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Medium carbon low alloy steel EN-19 is a commercially
thriving workmaterial with 0.30 to 0.50% as carbon
content and 0.60 to 1.65% as manganese content. The wide
range of uses of medium carbon steel is for shafts,
crankshafts, forgings, axles, couplings and gears. Given the
broad industrial usage, the optimization of this work
material is currently indispensable since it is a pointer to
the economic management of drilling resources and a
justifiable metric for performance assessment and
evaluation. However, the present optimization models
during machining have inaccurate predictions as they
exclude the economic aspect of the material. In this article,
a new combined Taguchi-present worth (T-PW) method is
presented to account for the present worth of steel material
within the optimization context using literature data. The
amalgamation of the two-component methods of Taguchi
and present worth is done at the signal-to-noise calculation.
Then the response table, optimal parametric setting, the
performance flow diagram and the present worth values are
finally established. For the results, the optimal parametric
setting was ascertained as SP;FR;DOC,, obtained at 37.48
(level 3), 35.92 (level 1) and 36.31 (level 1) for speed, feed
rate and depth of cut, respectively, interpreted as 900rpm
(speed), 0.1mm/min (feed rate) and 0.5mm (depth of cut).
The T-PW method yields PWsp (62.85) as 1%, PWeg (-
64.64) as 2™ and PWpoc (-65.13) as the 3 position. It was
found that the speed parameter is the best based on the
optimization cum economic aspect assessment. The T-PW
method predicts the optimization behavior while analyzing
the economic aspect of the steel material. It would help in
planning and analyzing the economic characteristics of the
machining process.
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1. INTRODUCTION

Machine shop operators and engineers concur
with the argument that hard material
machining (i.e. drilling) creates challenges like
no other (Feucht et al., 2014; Nagimova and
Perveen, 2019; Das et al., 2020; Bharat and
Bose, 2021). Accompanied with this, the
drilling industry is regulated because it is a
semi-automated system where the human
component that drives the system is a
significant part of the system. Officials from
government's safety agencies are authorized to
conduct unannounced routine safety-complaint
checks. There are some crucial machine shop
safety concerns they normally seek: general
machine shop cleaning, machine safety and
material safety. However, because the machine
shop is human-centred, process engineers must
enforce safety practices, maintain the
workshop equipment to the highest standard of
system and implement systems and
technologies that comply with optimal safety
practices. Thus, the process engineer in the
machine shop must contend with numerous
unique issues that come with the system,
striving to solve human problems.

Unfortunately, the machine shop environment
experiences significant heat dissipation while
machining hard materials such as the EN-19
steel (Babu et al., 2005; Gurumurthy et al.,
2016; Ramu et al., 2017). This is accompanied
by the discharge of harmful cutting fluids,
coolant and oils to the environment during set-
up times or machining cleaning activities. The
machine operator sometimes has a share of
these harmful elements, which interacts with
the skin to cause threatening diseases and
cutaneous disorders regarding their use
(Alomar, 1994). Notwithstanding, it is a very
difficult task for the operator who pursues
parts productivity to also comply fully with the
appropriate safety rules enough to avoid
contact with harmful lubricants in the
traditional machining system (Azarov et al.,
2017). Furthermore, despite the documented
need to re-engineer the existing machine
technology, the focus on alternative machining
technologies in the context of replacing the
traditional machining process and the
generation of optimal process parameters with
economic blends is limited and often ignored.
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The EN-19 steel, which is hard, is commonly
used in industries with wide applications in
tools, shafts and gears (Ramu et al., 2017).
Consequently, its demand for machining is
enormous, requiring several hours of
machining, contacts of the operator with the
machining system, sub-optimal activities and
huge cost of production both in material cost
and the anticipated future cost of health
interventions on operator's health after long
exposure to the traditional machining system.
However, cryogenic machining, which entails
the replacement of the traditional fluid lubro-
cooling liquid with a jet of liquid nitrogen that
conserves the machined surface integrity and
quality may be wused instead of the
conventional machining process (Dhar et al.,
2006; Bicek et al., 2012; Balaji et al., 2015;
Jovicevic-Klug et al., 2021). The use of sub-
optimal parameters and the absence of
economic consciousness while machining the
EN-19 steel contributes more to the disparity
(Okponyia and Oke, 2020). Consequently,
research on green machining and resource
optimization need to focus on the
aforementioned gaps. Technological approach
through the introduction of cryogenic
equipment, optimization approaches through
the Taguchi method and economic methods
such as the present worth method will have
substantial implications in tackling this gap
(Okponyia and Oke, 2020).

Furthermore, most of the previous articles on
cryogenic machining are not suitable to solve
the concurrent optimization and economic
justification problem because of the absence of
economic parameters that leads to sub-optimal
solutions when problems are solved (Mia,
2017; Ranjith et al., 2019; Rao et al., 2020;
Rout et al., 2021; Oke and Fagbolagun, 2021).
Therefore, it is essential to develop appropriate
guantitative methods to solve this type of
problem. But this literature gap was declared
in almost a decade ago by Bicek et al. (2012)
who observed the machining terrain and
asserted that the trend in practice is to use
environmental and health-friendly know-how
coupled  with  economic justification.
Unfortunately, the aspect of economic
justification is missing in almost every article
that afterwards reported on cryogenic
machining experiments either in the drilling
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operation or for milling activities (see Singh
and Grover, 2015; Dhananchezian et al., 2018;
Nie and Zhang, 2018; Damir et al., 2018;
Khann et al., 2019; Gross et al., 2019;
Jovicevic-Klug and Podgornik, 2020; Ozbek,
2020).

Some authors have dealt with how cryogenic
treatment affects the tools being used in the
machining process (Singh and Grover, 2015;
Choudhary et al., 2017; Rahul et al., 2019;
Anthuvan et al., 2021; Prakash et al., 2021;
Rout et al., 2021). For instance, Singh and
Grover (2015) described the wear aspects of
the electrode that was cryogenically treated
electrical discharged machining (EDM) and
claimed a substantial enhancement in the
material removal rate of the EDM. This, they
observed, was accompanied by a reduced tool
wear rate after the electrode's cryogenic
treatment. However, the authors omitted both
the optimization aspect that may involve the
Taguchi method in their work and the
economic aspect that introduces the present
worth analysis in their discussion of the article.

