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ABSTRACT 

High-speed machining of titanium alloys presents significant challenges due to 

poor thermal conductivity, high cutting temperatures, and rapid tool wear—

particularly in aerospace applications. This paper explores a hybrid cooling 

approach combining Cryogenic Cooling and Minimum Quantity Lubrication 

(MQL), aiming to optimize tool wear, surface finish, and chip morphology. By 

comparing cryogenic, MQL, and hybrid methods, the study reveals that the 

hybrid technique significantly improves cooling performance, reduces wear 

rate, and produces better surface integrity. These findings have critical 

implications for the aerospace industry, where machining efficiency and 

precision are paramount. 
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INTRODUCTION 

Titanium alloys are extensively used in aerospace manufacturing due to their high strength-to-

weight ratio, excellent corrosion resistance, and ability to withstand extreme environments. 

However, machining these materials—especially under high-speed conditions—poses 

challenges such as rapid tool degradation, excessive heat generation, and poor surface finish. 

Conventional cooling methods are often inadequate in managing the thermal loads and 

ensuring sustainable performance. 

 

Recent advancements in cutting fluid delivery systems, such as Cryogenic Cooling using 

liquid nitrogen and Minimum Quantity Lubrication (MQL), have opened new avenues for 

enhancing machining efficiency. Cryogenic cooling effectively reduces cutting zone 

temperatures, while MQL provides lubrication with minimal environmental impact. This 

paper focuses on the synergistic effects of these two techniques in a hybrid configuration for 

high-speed titanium alloy machining. 

 

LITERATURE REVIEW 

The machinability of titanium alloys, particularly Ti-6Al-4V, remains a longstanding 

challenge due to their low thermal conductivity, high chemical reactivity with cutting tools, 

and high strength at elevated temperatures. These characteristics result in excessive heat 

generation at the tool-workpiece interface, leading to rapid tool wear, poor surface finish, and 

undesirable chip formation. Researchers have, therefore, explored alternative cooling and 

lubrication strategies to mitigate these adverse effects. 

 

Cryogenic cooling, which involves the use of liquid nitrogen (LN₂) or carbon dioxide (CO₂) to 

dissipate heat during machining, has been extensively studied for its ability to significantly 

reduce cutting temperatures. Yildiz and Nalbant (2008) noted that cryogenic cooling 

effectively suppresses thermal softening of both the tool and the workpiece, contributing to 

lower flank wear and enhanced dimensional accuracy. Bermingham et al. (2013) 

demonstrated that cryogenic cooling during the machining of Ti–6Al–4V resulted in improved 
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chip segmentation and reduced burr formation, highlighting its potential for improving 

material removal processes in aerospace-grade alloys. 

 

Parallel to cryogenic systems, Minimum Quantity Lubrication (MQL) has emerged as a 

promising technique for sustainable machining. Unlike flood cooling, MQL applies a finely 

atomized mist of lubricant in minimal quantities (typically less than 100 mL/hr), providing 

sufficient lubrication while dramatically reducing environmental waste. Studies by Khan et al. 

(2009) and Dhar et al. (2006) reported notable reductions in cutting forces and tool wear 

during MQL-assisted machining of ferrous and non-ferrous alloys. Moreover, MQL was 

found to improve surface integrity by reducing adhesion and built-up edge (BUE) formation. 

 

Despite the individual advantages of cryogenic and MQL systems, limited literature exists on 

their combined use—commonly referred to as hybrid cooling. The integration of cryogenic 

cooling with MQL theoretically combines the strengths of both: cryogen's heat mitigation 

with MQL’s lubricity. Paul and Chattopadhyay (2013) suggested that hybrid cooling could be 

particularly effective in maintaining thermal stability and mechanical support at the tool-chip 

interface. However, most existing studies on hybrid systems are confined to low-to-moderate 

cutting speeds, and very few have addressed high-speed machining conditions, which are 

essential for aerospace manufacturing. 

