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Abstract

'The primary focus of this work is to study the impact of a novel cryogenic
machining technique of tool flank wear in machining of super duplex stainless
steel (SDSS) and compare the surface finish of the samples with the machined
surface performed by dry machining process. Two set of groups were taken for
the study, i.e., control group (Dry machining) and the study group (Machining
with cryogenic machining technique). The number of samples is calculated using
the sample calculator. Twenty samples were taken for each group. In the control
group, the machining operation is carried out on SDSS without any kind of
lubrication. In the study group using a novel cryogenic machining technique,
the compressed lubricant is sprayed to the machining area. The flank wear of
the cutting tool of each group is measured by microscopic images. The influence
of the novel cryogenic machining technique on the tool wear of the inserts is
studied. The number of the samples was calculated by keeping the alpha value
0.05 and G-power as 80%. The flank wear of the cutting tool of the samples
from novel cryogenic machining is lesser than the samples obtained from the
dry machining operation. It was noticed that there is a 65% reduction in tool
wear when the cryogenic machining technique has been implemented over dry
machining.
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Introduction

Machining is an essential process in the manufacturing industry, used to create
a wide range of products with high precision and accuracy. With advancements
in technology and materials, machining is becoming more efficient and effective,
allowing manufacturers to produce higher-quality products at a lower cost
[1]. Green machining holds paramount importance in today’s manufacturing
landscape, as it represents a conscientious shift towards sustainable and
environmentally responsible practices. In an era where environmental concerns
and resource conservation have taken center stage, adopting green machining
techniques is not only a moral obligation but also a practical necessity [2]. One of
the primary goals of green machining is to reduce the use of cutting fluids, which are
often used to cool and lubricate the machining process. Traditional cutting fluids
can contain harmful chemicals and pollutants that can be harmful to both human
health and the environment. Therefore, green machining employs alternative
cutting fluids such as cryogenic machining. By reducing energy consumption,
minimizing waste generation, and employing eco-friendly lubrication methods
like minimum quantity lubrication (MQL), green machining significantly
reduces the environmental footprint of manufacturing operations. Moreover, it
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leads to substantial cost savings through improved efficiency
and reduced resource consumption. Beyond these economic
and ecological benefits, green machining aligns with the
global commitment to combat climate change and preserve
our planet’s resources for future generations. Embracing
green machining is, therefore, a pivotal step towards ensuring
a sustainable and responsible future for the manufacturing
industry and the world [3, 4]. Another significant benefit
of cryogenic machining is the reduction in heat generation
during the machining process. The heat generation can be
a significant problem in traditional machining operations,
leading to thermal distortion of the workpiece, reduced cutting
tool life, and poor surface finish [5]. By using cryogenic fluids
to cool the workpiece and cutting tool, the amount of heat
generated during machining can be significantly reduced,
resulting in improved surface finish, dimensional accuracy,
and overall part quality [6]. The current work is to minimize
the tool wear of the tool insert while machining SDSS using
a novel cryogenic machining and compare it with surface
roughness of the dry machining process. Szczotkarz et al. [7]
suggested that cryogenic machining can be used to achieve
sustainable manufacturing.

'The total number of research papers published related to
this work and sustainable production was 17697 in google
scholar and 5465 in ScienceDirect in the past ten years [8].
'The author analyzed that the machining community is becom-
ing more interested in the technique of cryogenic machining
because of the rise in demand for ecologically friendly manu-
facturing methods. The role of cryogenic machining in achiev-
ing green manufacturing cannot be understated. Cryogenic
machining employs the use of extremely low temperatures to
cool and lubricate cutting tools during machining process-
es, and this innovation contributes significantly to the green
manufacturing paradigm. By reducing or even eliminating the
need for conventional coolants and lubricants, which are often
associated with environmental hazards and waste, cryogenic
machining promotes a more sustainable and eco-friendly ap-
proach to manufacturing. This technique not only curtails the
consumption of resources but also enhances tool life, reduc-
es energy consumption, and minimizes waste generation [9].
Additionally, the use of cryogenic fluids like liquid nitrogen
ensures a clean and non-toxic working environment, aligning
perfectly with the broader goal of environmentally responsi-
ble production [10]. Dambatta et al. [11] studied the effect of
cryogenic machining emerges as a key enabler of green man-
ufacturing, allowing industries to uphold their commitment
to sustainability while simultaneously improving machining
efficiency and product quality. It was considered that research
work is closely related to this research work.