An additional article that confirmed the
influence of cryogenic treatment on tools is by
Ozbek (2020) where the author experimented
on the coated tungsten tool while turning the
AISI H11 steel. The author claimed that
cryogenic treatment enhanced the abrasion
resistance of the cutting tool. Nevertheless, the
study seems to have ignored the optimization
and economic aspects of cryogenic machining.
Other investigators in the literature seem to
settle on the effect of lubricating oils on the
turning of metallic materials using cryogenic
minimum quantity lubrication. The principal
results showed that the cryogenic minimum
quantity lubrication is a promising replacement
to the conventional process of using wet
lubricants. Besides, the author omitted the
aspects of optimization and economics of
cryogenic machining. Along with the same
domain of study, Dhananchezian et al. (2018)
analyzed the effect of using cryogenic cooling
via the liquid nitrogen route and the parameters
investigated were cutting temperature, chip
morphology, cutting forces, tool wear and
roughness value. They persuaded the
cryogenic machining literature audience with
the claim that in turning the duplex stainless

steel 2205 using the PVD coated nano-
multilayer TiAIN cutting tool insert with
cryogenic cooling, there was a reduction in
cutting temperature (ranging from 53 to 58%),
lessening the cutting forces (ranging from 30
to 43%) and enhancement in the roughness
value of the material (ranging from 18 to 23%)
weighed against the dry machining. Despite
this comprehensive analysis of the cryogenic
machining situation, the authors failed to
consider the optimization and economic
aspects of the process.

Furthermore, some authors have taken a
position to analyze the negative aspect of
cryogenic machining. Consequently, Nie and
Zhang (2018) dismiss the notion that cryogenic
machining is perfect by pointing out that some
white layers form while machining materials.
The author verified their claims by
experimenting on the machining of AISI
52100 steel by using cryogenic support. The
authors claimed that cryogenic cooling can
assist to limit the thickness of the formed white
layer and also enhance the surface hardness at
elevated cutting speed. Unfortunately, the
study ignored the optimization aspect of
parameters in the cryogenic process and some
guantitative economic implications of the
process.

But to the author's best knowledge, except for
the publication by Oke and Fagbolagun (2021),
not much has been done to solve the
optimization approach in production with the
economic viewpoint. Certainly, no single
documentation exists to solve the optimization
cum economic formulated problem in the
cryogenic machining of difficult-to-machine
materials. Further, there is no literature source
to show that the problem has been solved for
the cryogenic machining of EN-19 steel, which
is one of the most widely used hard steel
materials in several engineering applications.

Consequently, in this paper, motivated by the
study of Oke and Fagbolagun (2021), the
present author construct and analyze the
Taguchi-present worth method. The proposed
method applies the idea of present worth to the
Taguchi method wherein a certain value is
fixed as the level for each parameter and the
interest rate is deployed to compute the present
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worth for each parameter. Then the parameters
are ranked from the first to the last position.
The basic idea behind the present worth is to
introduce a financial concept to the machine
shop such that consciousness in the utilization
of scarce machining resources is made by the
entire workers in the machine shop and the
consciousness on waste avoidance is promoted
as a culture among the staff.

Furthermore, in this article, it is argued that the
process engineer that controls the machine
shop should be orientated by the introduction
of the wunique and classical method of
optimization, the Taguchi method into the
machining planning for machine shops.
Notwithstanding, by comparing the present
article with the work that was done by others
on cryogenic machining, a unique innovation
in this research involves the integration of the
present worth method to support the structure
of the Taguchi method. But why should the
present worth method be used to aid the
Taguchi method’s framework? Fascinatingly,
the Taguchi method hinges on the three criteria
of signal-to-noise ratio, which are known as
the nominal-the-best, smaller-the-better and
larger-the-better. It shows how the alternative
parameters and the scenario created by their
analysis meet up with the participation of the
process engineer and help in attaining a more
precise decision making on cryogenic
machining operations. Then, the present worth
helps the Taguchi method for accurate
decisions on establishing the time value of
money relevant to the turning or milling
activities at the machine shop. By this, the
amalgamation of the Taguchi method and the
present worth method in the context of
cryogenic machining helps the process
engineer and the superior officers within the
machine shop to make more informed
decisions.

2. LITERATURE REVIEW

In this section, a review is presented on
cryogenic machining. First, an introduction to
the idea of cryogenic machining is made.
Cryogenic machining is an innovative green
practice in turning, milling or boring activities,
whereby liquid nitrogen (LNZ) is deployed as
a coolant, substituting the traditional oil-based
emulsions, and directed to cool the cutting
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zone temperature thus concurrently affecting
the cutting tool and the work material as the
liquid nitrogen absorbs heat and evaporates it
into the atmosphere (Balaji et al., 2015). It is
now preferred to conventional machining for
its tremendous advantages of reduced heat
generation, enhanced dimensional accuracy,
improved surface finish and extended tool life
(Balaji et al., 2015). Cryogenic machining is a
family name involving activities in milling
(Pereira et al., 2016; Mia, 2017; Halim et al.,
2018; Okafor and Jasra, 2019; Muthuraman
and Karunakaran, 2021) and turning (Dhair et
al., 2006; Sivaiah and Chakradhar, 2017;
Jagadesh and Samuel; 2019; Uysal et al.,
2020).

