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Abstract 
Conventional cutting fluids are an absolute necessity in today’s manufacturing domain, but 
they are a polluting and non-sustainable part of modern manufacturing processes. These 
conventional cutting fluids can be replaced by cryogenic cooling, which is an innovative and 
sustainable method which has been successfully implemented to produce aerospace 
products and have shown great success and great quality of finished products. But the 
implementation is the main obstruction as the volume of production in aerospace and 
automotive components is quite vast and implementation of cryogenic may pose an 
obstruction in maintaining the production flow. This leaves us with a large unexplored area 
for research specially in the implementation of the system in the existing system, which can 
help us get a seamless transition from conventional to cryogenic cooling. Some of the notable 
points that there is a need to investigate before one can go ahead with the implementation 
are factory layout, chip removal, raining of personal, safety, monitoring system, cost, time, 
implementation and integration, maintenance, source placement, mass scale supply and 
quality. In the first part of this work, a deep literature study has been done to know all the 
aspects of cryogenics and its implementation and factors that must be considered. In the 
second a discussion about the target industries has been made where use of cryogenic cooling 
has been considered. Also, a small discussion about the existing companies that provide this 
system has also been discussed. The room for improvisation is very large, and a lot of physical 
testing needs to be conducted before it can be successfully implemented.  
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Sammanfattning 
Konventionella skärvätskor är en absolut nödvändighet inom dagens tillverkningsdomän, men de är 
en förorenande och icke-hållbar del av moderna tillverkningsprocesser. Dessa konventionella 
skärvätskor kan ersättas med kryogen kylning, som är en innovativ och hållbar metod som 
framgångsrikt har implementerats för att producera flyg- och rymdprodukter och har gett stor 
framgång och hög kvalitet på färdiga produkter. Men implementeringen är den största utmaningen 
eftersom produktionsvolymen för flyg- och bilkomponenter är ganska stor och implementering av 
kryogen kan utgöra ett hinder för att bibehålla produktionsflödet. Detta ger oss ett stort outforskat 
område för forskning speciellt vid implementeringen av systemet i det befintliga systemet, vilket kan 
hjälpa oss att få en sömlös övergång från konventionell till kryogen kylning. Några av de viktige 
punkterna som man måste undersöka innan man går vidare med implementeringen är fabrikslayout, 
spånborttagning, utbildning av personal, säkerhet, övervakningssystem, kostnad, tid, implementering 
och integration, underhåll, källans placering, storskalig produktion och kvalitet. I den första delen av 
detta arbete har en omfattande litteraturstudie gjorts för att lära alla aspekter av kryogen kylning och 
dess genomförande och faktorer som måste beaktas. I den andra har en diskussion om målgruppen 
inom industrin genomförts där användning av kryogen kylning är relevant. Dessutom har en liten 
diskussion förts om de befintliga företagen som tillhandahåller dessa system. Möjligheten till 
improvisation är mycket stor och mycket testning måste genomföras innan tekniken kan 
implementeras framgångsrikt. 
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1. INTRODUCTION 

1.1 Background  
Conventional metal cutting process generates a tremendous amount of heat at the cutting 
edge due to abrasion and friction. The faster the cutting process, the higher is the heat 
generated, which increases the tool wear and the related cost. Not only the tool but also the 
workpiece heats (Figure 1) up to an excessive temperature where they both become useless 
because of softening of the material, sticking of burned material, unwanted thermal 

expansion or chemical reaction like 
oxidation. Sometime in the beginning 
of the 20th century a person named 
F.W.Taylor first used water as a liquid 
coolant in machining and concluded 
that the use coolant increases the 
overall life of the tool. After that a 
variety of cutting fluids have been 
invented and used to increase the 
lubricity and decrease the friction in 
between the tool and the workpiece 
which in turn increases the tool life and 
increases the surface quality. 
 

There are so many advantages of cutting fluid but 
all those comes with a significant cost. Research 
shows that in a high-volume machining operation 
in an industry 15-16% of the total cost of 
machining comes from the handling of the cutting 
fluid [1]. This amount doesn’t include all the risk of 
all the health problems that might occur when 
working with cutting fluid. Beside all the health 
risks and economic reasons there are also 
environmental and sustainability concerns. That is 
when the industry started working with concepts 
like dry machining (by eliminating cutting fluid) or 
using minimum quantity lubrication. 

 
Even though dry machining removes the need of cutting fluid, it can only be used in open 
faced operations like milling and boring as closed face operations will easily ruin the tool. 
Thus, the dry cutting operation is not so feasible yet [3]. In another hand using cryogenic fluid 

Figure 1-Main heat sources during the chip formation in 
machining 

Figure 2- Representation of end user 
manufacturing cost [2] 

https://www.researchgate.net/publication/271808385_Analysis_of_the_heat_transfer_at_the_tool-workpiece_interface_in_machining_determination_of_heat_generation_and_heat_transfer_coefficients
https://www.uscti.com/u_pages/publications/pdfs/ItemGDryMachiningMarch2009CanterSTLEStark.pdf
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is an environmentally friendly method to cool and lubricate the tool and the workpiece. The 
operating temperatures of cryogenic cooling is approximately 321°F/-196°C (for LN2) and -
109.3°F/-78.5°C (for LCO2).  This can help us achieve extended tool life, faster cutting speeds 
and increased material removal as compared to conventional coolants under certain 
conditions.  For example, there is more cooling efficiency and some cutting fluids fail to 
provide desired control of cutting temperature due to the lack of their ability to penetrate the 
chip tool interface [4].  

 

Table 1- Effectiveness and application of various cooling and lubricating strategies [5] 

Effect of the 
cooling and 

lubricant strategy 

Flood 
(emulsi
on/oil) 

Dry 
(compressed 

air) 
 

MQL 
(oil) 

Cryogenic 
(LN2) 

Hybrid 
(LN2+MQ

L) 

Cooling Good Poor Marginal Excellent Excellent 
Lubrication Excellen

t 
Poor Excellent Marginal Excellent 

Chip removal Good Good Marginal Good Good 
Machine Cooling Good Poor Poor Marginal Marginal 

Workpiece 
Cooling 

Good Poor Poor Good Good 

Product Quality 
(surface integrity) 

 

Good Poor Marginal Excellent Excellent 

 
Table 1 shows us the effect of cooling and lubrication strategies and a comparison with the 
various cooling strategies that can be adopted. It can be seen that by adopting to Cryogenic 
cooling (LN2), better levels of workpiece cooling and a higher product quality can be reached. 
This makes the operation sustainable as better cooling means lesser amount of coolants and 
a better quality of product meaning a longer life,  which can help us have a sustainable process 
as well as a sustainable product. This can help in cutting the costs also increasing the 
competitiveness by reducing use of resources, manpower and overall waste thus have less 
environmental and social impact. The use of cryogenics can do away with the treatment and 
disposal of the conventional cutting fluids at the end of their lifecycle.  
Some benefits of the cryogenic cooling are listed below [6] 
 Cryogenic jet cooling prevents us from cooling of unwanted areas, as it is focused on 

the relevant areas, thus avoiding unnecessary increase in cutting power thereby also 
reducing energy waste 

 Increasing of brittleness of the chip material. 
 Reducing the secondary deformation zone, that occurs at the bottom surface of the 

chip 
Which rubs on the cutting rake face. 

 Reducing the long tail in the grain structure of the chip, which is the major cause for 
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difficulty in breaking ductile chipping 
 Avoiding of welding or recrystallizing of the chip bottom layer (to avoid of strong 

bending of the chip structure which adds to the difficulty in chip breaking) by a coldness 
Pushing chip into bending and curling to reached breaking by use of both a mechanical 
chip breaker and the pressure from the cryogenic fluid (this may occur when the fluid 
expands into gas). [65] 

 It helps in increasing the overall tool life. 
 As the LN2/CO2 evaporates, the chips don't require any sort of treatment before 

disposed which is an added advantage [6] 
 
The reason for stressing on the use of cryogenics is to show the environmental and economic 
benefits, improved surface integrity and machine life of the machined product, which might 
result in a more sustainable product. The cryogenic machining of AI 7075-T651 has supported 
this claim [7]. The overall results from the experiment shows that the cryogenic cooling has 
the potential to improve the product and processes through superior performance in terms 
of machined surface and subsurface characteristics and the associated environmental 
benefits. It's very important to mention that it has only been investigated so far only for few 
processes without considering other potential account such as production of cryogenic 
gas/liquid, cost of installation in large scale. 
 

1.2 Motivation 
As mentioned above machining without the use of any cutting fluid or LN2-CO2 is increasingly 
becoming popular, mostly due to the concern regarding the safety of the environment and 
the superior quality of surface finish that can be achieved. There have been a few publications 
where the possible ways to achieve clean machining processes have been discussed, one of 
the notables is by Byrne and Scholta [8]. The main gain from the elimination of cutting fluid is 
that it can help in the reduction of cost related to handling of cutting fluids which also includes 
the labor and the waste management cost. 