'The researchers are focusing on manufacturing parts and
components using sustainable and eco-friendly methods. It
involves reducing the environmental impact of manufacturing
processes while still producing high-quality products. Accord-
ing to the findings of the research, only a few studies have been
conducted on sustainable production and effects of cryogenic
machining on tool wear of the SDSS. The effect of cryogen on
work material, the effect of rate flow, the effect of cryogen on
ferrous and nonferrous materials have not studied thoroughly.

'The experimental and depth theoretical knowledge about var-
ious machining operations, cryogenic machining technique,
tool wear measurement techniques, metals and alloys moti-
vated me to carry out this research work. This study is related
to the machining of SDSS under different dry conditions and
cryogenic machining. The machining type was ending milling.
'The aim of this study is to analyze the influence of cryogenic
machining technique which is one of the sustainable produc-
tion techniques on flank wear and crater wear.

Materials and Methods

'This research work mainly consists of two set of sample
groups namely control group and the study group. The CNC
machining operation without any kind of lubrication is
considered a control group. The machining operation using
a novel cryogenic machining technique i.e. the compressed
lubricant is applied to the machining zone is considered a
study group. To obtain better results, a few samples have been
taken. The number of samples is calculated using a sample
calculator. Sample size calculation is a crucial step in the
design of experiments as it significantly impacts the validity
and reliability of the results derived. Essentially, the calculation
of an appropriate sample size is a balance between statistical
power and practical feasibility. Statistical power refers to
the probability that the experiment will detect an effect of a
certain size, should it exist [12]. Having a larger sample size
increases statistical power, thereby limiting the probability of
type II errors (false negatives). However, there is a practical
limit to sample size, often imposed by factors such as resource
availability and time constraints. Therefore, methodologies
such as power analysis, which considering the desired
confidence level, expected effect size, and the acceptable error
margin, are typically used in determining an optimal sample
size. It’s important to note that an insufficiently small sample
can lead to unreliable results, while an unnecessarily large
sample can boundlessly consume resources and time. Thus,
careful consideration must be given to sample size calculation
to ensure both effective and efficient experimentation. The
number of samples taken for each group was 20 (n = 20) and

the total number of samples was 40 (n = 40) [13].

For the control group, the machining operations are per-
formed without lubrication. It is called dry machining. For
this study SDSS is taken as a study material. The material
was purchased at Viruvadia Traders, Chennai. The size of the
specimen is 150 mm x 150 mm x 10 mm. The abovemen-
tioned coated carbide tools are used to machine the SDSS
material. For the control group, the machining operations are
performed without lubrication. It is called dry machining. The
end milling operation was carried out and the feed rate and
depth of cut was maintained. The CBN inserts are used to
machine the SDSS for specified time limit and the tool wear is
measured. For the control group, the machining operations are
carried out without coolant which is termed as dry machining.
'The workpiece has been fitted in the machine vice. The CBN
inserts were fitted in the tool holder. The program has been
written for cutting the slots. The speed of the spindle, feed
rate are chosen from the standard literature [14]. The program
has been executed. The required slots were obtained by dry
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machining.

For the study group, the machining operations are carried
out with cryogenic machining set up [15]. Cryogenic machin-
ing is a manufacturing process that involves cooling the cut-
ting tool and workpiece to very low temperatures using Co,
gas or other cryogenic fluids. This technique can improve ma-
chining performance by reducing tool wear, increasing materi-
al removal rates, and improving surface finish. The process can
also reduce the formation of thermal damage to the workpiece
and the generation of harmful particles. The set-up is shown in
figure 1.The set-up is shown in figure 2. Six slots were cut to
measure the flank wear of the tool insert. The CNC machining
operation has been performed using Vertical Machining Cen-
tre EV 1020A which is shown in figure 3. Based on the liter-
ature survey, the machining parameters are taken, The coated
carbide tool insert was used to perform the CNC machining
operation. The end milling operation was performed under dry
operation conditions for the control group. The cryogenic ma-
chining set-up is fitted and Co, gas is supplied to the cutting
zone the end milling operation was performed under cryo-
genic machining technique for the study group for the same
machining parameters.

After machining for the specified time, the tool inserts
were collected and cleaned as shown in figure 4. The Metzer
optical microscope is used to observe tool wear shown in figure
5.'This is a portable optical instrument that allow accurately
measure tool wear. The tool inserts was kept on the measuring
platform. The microscopic images were captured. Then the im-
ages were exported to image] software. The tool wear was mea-
sured for the dry machining samples and cryogenic machining
samples. The tool wear samples are tabulated in table 1.