2.1 Cryogenic treatment

In industrial and infrastructural applications,
corrosion resistance, high fracture toughness,
high hardness, high wear resistance and high
strength are crucial to withstanding the
elevated mechanical stresses and temperature
variations, wear loss and fatigue of the steel
material widely used as inputs to processes. To
understand the corrosive resistance of steel, for
instance, several studies aspects have been
reported; these include hardness and tensile
strength, electrochemical study, atomic force
microscopy, X-ray diffraction, and scanning
electron microscopy (Ramesh et al., 2019).
They examined the mechanical properties of
cryogenically treated steel of which high
strength mentioned in the above properties are
included, the following tests are conducted:
compressive strength, Young's modulus, bulk
compressibility, poisons ratio, and brittleness
(Khali and Emadi, 2020). Interestingly,
analysis of an advanced hardness, magnetic
hardness was demonstrated with the AISI D2
tool by Villa and Somers (2020) while
transition occurred at cryogenic temperatures
from austenite to martensite. The magnetic
hardness was reported to decrease as the
martensite was formed (Villa and Simers,
2020). They further asserted that progressive
development of the martensite units at
temperatures corresponding to cryogenic
activities caused a decline in the number of
austenite regions. Other properties have also
been significantly explored to fully understand
their association with mechanical stresses and
temperature changes.
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However, for several years, researchers and
practitioners seem to be satisfied with the
conventional heat treatment since the limits of
characteristics of product properties desired
were within the available technological process
of conventional heat treatment.
Notwithstanding, today’s properties desired by
industrial  and  structural  applications
substantially surpasses the capability of the
conventional heat-treatment process. In this
perspective, the conventional heat treatment
method fails to satisfy the unusual demand for
outstanding properties due to technological
incapability. However, the literature survey
excitingly declares that cryogenic treatment
can offer enhancement in the properties of
materials and steel belongs to this family of
materials (Singh and Grover, 2015; Sivaiah
and Chakradhard, 2017; Rao et al., 2020; Villa
and Somers, 2020; Rout et al., 2021; Xue et
al., 2021).

In many cryogenically treated steel specimens,
it is difficult to physically judge whether a
satisfactory cryogenic process has been
performed on the steel specimens (Halim et al.,
2018; Barylski et al., 2021; Jovicevic-Klug et
al., 2021). However, it is generally agreed that
microstructural and chemical analysis may be
a useful route to a deep understanding of the
characteristics of the treated steel (Jovicevic-
Klug et al.,, 2021). Furthermore, Jovicevic-
Klug et al. (2021), considered a wide spectrum
of chemical and microstructural analysis for
cryogenically treated samples, including X-ray
photoelectron spectroscopy (XPS) scanning
electron  microscopy  (SEM),  electron
backscatter diffraction (EBSD), and energy-
dispersive X-ray spectroscopy (EDS).

According to Dhokey et al. (2021), for the
AISI H13 hot work tool, the specimens treated
cryogenically exhibited tremendous
enhancement in carbide density and hardness
weighed against the conventionally treated
samples. Furthermore, a threshold of wear
resistance for the cryogenically treated samples
compared with the conventionally treated
sample was in the dimension of a double scale.
The reason advanced by Dhokey et al (2021) is
the precipitation of the fine tertiary carbide.
Moreover, Barylski et al. (2021) declared that

concerning the deep cryogenic treatment of
Mg-Y-Nd-Zr alloy (WE54), a strengthening
function of low-temperature treatment became
evident. Also, there was an acceleration of the
precipitation procedure.

Consequently, due to the tremendous benefits
of cryogenic treatments of steel, it is now a
wide practice to apply cryogenic treatments for
steel samples globally, including steels AlSI
M2, M3.2 and M35 (Fantinieli et al., 2020;
Jovicevic-Khug, 2021), AISI H13 steel
(Dhokey et al., 2021), AlSI D2 steel (Villa and
Somers, 2020). A striking feature of these
cryogenic treatments is the pronounced
temperature that the experiments are
conducted. For instance, while treating tool
steels under nitrogen nebulization, for the AISI
M2 steel, the treatment temperature was
maintained at -190°C, a temperature that some
authors qualify as deep cryogenic temperatures
or about that temperature (Dhokey et al.,
2021). While treating AlISI H13 steel, Dhokey
et al. (2021) maintained that experiments
conducted at -196°C are deeply cryogenic.
Furthermore, Villa and Somers (2020) also
operated around -193°C and declared that it is
a cryogenic temperature for the treatment of
steel (AISI D2). Besides, while the term deep
cryogenic treatment was mentioned by Ramesh
et al. (2019) during the corrosion resistance
enhancement study of structural steel
undergoing cryogenic treatment, it is not clear
what range of temperature is best suited for the
structural  steel  samples.  Nonetheless,
information from the literature so far analyzed
has revealed that -193°C and -196°C are
important cryogenic temperatures.

In the literature survey conducted in this
article, cryogenic treatment has been described
as a promising method to revolutionize
material processing in the industrial and
structural application areas. To this end,
several articles seem to validate the cryogenic
treatment with various untreated conditions of
steel. For instance, an excellent comparison of
untreated  conditions of  AI7050-T7451
specimens was compared with  the
cryogenically treated specimens by Bansal et
al. (2020) to validate the cryogenic treatment
process. It was concluded that microhardness
in the cryogenically treated samples reveals
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higher values than in the untreated samples. A
second validation of the cryogenic process was
shown by Ramesh et al. (2019) as structural
steel that was cryogenically treated for
corrosion resistance was compared with
untreated samples. It was ascertained that
samples that were treated with the cryogenic
process had improved corrosion resistance
weighted  against those not treated
cryogenically.

In another validation exercise conducted by
Dhokey et al. (2021), the authors focused on
the chromium-based medium carbon content
steel, the AISI H13 and used the existing
cryogenic treatment method to prove that it is
superior to the conventional heat treatment
method. The authors concluded that substantial
enhancement in the carbide density and
hardness was noticed in the cryogenically
treated AISI H13 samples weighed against the
conventionally treated samples. In a similar
study, Xue et al. (2021) employed the in-situ
elevated energy x-ray diffraction and
simulation by the dynamics of molecules to
analyse the development of structures for a B2
stage fortified CuZr oriented bulk metallic
glass composite in various conditions of
structures while engaging cryogenic treatment.
A close association between the characteristics
of phase transformation in the CuZr stage and
the hydrostatic pressure, ambient temperature
and uniaxial stress on the B2 CuZr stage for
the prestrained specimen of the composite was
reported.