In the present manufacturing scenario, the cutting fluids are used to achieve a better surface 
finish, dimensional tolerances and in the transportation of chips. These cutting fluids are 
mostly used with alloys like aluminum and stainless steel as the chip tend to adhere with the 
tool resulting in the formation of Buildup edge. At the same time disposal of the coolant is a 
big problem. This can result in more economical overheads for the manufacturing industries. 
Modern manufacturing in the automobile and tooling industry always wants to achieve very 
high quality of the finished product, at the same time with reduced cost and greater 
compliance with the environment. The continued use of cutting fluid poses major problem as 
they are harmful for the operating personnel’s as some of them are carcinogens, harmful to 
the environment if discarded untreated. Manufacturing processes that are considered 
sustainable are those that generate minimum quantity of wastes, which demonstrates 
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improved environmental impact, and at the same time providing operational safety and 
personal health. The recent regulations on health, environment and safety has led to the 
identification of some ingredients in the cutting fluid as problematic.  Most of the cutting 
fluids used are non-biodegradable, posing a threat to the workers as well as to the 
environment during their disposal. Based on an US consumer survey, conventional cutting 
fluids are considered as one of the top five health hazards in workplaces [9]. Biocides, which 
are present in the coolants to control the bacteria formation as well as to extent the useful 
coolant life are extremely hazardous, the disposal of which typically is very hazardous for the 
environment. 

Right now, the manufacturing industries are under pressure of financial, sustainable 
development rules, increasing customer demand and global environmental problems caused 
by the industry and their products. Sustainable cooling system is one of the ways, which offers 
the industry a better way to tackle economic, environmental and social performances. These 
thought processes have made us aware that use of cryogenics LN2-CO2 can be a good viable 
alternative.  

Cryogenic Machining technology is not something new to the industry, as it has been used in 
the manufacturing industry for decades. The first reported machining using cryogenic is from 
1953. In 1961, W.S. Hollis stated that he could increase the life of carbide tools by using as a 
coolant [66] when machining titanium alloys. Advanced materials such as aero engine alloys, 
hardened steel and structural ceramics creates serious challenges for machining due to the 
unique combination of hardness, chemical resistance to wear and high temperature strength. 
These materials referred to as difficult to cut pose a great challenge to manufacturing due to 
the high temperature and the huge amount of stresses generated. Cryogenic machining 
provides a good solution for machining materials like this.  

However, cryogenic machining processes are not popular in industries other than some very 
specific industries like aerospace industry or mold and die industry. The purpose of this work 
is to discuss and suggest some guidelines for a proper implementation of the cryogenic 
cooling methods instead of conventional cutting fluids or metal working fluids, which includes 
lubricants, emulsions and coolant in a production plant. The main motivation is to study and 
find ways of successful implementation of a promising technology like cryogenic machining 
from a process point of view to other industries like automotive industries 

1.3 The motive for transition to sustainable production 
The environmental problems created by the disposal of CLF’s have resulted in political 
pressures and stronger regulations have been put on the manufacturers and users of such 
products. Sustainable production system is the alternative and a solution to this problem in 
which the use of harmful cutting fluids can be replace by other water-based solutions (figure 
3) or cryogenic solutions. The use of these alternatives can reduce the consumption rates, 
environmental burdens and reduce health risks, which can help in increasing profitability and 
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performances of these machines. Three aspects can be taken into consideration which are 
briefly explained below- 
 
Life Cycle Assessment 
When conventional 
Lubricating Fluids (CLF) are 
taken into consideration, an 
important aspect that must 
be considered is their 
lifecycle. The main point of 
sustainability evaluation of a 
process, product or a system 
is the lifecycle of the product 
and its impact on every stage 
must be heavily taken into 
consideration. The use of 
cryogenics can in one way 
reduce the negative effects of 
conventional CLFs in the 
environment, but a lot of 
aspects needs to be 
considered and analyzed, 
which is one of the key aspects of this project. Therefore, a quantitative assessment and 
qualitative measures related to health, safety and system assessment must be taken into 
consideration.  
 
Quantitative Aspects 
If two machining schemes are taken into, it can be seen that in the conventional machining, 
the CLFs are composed of two major substances; a lubricant oil (mostly petroleum based) and 
a lubricant carrier (mostly water). The manufacturing of this product requires processing and 
distillation of the petroleum component, which results in several by-products. Semi-synthetic 
CLF system is considered in this case which contains surfactants and water. Surfactants should 
be taken into consideration as they play a comprehensive role in water-oil-surfactant system 
and the overall environmental emissions. On the other-hand, the lubricant and carrier 
provided by the LN2/CO2 system are stable and can be industrially produced by fractional 
distillation of air with the only input being electrical energy, which is required during their 
production, with only LN2/CO2 as the main output and the remaining gases produced can be 
released in the atmosphere, making the whole production process very sustainable. Typically, 
oil based CLFs are marketed as concentrates with 10-30% mineral oils which needs to be 
diluted with water which is around 10-20 times resulting in the desired emulsion, so a lot of 
factors must be considered, some of the notable impact categories are: 

Figure 3- milling of aluminum using a water-based cutting fluid on the 
milling cutter. 

https://en.wikipedia.org/wiki/Cutting_fluid#/media/File:Makino-S33-MachiningCenter-example.jpg
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 Acidification 
 Usage of Water 
 Solid waste management 
 Energy usage 
 Global warming potential 
 Usage of land 

In the case of cryogenic fluids, they are delivered only once, which evaporates immediately 
after delivery, so the meaning of consumptions is different. Consumption rate in this case is 
determined by the mass flow rate of LN through the nozzle. On the other hand, in flooding 
systems, it is determined by the rate of disposal and the volume of emulsion per machine 
tool. A study on transition to sustainable systems [10] suggests that out of the six impact 
categories, three that is usage of energy, acidification and solid waste are mainly dominated 
by the surfactants, but it is not the case in cryogenic machining. 

Qualitative Aspects 
Studies relating to health have shown that chronic inhalation of oil-based mists are the main 
trigger for serious health risks [11], thus the effort to find suitable alternatives in machining 
has been driven largely by the need to make the machining process healthier, safer and more 
sustainable. Also mists in the emulsion can harbor bacteria, may contain biocides, chelating 
agents which can lead to dermatitis, skin irritation or lung impairment. Spills in the workplace 
can also be a cause of regular workplace hazards. Cryogenics on the other hand can lead to 
serious safety issues, which is related to the extremely low temperatures in the pipes, which 
can lead to serious burns in the event of skin contact. Deficiency of oxygen while working with 
cryogenic can also be a safety concern. 

1.4 Concerned Industries 
The technique of machining process using cryogenics has been under development and 
application state for last 60 to 70 years but has yet not been fully adapted by the different 
industries. The cryogenic machining has been emerged as one of the most effective and 
advanced machining techniques to machine difficult materials such as titanium, CGI, nickel-
chromium superalloys, hardened steel and carbon fiber composites. These materials mostly 
used for Aero-engines, cylinder heads and blocks, turbines.  
End users like Aerospace industries is one of the very few who has been using this technique 
for some time now. Aerospace industries uses super alloys because if the jet engines are 
capable of withstanding higher temperature then they can make more efficient engines. The 
main problem with super alloys is that the high heat produced on the tool chip interface while 
machining it. That problem of extra heat can be efficiently handled using cryogenic machining 
process as alloys have a very low thermal conductivity and by reducing the excessive heat on 
the tooltip, it is possible to reduce the roughness of the surface. The cryogenic cooling in 
machining process of aerospace industry have shown positive effects on tool life, surface 
finish and machinability of different super alloys. (12) 



7 | P a g e  
 

For last few years some research work is going on to use this productive gain of cryogenic 
machining in automobile industries, medical industries, oil and gas industries and other 
industries as well. Also, there are companies like Chill Air, 5ME, which have generated 
successful solutions to overcome this issue. But the questions regarding cost of 
Implementation, safety viabilities are yet to be tested and answered. Most of the companies 
are interested in the bigger picture and the process point of view. 
 

1.5 Thesis Outline 
In some recent research the use of cryogenics has seen improvement in machining, but 
problem like cost, how to use it in an assembly line and the successful implementation in an 
existing assembly line poses a huge problem. Also, its use in the automobile industry is a bit 
limited.  

At first, a brief history about cryogenics and cryogenic technology will be presented followed 
by different key points of the production system that will be affected or are key points that 
needs to be considered while implement the cryogenic cooling system.  

Then next requirements of automotive industry, mold industry and tool manufacturers and 
how to use cryogenic cooling methods in their respective industry will be discussed.  

Then discussion on Systems that already exist in the industry of cryogenic cooling.  

