both strategic and intelligent industry in twenty-first century.
However, the expansion of this revolution is illimitable. There is an urgent need to
understand the significant demand of Industry 4.0 in context of innovative methods
and techniques to accomplish organizational tasks effectively. Since, the organi-
zations do no breathe without manpower, the role of manpower in gaining required
skills and competencies is the key component for success of an organization in an
aggressive competitive environment [2]. The new paradigm shift of Industry 4.0 is
not solely a technological catastrophe but a conglomeration which results in dif-
ferent aftermath [3]. Thus, it is suggested to view the ultimatum of automation and
digitalization as a door for enrichment and enhancement of manpower to comprise a
whole new standard of skills and competencies. This new outlook enforces orga-
nizations to attract, recruit, and retain pool of non-imitable wisdom. This inculcates
a culture of willingness and acceptance for application of new practices. An
organization’s effectiveness and excellence depend upon the strategy in managing
manpower in the organization. To remain competitive and functional, it concen-
trates to fulfill the significant competency gap between existing capabilities of
employees and the expected outcomes from them. This also conveys that the skills
and competencies required in the subsequent years to accelerate are due to the high
use of smart and intelligent techniques in the organizations. Manpower manage-
ment is a tool to acquire the right person with the right skills in the right place at the
right time. It focuses on the development of employees as a team leader and a
player too. This way, manpower management plays a significant role to increase the
boundary and foresee the future of smart businesses with a complete new set of
competency standards. This inclination toward competent manpower proposes the
concept of Smart Human Resources (SHR 4.0).

The proposed model (Fig. 1) focuses on the circumference where task overtakes
the organization boundaries with an accomplished technology and competent
manpower [4, 5].

SHR 4.0

INDUSTRY 4.0 
SURROUNDING 

Tasks

Manpower

Technology 

Fig. 1 Proposed structure of SHR 4.0 in Industry 4.0
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2 Review of Literature

The study of Andrea Benesova and Jiri Tupa [2] found that the Industry 4.0
necessities the evolvement of skills and competencies due to the implementation of
upcoming technologies and intelligent techniques.

Francesco Longo et al. [6] found that change and upgradation of technology
provoke manpower management activities with high speed and intensity. It
encourages the organization to move toward a modern concept of smart HRM for
Industry 4.0.

The study of Katrin Fettig et al. [7] found that the influence of Industry 4.0 on
thirty different German and French organizations focuses on the manpower man-
agement, activities of organization, organization structure, and work strategy.

The study of Guilherne Tortorella et al. [8] found that Industry 4.0 acts as a
system of continuous improvement and reinforcement of manpower engagement
and participation in the organization.

Geeta Rana and Ravindra Sharma [9] found that the effective management and
utilization of manpower ensure success and survival of the organization in the
period of technological advancement.

S. Fareri, G. Fantoni et al. [3] found that the new shift in the technology is not
only a technological advancement but also a system of heterogeneous changes in
the organization to efficiently manage the forthcoming trend.

3 Research Gap

Different studies focused on the impact of Industry 4.0 on the job profiles that
require new standards of skills and competencies for forth coming changes and
challenges of SHR 4.0 which requires further exploration and investigation. The
study centers the strategies of managing manpower in the framework of Industry
4.0 with a prime focus on competencies, benefits, and challenges to re-address
different roles of HRM. In addition to this, the study contributes to the forum of
discussion with a paradigm shift to move simultaneously with the technological
advancement.

4 Objectives

To build upon the objectives, the study specifies an inevitable amalgamation of new
and present competencies to properly manage the rapid trend of digitization and
automation. The velocity of technological advancement brought by Industry 4.0
generated a remarkable gap between the present competencies of manpower and the
expeditious expansion of their roles. This ultimately stimulates to consider new,
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efficient, and effective approaches to manpower management and development.
Hence, the study aims to find various strategies to manage manpower effectively in
Industry 4.0, which requires the organizations to prepare for Smart Human
Resources 4.0. So, the study further aims to specify the essential skills and com-
petencies required for SHR 4.0 through identification of different changes, benefits,
and challenges associated with its implementation.

5 Research Methodology

The exploratory study is based on qualitative analysis of secondary data. Systematic
review technique is used for the collection of data from relevant research papers
related to the objective of the study. Systematic review technique started with the
collection of several peer-reviewed research papers through extensive research from
different electronic database of journals. The next step involved the selection of
relevant research papers. This was conducted to consider the current knowledge and
forthcoming trends of manpower management to implement SHR 4.0 in the
organizational setting of Industry 4.0.

6 Findings

Industry 4.0 instigates expeditious and marked changes in every sphere of orga-
nization. These modification leads toward the application of a new concept of SHR
4.0 which affects the organization in multifarious ways. The study pin points the
pivotal changes in manpower management in this new time period with the
application of principles and practices of SHR 4.0. The required modifications in
organization structure, activities in managing manpower, changing role of human
resources, requisite skills, and competencies are described with different challenges
and benefits of SHR 4.0.