2.2 Comparison of Taguchi-present worth
method with other optimization and selection
techniques

2.2.1 Response surface methodology

The response surface methodology (RSM),
which originated from the combined efforts of
George E.P. Box and K.B. Wilson in 1951,
establishes the association between numerous
explanatory variables and at least one variable.
The concept of RSM, which has attracted
cryogenic machining researchers, is to deploy
a series of designed experiments to attain
optimal response. While Rao et al. (2020)
demonstrated the use of RSM to predict the
material removal rate of Inconel 825 alloy by
deploying cryogenically treated tungsten
carbide tool, the Taguchi-present worth (T-
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PW) method newly proposed in this work is
different from it. The difference is that while
the response surface methodology needs a
substantial number of experiments, the
Taguchi-present worth method uses the
minimum number of experiments to establish
the optimum  process situations and
concurrently accounts for the dollar worth in
terms of the time value of money (Okponyia
and Oke, 2020).

2.2.2 Artificial neural network

Furthermore, Rao et al. (2020) used the
artificial neural network (ANN) as an
additional method to predict the MRR for the
problem discussed in the preceding reference.
However, the ANN model was found to
exceed the performance of the RSM earlier
discussed. Nevertheless, in comparing the
ANN model with the T-PW method of the
present work, it was found that the ANN
model has the weakness of unknown duration
of the network, making predictions unclear
about when it will be accomplished. Compared
with the T-PW method, the proposed T-PW
method has the advantage of saving time and
concurrently introducing the time value of
money into evaluations.

2.2.3 Taguchi-based grey relational analysis
Besides, the Taguchi-based grey relational
analysis is another technique used in cryogenic
machining analysis. The authors integrated the
Taguchi method and grey relational analysis
and processed AISI. 17-4PH stainless steel
using parameters involving cutting speed, feed
rate, depth of cut and physical vapour deposit
on AITiN treated tungsten carbon (Sivaiah and
Chakradhar, 2017). Another group of authors
(Ranjith et al., 2019) advanced the use of the
combined Taguchi method and the grey
relational analysis by deploying the technique
to optimize parameters during the cryogenic
turning operation of AA6063 aluminium alloy.
The present author concurred with Sivaiah and
Chakradhar (2017) in the choice of some
parameters to test the AA6063 workpieces.
The common parameters include speed, feed
rate and depth of cut while the physical vapor
deposition on the tool as a parameter was
excluded in the investigation.

Although both the Taguchi-based grey
relational analysis and the T-PW method have
the advantage of using fewer data to produce
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substantial ~ quantitative and  qualitative
information, the T-PW method has an added
advantage of accounting for the time value of
money, a model’s attribute omitted in the
Taguchi-based grey relational analysis.

2.2.4 Taguchi method

A technique that progressively dominates the
cryogenic machining literature is the Taguchi
method (Khare and Agarwal, 2017). The
Taguchi method, proposed by Genichi
Taguchi, is a multi-phase process planning
executing and appraising the outcome of
matrix experiments to enhance the quality of
products with the least economy of
experiments and time. Despite the advantages
demonstrated in the extensive use of the
Taguchi method in the literature, it is often
realized that combining some other techniques
with the Taguchi method often overcome some
of the shortcomings of the Taguchi method.
While identifying the inability to account for
the time value of money as a significant
weakness in the Taguchi method, the proposed
method T-PW method introduced in the
present article overcomes this weakness.

2.3 Cryogenic cooling approaches

In an introductory discussion on cooling
approaches, three important approaches may
be identified in Patil and Jadhav (2019)
including cryogenic pre-cooling of the
workpiece, cryogenic spraying and jet cooling,
and indirect cryogenic cooling.

3. METHODS

3.1 Chemical composition of the EN-19 steel
Among the EN 19 steel material options, a
popular variant is the EN 19/708M40 steel
grade that has the chemical composition with
the max elements P and S of 0.035 and 0.040,
respectively, and ranges of C, Si, Mn, Cr and
Mo in the bands of 0.36-0.44, 0.10-0.40, 0.70-
1.00, 0.90-1.20 and 0.15-0.25, respectively.
This grade of steel finds substantial
applications in bolts, gears and shafts.

3.2 Advantages of the Taguchi-present worth
method

Nowadays, establishing influential
improvements in the performance of
machining systems have been pursued by
deploying the Taguchi method aimed at
enhancing quality, minimizing cost and

offering  robust solutions through its
experimental design platform. In cryogenic
machining, this is also widely practiced.
Alternatively, research in manufacturing
systems has deployed the present worth
method that allows the process engineer to
determine if or not the price that the machining
system pays to sustain the cryogenic
machining system is adequate.

However, an emerging idea is the combined
utilization of methods, which is more effective
than the institution of individual methods to
manage the production process. Consequently,
in this paper, the Taguchi method has been
merged with the present worth method. This
new method has the benefit over other methods
specified as follows. The method can
concurrently  optimize  the  machining
parameters with the generation of substantial
quantitative  information ~ from  limited
experimental trials and permitting an
evaluation of whether the price paid by the
owners is adequate. This  stimulates
performance among the operators as they are
conscious that the outcome of evaluation
determines the sustainability of the machine
shop, which alternately establishes their jobs.

3.3 Steps to conduct the Taguchi-present worth

method

The following steps are applicable to achieve

the method (Oke and Fagbolagun, 2021).

Step 1: Establish the factors and levels
from the machining process

Step 2: Determine the associated
orthogonal matrix  for  the
machining problem

Step 3: Bring out the factor table such
that the elements of the
orthogonal arrays are mapped to
the values of each factor with
level to provide a platform to
migrate to the signal to noise ratio
computation

Step 4: Determine the signal to noise
aspect of computation by
considering the goal of the
experiment along with three
criteria of lower the better,
nominal the best and the higher
the better

Step 5: Set up the response table by
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working with the signal to noise
ratios and the pattern generated
by the orthogonal array for the
levels. The values of the signal to
noise ratios for all entries at a
level are averaged.

Step 6: Establish the optimal parametric
values by choosing the maximum
signal to noise ratio under each
level.

Step 7: Fix n as the level for each
parameter and i as the interest
rate to comprise the present worth
for each parameter. Consider the
beneficial and non-beneficial
factors in the analysis as they
occupy the different sides of the
performance  diagram.  The
beneficial side is the upper side
and the non-beneficial side is the
lower side.

Step 8: Determine the present worth of
each parameter.

Step 9: Rank the parameters according to
the highest to the lowest values.

