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Abstract

Micro-manufacturing processes have gained significant attention due to their ability to produce
components with high precision at reduced scales, which is essential in industries like aerospace,
electronics, and biomedical. A key challenge in these processes is optimizing cutting parameters to
enhance tool life and maintain precision, while minimizing tool wear and machining errors. This
research explores the optimization of cutting parameters, focusing on the influence of the cutting speed
(in meters per minute, m/min), feed rate, and depth of cut on tool life and precision in micro-machining
processes. The primary aim is to identify the optimal cutting conditions that maximize tool longevity
while maintaining a high level of precision in machining. Through an experimental approach, a set of
tests was conducted using various materials, and the tool life and precision were measured under
different cutting parameters. The results show that the cutting speed (in meters per minute, m/min) and
feed rate significantly affect both tool life and precision, with optimal values determined for various
material types. Additionally, the interaction between these parameters revealed insights into how
micro-manufacturing tools wear over time and the subsequent impact on machining accuracy. The
findings also highlight the critical role of the effect of cooling methods, particularly water-based
coolants, on reducing tool wear in reducing tool wear. This paper provides a comprehensive analysis of
the relationships between cutting parameters and their effects on tool life and machining precision,
offering valuable guidelines for improving the performance of micro-manufacturing processes. Future
research should focus on exploring advanced cooling techniques and the development of more wear-
resistant materials to further extend tool life and improve precision in micro-machining applications.

Keywords: Micro-manufacturing, cutting parameters, tool life, precision, optimization, machining,
feed rate, cutting speed, depth of cut, tool wear

Introduction

Micro-manufacturing is increasingly recognized for its ability to fabricate miniature
components that meet the stringent requirements of modern industries such as aerospace,
automotive, and medical device manufacturing. As these components become smaller, the
precision required for their production becomes more critical. The optimization of cutting
parameters, including the cutting speed (in meters per minute, m/min), feed rate, and depth
of cut, is essential for achieving the desired balance between tool life and machining
precision. The problem lies in identifying the ideal set of parameters that prevent excessive
tool wear while ensuring that the machined components meet the required tolerances. For
example, increasing the cutting speed (in meters per minute, m/min)s often leads to higher
thermal loads on the tool, which can result in accelerated tool wear and a decrease in
machining precision. Conversely, slower the cutting speed (in meters per minute, m/min)s
can reduce tool wear but may increase the risk of other defects, such as surface roughness or
dimensional inaccuracies. Previous studies have indicated that improper optimization of
these parameters can lead to significant inefficiencies in micro-manufacturing processes,
including increased operational costs and reduced product quality 2,

The objective of this research is to explore and optimize the cutting parameters in micro-
manufacturing to enhance tool life while maintaining precision in machining. By conducting
a series of controlled experiments, the research seeks to determine the effects of the cutting
speed (in meters per minute, m/min), feed rate, and depth of cut on both tool wear and
machining accuracy. Moreover, the hypothesis underlying this research is that there exists a
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specific combination of cutting parameters that can optimize
tool life and precision without compromising one for the
other. Understanding the relationship between these
parameters will provide valuable insights for the future
development of more efficient and effective micro-
manufacturing techniques. Moreover, optimizing cutting
parameters will contribute to improved economic viability
and sustainability in precision machining applications 34 5
€1, As the field progresses, it is expected that these findings
will aid in the establishment of standardized cutting
parameters for specific materials, further improving the
efficiency and quality of micro-manufactured components.

Material and Methods

Material

In this research, the materials selected for experimentation
included a range of commonly used metals for micro-
manufacturing processes, specifically aluminium (Al6061),
brass (CuzZn39Pb3), and stainless steel (AISI 304). These
materials were chosen due to their frequent application in
industries like aerospace and electronics, which require high
precision and durability in micro-manufacturing. The
cutting tools used for the experiments were micro-tools
made of tungsten carbide (WC), a commonly used material
for micro-cutting due to its high hardness and resistance to
wear. The cutting fluids used were both dry machining and
water-based coolant solutions, with the latter providing
cooling and lubrication to mitigate tool wear. The materials
were machined using a CNC micro-milling machine (XYZ
XYZ-123), capable of handling the precise parameters
needed for the experiments. These materials and tools were
selected to research the effects of cutting parameters such as
the cutting speed (in meters per minute, m/min), feed rate,
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and depth of cut on tool wear and precision, following the
research methodology outlined in previous studies 2 2l,

Methods

The experiments were conducted in a controlled
environment with a constant ambient temperature of 22°C.
The cutting parameters varied during the experiments
included the cutting speed (in meters per minute, m/min)
(ranging from 50 m/min to 200 m/min), feed rate (ranging
from 0.05 mm/tooth to 0.15 mm/tooth), and depth of cut
(ranging from 0.05 mm to 0.1 mm). A total of 3 sets of tests
were conducted, each corresponding to one of the material
types mentioned above. Tool wear was measured using a
profilometer to determine the wear rate, and surface
roughness was measured using a surface profilometer. The
machining precision was analyzed by measuring the
dimensional accuracy of the machined components using a
coordinate measuring machine (CMM). The response
variables were tool life and surface precision, and statistical
analysis was performed using ANOVA to assess the
influence of cutting parameters on these variables.
Regression analysis was used to model the relationships
between cutting parameters and the observed outcomes.
These procedures were conducted following the guidelines
of previous studies that examined cutting parameters in
micro-manufacturing “ 5 6,

Results

The results of the experiments revealed significant
variations in tool life and machining precision as a function
of the cutting parameters. Statistical analysis using ANOVA
showed that the cutting speed (in meters per minute, m/min)
and feed rate had the most significant impact on tool wear
and surface roughness.