6.1 Smart Human Resources (SHR4.0)

SHR 4.0 revolves around few principles [10] based on the collaboration of man-
power and technology to accomplish different tasks in and out the organization
boundaries. The first principle is based on the concept of new work pattern in the
organizations due to the existence of multigenerational manpower comprised of
Generation Y (born between 1980 and 2000) and Generation Z (born after 2000)
[9]. The second principle involves the concept of time and place of work. The
traditional work format is removed and replaced by a flexible and dynamic format.
It not only focuses on when and where work occurs but encloses the shift from
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“assignments focused on presence” to “assignments focused on results”. The last
principle comprises the nature of work. Though the traditional concept of man-
power and supervisor is involved, the new trend of external workers creates a
pathway in the organizations. It entails the enlarged job profiles of freelancers,
traders, contractual employment, part time jobs, etc. The study of Bissola and
Imperatori [10] states that the principles of digitalization and automation mentioned
above affects the manpower and organization in a positive way. This facilitates a
better work–life balance for the manpower. As everything comes with a price,
similarly the implementation of SHR 4.0 also intimates certain set of changes,
challenges, and benefits. Changes in organization and its process are often a
response to change in the environment. It is either planned years in advance
(proactive change) or exerts pressure on an organization because of a transforma-
tion in the environment (reactive change). The type of change and organization opts
for deciding the advantage an organization gains in the long run. These advantages
further provide competitive edge with a set of core competencies and skills to the
organization in respect to the manpower. Few amendments which takes place in the
organization to provide an aggressive competition in the era of Industry 4.0 requires
changes in organization structure, change in manpower management, change in role
of manpower management, and lastly, requisite change in skills and competencies.

6.1.1 Changes in Organizational Structure

The digital transformation in the fourth revolution causes the implementation of
SHR 4.0 which leads to changes in the organization structure as well. These
modification in the organization structure is established on the four design pillars of
Industry 4.0 stated in the study of Hermann et al. [11]. The first pillar states the
importance of connection in the organization structure which requires certain set of
cooperation, communication, privacy, and standards. The second pillar states the
pivotal role of lucidity through the organization structure. This helps to attain
swiftness in the organization. The third pillar states the technical support at all
levels of organization to promote flexibility and simplicity throughout the organi-
zation. Lastly, the pillar of decentralization is focused to embrace the motto of
competitive advantage and innovativeness in the organization. The proposed pillars
of organization structure due to different technological transformation contribute to
the mobility of manpower. It promotes collaboration, transparency, flexibility,
functionality, innovation, and decentralization to encourage a learning environment
in the organization for effective manpower management. This change in the
structure highlights the advantages of manpower involvement to cope up with the
expeditious shift of Industry 4.0. Manpower deeply involved in their work profiles
recommend strategies and competencies and also help in implementation of the
same. Hence, Tortorella et al. [8] concludes the involvement of manpower in the
organization as advantageous.
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6.1.2 Changes in Manpower Management Activities

The study found that change in the organization structure promotes alterations in
the manpower management activities. This involves the requirement of a more
dynamic and interrelated combination of different activities. Changes in manpower
activities lead to the up skill and re-skill of one’s area of expertise. The significant
changes in the field of recruitment and selection, training, development, appraisal,
and remuneration are discussed below.

Traditional process of recruitment and selection is replaced by:

• Use of artificial intelligence to attain numerous information of the applicant.
• Enhancement in participation-based selection.

Present methods of training and development are modified by:

• Training focused on the emerging trends of digitalization and automation.
• On-demand competency attainment to deliver expected outcome.

Conventional appraisal technique is reframed by:

• Quick identification of the result.
• Importance to innovative and unique ideas.

Process of remuneration is redesigned to include:

• More of optional rewards than monetary rewards.
• Methods to build customized benefits.

6.1.3 Changes in the Role of Manpower Management

Due to tremendous change in technology, the roles of manpower management have
changed simultaneously from 1996 to 2011. The significant change from the role of
traditional workers to wisdom workers focuses now more on the administrative,
motivational, and developmental areas to increase the efficiency and overall effec-
tiveness of manpower. It also involves the strategic management of manpower to
provide a competitive edge to the organizations through acquiring core competencies.
The models of Ulrich clear the differences between the two time-periods objectively.

The initial model of Ulrich [12] states the roles as:

• Strategic partner: To deal with vision, mission, objectives, and strategy and
inculcate it into manpower policies and practices.

• Administrative expert: To deal with the basic manpower management processes.
• Employee champion: To deal with the involvement and participation of man-

power to accomplish success.
• Change agent: To deal with changes and challenges and act as catalyst or

facilitator.
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But, with the up gradation of technology, the role of manpower management
changed automatically. The activities performed now are more centered toward
value-added tasks through strategic selection and implementation of different pro-
grams to attain a competitive edge. This changed the concept of the initial model
into a modified one.

In 2011, the new model presented six roles of manpower [13]:

• Strategic positioner: To understand the political, economic, social, technologi-
cal, environmental, and legal concerns and act accordingly.

• Credible activist: To build and depend on the personal connection of trust and
understanding.

• Capability builder: To inspect and participate in the formation of organizational
capability to establish a competitive identity of the organization.

• Change champion: To support change that takes place at individual, team, and
organizational level.

• Manpower pioneer and integrator: To implement the requisite manpower
practices into consolidated outcomes over the long run.

• Technology proponent: To acquire, examine, and align new technology for
efficiency and effectiveness in the organization.

6.1.4 Change in Skills and Competencies of Manpower

Manpower needs to acquire on demand skills and competencies in order to cope
with drastic changes in roles and responsibilities. The adherence of these skills and
competencies acts as an exclusive advantage to the individual. Use of these skills
and competencies in their expertise area make them stand apart from the rest of the
manpower in the organization. Hecklau et al. [14] discussed four major compe-
tencies with different focus mentioned as under:

• Social competency: Focused on communication and cooperation skills.
• Methodological: Focused on analytic competence, solution to complex problem,

and enhancement in decision making.
• Personal competency: Focused on willingness to learn and excel skill.
• Domain competency: Focused on digital networking, digital security, coding

competency, and interdisciplinary competence.

