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ABSTRACT 

Cryogenic milling has appeared as a promising machining method for refining the 

efficiency and sustainability of metal-removing processes. However, to fully realize the 

benefits of cryogenic milling, it’s essential to understand, and optimize the properties of 

machining tools used in the process. This review studies the effectiveness and behaviour of 

different machining parameters on tool and workpiece properties. The review involves a 

comprehensive analysis of various machining tool properties, such as tool material, tool 

coating, tool geometry, and wear of cutting tool resistance. The conclusions of this review 

include an all-inclusive understanding of the influence of machining tool properties on 

cryogenic milling performance, identifying key factors for sustainable machining to optimize 

tool selection. The findings will benefit industries involved in metal-cutting processes, such as 

aerospace, automotive, and manufacturing, by improving productivity, reducing energy 

consumption, and minimizing environmental impacts. This study bridges the knowledge gap 

regarding the effectiveness of machining tool properties for sustainability in cryogenic milling.  

Consequently, this review will contribute to advancing the field of cryogenic 

machining, enabling the adoption of environmentally friendly and economically viable 

manufacturing practices, respectively.   

Keywords: Machining Tool, Cryogenic Milling Properties, Conventional Cooling Approaches, 

Metal Cutting. 

 

INTRODUCTION 

Sustainability Assessment of Coolant Flow in Cryogenic Milling Process 

Cryogenic cooling is becoming increasingly common in titanium machining due to its 

effectiveness in heat dissipation. Iqbal et al (2021) investigated the feasibility of milling a 

common titanium alloy (Ti-6Al-4V) using two different cryogenic coolants at varying mass 

flow rates and surface speeds. The three cooling methods tested were dry, liquid nitrogen 

(LN2), and throttle cryogenic coolant (compressed CO2 gas). The sustainability of the milling 

process was evaluated based on wear of cutting tool, fluid cost, specific cutting energy, 

workpiece surface irregularities, and throughput. Dry milling at the highest surface speed 

resulted in the worst wear of cutting tool and surface irregularities. LN2 at the highest flow rate 

and lowest surface speed also resulted in the poorest energy efficiency. Tahmasebi et al (2019) 

used computational fluid dynamics (CFD) to analyze the communication between the coolant 
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jet and the cutting zone, as well as the behavior of LN2 in the coolant distribution system. They 

investigated the effects of operating conditions, nozzle shape, on the effectiveness of coolant 

distribution.  

The study's findings provide three key recommendations for trustworthy industrial cryogenic 

milling: 

• Use liquid nitrogen at pressures between 2 and 4 bar. 

• Increase the concentration of liquid nitrogen in the coolant mixture. 

• Improve the heat resistance of the supply line. 

Variables Affecting Conventional Coolants in Metal Cutting Applications 

The performance and efficacy of traditional coolants in metal-cutting operations can be 

impacted by several factors. The kind of coolant is a crucial factor since various coolants, 

including soluble oils, synthetic fluids, or semi-synthetic fluids, have distinct cooling and 

lubricating capabilities. Another important aspect is the coolant's concentration and mixing 

ratio. Maintaining the proper concentration enables optimal cooling and lubrication due to 

excessive concentration might impede heat dissipation and a concentration that is too low can 

result in subpar performance. The coolant's pressure and flow rate both significantly affect how 

effectively it cools. Inadequate cooling and lubrication might arise from insufficient flow or 

pressure, which can worsen chip evacuation and increase wear of cutting tool. On the other 

hand, high flow or pressure can result in coolant waste and pose environmental risks (Race, et 

al 2021). Effective cooling requires proper nozzle location and coolant delivery techniques. To 

maintain appropriate coolant coverage in the cutting zone and enable effective heat dissipation 

and lubrication, coolant nozzles must be positioned correctly and coolant delivery methods, 

such as flood coolant or mist coolant, must be optimised. Critical factors that affect coolant 

performance include the kind of workpiece material and the particular machining procedure. 

Different materials require different coolant techniques due to their different thermal 

conductivity, chip-forming properties, and heat generation rates. The cutting constraints, such 

as surface speed, Tool advance rate, and D.o.C., also have a substantial effect on heat 

generation and chip formation. Cutting parameter changes can help to increase cooling 

performance and lead to better machining results when combined with coolant selection and 

application. By properly taking into account these factors, manufacturers may improve cooling 

effectiveness, cutting-edge lifespan, and overall machining performance while employing 

traditional coolants in metal-cutting applications. 