Results

Tool flank wear of the tool insert of the samples from the
control group and study group were measured using Metzer
microscope. The flank wear of the tool insert of both machined
surfaces was further statistically analyzed using SPSS software
and obtained values of various tests. The results are shown
in table 2. The mean flank wear of the tool insert of the dry
machining is 2.374 with a standard deviation of 0.0848 and
the mean flank wear of the tool insert for the machined surface
obtained in the cryogenic machining technique is 1.5275 with
a standard deviation of 0.2199. The bar graph is shown in
figure 6. The X axis denotes method of machining technique
and Y axis denotes the mean flank wear of the tool insert.
This graph shows that the machined surface obtained in the
cryogenic machining technique has a better Surface finish
with a significantly lower error deviation.

'The results prove that surface finish has been improved
in the cryogenic machining compared to dry machining. The
mean flank wear of the tool insert of dry machining is 1.1358.
'The mean flank wear of the tool insert of cryogenic machining
is 2.374 which is evident that surface finish has improved. The
table 3 shows the levene’s test for equality and t-test for equal-
ity of means independent samples. The two tailed significance

value is p = 0.001, which is less than 0.05.
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Figure 1: Cryogenic machining set-up line diagram.

Figure 2: Cryogenic machining setup.

Figure 3: Vertical milling machine YCM XV1020A.
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Figure 4: Flank wear of the tool insert.

Discussion

In this study, it was notices that tool wear has been reduced
while cryogenic machining technique has been implemented
when compared with dry machining i.e., without any coolant
while machining the work material. The cryogenic machining
reduces the temperature in the cutting zone which leads to
reduction in the tool wear. The tool wear has been measured
with Metzer microscope. The image] software is used to mea-
sure the tool wear from the microscopic images.

'The obtained results were compared with similar kinds of
research work. In this study, MQL delivers a minimal amount
of lubricant directly to the cutting zone, reducing the friction
between the cutting tool and workpiece. This lubrication film
acts as a barrier that prevents direct metal-to-metal contact,
thereby lowering the abrasive wear on the tool’s flank surfaces.

Attanasio et al. [16] concluded that MQL also plays a pivotal

Figure 5: Metzer microscope.

Table 2: Descriptive table representing mean and standard deviation of
flank wear of the tool insert of dry machining and machining with cryo-
genic machining technique.

role in dissipating heat generated during machining. By mini- Group statistics
mizing the heat buildup at the cutting cdge, MQL helps pre- Group | N | Mean | Std.deviation | Std. error mean
vent thermal softening and premature wear of the tool mate-
rial, particularly in high-speed cutting operations. Khalil et al. CG | 20 | 2.3740 0.08488 0.01898
[17] investigated ProPer ?hip evacu.ation is crucial to feducing Roughness EG | 20 | 15075 0.21990 0.04917
flank wear. MQL assists in the efficient removal of chips from
the cutting zone, preventing their accumulation on the tool’s
Table 1: Obtained flank wear of the tool insert values from dry machining and cryogenic machining technique.
Sampleno. | Tool wearin mm Sample no. Tool wear in mm Sample no. | Toolwearinmm | Sampleno. |Toolwearin mm
1 1.383 11 1.306 1 0.378 11 0.441
2 1.416 12 1.312 2 0.364 12 0.462
3 1.312 13 1.116 3 0.357 13 0.487
4 1.231 14 0.987 4 0.417 14 0.411
5 1.145 15 0.912 5 0.391 15 0.462
6 0.973 16 0.892 6 0.431 16 0.402
7 0.876 17 1.316 7 0.371 17 0.384
8 0.721 18 0.993 8 0.496 18 0.396
9 0.689 19 1.262 9 0.451 19 0.405
10 1.112 20 0.212 10 0.392 20 0.367

NanoWorld Journal | Volume 9 Supplement 3, 2023

$1096



Examine the Influence of Novel Cryogenic Machining on Tool wear in Milling of Super
Duplex Stainless Steel Alloy

Naidu and Kumar.

Table 3: Descriptive table representing Levene's test for equality and t-test for equality of means. Independent sample T-test is performed for the two groups
for significance p = 0.001, which is less than 0.05. Therefore, there is a statistically significant difference between the groups.