Changes in different realm of organizations due to dynamic and versatile char-
acteristics of digitalization and automation enforce SHR 4.0 in the organization
structure, manpower activities, role of manpower, and requisite skills and compe-
tencies. This also requires resilience techniques to overcome challenges in imple-
mentation of SHR 4.0. Though, few organizations survive without adaption to
change, on the contrary, acceptance of these challenges with a new mindset results
in the benefits of it.
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6.2 Benefits of SHR 4.0

An organization acquaints different changes and challenges of SHR 4.0. Effective
utilization of these acquaintances provides opportunity to grab maximum benefits in
favor of the manpower. These benefits are summed up into the following points as
discussed in different studies:

The benefits classified by Irianto [15] are:

• Creativity in ecosystem.
• Ruthless industrial base.
• Investment in technology.

Sivathanu and Pillai [16] mentioned the following different opportunities:

• Attract, arise, and appoint new age talent.
• Efficient and effective HR operations.
• Leaner manpower departments.

6.3 Challenges of SHR 4.0

To work with organizations in the forthcoming scenario requires the manpower to
manage constant changes. This automatically leads to management of different
challenges in order to attain the benefits of it. Identification of these challenges
ahead of time, prepares the manpower to deal with it positively. SHR 4.0 possesses
different challenges for manpower [17]. These challenges are described below on
the basis of different studies.

The challenges stated by Irianto [15] are:

• Willingness for Industry 4.0.
• Believe in workforce.
• Availability of socio cultural setting.
• Heterogeneity and job creation.

Hecklau et al. [14] mentioned different challenges of manpower as under:

• Economic challenges labeled into globalization, innovation, increased service
inclination, and requirement for cooperation and participation.

• Social challenges categorized into change in the values associated with multi-
generational manpower, enhanced virtual work, and higher complexity.

• Technical challenges lead to implication of advanced technology and growth in
partnership-based task.

• Environmental challenges represent climate and culture change and limitations
of resources.

• Political challenges demonstrate standardization and data privacy.
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Sivathanu and Pillai [16] mentioned the challenges as:

• Selection of the appropriate set of updated technological tools.
• To overcome the present organizational culture.
• To control the expectations of multigenerational manpower.

7 Conclusion

Advancement in technology through transformation of digitalization and automa-
tion provokes the concept of Smart Human Resources (SHR 4.0). Further, the
implementation of SHR 4.0 requires the metamorphosis of manpower in aspects
related to work pattern, time, and plan of work and nature of work. The study
specifies that the above transformations lead to changes in the organization structure
in form of effective communication, transparency, trust, cooperation, and decen-
tralization. These changes promote innovation, participation, engagement, and
commitment of manpower. The study also proposes changes in different manpower
activities and roles within an organization for survival and sustenance. The con-
trasting roles of human resources are shaped as a role of strategic positioner,
credible crusader, capability enhancer, change expert, innovator, and integrator and
technocrat within the framework of Industry 4.0. The novel concept of SHR
demands standard competencies in various areas of social, methodological, and
personal domain. The study identified certain benefits and challenges in formulation
and implementation of SHR. Appointment of new age talent, decentralization of
authority, promotion of creativity and innovativeness, effective utilization of
manpower, and leaner human resource departments are chief benefits of SHR. At
the same time, selection of advanced appropriate technological tools, a control on
the expectations of multigenerational manpower, and encouragement for a culture
of willingness to adapt SHR 4.0 are identified as the key challenges of SHR. The
study concludes that advancement in digitalization and automation penetrates the
manpower management with an unexpected speed and intensity. This recommends
for a dual role of SHR 4.0 which concentrates on different changes in the organi-
zation at one end and acts as a tool to successful accomplish these changes on the
other.

8 Future Research Directions

The study presents the blueprint of manpower management within the framework
of Industry 4.0 with a chief focus on SHR. The exploratory in-depth study based on
different literatures chiefly centered on SHR acts as the major limitation of the
study. This limitation if used as an opportunity leads to empirical and experimental
investigation of the derived conclusion. As well, the practical applicability of
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SHR.0 in Industry 4.0 is open for further exploration. The study further emphasizes
to provide an open forum for the discussion on manpower management in this rapid
evolving environment of the organizations to avoid and navigate the upcoming
uncertainties.
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3D and 4D Printing in Industry 4.0:
Trends, Challenges, and Opportunities

S. Deepak Kumar , Shailesh Dewangan, S. K. Jha,
S. K. Parida, and Ajit Behera

1 Introduction

In the current era of twenty-first century, Industry 4.0 is a common term for the
Internet of Things focused on cyber-physical systems (CPS) that combines digital
and physical environments and has contributed to the idea of a ‘Smart Factory’.
Industry 4.0 is also the fourth wave of the industrial revolution, the latest trend of
automation, and data sharing of production technology. The evolution of Industry
4.0 is as below [1].

The First Industrial Revolution: The first industrial revolution took place
between the late 1700s and the early 1800s. Over this span of time, manufacturing
has changed from relying on manual labor performed by humans and aided by
working animals to a more optimized method of labor performed by people with the
use of water and steam engines and other forms of machine tools [2].

The Second Industrial Revolution: The world started a second industrial revo-
lution in the early part of the twentieth century, with the invention of steel and the
use of electricity in factories. The advent of electricity has made it easier for
factories to improve production and has helped to make factory equipment more
mobile. It was during this period that mass manufacturing ideas such as assembly
lines were adopted as a means of improving productivity.
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Third Industrial Revolution: Starting in the late 1950s, a new technological
revolution steadily began to emerge as manufacturers continued to integrate more
electronic and ultimately computer technology into their factories. During this time,
factories started to undergo a change that centered less on analog and mechanical
technologies and more on digital technology and automation tools.

The Fourth Industrial Revolution or Industry 4.0: A fourth industrial revolution,
known as Industry 4.0, has arisen in the last few decades. Industry 4.0 focuses on
emerging technologies from the last decades to a whole new stage with the aid of
interconnectivity across the Internet of Things (IoT), access to real-time data, and
the introduction of cyber-physical structures. Industry 4.0 presents a more detailed,
interlinked, and holistic approach to production. It links physical and digital and
facilitates greater communication and access through agencies, partners, suppliers,
goods, and individuals. This covers cyber-physical networks, the Internet of Things,
and cloud computing. Industry 4.0 creates the so-called “Smart Factory”, and the
evolution of Industry 4.0.is shown in Fig. 1 [3].