 

Rajaguru et al. (2020) applied a Taguchi method to analyze the effect of hybrid cooling in 

turning operations and observed an improvement in surface roughness and tool life compared 

to individual strategies. However, the study was limited by small sample sizes and a narrow 

range of cutting parameters. Similarly, Gajrani et al. (2019) conducted an exploratory study 

that indicated better chip morphology and temperature control in hybrid-cooled environments 

but lacked detailed thermal and economic analysis. 

 

In summary, the literature presents strong evidence supporting the individual efficacy of 

cryogenic cooling and MQL in improving machining outcomes for titanium and other 

difficult-to-machine alloys. However, the simultaneous application of these methods, 

particularly under high-speed conditions that reflect real-world aerospace manufacturing 

requirements, remains underexplored. There is a clear gap in comprehensive studies that 

evaluate the thermal, tribological, mechanical, and economic impacts of hybrid cooling 
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systems across a wide range of machining parameters. Addressing this gap is critical to 

establishing hybrid cooling as a reliable and sustainable technique for the machining of high-

performance materials like Ti-6Al-4V. 

 

This study aims to bridge that gap by evaluating the performance of a synchronized hybrid 

cooling system during high-speed turning of Ti-6Al-4V, comparing tool wear, surface finish, 

chip formation, and coolant efficiency with those of standalone cryogenic and MQL 

strategies. 

 

MATERIALS AND METHODS 

This study was conducted to evaluate the performance of hybrid cooling techniques during 

high-speed machining of titanium alloys, specifically focusing on Ti-6Al-4V—an alloy 

commonly used in aerospace manufacturing due to its superior mechanical and chemical 

properties. The high strength-to-weight ratio, corrosion resistance, and thermal stability of Ti-

6Al-4V make it ideal for aerospace components. However, its low thermal conductivity and 

chemical reactivity with cutting tools pose significant challenges in machining. 

 

To address these issues, an experimental setup was designed that implemented three distinct 

cooling strategies: Cryogenic Cooling (CC), Minimum Quantity Lubrication (MQL), and a 

Hybrid Cooling System combining both. The primary objective was to evaluate and compare 

the performance of each cooling method in terms of tool wear, surface finish, and chip 

morphology under controlled high-speed turning operations. 

 

Workpiece Material and Tool Selection 

The workpiece material selected for this investigation was Ti-6Al-4V, supplied in cylindrical 

bars of 50 mm diameter and 150 mm length. This material was chosen due to its high 

industrial relevance and challenging machinability under conventional conditions. Uncoated 

carbide inserts were used for all experiments to eliminate the influence of tool coating on wear 

resistance, thereby isolating the effect of cooling strategies. 

 

Machine Setup 

The machining operations were performed on a CNC lathe with a power rating of 7.5 kW and 

maximum spindle speed of 3000 RPM. Turning operations were conducted at varying cutting 
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speeds ranging from 80 to 160 meters per minute, which reflects typical high-speed 

machining conditions. The feed rate and depth of cut were kept constant at 0.2 mm/rev and 

1.0 mm, respectively, across all trials to ensure comparability. 

 

Cooling Methods 

• Cryogenic Cooling: In this approach, liquid nitrogen (LN₂) was directed at the tool-

workpiece interface using a specialized nozzle system. The LN₂ was maintained at a 

temperature of −196°C and stored in an insulated Dewar flask. 

 

• Minimum Quantity Lubrication (MQL): A biodegradable vegetable-oil-based 

lubricant was atomized with compressed air and sprayed at a controlled flow rate of 50 

mL/hr directly onto the cutting zone. The air pressure was maintained at 5 bar to 

ensure adequate penetration. 

 

• Hybrid Cooling: Both LN₂ and MQL systems were activated simultaneously, with 

precise synchronization to ensure that the cryogen cooled the tool while the MQL 

reduced friction. This combination was intended to benefit from both temperature 

reduction and lubrication. 

 

• Data Collection 

Tool wear was measured at fixed intervals using a toolmaker's microscope with 0.01 

mm resolution. Surface finish measurements were taken using a contact-type 

profilometer. Chip samples were collected after each run and analyzed under a 

scanning electron microscope (SEM) to study morphology. Energy consumption was 

monitored via a power analyzer, and coolant usage was manually logged and cross-

verified with flow sensors. 