At the end will discuss the comparison and conclude. The main objective of this report is to 
find ways and means for successful implementation in industries where use of cryogenics is 
not very common and to serve as a guide for their successful implementation. 
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2. LITERATURE REVIEW 

 2.1 Current problem associated with conventional cooling 
The energy consumed during conventional turning is mostly converted into heat [13,14]. Most 
of the problems caused due to the heat generation can be attributed to the method employed 
for cooling. The heat generation in the machining is even more intensified in advanced 
materials like silicon nitride, titanium alloy and Inconel mostly because of the low conductivity 
which leads to high temperature rise in the tool and the workpiece region leading to more 
tool wear while machining of these hard to machine materials. One approach to solve this 
process is hot machining. Attempts to use conventional heat sources such as furnaces, torches 
or induction heating were used to heat up the workpiece during machining. Later more focus 
was put on localized heating such as plasma and laser to make the process of machining easier 
and more attractive. It was observed that this process could help to increase the machinability 
of the hard-to-cut materials, but it increased the temperature in the tool-workpiece region, 
leading to a shorter tool life and a poor quality of surface finish. Another method was using 
high-pressure water jet coolant which was applied to the cutting zone [15]. The method 
developed was promising, but the cooling capacity never met the industry needs of machining 
advanced materials. This led to the introduction of LN2 to the exterior surface of the tool and 
the workpiece to maintain the hot hardness and hot strength of the tool in use. This new 
method proved to have a stronger cooling effect than water jet cooling and tests showed that 
there was a significant reduction in the tool wear in the machining of steel and titanium alloys. 
[16] 

2.2 Moving from flood cooling to dry and near-dry machining 
Water used as a coolant in machining processes dates to the 16th century [17]. The use of oil 
and water based cutting fluid for machining of steel alloys was common only in the early 20th 
century. The main work performed by cutting fluid is to lubricate the cutting zone which can 
improve the heat dissipation from the cutting zone which in-turn results in improved part 
quality and reduced thermal-mechanical wear [18]. Medical studies relating to cutting fluid 
have indicated that long term exposure to these fluids can lead to the development of a 
variety.  of type of skin cancer, dermatitis and respiratory diseases [19]. Cutting tools for dry 
machining were introduced in the early 1970 and dry machining operations quickly emerged 
as a sustainable process. But dry machining is yet to find wide scale use. The tool wear is 
excessive and thermal deformation also cannot be controlled in dry machining operation.  
Research over the last four decades has narrowed the main reason down to lack of effective 
coating materials and the tight dimensional and form tolerances may present a restriction for 
dry machining. MQL or minimum quantity lubrication emerged as a new trend in the 1990s 
as a more sustainable solution which can reduce the environmental impact by significantly 
reducing fluid usage in the machining application and increase process performance as 
compared to dry machining. But instead of the technological advancements the effectiveness 
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of this application is somewhat limited. Also, the related health and environment effects of 
such mist application is still to be researched and studied. This has been well documented in 
CIRP keynote papers [20]. 

2.3 Cryogenic machining 
Cryogenics is the branch of science that deals with temperature less than 120K. Cryogenic 
machining is a machining process using cryogenic liquids for cooling the tool and material. As 
many previous researches has shown most of the problems occur in machining process is 
because of the heat generated and cryogenic liquid can provide effective and fast removal of 
the heat and it can also control the tool tip temperature very easily. Cryogenic machining is a 
sustainable alternative of the oil based traditional cooling liquids. Among the other 
advantages of cryogenic machining, are extended tool life, increased material removal rates 
and higher cutting speeds when compared to conventional coolant and lubricant approaches. 

The main advantage of 
cryogenics is unlike the 
other conventional cooling 
liquid it disappears in the air 
right after it absorbs the 
heat generated in 
machining process and it 
does not have a long term 
on the operators health 
such as conventional CLFs 
have. Cryogenic liquid can 
be delivered using external 
jets or internal nozzles 

(Figure 4). Flooding the workpiece with cryogenic liquid is not efficient and economical.  To 
go forward with this process several cryogenic liquids are available, some of the very useful 
cryogenic liquids are carbon dioxide, nitrogen, argon, oxygen etc. LN2 and LCO2 are the most 
common and popular cryogenics used in machining. Probably due to their properties, cost, 
availability and how they interact with other materials. An in-depth review of the process and 
implementation from a system point of view has been discussed in the following chapters. 

 

2.4 Brief History of Cryogenic Machining 
The beginning of the cryogenic traces its back to the beginning of the nineteenth century 
when everyone was trying to produce first liquid gas and to reach even lower temperatures. 
Between 1850 till 1900 the advancement of the cryogenic science was limited to the scientific 
laboratories with no industrial or any other kind of practical application. The first gas to be 
liquefied was oxygen in 1887 (Pictet and Cailletet). In 1898 James Dewar first liquefied 

Figure 4- Tool with internal nozzles 

https://www.hartwiginc.com/wp-content/uploads/2016/06/5ME-Cryo-Okuma.jpg
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hydrogen and designed the vacuum flask for containing the cryogenic liquids. The last and 
most difficult gas to be liquefied was helium. In between the year 1900 till 1950 the 
technology of liquefaction advanced highly. The efficiency and reliability were improved. The 
application of cryogens to cool the metal cutting process started during the twentieth 
century. They were usually sprayed in the general cutting area or the workpiece was pre-
chilled. The drawback was that it consumed excess amounts of cryogenic and the lubrication 
effect was missing. Also, the set-up cost was very high during the initial stages time. Now a 
day the process has become more and more affordable and there is also a high demand from 
the industries to use cryogenic gases to be used in machining operation.  
 

 
Figure 5-Timeline for early milestones for cryogenic technology [21] 

2.5 Cryogenic media for cryogenic machining- properties and characteristics  
Two gases, liquid Nitrogen - LN 2 and carbon dioxide - CO 2 are the two common cryogenic 
media used in cryogenic cooling for machining processes. The two gases differ with respect 
to the cooling mechanism and their low temperature limit. Thus, different requirements need 
to be considered regarding their delivery through the spindle application and their packaging 
and handling. 
 
Liquid CO2- CO2 is colorless, odorless and non-flammable. CO2 can be obtained naturally or 
as a byproduct of chemical processes, like byproduct of the hydrogen production or from the 
synthesis of ammonia, ethylene oxide and ethanol or by the production process of lime [22]. 
It does not have a liquid state below 75 psi, but it has a triple point where it can exist in all 3 
state. That means when liquid CO2 is introduced to the system the pressure is dropped 
dramatically on exiting the pipe, it experiences a major drop in pressure it expands and cools 
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down due to Joule-Thompson effect [23]. Due to this the CO2 converts into 60% snow and 
40% gas. It then sublimates into the air leaving no residue. This can be troublesome 
sometimes if there is some problem that might cause too much coolant to be expanded into 
solid at once and cause blockage of the cooling system.  CO2 offers a limited lubrication effect 
when compared to the cutting liquids and another disadvantage of CO2 is it is dangerous to 
humans and can be fatal to human life. 
 
Liquid N2- Nitrogen is inert, nonhazardous, nonflammable, non-corrosive, colorless and 
odorless gas. Air contains 78% of nitrogen. It can be in liquid state in temperature higher than 
-148 °C. The use of liquid nitrogen (LN or LN 2) has a potential to reach great level of accuracy 
and surface finish and low tool wear rates and due to the price, availability, temperature 
related to machining process characteristics and requirements, in most cases LN is used.  
 LN2 is a non-corrosive gas 
 LN2 has a temperature of -195C and can be stored at air pressure in insulated tanks.  
 LN2 can be fed into the cutting zones through insulated tubing and special connection 

to withstand the cryogenic temperature during the cutting process. 
 LN2 absorbs the heat that is dissipated from the cutting process and then evaporates 

into nitrogen gas which becomes a part of the atmosphere.  
 It is a safe and noncombustible and so leaves no residue to the environment as it 

becomes a part of the nitrogen in the atmosphere [24,25,26] 
Advanced ceramics can be machined with liquid nitrogen. Inconel alloy and tantalum with 
cemented carbide tools. With the use of LN2, the temperature in the cutting zone can be 
reduced to a very low range, therefore the hot strength and the hot hardness of the cutting 
tool remains high and the temperature dependent tool wear of the tool is reduced significantly 
under all the machining conditions. It has also been found that the surface roughness of 
materials machined with LN2 cooling were far better than other conventional cooling methods 
used in the industry [27]. The research by Yildiz and Nalbant described the LN2 process as the 
biggest approach to have an increased tool life, good control of temperature and a great 
increase on the tool life among all the cooling technology in use [28]. A research by Khan and 
Ahmed concluded that there has been a 4 time increase in the tool life if the nitrogen is applied 
through the cutting tool [29]. 

 

2.6 Alternatives to conventional lubrication/cooling system 
The manufacturing industry is slowly moving to sustainable means of manufacturing. Part of 
it is due to a fast development in the domain of digitization, faster and more economic modes 
of manufacturing, a continuous trend to reduce cycle times [30]. Various types of lubrication 
methods are being tested in the various domains of manufacturing and the best practices in 
the industry are tested. Below a few of the basic lubrication systems available in the industry 
are discussed.  
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MQL- Minimum quantity lubrication (MQL) as the 
name suggests is the use of smallest amount of 
Metal Working Fluid (MWF), which can be used to 
achieve lubrication during the entire machining 
process. This technology has been in use in the 
automotive industry. Figure 5 shows the use of 
MQL with a CNC setup, which has resulted in parts 
with superior quality, higher productivity, minimal 
environmental impact, reduced gases and 
emission, which results in lowering the entire 
production cost. MQL uses MWF in the form of 
mist with compressed air. It can be applied both 
externally and through the spindle depending on 
the level of lubrication needed. 
Thus, MQL uses approximately 
20-100mL/h depending on the 
cutting operation. Research by 
Boubekri N, Neugebauer R [31] 
has proven that the performance 
achieved can be even better than 
conventional wet machining for 
cutting processes such as milling, 
shallow drilling and other 
medium range of cutting process. 

 

Hybrid Machining- Cryogenic fluids mixed with conventional cutting fluids can be used to 
develop a hybrid cooling concept which can be used in the machining of difficult to machine 
materials [32]. It has also been noticed that different cutting fluids mixed with cryogenic 
coolants produce different results based on the application. The setup of a mixed cryogenic 
system has been displayed above, a two-way valve can be used to incorporate the flow which 
is fitted to a manometer to measure the flow. An oil pump pumps in the coolant, which is 
guided by a high pressure resistant capillary tube towards the center of the tool. Depending 
on the requirement, it can be applied for both external and internal use. 

