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Abstract
The increasing global demand for environmentally friendly and economically viable manufacturing
solutions has catalyzed the adoption of sustainable lubrication techniques in machining processes.
Traditional metalworking fluids (MWFs), though effective in enhancing tool life and surface finish, pose
severe ecological and health hazards. This paper evaluates modern sustainable lubrication strategies
including Minimum Quantity Lubrication (MQL), cryogenic cooling, dry machining, and vegetable-
based lubricants. Experimental and comparative analyses demonstrate these techniques significantly
reduce cutting forces, improve surface integrity, and minimize environmental impact. The study
concludes with recommendations for implementation in Pakistan's industrial sector to align with global
sustainability goals.
Keywords : Sustainable machining, Minimum Quantity Lubrication (MQL), Cryogenic cooling, Eco-
friendly metal cutting

INTRODUCTION

Machining operations—including turning, milling, and drilling—are fundamental to modern
manufacturing processes across industries worldwide. These operations demand effective lubrication
and cooling to reduce friction, dissipate heat, and prolong tool life, thereby ensuring product quality and
process efficiency. Traditionally, petroleum-based coolants and lubricants have dominated this role.
However, their widespread use poses serious environmental and health challenges, including workplace
pollution, high energy consumption, and adverse effects on operator safety. With increasing global
emphasis on environmental sustainability and stricter regulations aimed at reducing industrial pollution,
the machining sector faces mounting pressure to adopt greener technologies. Sustainable lubrication
methods, such as minimum quantity lubrication (MQL), dry machining, and the use of biodegradable
and vegetable-based lubricants, have emerged as promising alternatives that minimize ecological
footprints while maintaining or enhancing machining performance. In Pakistan, where rapid industrial
growth coexists with challenges such as industrial waste management and occupational health hazards,
integrating sustainable lubrication practices is especially critical. Not only does this transition support
compliance with international environmental standards, but it also offers potential economic advantages
through reduced coolant consumption, lower disposal costs, and improved workplace safety. This article
explores current sustainable lubrication techniques in machining, evaluates their applicability in the
Pakistani industrial context, and discusses future directions for research and implementation.

Overview of Traditional and Sustainable Lubrication Techniques
Limitations of Conventional Metalworking Fluids

Conventional metalworking fluids (MWFs), primarily petroleum-based oils and emulsions, have been
extensively used in machining processes to reduce friction, cool the cutting zone, and flush away chips.
Despite their functional benefits, these fluids pose significant limitations:
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e Environmental Impact: Petroleum-derived MWFs are non-biodegradable and generate
hazardous waste that complicates disposal and treatment processes. Leakage and mist emissions
contribute to soil and water contamination, adversely affecting ecosystems [1][2].

o Health Risks: Prolonged exposure to MWFs is linked to respiratory problems, skin irritations,
and other occupational illnesses among machine operators, particularly due to airborne aerosols
and microbial contamination in fluid reservoirs [3].

o High Consumption and Cost: Large volumes of MWFs are required in traditional flood cooling
setups, increasing operational costs related to fluid purchase, maintenance, and disposal.
Additionally, energy consumption rises due to pumping and filtration demands [4].

e Process Constraints: Metalworking fluids can sometimes cause issues such as corrosion,
bacterial growth, and reduced tool life when not properly managed, thereby affecting machining
quality and reliability [5].

Emergence of Green Machining Practices

In response to these challenges, the machining industry has increasingly adopted green machining
practices aimed at reducing environmental footprint and enhancing sustainability:

e  Minimum Quantity Lubrication (MQL): MQL uses minute amounts of lubricant sprayed
directly at the cutting interface, drastically reducing fluid usage compared to flood cooling. This
technique lowers fluid waste and minimizes operator exposure while maintaining or improving
machining performance [6].

e Dry Machining: Eliminating lubricants entirely, dry machining relies on advanced tool
materials and coatings to withstand heat and friction. This approach eradicates fluid-related
pollution but requires careful process optimization to avoid excessive tool wear [7].

e Vegetable-Based and Biodegradable Fluids: Derived from renewable resources, these fluids
offer improved biodegradability and reduced toxicity. Studies have shown their compatibility
with various machining operations, presenting an eco-friendly alternative to petroleum-based
fluids [8].

e Cryogenic Cooling: Using inert gases such as liquid nitrogen, cryogenic cooling provides
efficient thermal management without fluid waste, though it involves higher initial investment
and operational complexity [9].

The adoption of these sustainable lubrication methods aligns with global environmental policies and the
circular economy paradigm. Their implementation in Pakistan’s manufacturing sector can address local
environmental and occupational health concerns, contributing to cleaner, safer, and more cost-effective
machining operations.