The main features of Industry 4.0 are described below [2]:

• Interoperability: Machines, computers, sensors, and people that interact and
communicate with each other;

• Knowledge transparency: Systems build a simulated replica of the real world;
• Technical assistance: To citizens in decision-making and problem-solving;
• Decentralized decision-making: The capacity of cyber-physical systems to make

basic decisions.

The goals and objectives of Industry 4.0:
The first strong aim for Industry 4.0 is to improve efficiency and enhance pro-

ductivity by automation. In addition, Industry 4.0 can minimize pollution and

Fig. 1 Four generations of industrial revolutions [1]
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increase yields, all of which are very significant driving forces in all technologies.
The advantages and drivers of this evolution are shown in Fig. 2.

Advantages/Benefits of Industry 4.0:

• Increased efficiency through optimization and automation.
• Real-time evidence for the supply chain in real-time economy.
• Improved quality products: real-time tracking, IoT-enabled quality management,

and cobots.
• Useful in very unsafe working conditions.
• Supply chains should be more efficiently managed.
• Computer control could make efficiency and performance even more efficient

and predictable.
• Increased sales, market shares, and earnings could result for several firms.
• Improved working practices and productivity.

Challenges of Industry 4.0 [3]:

• A high degree of reliability and stability.
• Data security.
• Proprietary production knowledge.
• Maintaining the quality of manufacturing process with less human control could

become an obstacle.
• Loss of high paying human jobs.
• Avoiding technological issues that could cause costly production outages are

still a worry.

Fig. 2 Technology enablers of Industry 4.0 [2]
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• Systematic lack of expertise and manpower in the development and deployment
of these programs.

General reluctance of partners and consumers is to spend heavily in emerging
technology.

2 Additive Manufacturing Applications in Industry 4.0

Additive manufacturing (AM) (or 3D printing) is a method of creating
three-dimensional solid objects from a digital image. The development of a 3D
printed model is done by additive processes. In an additive process, an object is
formed by laying down successive layers of material before the whole object is
created. AM requires multiple phases, from a simulated CAD model to a final
physical portion [4]. The general AM method, right from the CAD model to the
final output of the component, is shown in Fig. 3 [5].

The virtual design of the object has been developed. Computer-assisted design
(CAD) uses either a 3D modeling application or a 3D scanner for simulated design.
The program splits the final model into hundreds or thousands of horizontal layers.
The printer produces an object layer by layer, resulting in a single
three-dimensional object.

3D Printing Techniques and Innovations [6].
The most popular 3D printing machine that uses polymer as a filament is fused

deposition modeling. In addition, the main techniques of AM technologies are
selective laser sintering (SLS) and selective laser melting (SLM).

Fused deposition modeling (FDM) uses a plastic filament or metal wire as an
input medium for an extrusion nozzle. The nozzle is heated to melt the material and
can be moved in both horizontal and vertical directions by means of CAM. The
substance hardens instantly after being extruded from the nozzle.

Selective laser sintering (SLS) uses a high-power laser to fuse input materials
such as plastic, metal, and glass and scans the powdered content layer by layer.

Fig. 3 Generic additive manufacturing process [5]
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Stereolithography (SLA) photopolymerization is used to create a stable portion
of a liquid. This technology uses a vat of liquid ultraviolet curable photopolymer
resin and an ultraviolet laser to create the layers of the object one at a time. UV laser
solidifying the pattern [7].

3 4D Printing

The fourth dimension of 3D printing technology is referred to as “4D printing.” In
this new dimension, 3D printed objects have the ability to change their form by
themselves under the effect of external influences such as light, heat, electricity, and
magnetic field. By adding the dimension of time, written objects change form
dynamically depending on the needs and demands of the case, without any elec-
tromechanical components or moving parts. This form-changing phenomena of 3D
printed objects is focused on the capacity of the material to transform in response to
particular stimuli over time and does not require human intervention to assist the
process [8].

3.1 Emergence of 4D Printing

3D printing, an additive manufacturing process, is known to be one of the most
revolutionary developments in industrial manufacturing. It has totally changed the
way parts/components and equipment are produced in the market, along with their
design and development. 3D printing allows manufacturers and engineers to create
intricate forms and systems that were historically thought difficult using conven-
tional manufacturing methods. 3D printing technology has seen consistent devel-
opments over the past three decades and has grown significantly. Despite its
potential to build dynamic, bio-inspired, multi-material structures, 3D printing is
not yet able to be used in large-scale production. The increasing need for modular
artifacts in a variety of applications, such as self-folding packaging and adaptive
wind turbines has fueled the advent of 4D printing. Researchers are now looking
forward to traditional 3D printing, which creates structures constructed from a
single material, to build a meta-material structure. The meta-material structure is
created by the combination of different materials that provide superimposed
structural reactions when triggered by external stimuli. Congruent printing of
various materials can form a material anisotropy that allows the object to alter its
shape by folding, elongating, rotating, and corrugating along its axes. Researchers
are now focusing on extending these technological improvements to build lockers,
lifters, microtubes, soft robotics, dolls, etc. This ability of structures to transform
their shape over time by using the behavior of various materials is referred to as 4D
printing. The key distinctions in 3D printing and 4D printing are the use of the
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materials to be printed and the printing facility. Exhibits 1 and 2 below illustrate the
main variations in 3D and 4D printing [9] (Fig. 4, Table 1).