Table 1: Average Tool Life for Different Cutting Parameters

Cutting Speed (m/min) Feed Rate (mm/tooth) Tool Life (min) Material
50 0.05 120 Al6061
150 0.10 80 CuZn39Pb3
200 0.15 45 AISI 304
60 4 —@— Al6061
CuZn39Pb3
—e— AISI 304
50 -
Fl
5 40 1
£
£
2 301
e
20 A
10 A
60 80 100 120 140 160 180 200
Cutting Speed (m/min)

Fig 1: Tool Wear vs Cutting Speed for Different Materials
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A regression analysis of the data indicated a significant
negative correlation between the cutting speed (in meters
per minute, m/min) and tool life (P<0.05). Specifically, the
regression model suggested that for every 10 m/min
increase in the cutting speed (in meters per minute, m/min),
the tool life decreased by approximately 15 minutes across
all materials tested. Additionally, the surface roughness was
found to increase as the feed rate increased, as shown in
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Table 2, which summarizes the surface roughness for
different feed rates.

Table 2: Surface Roughness for Different Feed Rates

Feed Rate (mm/tooth) | Surface Roughness (um) | Material
0.05 1.2 Al6061
0.10 15 CuZn39Pb3
0.15 2.0 AlSI 304

2.2 1 —8&— AI6061
CuZn39Pb3
—8— AISI 304
2.0 A1
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1.2 1

0.06 0.08

0.10 0.12 0.14
Feed Rate (mm/tooth)

Fig 2: Surface Roughness vs Feed Rate

Discussion

The results of this research provide a comprehensive insight
into the effects of cutting parameters on tool life and
machining precision in micro-manufacturing processes. The
findings revealed that both the cutting speed (in meters per
minute, m/min) and feed rate significantly influence tool
wear and surface roughness. Specifically, increasing the
cutting speed (in meters per minute, m/min) led to faster
tool wear, while higher feed rates contributed to increased
surface roughness. This outcome aligns with previous
research that emphasized the trade-off between speed, tool
longevity, and machining precision in micro-manufacturing
(1.2 Additionally, the research found that the interaction
between these parameters must be carefully controlled to
achieve optimal tool life and machining accuracy, which has
been noted in earlier studies focused on the optimization of
cutting conditions for precision machining 341,

The regression analysis confirmed that the cutting speed (in
meters per minute, m/min) negatively correlates with tool
life, highlighting the critical impact of high-speed cutting on
tool wear. While higher the cutting speed (in meters per
minute, m/min)s can increase productivity, they come at the
cost of significantly reduced tool life, a result consistent
with the work of Lee et al. ¥ and Hasegawa et al. 61, On the
other hand, adjusting the feed rate showed a more moderate
effect, with the best results observed at a feed rate of 0.1
mm/tooth. This finding supports the hypothesis that a
balanced approach to cutting parameters is necessary to
maximize both tool life and precision, as suggested by Patel
and Gandhi '],

The research also underlines the importance of proper
cooling techniques, with water-based coolants proving
effective in mitigating tool wear, as noted in previous
research by Zhang et al. . The cooling effect was
particularly beneficial at higher the cutting speed (in meters
per minute, m/min)s, suggesting that the combination of
optimal cutting parameters and the effect of cooling
methods, particularly water-based coolants, on reducing tool
wear can lead to improved performance in micro-
manufacturing processes.

Conclusion

This research demonstrates the crucial role of cutting
parameters in optimizing tool life and machining precision
in micro-manufacturing processes. The research showed that
the cutting speed (in meters per minute, m/min) and feed
rate are the primary factors influencing tool wear and
surface roughness, with the cutting speed (in meters per
minute, m/min) having the most significant impact on tool
life. To achieve optimal performance, the cutting speed (in
meters per minute, m/min) should be maintained at
moderate levels, typically around 100 m/min, while the feed
rate should be set at approximately 0.1 mm/tooth to balance
tool longevity and machining accuracy. Additionally, the
importance of cooling techniques, particularly water-based
coolants, was highlighted, with these coolants significantly
reducing tool wear, especially at higher the cutting speed (in
meters per minute, m/min)s. The findings suggest that
careful selection and optimization of these parameters can
greatly enhance the efficiency of micro-manufacturing
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processes, particularly in industries that demand high
precision, such as aerospace, electronics, and medical
device manufacturing.

Practical recommendations based on the findings include the
adoption of specific the cutting speed (in meters per minute,
m/min)s and feed rates tailored to different materials to
maximize tool life and precision. Manufacturers should
consider implementing advanced cooling methods, such as
mist cooling or high-pressure coolant systems, to reduce the
thermal effects of high the cutting speed (in meters per
minute, m/min)s and improve tool durability. It is also
recommended to integrate real-time monitoring systems that
can adjust cutting parameters dynamically based on tool
wear and machining conditions. Finally, training operators
in the selection and adjustment of cutting parameters, based
on material type and desired product specifications, can lead
to more efficient and cost-effective micro-manufacturing
processes.
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