Step 10:  Conclude that the parameter with
the highest value is the desired
outcome. This parameter is
optimized and  concurrently
reveals to the process engineer
the price paid by the owner is
adequate or not. The parameter
with the lowest value is not
desired as the optimized results
produce less than expected. It
shows the inadequacy of the price
paid by the owner of the machine
shop.

4. RESULTS AND DISCUSSIONS

4.1 The Taguchi method

The Taguchi method was originally designed
for  telephone-switching  system  quality
improvement where Genichi Taguchi was
actively involved in process improvement in
Electrical Communication Laboratory, a
Japanese establishment around the 1950s.
However, it has been effectively extended to
machining operations where the present author
argue that its effectiveness has been
downplayed in the machining industry.
Consequently, an approach is proposed by
combining the Taguchi method with the
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present worth method by including the interest
rate in the signal-to-noise ratio calculation. As
most researchers would agree, combining the
Taguchi method with the present worth
method introduces an interaction of a technical
optimization method (i.e. Taguchi method)
with an economic method (present worth
method) to produce a richer and more
insightful method to understanding the
machining operation for the EN-19 steel
material.

Besides, amalgamating the Taguchi method
and the present worth method is particularly
helpful in understanding the contradictions
between the two methods. With the combined
effort of the two methods, the limitations of the
Taguchi method in being incapable of
declaring the state of the economy of the
machining workstation and that of the present
worth method in its inability to optimize the
machining operations’ parameters are balanced
by the strengths of each method. This will
ascertain that researcher’s understanding is
enhanced through the amalgamation of various
perspectives of the machining operation. In
this article, the combined method was applied
to the machining operation for an EN-19 steel
material to optimize the material removal rate,
surface roughness and tool wear rate.

While Patil and Jadhav (2019) carried out
experimental research on the EN19 steel,
through cryogenic machining, and established
the design of the experiment for the process, it
is argued that the parametric setting, at optimal
levels for the parameters, including speed, feed
and depth of cut is not understood. Besides, the
economic aspects of the work, which may be
achieved through the amalgamation of the
Taguchi method and the present worth method
that deepen researchers understanding of the
economics of cryogenic machining was
omitted in the work. However, through an
innovative perspective, the proposal for the
optimal  parametric  setting and the
amalgamation of the Taguchi method and the
present worth method is presented in this
section of the article. Besides, it is essential to
explain the concepts of speed and tool wear,
which are important in this work.
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Speed - Though higher thresholds of spindle
speed lead to increased material removal rate
with tremendous improvement in productivity,
but the surface integrity of the EN19 steel
material during the machining process
regarding the roughness average measurements
may be compromised. Concurrently, the tool
life gets deteriorated and extra costs,
unplanned for in the budgetary allocations,
may be expended on tool regrinding or
replacement costs. Thus, there should be an
intermediate position where minimum tool
wear is experienced, the least possible surface
integrity is compromised and an adequate
speed is maintained in processing the EN19
steel material. This point of agreement is the
optimal threshold and it is, therefore, desirable
to operate during the drilling process for cost-
effective operations.

Tool wear - In any machining processes where
cryogenic cooling are heavily pronounced such
as turning, milling and drilling processes, tool

drill size and the responses such as the degree
of the torque and thrust force. Tool wear and
damage depend on loss and the method of
application of the cryogenic coolant since the
principle of cryogenic cooling naturally
imposes sustainability attributes into the tool.
Given that the well-known phenomenon of
tool wear and damage is mechanical wear, and
the much-pronounced temperature-dependent
phenomena are the adhesive wear and the
thermal wear, the liquid nitrogen, on the
application as a cryogenic coolant lowers their
temperatures since their activities increase with
temperature increases. Thus there is less rate of
abrasive wear and thermal wear on the
application of cryogenic coolant and the tool
life is preserved from wear and damage and
extended thereby avoiding tool regrinding and
tool replacement costs that wipe away
machining operation’s profit.

By commencing with Table 1, which reveals
the design of the experiment in Patil and

wear and damage largely depends on Jadhav (2019), Table 1 is produced to cover
machining parameters such as the spindle the signal to noise ratio.
speed, depth of cut, feed rate, point angle and
Table 1. Taguchi’s Orthogonal arrays, factors and signal to noise ratios
for the cryogenic machining problem
S/N ratio type
Orthogonal array Factors LTB NB NB
Expt. No. SP FR DOC SP FR DOC SP FR DOC SIN
ratios
(sum)
1 1 1 1 300 0.10 0.50 4954 -7.62 -7.62 34.30
2 1 1 2 300 0.10 0.75 4954 -7.62  -11.14 30.78
3 1 1 3 300 0.10 1.00 4954 -7.62  -13.64 28.28
4 1 2 1 300 0.15 0.50 4954 -11.14 -7.62 30.78
5 1 2 2 300 0.15 0.75 4954 -11.14  -11.14 27.26
6 1 2 3 300 0.15 1.00 4954 -11.14  -13.64 24.76
7 1 3 1 300 0.20 0.50 4954 -13.64 -7.62 28.28
8 1 3 2 300 0.20 0.75 4954 -13.64  -11.14 24.76
9 1 3 3 300 0.20 1.00 49.54 -13.64  -13.64 22.26
10 2 1 1 600 0.10 0.50 55.56 -7.62 -7.62 40.32
11 2 1 2 600 0.10 0.75  55.56 -7.62 -11.14 36.80
12 2 1 3 600 0.10 1.00 55.56 -7.62  -13.64 34.30
13 2 2 1 600 0.15 0.50 55.56 -11.14 -7.62 36.80
14 2 2 2 600 015 075 5556  -11.14 -11.14 33.28
15 2 2 3 600 0.15 1.00 55.56 -11.14  -13.64 30.78
16 2 3 1 600 0.20 0.50 55.56 -13.64 -7.62 34.30
17 2 3 2 600 0.20 0.75 55.56 -13.64 -11.14 30.78
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Table 1. Taguchi’s Orthogonal arrays, factors and signal to noise ratios
for the cryogenic machining problem (continued)