Challenges and Issues in Cryogenic Milling Properties 

To fully utilise the potential of cryogenic milling, which includes cutting using liquid nitrogen 

or other cryogenic fluids at extremely low temperatures, several problems and obstacles must 

be resolved. Thermal control is a considerable difficulty. Cryogenic milling increases cutting-

edge lifespan and reduces cutting pressures, but extremely low temperatures can cause thermal 

strains and workpiece deformation. The workpiece must be pre-cooled, the cooling rate must 
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be controlled, and the cutting parameters must be optimised to minimise thermal-related 

problems and ensure dimensional stability during the machining process. The evacuation of 

chips is another difficulty in cryogenic milling. Chip accumulation, poor surface quality, and 

probable tool damage might result from the low temperatures making chips more brittle and 

challenging to remove. To guarantee efficient chip removal and avoid chip-related problems, 

effective chip evacuation solutions are required, such as the application of high-pressure 

coolant or specialised chip evacuation systems. Cryogenic fluids can also deposit frost or ice 

on cutting tools, impairing tool performance and lowering cutting efficiency. For cryogenic 

milling operations to be effective, the proper precautions must be put in place, such as tool 

coatings or design changes, to avoid ice formation and maintain tool integrity (Li, W, et al 

2014). It takes a thorough grasp of the procedure, careful selection of the cutting constraints, 

and the right equipment and tooling selections to overcome these difficulties in cryogenic 

milling. In addition, to minimise possible problems and maximise the advantages of cryogenic 

milling, ongoing monitoring and optimisation of the machining settings are required (Jawahir, 

et al 2016). 

NEED AND IMPORTANCE OF MACHINING TOOLS IN CRYOGENIC MILLING 

PROPERTIES 

To achieve maximum performance and realise the full potential of this sophisticated machining 

technique, cryogenic milling qualities need and emphasise the relevance of machining tools. 

To extend cutting-edge lifespan, lessen shearing forces, and improve surface smoothness, 

cryogenic milling includes machining at extremely low temperatures utilising cryogenic fluids 

like liquid nitrogen. To get these advantages, machining tools are essential. First, the material 

qualities of the machining tools need to be carefully considered. The performance and integrity 

of tools can be impacted by the extremely low temperatures experienced during cryogenic 

milling. To preserve dimensional stability and reduce wear of cutting tool, it is essential to 

select tool materials with good thermal stability and low thermal expansion coefficients. 

Cryogenic milling frequently utilises materials for carbide or ceramics because of their superior 

thermal characteristics. Through the use of these materials, the tools are guaranteed to endure 

the harsh cryogenic environment and provide constant performance during the machining 

operation (Ross, et al 2022). In cryogenic milling, the design and geometry of the machining 

tools are crucial. The best tool design allows for optimal cooling, efficient chip evacuation, and 

increased cutting performance. Chip control, reduced shearing forces, and Smoother chip 

discharge from the cutting area are all benefits of properly designed chip breakers, flute 

designs, and edge preparations. Furthermore, the tool's well-designed cooling channels 

improve heat dissipation and aid in preventing ice development on the tool's surface. The 

advantages of cryogenic milling, which include higher surface polish, increased cutting-edge 

lifespan, and greater machining efficiency, are maximised by using the proper tool design and 

geometry (Mallick, et al 2023). It is impossible to exaggerate the value and need of machining 

tools in cryogenic milling characteristics. Durability, thermal stability, and cutting performance 

in extremely cold environments are ensured by careful material selection for tools along with 

the optimized tool design and geometry. Manufacturers can obtain superior results and fully 

take benefits of cryogenic milling in terms of cutting-edge lifespan, cutting efficiency, and 
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surface quality by investing in high-quality machining tools particularly designed for cryogenic 

conditions. 

Cryogens and Cryogen Delivery Methods in Machining Processes 

The delivery of cryogens, such as liquid nitrogen (LN2), carbon dioxide (CO2), which are 

frequently deployed in machining processes, through flood cooling, through-tool cooling, and 

cryogenic jets, each with advantages and disadvantages, are investigated by Khanna, et al 2020 

to maximize cooling and lubrication effects in machining operations. The outcome shows that, 

as related to dry machining, the average surface irregularities under cryogenic machining 

improves by up to 40% at most combinations of process settings. Cryogenic machining is 

therefore recommended to get better surface characteristics. 