3.2 4D Printing Materials and Technologies

Since 4D printing technology is still in its incipient period, the materials used for it
are limited. However, research and progress in 3D printing are expected to create
new possibilities for 4D printing. Main research areas currently in focus for 4D
printing are shown in Fig. 5 [8].

Smart material is one of the highly focused research fields of 4D printing, where
the deformation process of different materials is synthesized according to their
reaction to different external stimuli. Researchers are currently using direct inkjet
cure, fused deposition modeling, stereolithography, laser-assisted bioprinting, and
selective 4D laser melting processes.

Fig. 4 3D versus 4D printing process [6]

Table 1 Differences between 3D and 4D printing [6]

Description 3D printing 4D printing

Dynamic
shape change

No Changes in color, shape,
function, etc.

Materials used • Thermoplastics (Acrylonitrile
butadiene styrene (ABS), etc.)

• Metals and alloys
• Biomaterials and gels
• Nanomaterials

• Smart materials—Shape
memory alloys (SMA)

and shape memory polymers
(SMP)
• Self-assembled materials
• Hydrophilic polymers,
biomaterials, and plant oil

Printing
facility

• 3D Printer—Stereolithography (SLA)
• Fused deposition modeling (FDM)
• Selective laser sintering (SLS)

• 3D printer—Stereolithography
(SLA)

• Multi-material 3D printers

584 S. Deepak Kumar et al.



Material selection: 4D printing materials are categorized on the basis of their
environment or the external stimulus in which they respond. Current classes of
smart materials are currently categorized in the sections below.

Thermo responsive materials: These materials work on the form memory effect
(SME) process. They are known as shape memory alloys (SMA), shape memory
polymers (SMP), shape memory hybrids (SMH), shape memory ceramics (SMC),
and shape memory gels (SMG). Many researchers choose SMPs because it is easy
to print on these samples. They shape and distort as heat or thermal energy is used
as a stimulus.

Moisture responsive materials: These materials are commonly chosen by
researchers, since water is available in abundance and can be used in a wide variety
of applications. Hydrogel is one of the smart materials that fall into this group
because it reacts strongly with water. For instance, hydrogels can increase its size
by up to 200% of its original volume, when it comes in contact with water.

Photo/Electro/Magneto responsive Materials: These materials react to light,
current, and magnetic fields. Magnetic nanoparticles are inserted in the printed
object to obtain magnetic power over the object [10].

3.3 Applications of 4D Printing

Significant end-use applications of 4D printing technologies are projected to
originate in the biomedical, automobile, aerospace, and consumer sectors.
However, the ability of 4D printing is also predicted to have an effect on other
markets, such as electronics, manufacturing, and industrial, in the immediate future
[11, 12]. Table 2 illustrates the future effect of 4D printing on diverse applications
through industries.

Fig. 5 Major research areas in 4D printing process [7]
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4 Conclusions

Several research and development projects related to 4D printing are ongoing in
sectors such as healthcare, electronics, automobile, aerospace and defense, and
consumer goods. Despite being a novel technique, the possible possibilities offered
by 4D printing are immense and recognized by a range of experts in the field. Due
to various research and development activities, the 4D printing industry is starting
to be developed.

Some of the major challenges facing the printing industry include the lack of
capacity to provide service systems for complicated objects, the lack of
multi-material printers, the lack of low-cost printers and smart materials, slow
printing times, and the poor durability of printed objects over the long term. Though
there are certain advancements in printing technology, such as five-axis printing
equipment, which is expected to eliminate the problem of building support struc-
tures for complicated internal structures, other challenges still remain.

However, considering the interest shown by manufacturers and the
high-intensity level of research and development activities with respect to 4D
printing, the technology could make an exponential jump at a faster pace than the
predicted pace. Finally, manufacturers who want to be at the forefront of techno-
logical changes and advancements should be abreast with the technological
advancements and potential implications of 4D printing.

Acknowledgements The authors acknowledge the financial funding received from National
Project Implementation Unit (NPIU), MHRD, India, under the Collaborative Research
Scheme Project grant reference [CRS ID: 1-5732031971].

Table 2 Potential applications of 4D Printing [13]

Sl.
no.

Industry Near-term future
products

Mid-term future
products

Long-term
future products

1 Electronics Smart sensors Adaptable sensors Nanotechnology

2 Healthcare Artificial tissues Bio-prints Artificial organs

3 Industrial
machinery

Building and pipes Machines and
equipment, reverse
engineering

4 Automotive
and
aerospace

Space vehicles Automotive
body parts

5 Consumer
appliances

Fashion and lifestyle
(4D printed dress,
shoes, etc.)

Home appliances
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Challenges in Implementation
of Industry 4.0 in Manufacturing Sector

Nikita Sinha and Amaresh Kumar

1 Introduction

With the rapidly evolving technologies in the past few decades, remarkable
transformations have taken place in the manufacturing sector that continues to play
a critical role for both developing and developed nations. It is anticipated that the
ongoing of Fourth Industrial Revolution will increase the share of manufacturing
sector in Gross Domestic Product (GDP) wherein it currently accounts for nearly
16% of the global GDP. The Fourth Industrial Revolution, also termed as Industry
4.0 (I4) and first declared by the German government in 2011, heralds the new era
of manufacturing that will unfold over the twenty-first century [1]. In essence,
Industry 4.0 also known as “smart factory” is the convergence of physical and
digital technologies which is expected to increase the flexibility, scalability, agility
and productivity. The transformation is reinforced by key technological areas that
include the Internet of things (IoT), artificial intelligence (AI), cognitive computing,
the cloud, big data, simulation, additive manufacturing (3D printing), augmented
reality, big data and analytics, advanced robotics, simulation and horizontal and
vertical system integration [2].