Figure 7- - CNC machine with MQL setup  

Figure 6 Experimental setup for drilling in different cooling 
strategies [32] 
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Dry Machining- Dry 
machining is machining 
without the use of any 
cutting fluid. It is 
becoming popular due to 
its concern regarding the 
environmental safety. It 
will be considered a 
necessity in the 
manufacturing enterprise 
soon as most of the 
industries will be 
compelled to consider dry 
machining as more laws 
for occupational safety and health regulation will be enforced. Dry machining has its own 
advantages which include, no pollution to the atmosphere, reduced disposal and cleaning 
cost, non-injuries to skin, in addition it offers cost reduction to machining. These have been 
discussed by Byrne and Scholta [33]. It can also lead to reduction of cutting cost. Studies have 
shown that us e of cutting fluids are more than the labor and overhead costs [34]. Dry 
machining has been used in the machining of cast iron. Research by Spur and Lachmund [35] 
have proven that dry machining of cast iron using ceramic and CBN at high surface speed and 
feed can be attempted with great results. CBN tools have the highest thermal conductivity as 
a result of which heat could be removed very efficiently and can be very useful for dry 
machining. 

Mixed system, emulsion and nitrogen- Many other criteria could be taken into consideration 
to compare the different methods of cooling and lubrication. The table only reflects a general 
trend without any established criteria.  One of the factors limiting the implementation of 
assistance to machining is the feasibility. Table 2 shows the effect of different cooling 
solutions. 

From dry machining to the LN2+MQL hybrid method, including CO2, the technological 
solution is totally different from one process to another. 

 

 

 

 

 

Figure 8- Dry machining operation 



14 | P a g e  
 

Table 2-  Effectiveness and application of various cooling and lubricating strategies[36] 
Effects of strategies 

cooling and 
lubrication 

 

Cryogenics 

LN2 CO2 MQL+LN2 

Primary Cooling Excellent Good Excellent 

Lubrication Variable Variable Excellent 

Removal of Shaving  Good Good Good 

Life expectancy of tools 
 

Excellent Good  Good 

Secondary Cooling of the machine Variable Variable Variable 

Cooling of the piece Good Good Good 

Control of the spray Variable Variable Variable 

Integrity of area 
 

Excellent Good Excellent 

Durability of the process References Difficulties 
technological 
 

Vapors 
oil, 
difficulties 
technological 

2.7 Technological integration 
Points to note while implementing- Cryogenic machining is a new technology which requires 
several changes ranging from machine tool to cutting process while integrating in an industry 
which is using conventional cooling. General requirement of a standalone machine is a control 
unit to control the flow rate, temperature and pressure of the cryogenics, external or internal 
supply channels, high pressure insulated and cryogenic supply unit. 

 
Figure 9- Example of LN2 system used in a lathe [37] 

External feed system-The supply system of a cryogenic to the tool is very important part of 
the whole system. Even though external feed system is not more efficient and there are 
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losses, but this is the easier and cheaper way among the two supply methods as it supplies 
cryogenic liquid using one or two external nozzles without changing much to the tool design. 
The only disadvantage is that the need of re adjustments of the nozzle so that the cryogenic 
coolant hits directly to the tool and workpiece interface which will change each time the tool 
is changed.  

(a)  (b)  

(c)  
Figure 10- External nozzles for A) cooling using L-CO2 the tool B) Cooling with the use of LN2 C) external 

nozzles for cryogenic cooling delivery [38,49,40] 

 

Internal feed system- This method of supply is little more complicated than the above 
mentioned one. Here the cryogenic coolant is supplied through the vacuum insulated internal 
tubes placed inside the spindle and directly to the tool. The advantage with this method is 
cryogen coolant can cool the tool internally or in MQL method it can deliver enough coolant 
to the desired point without much loss and no adjustment of the nozzle is needed. The 
disadvantage of this system is it needs a special type of tools with insulated tubes inside it so 
that all the bearings does not wear out due to extreme temperature and thermal shock. But 
for LCO2 normal high-pressure line is enough as it is delivered in ambient temperature.  
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Figure 11- Illustration of internal feed channel for MQL application. 

 

Figure 12- A rotary union toolholder enables (A) the implementation of through tool delivery when through 
spindle feed line is not a feasible option. B) a system from Alberti (courtesy of Alberti Umberto) for L-CO2 and 

d) for cooling with LN2 from IK4-TEKNIKER [41] 

There are many ways to supply through the spindle or some other design to retrofit with 
existing spindle but all of them are little costly and complicated when compared to the 
external supply method. 

Machine Workspace- Fast and easy removal of the chip has been taken into consideration. 
Inner walls should be steep and not flat so that all the chips can fall easily. Swiveling table can 
make it easy by holding the workpiece and tool vertically or high-pressure air can be used so 
that the chips can fall easily. Sealing of the chamber is also very important so that the 
cryogenic coolant does not leak to the atmosphere. Collection of the gas and filtering and 
reusing of the gas to some extent can be achieved and arranged to make it more sustainable 
and less costly. 

Storage and delivery lines- Special requirement for the storage unit is it can be a local 
dedicated tank or a storage tank for a cell arrangement where 2 or 3 machines are working 
together same operation. 
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Process- The computer control system of the cryogenic coolant flow, pressure and 
temperature is very important. It should be varied depending on the process, material and 
specific tool. The cryogenic MQL cooling process needs to be optimized depending upon the 
process parameters in order to achieve highest efficiency and productivity.  A disadvantage 
of the LN2 cooling is the warm up time required after each operation. 

 

Example of a cryogenic system 

 

Figure 13- System example for cryogenic machining with LN2 [43] 
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3. PRODUCTION SYSTEMS 

To understand the usefulness of the cryogenics in different aspect of the production system, 
there should be a clear understanding of how a production system works and different parts 
of it, so in the following text a brief explanation about production system and how cryogenic 
cooling effects this this system has been discussed. 

3.1 Idea of a production system-   
The general idea of production system would be the transformation process of the resources 
to some useful good or services. Production system utilizes materials, funds, infrastructures 
and labor to produces some valuable goods.  Some of the important part of the system are 
capacity and quality. Production system can be classified as job shop, batch, mass and 
continuous production system depending upon the variety and the volume. 
 
Job shop is customized product and produced very little quantity. They mostly use general 
purpose machines for different product. Easy to implement cryogenics in this kind of setup as 
low volume of products and highly skilled operators. Here there is an opportunity for 
innovative ideas.  
 
Batch production is when job passes through different functional departments in different 
batches. Characteristic of this system is the plant and the machinery should be flexible. 
Cryogenic would be tough to implement as the setup changes frequently as per the 
requirement of the batch and with each requirement may be the flow and the angle of the 
cryogenic would also change which will take up long maintenance time.  

Mass production is when the product is been produced in a very large volume. 
Implementation of cryogenic would save a lot of investment in this kind of setup as it will take 
less handling cost, but it will be very tough and complex to implement in all the machines. 

Continuous production is when the machine tools are sequenced as per the operation order 
and the items flow through automated material handling device such as conveyors and other 
transfer devices. Here also the machines have zero flexibility so one doesn't need to change 
all the cryogenic settings each time [44] 

3.2 Sustainability 

General Idea of Sustainability 

Sustainability as defined by the Brundtland Commission of the United Nations is the most 
widely quoted based on the concept of sustainable development which states the following- 
‘’Humanity can make development sustainable to ensure that it meets the needs of the 
present without compromising the ability of future generations to meet their own needs. The 



19 | P a g e  
 

concept of sustainable development does imply limits - not absolute limits but limitations 
imposed by the present state of technology and social organization on environmental 
resources and by the ability of the biosphere to absorb the effects of human activities. But 
technology and social organization can be both managed and improved to make way for a 
new era of economic growth.’’ 
The concept of sustainability is of great importance in the field of manufacturing and the core 
idea consists of the following three dimensions- Economic, Social and Environmental 
sustainability.  This concept of sustainability can be depicted as an interlocking ellipse (Fig 13), 
This concept is adopted by the International Union for Conservation of Nature (IUCN).  
 
The three intersecting ellipses appear in a 
triangle formation (Fig 13). The ellipse on the 
top is labeled “Social” which is shaded in 
blue, the lower one is labeled “Environment” 
and shaded in green and the ellipse on the 
right is labeled “Economic” and is colored 
pink. The end goal of sustainability is thus the 
satisfaction of both social and economic 
needs, both present and future with the 
responsible use of natural resources and at 
the same time maintaining and improving the 
wellbeing of the environment and ecology on 
which life depends. 
 

3.3 Machining System  
 
Most of the common thing that is neglected during the process of improving sustainability is 
the non-system approach for the analysis of result. It should be kept in mind that the 
components of a machine must not be considered separately, and it is important to avoid the 
system properties. This is a common manufacturers problem today, where the system 
coherency is not taken into consideration which leads to tool failure, low efficiency and poor 
quality. For implementing a new system, the components of the machine tool must be 
considered schematically. In the case of implementation of cryogenics, which will be dealing 
with machining leading to sudden drop in temperatures, the system should be able to 
compensate for the drastic changes. Moreover, the effects on the fixtures and tools must also 
be investigated to reach the desired accuracy in the finished part. Each individual component 
can affect the performance of the system drastically. The drawbacks with conventional flood 
coolants is the negative environmental impact [45]. Disposal of conventional flood coolants, 
not following safety regulations can lead to air, water and ground pollution. This can be made 
worse with the high energy consumption due to high pressure cooling. With LN2 or CO2 the 

Figure 14- Three dimensions of sustainability 
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need for mist collection, filtration and disposal of coolant waste can be eliminated. It also 
results in dry workpieces which is safer and uncontaminated. 
Money, tool and time can be saved with cryogenic machining. 
 