S/N ratio type

Orthogonal array Factors LTB NB NB
Expt. No. SP FR DOC SP FR DOC SP FR DOC SIN
ratios
(sum)
18 2 3 3 600 0.20 1.00 55.56 -13.64  -13.64 28.28
19 3 1 1 900 0.10 050 59.08 -7.62 -7.62 43.84
20 3 1 2 900 0.10 075 59.08 -7.62 -11.14 40.32
21 3 1 3 900 0.10 1.00 59.08 -7.62  -13.64 37.82
22 3 2 1 900 0.15 050 59.08 -11.14 -7.62 40.32
23 3 2 2 900 015 075 59.08 -11.14  -11.14 36.80
24 3 2 3 900 0.15 1.00 59.08 -11.14  -13.64 34.30
25 3 3 1 900 020 050 59.08 -13.64 -7.62 37.82
26 3 3 2 900 020 075 59.08 -13.64 -11.14 34.30
27 3 3 3 900 0.20 1.00 59.08 -13.64  -13.64 31.80

Key: Speed — SP (rpm); feed rate (mm/min)— FR; depth of cut (mm) — DOC; Larger-the-better — LTB; Nominal-

the-best — NB

It was decided to use the lower-the-better
criterion of the signal to noise ratio for the
speed parameter since Krishnamoorthy (2011)
argued for a higher value of cutting speed to
reduce the thrust force and obtain superior
surface finish in machining, which are two
important  responses in the cryogenic
machining of materials.

Equation (1), suggested in Oji and Oke (2020)
expresses the mathematical representation of
the larger-the-better criterion used for the
speed:

131
S/N = -10 logy [HZ—ZJ

i=1 )i

1)

where y; is the performance attributed
containing the i™ observed value
n is the trial experimental number

For feed rate, the nominal-the-best criterion of
the signal to noise ratio is chosen, Equations
(2) and (3) (Oji and Oke, 2020).

S/N =-10 logs yi2 /52 )
where y; is the performance attributed
containing the i observed value, n is the trial
experimental number and s® is the variance of
observations, given as

165

“ (yi _9)2

2 i=1
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The motivation for this choice is the argument
given by Krishnamoorthy (2011) that elevated
feed rates stimulate increased thrust force and
this is associated with a rough surface finish.
By a converse argument, minimum feed rates
stimulate increased heat generation while
working on the material, and this is often
compared with lowered material removal rates.
Hence Krishnamoorthy (2011), maintained that
an appropriate feed rate is needed.
Consequently, the author suggested the
nominal- the best criterion of the signal to
noise ratio for the feed rate while machining.
This is represented as Equations (2) and (3).

Furthermore, the choice of the signal to noise
ratio criterion for the depth of cut may also be
the nominal-the-best as the argument proposed
is similar to the feed rate. Here, elevated depth
of cut stimulates increased thrust force and it is
related to a rough surface finish. Through a
converse argument, minimum depth of cut
motivates increased heat generation in a
cryogenic machining environment. This is
however often accompanied by lowered
material removal rate. Consequently, the
present author suggested the nominal the best
criterion of the signal to noise ratio for the
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depth of cut and this is given by Equations (2)
and (3).

The next stage of computation is the
development of a table to contain the
orthogonal arrays, factor and signal to noise
ratios for the cryogenic machining problem.
But there are 27 experimental trials used in
Patil and Jadhav (2019) and an L27 orthogonal
array was used. The same is repeated in the
present article. Thus, the orthogonal array is
displayed at the second to the fourth column of
Table 1. Columns 5 to 8 are a reproduction of
the critical data produced by Patil and Jadhav
(2019). Column 8 is the result for the speed
parameter, which was computed based on the
larger-the better signal to noise criterion, given
in Equation (1). To compute the first element
in the cell under the speed parameter the value
of 200 (Experimental trials 1) is started with.
The application of the formula in a Microsoft
Excel spreadsheet vyielded 49.54 for the
experimental trial 1 result. The result is the
same up to experimental trial 9 and changes to
55.56 in experimental trial 10 to 18 and finally
changed to 59.08 in experimental trial 19 to
27. For the feed rate parameter, in
experimental trial 1, -7.62 was obtained. This
value was maintained in experimental trials 2
and 3 and subsequently changed till all the 27
experimental trials were obtained.
Furthermore, the value of the SN ratios for all
the three parameters, speed, feed rate and
depth of cut were added as a next column to
the S/N ratios for DOC to obtain 34.3 for
experimental trial 1 until a final value of 31.8
was obtained for experimental trial 27.

Now, the issues are to summarize the averages
of the obtained values to response Table 2. In
the table, the second column is for the speed
parameter.

Table 2. Taguchi SN ratio response table

Level SP FR DOC
1 27.94 35.92* 36.31*
2 33.96 3251 32.79
3 37.48* 30.29 30.29
Delta 9.54 5.63 6.02
Rank 1 3 2

*Optimum value

However, it has three levels i.e. levels 1, 2 and
3. But level 1 is obtained as follows. By going
back to Table 1, the entries in the orthogonal
array carrying a mark "1" under SP are noted.
This spreads from experimental trials 1 to 9.
The corresponding values of experimental trial
1 in the S/N ratios (sum) column are 34.30. For
experimental trial 2, it is 30.78 and it goes on
until experimental trial 9 is reached with a
value of S/N ratio as 22.26. All these nine
values of 34.30, 30.78, 28.28, 30.78, 27.26,
24.76, 28.28, 24.76 and 22.26 are summed up
and the average obtained as 27.94, which is
recorded under SP at level 1. Still for SP, but
level 2, Table 1 is referred to again and the
column of SP is of interest to the investigator.
These values of "2", which means level 2 run
from experimental trials 10 to 18. Here, the
corresponding values under the S/N ratios
(sum) are noted as 40.32, 36.80, 34.30, 36.80,
33.28, 30.78, 34.30, 30.78 and 28.28. The
average of these numbers is 33.96 and it is put
in the second row of numbers under "SP",
indicating the values for level 2. By following
the same procedure, 37.48 is obtained for level
3 under the SP (speed) parameter. But note that
among the three values of 27.94, 33.94 and
37.48 for levels 1, 2 and 3, respectively under
SP, 37.48 is the maximum and hence
asterisked.