The worldwide industrial environment has enormously varied as a result of
successive technological development and innovation brought on by the inception
of Industry 4.0. It has led to advanced globalization of industries, and in order to
gain competitive advantage, the companies are propelled to adopt this new change.
Industry 4.0 gave rise to the integration of production facilities, supply chains and
service systems through cyber-physical system (CPS) technology that leads to the
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development of global value-creation network [3]. The application of CPS, that is,
interaction between physical processes and computation networking, when apply-
ing it in manufacturing is characterized as cyber-physical production system
(CPPS) [4]. The new approach to manufacturing has various benefits like smart and
efficient production, reduced supply chain complexity and sustainable growth that
can meet changing demands, without human intervention, which is the foremost
objective of Industry 4.0. It has also been stated that technologies which initially
have linear growth will follow the path of exponential growth trajectory instigating
large-scale creative destruction [5].

However, opportunities come with their own set of challenges. Despite of I4
offering myriad of benefits that are crucial for an industry, there are roadblocks to
its implementation which is the reason behind lack of manufacturing industries
leveraging I4 technologies. The revolution is bound to cause disruption, affecting
the ways of manufacturing and its business models as it was seen during the
previous revolutionary phases. Today, with range of facilities available in context of
accessibility, it might seem easy to adopt I4 technologies, but still there are sig-
nificant barriers owing to which the SMEs as well as large enterprises are unable to
make use of advanced technologies.

In order to identify the challenges, research papers have been analysed through
extensive literature review. This paper is structured as follows. Section 2 throws
light on the background and concept of I4 in manufacturing sector. Section 3
presents the methodology used to select research papers. Section 4 elaborates the
challenges faced by manufacturing sector in implementation of I4. Lastly, Sect. 5
concludes the paper along with future research scopes of exploiting I4.

2 Industry 4.0 Concept

Industrial sector has witnessed four phases in the process of revolution. The use of
steam-powered engines was marked as the First Industrial Revolution. The Second
Industrial Revolution came with the introduction of concept of mass production
along with the use of electricity. The Third Industrial Revolution is characterized by
information technology (IT) system and the change from electronic to digital
technology.

Today, the industries are in the midst of Fourth Industrial Revolution that was set
off by the emergence of CPS and advanced interconnectivity. The Industry 4.0
concept first appeared in 2011 in high-tech strategy project by Germany’s gov-
ernment whose final report was then presented at Hannover Fair on 8 April 2013.

The basic idea of Industry 4.0 is to exploit the potential of emerging tech-
nologies such as big data, cloud computing and manufacturing, additive manu-
facturing, IoT and robotics for the purpose of attaining transparency,
decentralization, agility, flexibility, scalability and real-time functioning. These are
the characteristics that enhance the competitiveness and ability to resist the fluc-
tuations in global market [6]. Since the onset of I4, it has substantially changed the
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industrial outlook wherein companies adopting these technologies will be able to
produce high quality and customized products with improved efficiency. The
introduction of intelligent manufacturing system has optimized the production,
logistics and supply chain management and reduced the need of human involve-
ment which consequently lowers the production cost. It will also strengthen the
customer relationship due to increase in transparency and faster response [7].

Many countries have taken initiative to promote Industry 4.0 in pursuit to dig-
italize manufacturing, such as Industrie 4.0 by Germany, Advanced Manufacturing
Partnership (AMP) by USA, Industrial 4.1J by Japan, Make in India by India and
Made in China 2025 by China. However, only few companies, mostly large
enterprises have transitioned into smart factory. In further section, the literature
explicates the causes for limited implementation and impact of new-age technology.

3 Methodology

The proposed extensive literature review is based on qualitative analysis of pre-
vious research work. The main aim is to assess the challenges in implementation of
I4 in manufacturing sector and hence provide future scope of I4. This extensive
literature review was carried out in the following order (Fig. 1).

The planning phase is the initial step to determine the database that will be
utilized. To get access of wide range of authentic and peer-reviewed articles,
ScienceDirect (www.sciencedirect.com) and Google Scholar (www.scholar.google.
com) were selected as electronic database platform.

After planning, the objective was defined as to identify the underlying factors
that have obstructed the companies, under manufacturing sector, from adopting I4
and analyse the social impact of industrial transformation. Eventually, the research
question was formulated as challenges in implementation of I4.

The search was performed over the period of 2015 to June 2020 for the most
recent research articles published only in journals and conference proceedings. The
keywords were carefully selected in combination of words such as “Industry 4.0”,
“challenges”, “manufacturing”, “workforce”, “automation”, “robotics”, “security”,
“augmented reality”, “Internet of Things” and “proactive maintenance”.

The methodology enabled us to find research articles that were close to the
objective of this paper. As a result, 41 articles were comprehensively analysed

AnalysingSearching
Defining

the
objec ve

Planning

Fig. 1 Methodology of the literature review
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under six major categories, that are, security, finance, human resources, operations
management, education and training and government policies. The overview of
selected literature is shown in Table 1.

4 Discussion

Industry 4.0 is on the verge of transforming traditional manufacturing process,
proposing abundance of opportunities to progress. However, for successful
implementation resulting into collaboration of human and intelligent machine to
work in tandem, it is crucial to analyse the potential barriers. The primary reasons
for some of the barriers are considered to be lack of awareness about I4 and lack of
proper guidance for its implementation. In order to get deeper understanding of
challenges, they have been categorized under six major segments influencing the
manufacturing sector.