 
Figure 15- Basic elements of sustainable machining 

 

3.4 Factory Layout (arrangement) 
Most of the common thing that is neglected during the process of improving sustainability is 
the non-system approach for the analysis of result. It should be kept in mind that the 
components of a machine must not be considered separately and it is important to avoid the 
system properties. This is a common manufacturers problem today, where the system 
coherency is not taken into consideration which leads to tool failure, low efficiency and poor 
quality. For implementing a new system, the components of the machine tool must be 
considered schematically. In the case of implementation of cryogenics, which will be dealing 
with machining leading to sudden drop in temperatures, the system should be able to 
compensate for the drastic changes. Moreover, the effects on the fixtures and tools must also 
be investigated to reach the desired accuracy in the finished part. Each individual component 
can affect the performance of the system drastically. The drawbacks with conventional flood 
coolants is the negative environmental impact [45]. Disposal of conventional flood coolants, 
not following safety regulations can lead to air, water and ground pollution. This can be made 
worse with the high energy consumption due to high pressure cooling. With LN2 or CO2 the 
need for mist collection, filtration and disposal of coolant waste can be eliminated. It also 
results in dry workpieces which is safer and uncontaminated. Money, tool and time can be 
saved with cryogenic machining. 
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3.5 Characteristics of a production line 
 The most important thing that must be considered during the decision to make a production 
line is the overall integration and effective use of man, machine, material and supporting 
services. The layout can be diverse depending on the type of production or where it must be 
implemented (Product, process, fixed or cellular layout). The production line for a mass 
production automobile industry will be different from the production line of an aircraft or 
food processing industry. There will be a significant change in the manufacturing plant 
management which has seen a shift to mass customization of products, where various 
product attributes can be specifically tailored to meet customer requirements. It is also 
required to shorten the lead time, else the competitor with shorter lead time will earn the 
business. 

Product Layout- In this layout the machine and the auxiliary services are located according to 
the processing sequence of the product. The main disadvantage of this product layout is the 
product change or process change will make the layout obsolete, so one need to update the 
line as well. If any machine stops the whole line will stop. 

Process layout- In this layout similar machines are located together. So different operations 
like milling, drilling would be in same position. Cryogenic cooling would be easier to 
implement here as one need to identify which operations would require cryogenic cooling 
and locate the cryogenic tank close to that section. 

Fixed location layout- This is for manufacturing aircraft and ships. where the job is stationary, 
and operations needs to be taken close to it. 

Cellular layout- Hybrid of flow line layout and fixed job layout. As the different machines and 
operation can be in different cells the pipelines of the cryogenic should be long and secured 
safely as it will go to different cells. 

The various things that one must keep in mind while making decisions about the setup of a 
production line 
 
• Task 
A task is considered as the smallest assignable unit to a cell and is also a critical way to define 
the beginning and end of a task in the most precise way. One needs to find out which tasks 
can be converted to cryogenic cooling in future to arrange them together or closely. 
 
• Work Stations 
These are the specific manufacturing or assembly stations defined to perform the tasks. It 
must be made sure that the number is as low as possible to ensure a minimum maintained 
workforce as well as a reduced work in progress. Workstations need to be very adaptive to 
improvements and changes.  
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• Takt Time 
Takt, which is the German word for “pace or rhythm”, is a critical time for work system design. 
It is the allowable time to produce a product at the rate a customer demands it. It must not 
be confused with cycle time, which is the normal time to complete an operation on a product 
in each workstation, which must be less or equal to the takt time. Cycle time is the sum of the 
task time that a product requires at each station. It must always be made sure that takt time 
and the cycle time is as close as possible. Cryogenic coolant reduces wear on the tool which 
will reduce the maintenance time. Usage of cryogenic coolant can reduce the cycle time as 
well as takt time.  
 
• Total Workstation Cycle Time (pi) 
 From the knowledge of workstation production, generally one or more than one task is 
assigned to each workstation. The sum of the process times of each one of the tasks 
determines the total cycle time assigned to the workstation. 
 
• Idle Time  
The idle time of a workstation corresponds to the difference between the takt time and the 
cycle time or the total work at each workstation. Idle time can never be less than zero because 
it would mean that that the workstation has assigned more work than the takt time. 

3.6 Chip removal  
Liquid nitrogen does not have cleaning properties as the flooding system. So, there is a need 
to have a combination of flooding and liquid nitrogen which may become more complex than 
it needs to be or a hybrid system where there would be two liquids, where the liquid nitrogen 
would cool the liquid coolant and the liquid coolant will be flooded to the tool and the system. 
The liquid nitrogen would help the liquid coolant to achieve a desired coolant temperature. 
Hybrid methods are giving nice results and some companies in the industry are offering such 
solution. But chip removal can be done partially by attached air nozzles also. 

3.7 Training of personnel 
Cryogenic machining process is complex and more hazardous than the flooding process. 
Because of the systems complexity the workers should also undergo through a training about 
how to handle the nitrogen lines and the machining process. The operator and service person 
should also be able to notice every abnormality that can occur. Cryogenic substance can cause 
different hazards such as  
• Cold burns, which might happen if hands or any part of the body comes in direct contact 

with the extremely cold metal parts, chips etc. Eyes, hands and body parts protections 
should be worn every time by the operator. 

• Explosions in the system can also happen if the material or valve metals are not up to the 
mark or degraded throughout the time.  



23 | P a g e  
 

• Oxygen deficiency hazards can also occur as the release of cryogenic can expand 700 to 
900 times of the volume which may displace the surrounding air.  

 
These are some of the hazards and an operator or a maintenance person should go through 
all the hazards possible. Maintenance of the nitrogen handling system also needs special 
training.  

3.8 Important Safety regulations in the EU 
The European Union follows strict safety standards and follows certain rules and regulation 
which all manufacturing industries must follow. For setting up a cryogenic system, knowledge 
about certain aspect of the machining must be known, studies, verified, implemented and 
then maintained. 
These standards are common to all EEA countries and are produced by the European 
Standardization Organizations (CEN). To maintain a compliance with the ESHRs (Essential 
Health and Safety Requirements), the design and manufacture of these items must be done 
in a very caraway. 
They are divided into 3 types: A, B and C standards. 

• Type A. STANDARDS: Cover aspects applicable to all types of machines.  
• Type B. STANDARDS: Subdivided into two groups.  

o Type B1 STANDARDS: Cover safety and ergonomic aspects of machinery.  
o Type B2 STANDARDS: Cover safety components and protective devices.  

• Type C. STANDARDS: Cover specific types or groups of machines.  
 
For our case only type A and type B will be taken into consideration 
ISO and EN Standards (Type A) 
 EN ISO 12100 

o Safety of machinery. Basic concepts, general principles for design.  
o This is an A standard which outlines all the basic principles including risk 

assessment 
guarding, interlocking, emergency stops, trip devices, safety distances, etc. It references to 
other standards that provide greater levels of detail.  
 ISO 14121 (EN 1050)  

o Principles for risk assessment. 
o This guideline outlines the fundamentals of assessing the risks during the life 

of the machinery. It also summarizes methods for hazard analysis and risk 
estimation. 

 
 ISO 11161 (will also be EN 11161) 

o Safety of Integrated Manufacturing Systems— Basic Requirements 
  ISO 13849 (EN 954) 
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o Safety related parts of control systems—Pt 1: General principles for design. Pt 
2: Validation  

o ISO 13849-1:2006 
o It is intended to provide a more direct and simple methodology 

 ISO 13850 (EN 418)  
o Emergency stop devices, functional aspects— 
o Principles for design. Provides design principles and requirements. 

 ISO 13851 (EN 574)  
o Two-hand control devices—Functional aspects—Principles for design.  
o Provides requirements and guidance on the design and selection of two-hand 

control devices, including the prevention of defeat and the avoidance of fault. 
 
If it can be made sure all the above all the above standards can be met, there cannot be any 
hindrance from the safety point of view. 
Safety is perceived as “a complementary skill that must be incorporated once the technical 
development has been completed” [10]. For improving the safety situation, there is a need to 
integrate design and safety into a coherent design by assuming that all the predictive risks are 
identified by future users. Safety is always the last phase but should be considered during the 
design as it can cause some ambiguities during production. For avoiding such problems, the 
perspective of the users must be taken into consideration.  To make sure of the 
implementation of safety in the European market there was a need for elaboration of the 
New Approach Directives (CE Directives). This directive can be used for the conformity 
assessment procedures during the entire implementation of cryogenics for coolants in place 
of conventional coolants. The assurance of safety is always a very complex matter whenever 
LN2 and CO2 are used as substitutes for conventional coolants. There is always a chance of 
hazards occurring if proper precautions are not taken into consideration. In order to realize 
it, the shop floor designer or process engineer must investigate the fact that it leads to a safe 
machine operation. In order to achieve this and make it into a realization, the process 
engineer must have knowledge of all the safety aspects as it is a challenge to master 
everything at the same time. Below is a guideline which can be implemented or considered 
for implementing safety in a LN2, C02 cooling safety. 
 