By following the same procedure observed for
SP to compute for FR and DOC, the values are
shown in Table 2 with the highest values being
35.92 for FR and 36.31 for DOC. Then the
delta value for each parameter is computed as
the difference between the smallest and largest
value along a column. For SP, the delta value
is 9.54. For FR and DOC, the delta values are
5.63 and 6.02, respectively. Now, all the delta
values are considered and the highest is ranked
first, next to the highest is ranked second and
the third one is ranked third. Thus, speed is
ranked first, depth of cut is ranked second and
the feed rate is ranked third. The implication is
that speed is the best and the most influential
parameter on cryogenic machining while the
depth of cut is a less influential parameter but
next to speed in ranking, and feed rate is the
least influential parameter on the cryogenic
machining process. However, the optimal
parametric setting is SPsFR;DOC;, obtained at
37.48 (level 3), 35.92 (level 1) and 36.31 (level
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1) for speed, feed rate and depth of cut,
respectively. This is interpreted from Table 4.1
of Patil and Jadhav (2019) as the optimal
parametric setting of 900 rpm for speed,
0.1mm/min for feed rate and 0.5mm for depth
of cut.

4.2 The combined Taguchi method and the
present worth method

It is argued that most of the works in the
domain of machining are limited to analyzing
the optimization problem with the Taguchi
method. However, to extend the horizon of the
literature, an attempt is made to amalgamate
the present worth method to the Taguchi
method and hereby show the application to the
cryogenic machining problem defined by Patil
and Jadhav (2019). In the original problem,
experiments were conducted using a CNC
machine that possesses a cooling assembly
with cryogenic cooling aided by the liquid
oxygen stored in a cryocan with security
values and regulators. The arrangement,
according to Patil and Jadhav (2019),
comprises two flows of liquid nitrogen
targeted at the rake and flank surfaces through
exterior copper nozzles having 0.9 mm as the
interior diameter. The machine trials were

conducted on a wrought Ti6Al4V workpiece
and adopting the TiAIN wrought tungsten
carbide insert DNMG 150608. The steps to
follow are elaborated in section 3.

To apply the T-PW method, Equation (4) is
adopted:

PWsjeripoc = L (1 +1i)™ (4)

where PWgeripoc 1S the T-PW value of the
cryogenic machining system discussed in Patil
and Jadhav (2019), L shows the value of the
parameter at the n™ level and n is the level. By
treating the speed parameter at level 1, the
PWs;;, which is the T-PW value of the speed
parameter at level 1, gives the followings as L
=2794,n=1andi=12%=0.12

PWsp; = 27.94 (1+0.12) = 24.95

Now, by following this procedure, the values
for PWgg, and PWsp3 are calculated as 27/07
and 26.68, respectively. Furthermore, all other
values involving PWgri, PWeg,, and PWegrs
together with PWDOCly PWDOCZ and PWDOC3
are calculated and displayed in Table 3.

Table 3. Static combined Taguchi-present worth method performance evaluation

Speed

Feed rate Depth of cut

Level SP PWsp

PWgg DOC  PWpoc

1 2794 2495 3592 3207 3631 3242
2 33.96 27.07 3251 2592 3279 26.14
3 3748 26.68 30.29 2156 30.29 21.56

Key: SP — speed, PWsp — T-PW value for the speed parameter, FR — feed rate, PWgg — T-PW value for the feed
rate parameter, DOC — depth of cut, PWpoc — T-PW value for the depth of cut parameter

From Table 3, the performance flow diagram
is drawn and the overall T-PW value
calculated to decide on the state of the system.
By commencing with the speed parameter, the
performance flow diagrams in Fig. 1a, 1b and
1c are obtained. In considering the speed
parameter, reference is made to the criterion of
the signal-to-noise ratio chosen earlier, which
is the larger-the-better criterion defined as
beneficial since an increase in speed is often
desired without any detrimental effects on the
thrust force and the surface roughness. As
such, all the three arrows to draw for the speed
parameter should take the upward direction
(beneficial), as follows:
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Beneficial side (+)

2495 27.07 26.68

I S

1 2

3 level

Non-beneficial side (-)

Fig. 1a. T-PW method’s performance flow for
parameter SP (spindle speed)

PWsp (T-PW) = 2495 (1+0.12)" +27.07
(1+0.12)%+ 26.68 (1+0.12)° = 62.85.
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By considering the feed rate parameter, the
nominal the best is chosen. The assumption
here is that once it is not beneficial, the other
aspect, non-beneficial treatment is made for
the parameter. Hence the analysis is on the
non-beneficial side of the performance flow
diagram, Fig. 1b.

Beneficial side (+)

ll lz i??

32,07 -25.92 -21.56 level

Non-beneficial side (-)

Fig. 1b. T-PW method’s performance flow for
parameter FR (feed rate)

PWer (T-PW) = -32.07 (1+0.12) ™ -25.92
(1+0.12)2 -21.56 (1+0.12)° = -64.64

Furthermore, by similarly considering the
depth of cut to the feed rate parameter, the
performance flow diagram will have the
entries on the non-beneficial side as in Fig. 1c.

Beneficial side (+)

ll lz ¢3=

3242 -26.14 -21.56 level

Non-beneficial side (-)

Fig. 1c. T-PW method’s performance flow for
parameter DOC (depth of cut)

Then, PWpoc (T-PW)= -32.42 (1+0.12)" -
26.14 (1+0.12)%-21.56 (1+0.12)° = -65.13
The summary of the results is presented in
Table 4.

Table 4. The T-PW at optimal values of
cryogenic machining parameters

Description ~ PWgp PWrpr  PWpoc

Value 62.85 -64.64 -65.13

From Table 4, the highest value (i.e. 64.85) is
allocated to PW, which means that the speed
parameter is the best. This choice implies that
in machining, the speed parameter should be
given the highest priority.