4.1 Security and Privacy

The increase in IoT and CPS-enabled manufacturing has improved the efficiency of
production, but at the same time, a widely distributed network has made the
industries extremely prone to cyber-attacks. A survey conducted in 2016 stated that
39% of the manufacturing industries faced security threats within twelve-month
period [8]. Data privacy, data security, malware attack and identity theft are some of
the major concerns in a data-driven manufacturing, and as it reaches the maturing
stage, severity is increased, leading to disruption at larger scale [9–12]. Shift to the
cloud storage poses security risk which can compromise the intellectual property
rights of an organization and personal information of employees and customers
[13, 14]. As the supply chain gets highly outsourced, communicating with two or
more parties makes the server more vulnerable to hackers. In some cases, such as,
additive manufacturing or robots employed in production, their systems can be
attacked resulting into breakdown or data manipulation [15, 16]. If the operator is
unable to identify these threats in the initial stage, it remains undetected until
defective products have been manufactured. The carelessness of workers and lack
of standard security software also create loopholes for cybercriminals [17, 18].
Cybersecurity is not only limited to technical domain; it has become a managerial
problem too since the concerned managers remain passive in taking any serious
measures towards security threat [19]. Manufacturing industries tend to give sec-
ondary preference to cybersecurity. These issues are not new, and it is probable that
challenges will increase in order to secure the system from cyber-attacks.
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Table 1 Overview of the reviewed literature

Sr. No. Authors Source of data Qualitative
analysis

Quantitative
analysis

1 Abdur et al. [9] Secondary data ✓

2 Gonçalves et al. [10] Case study ✓

3 Khan and Turowski
[11]

Survey/interviews ✓

4 Raj et al. [12] Case study ✓

5 Roman et al. [13] Secondary data ✓

6 Tupa et al. [14] Secondary data ✓

7 Rokka et al. [15] Secondary data ✓

8 Sturm et al. [16] Case study ✓

9 Zarreh et al. [17] Secondary data ✓

10 Ghadge et al. [18] Secondary data ✓

11 Culot et al. [19] Secondary data/
interviews

✓

12 Hamzeh et al. [21] Case study ✓

13 Glass et al. [22] Survey ✓

14 Kamble et al. [23] Interview ✓

15 Kurt [24] Secondary data ✓

16 Centea et al. [25] Secondary data ✓

17 Fareri et al. [26] Survey ✓

18 Lee and Lee [27] Secondary data ✓

19 Luthra and Mangla
[28]

Survey ✓

20 Ingaldi and Ulewicz
[29]

Survey/interview ✓

21 Dora and Roland [30] Secondary data/
interview

✓

22 Sevinç et al. [31] Survey ✓

23 Abu-bakr et al. [32] Secondary data ✓

24 Lynch et al. [33] Secondary data ✓

25 Baboli et al. [34] Secondary data ✓

26 Haddud et al. [36] Survey ✓

27 Kache and Seuring
[37]

Case study ✓

28 Fisher et al. [38] Survey ✓

29 Lee et al. [39] Survey ✓

30 Chen et al. [41] Secondary data ✓

31 Zhong et al. [42] Secondary data ✓

32 Andersen et al. [43] Secondary data ✓

33 Mourtzis et al. [44] Case study ✓

34 Suárez et al. [45] Secondary data ✓

(continued)
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4.2 Human Resources

The automation in industries will reduce the manual workload which can create
alarming impact on the workforce, especially the unskilled laborers [9–11, 14].
McKinsey estimates that by 2030, 400–800 million workers globally can be dis-
placed by automation and will need to find new jobs [20]. It is evident that as the
number of smart factories will increase, there will be shortage of skilled labourers
and the workers will be left unemployed, though for a shorter term, owing to the
lack of training facility in technology-centred skills in addition to population boom
in many countries [21–23]. Although there are a greater number of qualified people
in large enterprises, training concept which is necessary to get familiar with new
technologies lacks in both large enterprises and SMEs. Moreover, SMEs have
significantly high number of unskilled labourers. Thus, retaining workforce and
aligning the labour market in the right direction will be a challenge in near future
[24]. It is found that lasers and hazardous materials used in additive manufacturing
and other such technologies can endanger the user’s safety, and therefore, Centea
et al. [25] emphasizes on the importance of giving proper guidance to the workers
which will require more time and effort. The future will also see a major shift in job
profiles inclined towards IT skill set [26]. For example, big data will raise the
demand for data scientists and self-driving vehicles and predictive maintenance will
reduce the need for logistic personnel and traditional technicians, respectively. The
challenge is to revise the prerequisites of the existing job profiles without impeding
the development of workforce or giving rise to unemployment.

4.3 Finance

Financial aspect is one of the significant challenges hindering the adoption of
Industry 4.0 which is greatly influential for the developing and under-developed
countries [12, 27]. Initially, a large capital investment is required in appropriate

Table 1 (continued)

Sr. No. Authors Source of data Qualitative
analysis

Quantitative
analysis

35 Seamus et al. [46] Case study ✓

36 Benešová and Tupa
[47]

Secondary data ✓

37 Motyl et al. [48] Survey ✓

38 Manda and Ben [50] Secondary data ✓

39 Iyer [51] Case study ✓

40 Fatorachian and
Kazemi [52]

Secondary data ✓
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equipment like sensors, actuators, control system and remodelling the existing
infrastructure to incorporate better networking system [21]. Further, investment is
also needed for security of the system from cyberthreats and research and devel-
opment activities, but companies are not ready to bear the cost since they lack in
technical knowledge and experts. Training and reskilling of employees to handle
big data, cloud computing and other complex technologies which add on to the
implementation cost of I4 [23, 28–30]. Moreover, the companies use advanced
technologies with lack of clarity in goals; in such situation, the risk of failure is high
with uncertainty of return as compared to companies using traditional methods [31].
Therefore, due to unstable global economic condition, investment in I4 is highly
afflicting.