According to Shokrani [47], who reviewed the work on environmentally conscious machining, 
most of the cutting fluids in used are not biodegradable and contain components which can 
lead to environment and health hazards. The growth of dangerous bacteria which can 
eventually lead to growth of dangerous biocides to be present in the shop floor. Moreover, 
mineral oil contains carcinogens which can be also the cause of skin cancers. The shop floor 
can also be contaminated with chlorinated and sulphurated additives which is a part of the 
mineral oils. The cutting fluids emits vaporized particles which if inhaled by the workers can 
cause severe damage to their health and the odor can make the work conditions very much 
uncomfortable [8,9].  The lack of safety in the process and during its use is clarified by the 
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complexity of many components, the cost-time pressure, application of new technology with 
the lack of knowledge and unpredicted use of such products. On the other hand, there is 
product safety requirements which are stated in laws, regulations and the standards that 
must be taken into force. This is as per European directives 2006/42/EC and 2009/104/EC 
which are obligatory for metal machinery among other. Design for Safety 
 
1) Problem Analysis 

• Problem in design and associated hazards 
• Legislation and standard requirements  

2) System Analysis 
• Estimation of risk 
• Identification of hazard 
• Limits of the machine, users and environment 

3) Evaluation 
• Acceptability of the concept for the automobile industry  
• Consequences and possible integration problems  
• Risks of associated hazards 
• Relevancy of requirement 

4) Decision Making 
• Limitation and safety requirement 
• Associated and risk and acceptable level 

5) Problem Definition   
• Intended use and foreseeable misuse of the machine and possible harm to the 

environment 
• Relevant health and safety requirement of legislation and standards 
• Safety and integration issues caused by the machine 

 
Mrugalska and Arezes [67] in their work had developed guidelines which could be adopted by 
workers in the factory to oversee the safety and implement the proper safety requirements 
that should be in place, which are in line with the EU rules and regulations. . This makes sure 
that the factory space is safe for use and the environment is hazard free, as there is an 
involvement of gases, which might affect the people working in such environment. 
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Table 3 - An investigation of safety design practices of metal cutting machines [48] 

Example Questionnaire 

Check list Yes  No  N/A 

1. Are control devices which affect safety clearly visible, identifiable, and 
appropriately marked and indicated where needed ? 
 

� � � 

2. Are control devices for safety located outside the danger zones and in 
such a way that they do not pose any additional hazard to the user and 
the surrounding environment? 
 

� � � 

3. Do they give rise to any hazard due to any unintentional operation? 
 

� � � 

4. Is there any audible or warning system(beacons), so that that others can 
be notified when the machine is on operation? 
 

� � � 

5.Does an exposed worker in case of a hazardous event have the time and 
means to quickly escape the area without getting affected? 
 

� � � 

6. Does the machine have adequate safety systems properly implemented 
which are clearly visible if needed in case of an emergency? 
 

� � � 

7. Are the control systems in place safe which permits allowances for 
failures, faults and constraints expected in the planned circumstances of 
use? 

� � � 

3.9 Points to note on Safety 
• Cryogenic machining is considered a sustainable alternative to flood and emulsion 

cooling used in traditional machining applications. Despite that, it involves several 
risks and hazards if not treated with precaution and care. There are generally two 
types of hazards arising from LN2 and LCO2. 

• Hazards regarding to low temperature, which can lead to severe cold burns frostbite 
and serious injuries from deep-freezing of tissues due to the very low temperature of 
the cryogenic liquid. Care must be taken when operators handle equipment. Even 
encountering frozen pipes, can cause skin lesions as the skin can stick on the frozen 
pipe. Hence, special protective gloves shall be used when handling cryogenic 
containers, pipes or other equipment. Hazards related to vapors. Both nitrogen and 
carbon dioxide when in high concentrations in a confined space can cause severe 
physiological     effects, posing risk of asphyxiation. Nitrogen can displace oxygen 
causing dizziness, nausea, vomiting and loss of consciousness. Carbon dioxide at 
concentrations up to 5% can cause headache, discomfort, cramps, respiratory 
disturbances and disorientation. It is important to keep in mind that high 
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concentration of CO 2 does not necessarily means and low oxygen levels. Most 
importantly though, both gases at high concentrations can be proven fatal. 

• Filling, handling and cleaning of cryogenic tanks and containers should be performed 
by trained personnel following the relevant procedures defined by the organization or 
the national regulatory authority’s guidelines. 

• Other important points that must be considered from the safety point of view 
• Pressure build up / Ice plug formation - LN2 
• Attention should be paid to any part of the system in which liquid carbon dioxide may 

be trapped and which may lead to excessive pressure if the temperature then rises, 
the pressure of the trapped liquid could exceed that which the piping and hoses can 
withstand causing rupture of the hose or piping with possible injury and property 
damage. 

• All piping, in which liquid carbon dioxide may be trapped, shall be equipped with 
suitable sized safety relief valves: these safety relief valves should be set to discharge 
within the design pressure of the part of the system they protect. 

• All carbon dioxide piping shall be equipped with pressure relief devices located in all 
parts of the system in which liquid can be trapped (between valves, check valves, 
pumps, etc.). 

• The carbon dioxide vessel primary process isolation valve should be located as close 
as practicable to the vessel itself 

• Protection against over-pressure shall be installed between any two isolation valves 
where liquid or cold vapor can be trapped. 

• A secondary means of isolation (required to prevent any large release of carbon 
dioxide should the primary isolation valve fail) should be provided for liquid lines 
greater than 8 mm nominal bore, or a liquid line where there is only one means of 
isolation between the vessel and atmosphere (such as liquid filling lines). 

• At least two pressure-relief valves to be fitted to the vessel in conjunction with a 
changeover valve, to ensure that two relief valves remain on-line during normal 
operation. 

• All pipework from the pressure vessels, except those for safety devices, must have 
shut off valves which shall be located as close to the vessel as practicable 

• The pressure relief devices should be installed on a riser pipe extended from the cold 
liquid piping to create a vapor trap and prevent water ice from accumulating inside 
the pressure relief device and allow any condensation to drain. 

3.10 Monitoring system 
The nitrogen system can be monitored by implementing a safety system which recognizes 
safety as the number one priority in all metal working industry. When machining at high 
temperature and when there is a need for good surface finish, LN2 or CO2 purge can help in 
operation safety with proper monitoring system. 
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The three distinct monitoring alarm points which are compliant with (National Fire Protection 
Association (NPFA) NPFA79(Electrical Standard for Industrial Machinery) can be used for the 
monitoring process. 
NPFA is a committee that is involved in publishing more than 300 codes and standards which 
if followed can minimize the possibility of fire and other risks. These codes and standards are 
administered by more than 250 Technical committees which consists of more than 8000 
volunteers throughout the world 
 
The following things can be monitored with this system 

● Low Nitrogen storage level 
Helps in assisting the level of nitrogen in the tank and gives a warning indication when the 
level goes too low. 

● Low Nitrogen storage Pressure 
It monitors the liquid nitrogen tank to enable adequate pressure in the tank. 

● Low houseline nitrogen temperature 
This indicates whether the liquid nitrogen from the supply tank is being vaporized adequately. 
There can be performance degradation due to overdraw, ice accumulation or other unknown 
system upsets and this system can provide warnings. The system can be installed near the 
sight of the operator, with sound and light warnings to warn the operator of a potentially 
critical situation. 
 

 
Figure 16 - Nitrogen Monitoring Supply System 
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Table 4- Benefits of the system 

System Features System Benefits Requirements 
1.Fail open houseline      
pressure control valve 

Nitrogen flow cannot be 
interrupted by valve failure or 
loss of power 
 

Yes 

2. Sensor for low purge 
volume alarm 

Adequate notification of low 
storage tank level for a 
controlled purge shutdown 
 

Yes 

3.Temperature switch for low 
temperature 
measurement and alarm 
 

Signals vaporizer 
performance degradation to 
proactively 
help avoid problems 
Offers you the flexibility to 
increase nitrogen flow rates 
without altering the system, 
i.e., need for a restricting 
orifice 
 

Yes 

4.Sensor for low pressure Adequate notification of 
insufficient tank pressure, 
which 
could impact the flow rate 
 

Yes 

5. Optional interface with Air 
Products’ 
process management system 
 

Allows you to monitor and 
archive nitrogen consumption 
data 
 

Yes 

 

● Easy to use system 
The system has got locally accessible alarm panel which can house signals for low nitrogen 
storage volume, storage pressure and can also warn about low vaporized nitrogen houseline 
temperature. The control panel can also include an alarm horn and light for each signal   
● Seamless solution 
The system if integrated can be seamlessly be tweaked according to the need of the present 
manufacturing scenario to meet the specific flow and design requirements. 

3.11 Cost 
Sustainable cryogenic machining technology is found to exhibit high potential to cut the 
production cost and improve competitiveness by creating less waste and minimal resource 
consumption.  Life cycle assessment in shop floors have pointed out sustainability issues 
which concludes that the future of sustainable production is implementation of cryogenic 
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machining to reduce environmental burdens and at the same time increase machining 
performance and profitability. It's also found that tooling cost represents the major 
contribution to the total production cost. Cryogenic machining on the other hand offers a very 
cost-effective solution to improve sustainability performance in comparison to conventional 
machining. 

Things to keep in mind for the successful implementation of the cost-effective solution: 

● Designing and development of sustainable cryogenic systems (machining processes and 
fluid delivery systems) which can accommodate a wide range of machining operations. 