Furthermore, the proposed method consists of
the Taguchi method integrated with the present

worth method. However, on the application of
the Taguchi method, the optimal parametric
setting was obtained (Table 2) as
SP3sFR;DOC;, obtained at 37.48 (level 3),
35.92 (level 1) and 36.31 (level 1) for speed,
feed rate and depth of cut, respectively,
interpreted as 900rpm (speed), 0.1mm/min
(feed rate) and 0.5mm (depth of cut). Based on
this result, the machine shop could set the
maximum values obtainable due to the
system's capacity constraint. But the evaluation
of the system is limited to its optimization and
there is no link of these values provided on the
economic analysis of the workshop. Besides,
incorporation of the economic content into the
model gives a further sense of system
commitment to account for the time value of
money. So as the Taguchi-present worth
method is applied, it yields PWsp (62.85) as 1%,
PWer (-64.64) as 2" and PWpoc (-65.13) as
the 3" position, which is an enhancement of
the Taguchi method’s value. Consequently, the
new method enhances the performance of the
Taguchi method to evaluate the machining
process.

4.3 Novelty and advantages of the new method
The main objective of this study is to propose a
new method, the Taguchi-present worth
method that combines the Taguchi method
with the present worth method by including the
interest rate in the signal-to-noise calculation.
This article challenges the existing literature in
the machining industry for the exclusion of
economic factors in process optimization. At
present, many machining shops now suffers
the effects of depending on operators and
process engineers with only the technical
machining knowledge and skill without
competence in economic issues. Training
programs for operators and process engineers
currently assumes that the economic
knowledge is only for the accountant or the
engineering manager. So, there is no linkage
between the working mechanism of the
Taguchi method and economic aspects. This
article challenges that assumption and
practices and argues that performance metrics
for optimization using the Taguchi method
should be tied to the present worth method on
an understanding. The present work is based
on the time value of the money concept.
Furthermore, it is known that the machine shop
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pays less in interest on borrowed loans from
banks if the operators and process engineer's
performance are tied to interest rates. Thus, the
machine shop has more money to spend and it
is encouraged to make huge equipment
purchases because of low interest payable on
borrowed money. The claimed novelty is the
development of derivatives of the present
worth method, which shows the dynamic state
of the cryogenic machining operation. This
idea breaks away from the established Taguchi
method of parametric optimization that
calculates the average signal-to-noise ratio to
determine the optimal parametric setting and
the delta values. It is argued that the Taguchi
method is an established pattern of
optimization thought and the new method of T-
PW method starts a new part of research that
combines the technical process parameters
with the economic parameters that are founded
on the time value of money, which argues that
a dollar today is different from a dollar in the
future. The T-PW method opens up some
exciting possibilities such as integrating the
control chart models to the T-PW method such
that proactive control of the machining
parameters with "within control” or "out-of-
control" concepts of the X bar chart and reliant
methodologies could be attained. The
incorporation of sustainability indices into the
T-PW framework such that the environmental
conscious machining could also be practiced is
a possibility to enhance future scholarship.

While the Taguchi method can be useful in the
optimization  of  cryogenic  machining
parameters through the development of
optimal parametric setting and the selection of
parameters from the analysis of the delta
values, the T-PW method is useful in tackling
the weakness of the Taguchi method in its
insensitive behavior to the time value of
money and economic concerns. Consequently,
the first benefit is that the T-PW method
highlights the importance of the time value of
money, arguing that a dollar at hand today is
worth more when promised in the future. It
implies that the dollar at hand presently could
be invested for capital gains. Besides,
concurrent optimization is aided by the T-PW
method together with a mechanism to establish
if the cryogenic machining system delivers
value. Furthermore, emphasis is made on the
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company's cost of capital so that all employees
are conscious that the survival of the
organization and their continuity in doing their
jobs depend on how they manage their
operations as it influences the cost of capital
positively or negatively. An additional benefit
of the T-PW method over the Taguchi method
that is currently being used is the ability of the
new method to incorporate the inherent
uncertainty of forecasts by most heavily
discounting far-future projections.

5. CONCLUSION

In cryogenic machining practice, many of the
formulated  optimization  problems are
sufficiently expressive, making it very difficult
to achieve optimal solutions in a reasonable
solution time because the route to the solution
is very complex. However, it is known that
cryogenic machining systems are expensive
and requires precise suggested output for cost-
effective  operations. To conquer these
challenges, a new parametric optimization
method, namely the Taguchi-present worth
method is introduced. The newly involved
term is the present worth factor that
incorporates the interest rate and the level
operating in the Taguchi method at the signal-
to-noise ratio development. The proposed
method is shown to be feasible when applied
to a practical machining situation involving the
cryogenic machining of EN-19 steel, a hard
material using an environment where
retrofitted lathe equipment with the liquid
nitrogen cryogenic cooling system is installed.
The proposed method also enhances the results
of the Taguchi method that are existing in the
literature. If the present worth term is
embedded at the signal-to-noise stage of the
Taguchi method, it could be a cost-effective
solution for machining process control.

In this article, the Taguchi method was merged
with the present worth method to obtain a new
method, the Taguchi-present worth method.
However, in previous studies on Taguchi
method optimization, some authors have
shown how the variants of the Taguchi method
could be developed and applied in different
contexts. For example, Oji and Oke (2020)
proposed two additional variants to the
Taguchi method with the argument that
concurrent optimization and prioritization of
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parameters is feasible and applied to the
maintenance system in a total quality
management context. Okanminiwei and Oke
(2020) further validated the approaches in a
study where the downtime of handling
equipment was optimized to validate the two
models, namely the Taguchi-Pareto and
Taguchi-ABC methods. Consequently, future
study is recommended to integrate Taguchi-
Pareto and Taguchi-ABC methods with the
present worth method as two separate methods
of the Taguchi-present worth method. These
two methods will bring diversity into the
solution portfolio for the machining problem
as they will incorporate prioritization into what
is already known. In addition, in the future, the
incorporation of sustainability factors and
elements representing the industrial revolution
4.0 may add value to the cryogenic machining
literature. Furthermore, the following could be
studied: (1) the dynamic combined T-PW
method using a polynomial form where the
derivative of the present worth with respect to
the interest rate is developed. The derivative of
the present worth with respect to the level term
could be established (2) the exponential form
of the dynamic combined T-PW method with
derivatives of the present worth developed
with respect to the interest rate. The second
instance is where the derivative of the present
worth is expressed regarding the level term.
These derivatives could be used in studying the
dynamic behavior of the cryogenic machining
process while the work material is the EN-19
steel.
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