 

Table 1: Experimental Setup Parameters 

Parameter Value 

Workpiece Material Ti-6Al-4V 

Tool Type Uncoated Carbide Insert 

Cutting Speed 80–160 m/min 
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Parameter Value 

Feed Rate 0.2 mm/rev 

Depth of Cut 1.0 mm 

Cooling Techniques Cryogenic, MQL, Hybrid 

MQL Flow Rate 50 mL/hr 

Cryogen Temperature −196°C (Liquid Nitrogen) 

 

RESULTS AND DISCUSSION 

Tool Wear Analysis 

Tool wear is a primary concern when machining titanium alloys, as rapid deterioration can 

lead to dimensional inaccuracy, increased surface roughness, and tool failure. Flank wear was 

measured after 30 minutes of continuous operation under each cooling strategy. The cryogenic 

cooling method reduced thermal degradation of the cutting tool but lacked lubrication, which 

limited its wear resistance. MQL provided lubrication benefits but could not sufficiently 

dissipate heat. 

 

The hybrid method, however, significantly minimized tool wear by combining the thermal 

resistance provided by cryogenic cooling with the friction reduction effects of MQL. The 

flank wear was notably the least under hybrid conditions, indicating its superior performance. 

 

 

Figure 1: Tool Wear Comparison across Cooling Methods 
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Surface Finish Evaluation 

Surface roughness (Ra) was evaluated using a profilometer. The hybrid method resulted in the 

smoothest surfaces due to reduced built-up edge formation and better lubrication. 

 

Table 2: Surface Roughness (Ra) Comparison 

Cooling Method Ra (µm) 

Cryogenic 1.15 

MQL 0.98 

Hybrid 0.65 

 

Chip Morphology Study 

Chip shapes were analyzed using SEM imaging. Cryogenic cooling produced segmented 

chips, while MQL yielded helical ones. The hybrid approach resulted in compact, short helical 

chips—ideal for chip evacuation and tool safety. 

 

Energy Consumption and Coolant Efficiency 

The hybrid method, while slightly more energy-intensive than MQL, resulted in better tool 

life and reduced rework due to improved finish. When adjusted for rework and tool 

replacement costs, hybrid cooling is found to be more efficient. 

 

Table 3: Relative Energy and Coolant Efficiency 

Cooling Method Energy Usage (kWh) Coolant Cost (USD/hr) Tool Life (min) 

Cryogenic 1.5 2.5 45 

MQL 1.2 1.0 60 

Hybrid 1.6 3.0 90 

 

Advantages of Hybrid Cooling For Aerospace Applications 

In aerospace applications, component reliability, surface integrity, and dimensional precision 

are non-negotiable. The hybrid cooling strategy aligns with these stringent requirements by 

offering reduced thermal loads, minimized tool wear, and smoother surface finishes. This 
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ensures fewer post-machining operations such as grinding or polishing, leading to higher 

throughput and cost savings. 

 

Moreover, the environmental impact of the hybrid method remains moderate. The use of 

biodegradable MQL lubricants and nitrogen—a naturally abundant, inert gas—makes it an 

environmentally conscious choice suitable for green manufacturing frameworks. 

 

Limitations and Future Work 

Despite its advantages, hybrid cooling poses challenges in system design and operation. 

Coordinating cryogenic delivery and MQL spray timing demands precise control, increasing 

the initial setup cost and complexity. Additionally, safety protocols for handling liquid 

nitrogen must be rigorously followed. 

 

Future studies can expand this work to include: 

• Real-time thermal mapping during machining 

• Adaptive cooling based on temperature sensors 

• Application in multi-axis CNC and complex aerospace geometries 

• Integration with AI-based decision systems for smart cooling control 

 

These directions can help industrialize hybrid cooling as a reliable, intelligent, and sustainable 

machining solution for high-value aerospace applications. 

 

CONCLUSION 

The hybrid cooling technique combining cryogenic and MQL methods significantly enhances 

high-speed machining performance of titanium alloys. Reduced tool wear, superior surface 

quality, and improved chip morphology indicate that this method is particularly suited for 

aerospace-grade manufacturing where precision and durability are non-negotiable. 
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