● Optimizing or finding a way to optimize the cryogenic fluid delivery system, so that a 
controlled pressure, mass flow and flow phase can be achieved. 

● Identification of future industrial opportunities. 
● Optimization of the nozzles for cryogenic dispensing.  

 

The table 5 consists of results of turning Inconel Bars which have a diameter of 40mm with a 
SANDVIK GC 1105 grade carbide tool. The specimen was subjected to conventional and 
cryogenic cooling and the results are displayed below. [49] 

CLF Usage 

In Table 5 the consumption of CLF has been investigated which adds up to the machining cost. 
Cryogenic machining is considered preferable as there is complete elimination of oil-based 
CFCs. To make the calculations valid, life cycle of the fluid and its hourly usage and various 
other attributes must be taken into consideration. The main benefit is that cryogenics is that 
there is immediate evaporation as it touches the hot surface.  

Table 5- CLF Usage [49] 

Categories Conventional Cryogenic 

CLF concentrate(€/Liters) 10 / 
CLF disposal(€/Liters) .2 / 
CLF amount (Liters) 450 / 
CLF concentrate needed(liters) 28.12 / 
CLF concentrate costs (€) 281.25 / 
CLF disposal (€) 90 / 
CLF maintenance (€) 60 / 
Overall CLF costs (€) 431.25 / 
Duration life(h) 2640 / 
Non-Returnable CLF (kg/min) / 0.6 
Non-Returnable CLF costs(€/kg) / .21 
CLF costs (€) 0.17 0.17 
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Production Cost 

Table 6 represents the curing during production runs, It can be clearly seen that tool wear is 
greatly reduced when cryogenic cooling is employed. It also results in quicker production runs. 
Also, cryogenic machining is suitable for faster production runs, which is very much required 
for the automobile or the tool industry which requires a very high output of production 
volumes. Thus, the output per tool is significantly increased. Thus, it can be clearly noted that 
it significantly increases the tool life, thereby reducing downtime to a great extent. As the 
cryogenic evaporates, the cost of cleaning the part and cleaning the scrap is reduced to nil, 
which greatly convinces us to move to cryogenic machining. 

Table 6- Production Costs [49] 

Categories Conventional Cryogenic 
Number of parts machined/per tool 1 6 
Tool changing time(s/part) 180 30 
Tool changing time(s/part) 243.3 93.5 
Part Production Rate(part/h) 14.8 38.5 
Machining cost (€) 2.11 .95 
Tool Cost (€) 2.50 .42 
CLF Cost (€) .002 .07 
Down time(s/part) 210 66 
Electrical usage(kWh/part) .076 .055 
Cost of Electricity (€) .009 .007 
Part Cleaning cost (€) .063 0 
Swarf preparation cost (€) .015 .004 
Total Production Cost (€) 4.69 1.45 

 

Table 7 shows the hourly rate calculations in the conventional and cryogenic machining of 
Inconel 718. All the calculations are considered under 80% operating efficiency. The high 
initial cost noted in the cryogenic machining can be attributed to the delivery system that 
needs to be in place. These results in a higher setup cost in the later, so the main target for 
gaining benefits should be in the process itself. Also, for operating a sophisticated system like 
the cryogenic. the skill for the operator needs to higher, which adds to the overall cost. From 
the experiment it can be seen that the total cost of cryogenic machining is around 17% higher 
than conventional machining.  
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Table 7- Hourly rate of machining under different condition [49] 

Categories Conventional  Cryogenic 
Machine Tool Cost € 150000 150000 
Tooling € 4500 4500 
Cooling delivery System € 0 10000 
Machining System Cost € 157500 167500 
Annual Depreciation € 22500 23929 
Maintenance € 2318 2468 
Insurance € 618 658 
System Usage costs € 12.53 13.29 
Direct Labor € 12 15 
Indirect Labor € 1.20 1.50 
Supervision 1.44 1.80 
Fringe Benefit€ 3.96 4.95 
Cost of labor € 18.60 23.25 
Machining costs € 31.13 36.54 

 

However, conventional machining includes additional cost for separation of CLF from the 
swarf. The CLF separation usually includes separation of unemulated oils through skimming, 
separation of the hard particles by means of filtration, emulsion separation and treatment of 
the separated water. 

3.12 Time 
Cryogenic cooling saves a lot of time in different ways. This procedure can greatly improve 
the cycle and takt time when machining hard materials hardened steels and irons (over RC 
50), powdered metals, hard-metal matrix composites, medical alloys such as cobalt-
chromium, aerospace superalloys, and polymers such as silicone and PEEK Cryogenic cooling 
reduces the tool damage and thus increases the productivity of each tool. The chip from the 
machine doesn't need any treatment to go through to reduce the oil contaminations. Less 
maintenance time due to less parts (no pumps and treatment plant attached).   These are few 
ways cryogenic cooling saves time. 

3.13 Implementation and Integration 
There is always a great sense of discomfort associated with change in any industry. The main 
discomfort associated with humans is the fear of loss that is associated with the change. 
Sometimes the fear of change within employees can create great sense of fear and worry in 
their minds. This fear often clouds their judgements about the benefits that the change could 
bring to them. The main cause of these fear can come from the feeling of uncertainty, 
intolerance and difference of opinions. To avoid these issues in technology integration, there 
must be certain mechanisms in place so that it does not affect the production/ manufacturing 
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scenario. Research suggest that promotion focused employees likes to master the ability to 
adapt to new technology better and to apply it to their work. 
Workers or managers exposed to such technological integration exhibit 3 specific types of 
deviant workplace behaviors: 
● Leaving early or intentionally “production defiance” 
● Sabotaging/damaging equipment, lying about working hours “property defiance” 
● Showing favoritism or gossiping about a coworker “political Defiance” 
These non-technical aspects can threaten the success of the change thereby affecting the 
success of the overall organization 
 
Technology Change Management Implementation 
Embarking on a technological change will have an impact on the way the organization 
functions, so the change must be gradual, and a great deal must be put on the implementation 
of the change. This requires visionary leadership, if not implemented in a proper way will 
affect the quality of the product and a loss of reputation. 
 
Staff Impact – Communication 
The implementation of the new technology requires proper communication with the    staff 
about the benefits, training and the expectations along to answers to what and why. An 
effective way of doing this is to define the nature of change and its importance to the users 
and how the change will affect the user both personally and professionally. This calls for open 
communication between the managers and employees. Also, a benefit of good 
communication is that the staff can know how the technology can improve their jobs. This 
message can be communicated in different ways depending on the companies/organization’s 
way of communication. This exchange can be through emails, newsletters, staff briefings or 
company website. 
 
Training 
Once the information has been conveyed through different media, the actual training 
procedure must be initiated, but it must design or created. PowerPoint presentations and 
hands on training are some training. factors that determine this are the extent of training 
material and the method that is going to be used to deliver the training. Special trainers must 
be inducted, who must encourage the staff to use the newly acquired skills during and after 
the training has been completed. Finally, the training must be ended through evaluation, 
which a employee must fill up to determine how the training could have been imparted or 
improved. 

3.14 Maintenance and service 
Maintenance required for the cryogenic system and a liquid coolant system is different in 
many ways. The maintenance requires certain special skills that calls for some high standard 
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trainings to deal with high pressurized coolant with a temperature close to -321°F where 
liquid coolant only deals with maximum M+70°F.  
The liquid nitrogen tank is self-pressurized, so no external pump is needed but high 
pressurized insulated pipe line is needed. The feed system requires special vacuum jacketed 
insulated line from the source to the spindle which needs special attention as this should be 
able to deliver the cryogenic gas at desired temperature.  
Cleanup process is less time consuming and less hazardous as the stickiness of the oil is not 
there.  
There is a programmable NC system which adjust the flow of liquid nitrogen as per the 
requirement of the process. There is a need of adjustment and maintenance of the system.  
The function of regulatory valve and safety valve is also important which need maintenance 
yearly. 

3.15 Central or Local source of cryogenics  
The source of the cryogenic can be placed in a central position which allows to deliver 
individual drop to each machine or in a tank closer to machine in a local position. As the 
system is self-pressurized so no need of pump or any other method to deliver it to the 
machine tool from the storage. The size of the cryogenic storage depends on the number of 
operations that needs cryogenic cooling system. The operation that mostly requires cryogenic 
cooling is the one that requires better surface finish or 
difficult to machine surfaces. If such number of 
operations is not much, then the source can be close to 
each machine otherwise it can be located centrally. If 
the source is in a central position, then the feed line to 
each machine needs to be long and secure but if its 
stored close to the system inside the enclosure of the 
machine then every time the cryogenic tank needs to be 
refilled the whole process needs to be stopped. The 
central location of the cryogenic would make it easy for 
maintaining but the feed line should be able to deliver 
the cryogenic at desired temperature and without 
losses. There are many advantages and disadvantages 
of storing it locally and centrally it would depend mainly 
on the infrastructure.  

3.16 Quality of the product 
Improved cooling and increase in cutting speed are not the only benefit of the cryogenic 
cooling. Cryogenic cooling also improves the machined surface smoothness, wear resistance 
and higher compressive residual stresses. According to the managing partner of industrial 
CryoTech (Macungie,PA)  when the machined surface heats up the molecules realigns as the 
part cools down and studies show that  there is a chance of better realignment in cryogenic 

Figure 17- Wet/Cryo Machining 
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machining which also results in smooth and harder surface. Cryogenic cooling also solves 
some unusual problems like breaking of chip which can grow up to 100 of yards long (metal 
containing niobium). 