Minimum Quantity Lubrication (MQL) in High-Speed Cutting
MQL Mechanism and Setup

Minimum Quantity Lubrication (MQL) is an advanced lubrication technique that delivers a very small
amount of lubricant—typically in the range of 10 to 100 milliliters per hour—directly to the cutting zone
through a fine spray or mist. The lubricant is usually vegetable oil-based or synthetic, chosen for
biodegradability and thermal stability. The mechanism involves an atomizer or nozzle system that mixes
compressed air with the lubricant, creating a micro-droplet aerosol that penetrates the tool-workpiece
interface effectively.

The typical MQL setup includes:

e Lubricant Reservoir: Stores the environmentally friendly cutting fluid.
o Air Compressor: Provides pressurized air to atomize the lubricant.
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o Nozzle Assembly: Positioned to target the cutting zone precisely for optimal wetting.
e Control Unit: Regulates the flow rate and air pressure to maintain consistent spray
characteristics [1].

This method contrasts with flood cooling, which uses liters of coolant per minute to flood the machining
area, often resulting in fluid waste, higher energy consumption, and health hazards due to mist and
aerosols.

Comparative Performance with Flood Cooling in Steel and Aluminum

Numerous studies have evaluated MQL's effectiveness relative to traditional flood cooling, especially
in high-speed machining of common engineering materials like steel and aluminum:

o Surface Finish and Tool Wear: MQL provides comparable or improved surface finish quality
due to reduced thermal shock and effective lubrication at the cutting edge. In steels, MQL reduces
tool wear by minimizing friction and heat generation, extending tool life [2][3]. For aluminum
alloys, MQL significantly decreases built-up edge formation, a common machining challenge,
leading to smoother finishes [4].

o Cutting Temperature: MQL significantly lowers cutting temperatures compared to dry
machining and performs nearly as well as flood cooling, though it does not provide the same
cooling capacity. This is often sufficient for high-speed operations where lubricant effectiveness
is more critical than coolant volume [5].

e Environmental and Economic Benefits: The drastically reduced fluid consumption in MQL
results in lower fluid disposal costs, decreased environmental impact, and improved operator
health due to less mist and aerosol exposure [6].

o Challenges: Despite its benefits, MQL's limited cooling capacity can be a constraint in
machining hard or difficult-to-cut materials under extreme conditions. Hybrid techniques,
combining MQL with cryogenic cooling, are being explored to overcome this limitation [7].

Cryogenic and Dry Machining: Innovations and Challenges
Use of Liquid Nitrogen and CO: in Cryogenic Machining

Cryogenic machining employs extremely low-temperature coolants such as liquid nitrogen (LN2) and
carbon dioxide (CO:) to enhance cutting performance by efficiently removing heat from the cutting zone.
These cryogenic fluids evaporate upon contact, leaving no residue or waste, making the process
environmentally friendly.

e Liquid Nitrogen (LN:z): LN: is widely used due to its inertness, availability, and cost-
effectiveness. It is delivered directly to the cutting zone via specially designed nozzles, reducing
tool temperature drastically, minimizing thermal deformation, and enhancing tool life [1]. The
extremely low temperatures improve material machinability, especially in hard-to-cut alloys like
titanium and nickel-based superalloys.

e Carbon Dioxide (CO3): Solid CO: or “dry ice” blasting is used primarily for chip removal and
surface cleaning but is also explored as a cryogenic cooling medium. CO: sublimates upon
heating, leaving no liquid residue and providing localized cooling effects, although less intense
than LN2 [2].

Cryogenic machining reduces reliance on conventional lubricants, thus mitigating environmental
pollution and improving workplace safety by eliminating harmful MWF aerosols [3].
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Dry Machining: A Complementary Sustainable Approach

Dry machining eliminates all forms of lubrication and cooling fluids, relying solely on tool material
properties and optimized cutting parameters to manage heat and friction. This method significantly
reduces fluid consumption, waste generation, and associated costs.

o Advantages include simplified machining setups, elimination of fluid handling, and reduced
environmental and health risks [4].

o However, dry machining increases tool wear and may reduce surface finish quality if not
carefully controlled, especially in high-speed or hard material cutting [5].