4.4 Operations Management

As the transition from centralized to decentralized manufacturing becomes preva-
lent, new outlook is necessary to improve the production and supply chain man-
agement [11, 32]. The use of IoT, cloud computing, robotics, etc., requires high
Internet connectivity which has pushed the industries in adopting wireless systems.
Therefore, sustainable restructuring of business operation is the need of the hour to
accommodate new equipment by replacing the old infrastructure. The other most
common problem that companies deal with is incompatibility between the existing
system and I4 technologies which arises due to lack of infrastructure, planning and
preparedness [10, 12, 30]. Consequently, transforming a company into a “smart
factory” by using advanced technologies, for example, AGV and ASRS, will make
the production efficient only when accurate and optimized navigation planning is
done [33, 34]. A survey conducted by NewVantage Partners shows that data-driven
companies have declined in the past three years from 37.1% in 2017 to 31% in 2019
[35]. The cause for decline in data-driven model, which is used for predictive
analysis and other manufacturing processes, is that they require large volume of
data where extraction and organizing the data can be time consuming [36, 37].
Also, non-availability and variability in data can pose challenges in meeting the
required standard of product [38–41]. While looking from the managerial per-
spective, particularly SMEs, they are unable to assess the environmental turbulence
due to lack of awareness and ignorance towards changing trends [29]. Also, the
study has found that investing in research and development has had significant
impact on the growth of organization which is important for sustainable growth, yet
it is deemed less important by majority of the companies that can cease further
progress [31].
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4.5 Education and Training

During the implementation phase of Fourth Industrial Revolution, field of education
will play an important role, as any other sector, in seamless transition into I4. The
study suggests that future unemployment due to automation can be avoided by
revising the course curriculum focusing on more practical knowledge rather than
theoretical and inculcating necessary skills to make students capable of tackling
new challenges [42, 43]. According to the current scenario, universities lack in
interdisciplinary courses and the existing ones greatly differ from actual job
requirements [22, 44]. Until engineering courses are upgraded, that are efficient in
bridging the gap between academic and industries lack of awareness would persist
among future industrialists. Accordingly, Raj et al. [12] has confirmed the fact that
unawareness among majority of industrialists or having low knowledge regarding
I4 is the key barrier. The rapid increase of artificial intelligence and machine
learning in industries has raised the demand for experts who are equipped in
mechanics as well as IT skill set, and therefore, Suarez et al. [45] conclude that it
has now become necessary for students of mechanical engineering to master their
core subjects along with IT. Not only universities but also vocational high schools
should impart knowledge on coding, software, robotics, etc., so as to provide
high-quality workforce [46, 47]. If proper measures are not taken, there can be
shortage of workers skilled in IT required for emerging jobs in the near future. With
rapidly advancing technologies, the challenge lies in keeping pace with the
advancement, and it can be overcome by introducing the concept of lifelong
learning [48].

4.6 Government Policies

The government plays an important role in the development of a business which
consequently assists in economic growth of a country. Since I4 is the future of
manufacturing sector, which is one of the highest contributors in GDP of a country,
it is essential for the government to rethink its policies in favour of I4. A survey
conducted by Glass et al. [22] found that SMEs as well as large enterprises require
external support from the government, and in order to so, Kuo et al. [49] discuss
how the government of some countries (China, Germany and USA) has come up
with policies from the supply, demand and environmental sides to combat imple-
mentation challenges. Although it is observed that some political institutions have
come to realize the importance of I4 and many developing countries have made
progress in leveraging advanced technologies, nevertheless it still needs to travel a
long distance to keep pace with other developed nations. For instance, in South
Africa, National E Strategy focuses on expanding the reach of ICTs for developing
digital industries; however, due to poor implementation of strategy and lack of
coordination between industrialists and governments, policy reforms fail to take off
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as planned [50]. The “Make in India” and other similar initiatives will suffer a
similar set back due to lack of research and development facility and lack of
financial aid from the government, and above all, there is lack of clarity in pro-
viding standard procedure to integrate I4 with the existing infrastructure [51, 52].
The challenge lies not merely in initiating change in the existing policies and
making long term plans to cultivate Industry 4.0 readiness, but also in implementing
them while ensuring inclusive economic and social growth.

5 Conclusion and Future Research Prospects

This literature highlights the major challenges from technological, social and
financial aspects that need to be focused on while advancing into new technological
era. The discussed challenges seem to be interlinked, and each of them demands
equal attention from managerial as well as employee’s perspective. The lack of
planning and preparation from the management side can defeat the purpose of
implementing I4, whereas workers need to quickly adapt to the abruptly changing
environment and grasp the skills in domains, wherein the technologies cannot
replace the intelligence and ability of humans. Also, to bring extensive transfor-
mation and a long-term solution to the challenges, it is crucial to adopt change in
education system to meet the requirements of a technology-driven society.

From the analysis, it can be determined that greater extent of challenges is
mostly faced by SMEs, which constitutes 90% of the business population [53] and
accounting for major part of global economy. Readiness to avoid these challenges
can be consequential in shaping the future of manufacturing sector.

Most of the reviewed papers identified lack of knowledge as one of the major
barriers which attributes to unwillingness of adopting I4 by the manufactures. Also,
some surveys conducted by authors of reviewed papers are subjective in nature and
limited to only few companies which tends to produce bias results. There are
technological limitations too since many technologies are in their primary stage of
development, and their compatibility and competence need to be tested before
integration. For example, 3D printers require advancement before they can be used
for large-scale production.

The future research scopes of Industry 4.0 are discussed below.

• More empirical study is needed in the context of integration of new techno-
logical paradigm to determine its practicality and feasibility.

• The study can be done to gain insight into the extent of sustainability benefits
and drawbacks of I4 enablers since sustainable growth is an important factor that
company strives to achieve.
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• The inception of advanced technologies in manufacturing is expected to change
the ways of working and managing. Examining the organizational structure in
context of smart factory can help in seamless transformation.

• An in-depth analysis to identify the prerequisites of adopting I4 and
model-based approach for reconfiguration of production system can greatly
assist the industrialists.
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