Independent samples test
Le‘tene > tesf for T-test for equality of means
equality of variances
Roughness 95% confidence
8 F Si daf Significance Mean Std. error interval of the
& ! difference | difference difference

One-sided p | Two-sided p Lower | Upper
Equal variances assumed 29.525 0.022 8.597 38 0.000 <0.001 0.000 0.84650 | 0.7398 | 0.95920
Equal variances not assumed - - 16.060 | 24.538 0.000 < 0.001 0.84650 | 0.05271 | 0.73784 | 0.95516

Mean Tool Wear

GROUP

Error Bars: 95% CI

Eror Bars: +- 2 5D
Figure 6: Mean tool wear comparison of machined surface from dry ma-
chining and cryogenic machining technique using bar graphs. SR for ma-
chined surface from dry machining is 2.3740 with a standard deviation of
0.08488 and the SR for machined surface obtained in the cryogenic ma-
chining technique is 1.5275 with a standard deviation of 0.21990. X axis
denotes method of machining technique and Y axis denotes the mean tool
wear. This graph shows that the machined surface obtained in the cryogenic

machining technique has a better surface finish with a significant lower

error deviation.

flank surfaces, which can lead to accelerated wear. conducted
experimental work and commented The combined effects of
reduced friction, effective heat management, and improved
chip evacuation contribute to prolonged tool life when MQL
is employed. Tools subjected to MQL tend to exhibit slower
rates of flank wear, ultimately leading to fewer tool changes
and increased machining efficiency. It was observed minimal
flank wear and crater wear were simulated [18]. Cryogenic
machining to characterize micro mist droplet size and distri-
bution [19]. MQL is an environmentally friendly lubrication
technique, as it uses minimal quantities of lubricant compared
to conventional flood cooling methods. This not only reduc-
es the cost associated with coolant usage but also minimizes
waste and environmental impact. There is no opposite finding
related to this research work.

The factors affecting this study are flow rate of Co, gas,
atmospheric pressure, and nozzle diameter. As the machin-
ing operation is performed in the advanced vertical machining
center, there is limitation to mention. In future, there is a pos-
sibility to study the effect of different nanoparticles, different
vegetable oil and mineral oil. The same study can be conduct-
ed for different volume fractions of nanoparticles and varying

particle sizes. MQL minimizes flank wear through reduced
friction, eflicient heat dissipation, improved chip evacuation,
and sustainable lubrication practices. These advantages make
MQL an attractive choice for enhancing tool life and opti-
mizing machining processes while minimizing the detrimen-
tal effects of flank wear.

Conclusion

Within the limits of study, the effect of a novel cryogenic
machining technique using Co, gas on tool wear of the tool
insert on machining of SDSS has been studied. Considering
the critical need for sustainable manufacturing practices, MQL
emerges as a promising technique to usher in the era of ‘green
machining.” By strategically introducing a minimal quantity
of lubrication right at the tool-workpiece interface, MQL not
only enhances machining performance but also significantly
reduces the environmental impact. It curbs excessive heat
generation and mitigates tool wear, which contributes to
improving tool life and, in turn, lowering production costs.
Additionally, its sparing use of lubricant significantly cuts
down on the disposal of toxic waste, a frequent byproduct
of traditional flood lubrication. This profound effect on
reducing ecological footprint, paired with operational benefits,
underscores MQL as the preferred option for sustainable
machining operations in a forward-looking manufacturing
context. Therefore, the adoption of MQL is a significant stride
towards a more sustainability-focused industry, underlining its
value to enterprises pursuing a ‘green’ agenda. In conclusion,
MQL undeniably stands out as a best-practice technique for
promoting green machining in modern manufacturing. Its
ability to significantly reduce the consumption of lubricants,
minimize waste, and lessen the environmental footprint
associated with machining processes is remarkable. MQL's
capacity to extend tool life, reduce tool wear, and enhance
machining efficiency not only leads to substantial cost
savings but also aligns with the imperative of sustainable
manufacturing practices. By providing an effective solution
for the reduction of both operational costs and environmental
impact, MQL demonstrates its potential to revolutionize
the machining industry. As industries increasingly prioritize
sustainability and environmental responsibility, MQL
emerges as a pivotal choice, demonstrating that it is not only
beneficial for productivity but also for our planet’s well-being.
Within the limits of the study, there is a 65% reduction in
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tool wear when the cryogenic machining technique has been
implemented over dry machining. The cryogenic machining
technique helps us to achieve sustainable production.
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