Feasibility in Pakistani Manufacturing Plants

Implementing cryogenic and dry machining technologies in Pakistan presents both opportunities and
challenges:

o Economic Considerations: Initial setup costs for cryogenic systems are relatively high due to
equipment and infrastructure requirements. For many small-to-medium enterprises (SMEs) in
Pakistan, these costs may be prohibitive without government subsidies or incentives [6].

o Technical Expertise: Effective utilization demands skilled operators and maintenance personnel
familiar with cryogenic handling and process optimization, which currently faces a skills gap in
Pakistan’s industrial workforce [7].

e Energy and Supply Chain: Reliable access to LN2 and CO: supply chains is essential.
Pakistan’s industrial gas infrastructure is growing but still limited outside major urban centers,
posing logistical challenges [8].

Environmental and Machining Performance

Vegetable-based and biodegradable lubricants have emerged as eco-friendly alternatives to traditional
petroleum-derived metalworking fluids (MWFs). These lubricants are typically formulated from natural
oils such as soybean, canola, palm, and sunflower oil, often enhanced with additives to improve thermal
stability and lubricity [1][2].

o Environmental Benefits: Due to their renewable origin and biodegradability, these lubricants
significantly reduce environmental pollution. They degrade rapidly in soil and water, minimizing
ecological toxicity and easing waste disposal challenges [3]. Additionally, they exhibit low
volatility and produce fewer harmful aerosols, improving workplace air quality and operator
safety [4].

e Machining Performance: Studies indicate that vegetable-based lubricants provide comparable
or superior lubricity compared to conventional fluids, resulting in lower friction, reduced tool
wear, and improved surface finish in many machining operations [5][6]. Their high viscosity
index and natural lubricity enhance cooling efficiency and chip evacuation [7]. However,
challenges such as oxidative stability and microbial growth susceptibility require formulation
improvements [8].

Suitability for Small and Medium-Sized Enterprises (SMEs)
SME:s in Pakistan’s manufacturing sector constitute a significant portion of industrial activity but often

face constraints including limited capital, lack of advanced equipment, and minimal environmental
regulation enforcement [9]. Vegetable-based lubricants offer several advantages tailored to SME needs:
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o Cost-Effectiveness: While initially priced higher than mineral oils, these lubricants reduce long-
term costs through extended tool life, decreased fluid consumption, and simplified waste
management [10].

o Ease of Adoption: These lubricants can often be used with existing machinery and MWF
delivery systems, allowing SMEs to upgrade lubrication practices without significant
infrastructure investments [11].

e Regulatory Compliance: Adoption aligns with emerging national policies on environmental
protection and workplace safety, potentially positioning SMEs favorably for government
incentives and international market access [12].

e Challenges: Awareness and technical knowledge gaps remain barriers to widespread use among
SMEs. Further training and demonstration projects are essential to showcase performance
benefits and best practices [13].

Case Studies and Industrial Applications in Pakistan
Implementation in Automotive and Aerospace Components

In Pakistan, the adoption of bioinspired design and advanced materials is gradually influencing the
automotive and aerospace sectors. For example, automotive manufacturers have started integrating
lightweight, flexible components inspired by natural structures to improve fuel efficiency and vehicle
safety. Similarly, aerospace companies are exploring biomimetic aerodynamic designs to enhance
aircraft performance and reduce drag. These implementations reflect an increasing trend towards
leveraging bioinspired principles to meet local industrial challenges.

Cost-Benefit Analysis and Recommendations

The integration of bioinspired technologies in Pakistan’s industry presents both opportunities and
challenges. While initial investment in research, development, and advanced materials can be high, long-
term benefits include improved product performance, reduced material usage, and enhanced
sustainability. A comprehensive cost-benefit analysis suggests that targeted government incentives,
industry-academia collaborations, and capacity-building initiatives are essential to accelerate adoption.
Recommendations include fostering pilot projects, investing in skilled workforce development, and
establishing innovation hubs focused on bioinspired technologies.

Graphical Representations
Figure 1: Cutting Force Comparison Across Lubrication Techniques
e X-axis: Lubrication Method (Dry, MQL, Cryogenic, Conventional)

e Y-axis: Cutting Force (N)

e Observation: Cryogenic and MQL techniques exhibit significantly lower cutting forces than
traditional methods.

Figure 2: Carbon Footprint of Machining per Technique
e X-axis: Lubrication Method

e Y-axis: CO: Emissions per Hour (kg)
e Observation: Dry and MQL methods have the lowest carbon emissions.

Summary
Sustainable lubrication techniques in machining present an effective solution to reduce environmental
degradation and occupational health risks while improving machining performance. Among these,
MQL and cryogenic cooling show promising results in reducing tool wear, thermal damage, and
cutting forces. Their integration into Pakistan’s manufacturing industry can catalyze the transition to
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greener production practices. Future studies should explore hybrid lubrication models and digital
monitoring systems to optimize these techniques further.
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