SUSTAINABLE MACHINING TOOL PROPERTIES PREDICTION 

For the industrial sector to minimise resource consumption, lessen environmental 

impact, and boost overall productivity, sustainable machining practises are crucial. The 

potential approach to enhance machining performance is cryogenic milling, which uses liquid 

nitrogen or other cryogenic fluids. It has advantages including less shearing force, longer 

cutting-edge lifespan, better surface polish, and lower environmental pollutants. However, it is 

essential to precisely forecast and optimise the parameters of the machining tools used in this 

process to completely take use of the benefits of cryogenic milling (Gueli, et al 2021). 

Evaluation of several variables, such as tool material, tool coatings, geometrical parameters, 

and cutting circumstances, is required for the prediction of machining tool attributes for 

sustainability. This forecast helps tool makers to choose appropriate tools that can endure the 

harsh cryogenic milling conditions and keep their performance for a long length of time. 

Additionally, it helps in optimising tool design and material choice to increase machining 

productivity, cost-effectiveness, and sustainability. It seeks to evaluate the efficacy of various 

machining tool features while developing the best prediction models to direct tool design and 

selection. Correlations between machining parameters, tool characteristics, and performance 

indicators will be determined through sophisticated analytical approaches including machine 

learning algorithms and statistical modelling (Sharma, et al 2022). The conclusions of this 

research will benefit society to better comprehend the connection between the sustainability of 

cryogenic milling operations and the qualities of machining tools. The established prediction 

models will make it possible to select the best tools, improve process effectiveness, reduce 

environmental impact, and add to the industrial sector's overall sustainability. Manufacturers 

may strike a balance between their operations' economic viability, environmental 

responsibility, and social concerns through the implementation of sustainable machining 

practises. 

Sustainability Gains in Machining Using Cryogenic Fluid 

Due to its amazing performance advantage to other conventional coolants and oils to 

make goods of higher quality, cryogenic machining is becoming a viable option. Khanna, et al 

2021 conducted study on machining difficult-to-cut materials, including composites, ferrous 

alloys, and other hard-to-cut materials (Songmene, et al 2018). Shah et al 2020 examined the 

various cooling and lubricating methods used while drilling titanium alloy, including dry, 
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flood, and cryogenic using LCO2 and LN2. The underlying mechanism of essential reactions, 

including surface irregularities, temperature, cutting-edge lifespan, and machining cost under 

different machining environments, was introduced by Jamil et al 2019. According to 

experimental findings, dry machining and MQL were followed by cryogenic conditions for 

extended cutting-edge lifespan and lower machining costs. 

Impact of Machining Tool Properties on Sustainability in Cryogenic Milling 

The impact of machining tool characteristics on sustainability must be taken into 

consideration to optimise the environmental and economic aspects of this machining process. 

The machining tool properties directly affect the efficiency, productivity, and environmental 

impact of cryogenic milling. The sustainability of cryogenic milling depends on the application 

of durable and robust machining tools. Measurement of shearing forces and cutting 

temperatures is conducted, and a metallurgical evaluation is performed on the resulting chips. 

(Liu, et al 2016). Longer-lasting tools use less material and create less waste since they need 

to be replaced less frequently. The overall amount of tooling required and the environmental 

impact of tool replacement are reduced when tools have exceptional wear resistance and the 

capacity to withstand extremely cold temperatures for a longer period. Durable tools also help 

to maintain consistent machining performance, boost output, and consume less energy. For 

ecologically responsible cryogenic milling, the selection of proper tool materials is crucial. 

Ideal tool materials provide strong thermal stability and wear resistance under cryogenic 

conditions. High-speed steels (HSS), carbides, ceramics, and polycrystalline diamond (PCD) 

are often used tool materials in cryogenic milling because of their durability and temperature 

properties (Bergs, et al 2016). In selecting tool materials that can tolerate extremely low 

temperatures while keeping their mechanical properties, reliable and effective machining 

processes are achieved. Additionally, utilising recyclable and environmentally friendly tool 

materials promotes sustainability by reducing the environmental impact associated with the 

disposal of outdated tools. 

CURRENT TRENDS AND DEVELOPMENTS FOR MACHINING TOOLS IN 

CRYOGENIC MILLING PROPERTIES 

 Investigating multi-material tooling options for cryogenic milling is one new trend. To 

improve tool performance in cold conditions, researchers and tool makers are investigating the 

usage of hybrid tool designs that incorporate several materials, such as carbide, ceramics, and 

composites. These multi-material tooling systems seek to improve cutting-edge lifespan and 

cutting performance in cryogenic milling operations by utilising the advantages of each 

material, such as high wear resistance, thermal stability, or toughness. Another development to 

keep an eye on is the incorporation of sensors and smart technology into machining equipment. 

During cryogenic milling, smart tooling solutions with sensors and monitoring systems may 

offer real-time information on wear of cutting tool, temperature, and shearing forces. Predictive 

maintenance, process improvement, and condition monitoring can all benefit from this data. 

Expect further developments and advances in machining tool design, materials, coatings, and 

monitoring systems as research and technology development progress. With these 

developments, cryogenic milling is anticipated to experience gains in tool performance, 
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cutting-edge lifespan, and sustainability, allowing manufacturers to streamline their processes 

and enhance productivity, cost-effectiveness, and environmental impact. 

CONTRIBUTION OF THE RESEARCH WORK 

Several significant components of the machining business are influenced by the 

prediction and development of machining equipment for cryogenic milling properties. 

Improvements in machining tools for cryogenic milling qualities have led to an increase in tool 

performance. Manufacturers may achieve longer cutting-edge lifespan, lower wear rates, and 

more cutting efficiency through the development of tool materials, coatings, and designs 

particularly suited for cold settings. These developments boost output, decrease downtime for 

tool changes, and enhance machining results, which ultimately help firms save money and run 

more effectively. Process optimisation is made possible by predictions made about machining 

tools' cryogenic milling characteristics. Manufacturers may optimise cutting parameters, tool 

geometries, and cooling techniques by comprehending the behaviour of cutting tools in 

cryogenic conditions and utilising cutting-edge tooling solutions. This optimisation results in 

more dependable and efficient machining operations by lowering shearing forces, reducing 

wear of cutting tool, and improving chip evacuation. Surface quality, dimensional accuracy, 

and overall productivity are all improved in cryogenic milling when the best processing 

conditions can be achieved. Machining tools with cryogenic milling capabilities help to 

increase sustainability and lessen the negative effects of machining on the environment. The 

amount of material consumed and waste produced by manufacturers can be reduced by 

extending cutting-edge lifespan and lowering tooling needs. Sustainability in the machining 

sector is further improved through developments in eco-friendly tool materials, coatings, and 

recycling techniques. When utilised in conjunction with environmentally friendly tooling 

options, cryogenic milling may assist businesses in adhering to environmental requirements 

and achieving their sustainability objectives. The prediction and development of machining 

tools for cryogenic milling qualities contribute significantly to the machining industry's efforts 

to improve sustainability, process efficiency, and tool performance. These developments open 

the door for increased machining productivity, lower costs, and less environmental impact, 

which is advantageous for manufacturers and the long-term sustainability of the manufacturing 

industry. 

CONCLUSION AND FUTURE SCOPE 

 Optimal and effective prediction of machining tool properties for sustainability in 

cryogenic milling properties has been investigated in this study. Through comprehensive 

literature review, the study has provided insights into the influence of machining tool 

properties, including tool material, tool coating, tool geometry, and wear of cutting tool 

resistance, on cryogenic milling performance. In this review, the detailed study of machining 

tool properties and their prediction model in cryogenic milling properties is presented. It 

depicts the fundamental aspects of the Machining Tool Process and conventional coolants in 

machining and cutting tools for optimizing performance. This study also presents the need and 

importance of machining tools in cryogenic milling properties; it presents the need for 

Machining Parameters. However, this review article also studies the different cryogenic milling 
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approaches in metal cutting and sustainable machining tool properties prediction. The findings 

of this study highlight the importance of selecting suitable machining tool properties for 

achieving sustainable and efficient cryogenic milling processes. By understanding the effects 

of different tool properties on key machining parameters such as shearing forces, surface 

irregularities, and cutting-edge lifespan, manufacturers and researchers can make informed 

decisions regarding tool selection and optimization. The improvement of a predictive model 

based on the collected experimental data has also been a significant outcome of this study. The 

predictive model enables the estimation of machining tool performance in cryogenic milling, 

aiding in the selection of the most appropriate tooling solutions for specific applications. This 

model provides a valuable tool for manufacturers to enhance productivity, reduce energy 

consumption, and minimize environmental impacts associated with cryogenic milling. Future 

research can focus on exploring advanced coating technologies and their impact on tool 

performance in cryogenic milling. Consequently, novel coating materials, deposition 

techniques, and multi-layered coatings can enhance wear of cutting tool resistance, thermal 

stability, and overall machining performance. 
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