 
Figure 18- Cryogenic-machining-vs-traditional-coolant [50] 

 

3.17 LC02 & LN2production in mass scale/Supply 
Industrial nitrogen can be produced by 
filtering and compressing atmosphere air. 
CO2 and residual hydrocarbons are removed 
through air purification. It is then passed into 
a cold box. Then the liquid air is distilled in a 
distillation column. To get the pure nitrogen 
gas it is further condensed in a condenser to 
yield pure nitrogen at a pressure of up to 
5bar and a purity of 99.5% to 99.995%. The 
process is completed and the LN2 is 
transferred to the storage tank. Below is the 
generic schematic of a conventional nitrogen 
manufacturing unit.  

We get CO2 in mass scale as a byproduct of other chemical processes. The maximum amount 
of CO2 produced is sold to the food industry. Ammonia plants and refineries are one of the 
most popular sources of CO2. 

Almost 80% of earth's atmosphere has nitrogen. It can be extracted by refrigerating the other 
components of the air. The above image describes the process.  Liquefaction of air is the 
common method to produce liquid nitrogen. It is the phase change of a substance from the 
gas phase to the liquid phase. The liquid nitrogen generators or compressors, the air is 

Figure 19- LN2 production system 
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compressed, then expanded and again cooled via the Joule-Thomson effect. Then the liquid 
nitrogen can be collected from the distillation chamber which can then be stored in a well-
insulated Dewar flask or a pressurized tank. 

 
Figure 20- Schematic of a pulverized coal-fired power plant with an amine-based CO2 capture system and 

other emission controls. 

 

Setting up of small cryogenic plants 

There are many companies which are providing solutions to set up a cryogenic plant inside 
manufacturing facilities that make sure that there is a continuous supply of nitrogen during 
manufacturing. One such company is Linde CryoPlants Ltd. It is a subsidiary of The Linde 
Group based in UK. They have supplied more than 3,000 air separation plants and maintain 
the highest standards of service. Facilities and their expertise can greatly be incorporated in 
the process so that an uninterrupted flow of LN2 supply can be achieved. 

Concept 

The plants can be modular plants, which are very easy to install. These plants can be operated 
unattended and can be switched ON/OFF remotely which can be used to fill the tanks or can 
also be transported to the various machines using a chain of pipelines. 

 The LINDE liquid nitrogen plants are factory tested modular units that are simple to install 
worldwide. The Plants can operate unattended, can be switched on and off automatically to 
supply high purity liquid nitrogen into a tank in response to liquid level sensors in the tank.
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4. TARGET MARKET FOR CRYOGENIC COOLING 

Now a day’s manufacturers are in constant pressure from competitors, skilled labor shortage 
and increasing material cost and as the rules and regulations for the industries are getting 
more and more stringent to make the industries more sustainable and environment friendly, 
so to deal with this the long-term vision for all the industries are to eliminate the use of 
coolants totally and shift to something more sustainable to achieve optimal machine 
performance. As for now only industries using materials which is hard to machine has been 
implemented cryogenic but there are other industries with not so hard metal can also gain 
some advantages by using cryogenic coolant. The target industries for cryogenic has two 
categories one kind of industry is companies that machine parts, and another is tool 
manufacturing industry. Two target markets have been discussed below where the use of 
cryogenic for cooling can be implemented.4.1 Automotive 

Automotive industry is a vast area where cryogenic machining can be employed. The 
machining during production of camshafts, gear box components, engine components 
employs both dry machining and wet machining which employs coolants. Some of the 
operation done by wet machining can be replaced with cryogenic machining. It's always 
better to equip the machines which are at the end of the assembly line to start with. 

From the table below, It can be seen that in the EU, the production cost incurred in the 
automobile industry which is connected to the use of CLFs are 15-20% and tool cost are 
around 4%. Large machines contain up to 100 m3 or more CLFs and the replacement intervals 
are around 4 weeks.  A medium based automotive parts manufacturer uses up to 1,00,000 
liters of oil-based coolants, the cost of which can range up to €40,000. The chemical treatment 
of the used coolant is around €15,000 another €15,000 for wastewater treatment and around 
€6,000 for cleaning of the pipelines. The entire overview is explained in the table below 

 

 

Figure 21- Cooling/lubrication fluid (CLF) market overview in the EU [51] 
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Employing cryogenic machining can help us cut the production cost in many areas 
1. No disposal cost for waste 
2. No regulation on handling waste 
3. Less mist collection in the environment  
4. No chip coolant separation cost. 
5. Lower cost of sterilization 
6. No bacterial and fungal growth 
7. Reduction or elimination of washing cost 
8. No oil film on the parts, oil free material 
 
Sustainable manufacturing in the Automobile industry 

Presently automobile manufacturing is using the 3R Scenario (reduce, reuse, recycle). To go 
beyond 3R and to promote green technologies, the industry must shift to 6R (reduce, reuse, 
recover, redesign, remanufacture, recycle) as it allows to reach the sustainable goal for 
sustainable manufacturing. Implementing this process can help to transform from one loop, 
single life cycle paradigm to a theoretically closed loop multiple life cycle paradigm [52]. 

 

Figure 22 - a) Development of sustainable manufacturing in Automotive 
Industry [53]; b) Closed-loop product life-cycle system in 6R approach [54]; 

c)Optimization decisions for production process planning 

The flow process must be adopted to establish a sustainable cryogenic system in the 
automobile industry. Figure 22 shows the sustainable chain of production. As sustainability 
during machining is the focus in this industry, the sustainability circle must be considered for 
an optimum process flow. As the report is more focused on the economy of manufacturing, 
it must make sure that manufacturing is as economical as possible, as cryogenic enables us to 
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achieve higher rates of cutting speed with least tool wear and zero use of cutting fluids, a 
higher quality of products can be achieved with a substantial elimination of waste.  

 
Figure 23- Chain of production sustainability in the automobile industry [55] 

Safety aspects 

The safety aspects that must be considered while developing a cryogenic machining 
atmosphere in the automobile industry are 

● Setting up of guidelines which are tried and tested for use of valves, sensors, piping systems 
● Fail proof mechanisms of valves and sensors to detect leaks in the system 
● Adequate manpower training for use of these systems 
● Have a system to transport the gases to the machine tool 
● Also, to check where the other machines are not hampered during failures 
● Keeping a redundant system, so that the integration does not affect the production volumes 
● Keeping a tract and history of failures and areas where failures can be generated 

As the integration is a very needed change that must be enforced but a lot of trials must be 
initiated by the interested company. This trial can be performed by Setting up small test rigs 
in the production system to see how start/stop effects the cryogenic system and how the 
system behaves. 

The environmental pollution from different industries has created an immense pressure on 
the governing bodies. As a result, they are working together with other governing bodies to 
create more strict rules and regulations for the manufacturing industries to follow. The focus 
of those regulations is to create an improved environmental, social and economic impact on 
the society. The cryogenic machining process is a sustainable process which will help the 
industry to achieve the goal of productivity boosting, reduce waste, quality enhancing and 
easy machinability of any metals. Cryogenic machining delivers higher metal removal rate and 
longer tool life which can improve part quality and reduce energy consumption thus 
increasing productivity of the plant. The main application of cryogenic till now was in 
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aerospace industry. As the manufacturing industry in aerospace needs to have high level of 
precision and superior surface quality.  
The only thing that separates the aerospace industry from automobile industry is the sheer 
volume of production. So for employing cryogenic machining, it must be take into 
consideration the systems behavior when faced with such high volumes. When the 
production volume is very high, the heat generation can be a cause of worry, as the chip tool 
adhesion can be a great cause of reduction of tool life and resulting in decreased tool life and 
increased cost, this reason can greatly benefit cryogenic use in automotive industry as there 
is very high heat generation,  
 
Considering the production scenario of CGI Engines 

CGI engines in gasoline and diesel truck engines are very common and have been in use in the 
automobile industry since 2006. The CGI casting process is very complex and the process of 
machining it is a very complex process which leads to the generation of extreme heat at the 
tool cutting edge which leads to high tool wear. The CGI are normally very tough, which in 
turn requires slower cutting parameters in order to maintain lower cutting temperatures and 
lower tool wear. Cryogenic cooling will help us to maintain a lower cutting temperature by 
concentrating cooling at the cutting edge, which increases cutting speed and controlling the 
cutting temperature at the tool tip region 

The associated advantages can be summed up as  

• Small rates of cryogenic application near the cutting edge resulting in maximum cooling 
effectiveness 

• Achieving total dry cutting, and zero coolant requirement 
• Dry chips results in simplified chip recycling 
• Reduced floor space dedicated to coolant equipment 

Cryogenic machining results in 25% higher output which results in reduction of capital 
investment. 

Tool Life  

The primary cause of tool failure is the high temperature that is generated and use of 
cryogenics can lead to an improved tool life of up to 10times [57]. 

Machining Time   

The increase of tool life means lower frequency of machine stops for tool changing, which 
increases the machining time which is one of the main factors that influences the profitability 
during machining. It has been claimed that with cryogenic machining it’s possible to reach five 
times faster machining as compared to conventional machining. Also, the tool material plays 
a crucial role. when it comes to tool wear. With higher cutting speeds during dry machining 
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using carbide tools a very low cycle time is realizable. With Ceramic and CBN tools very high 
cutting speeds and a corresponding higher cycle times are possible [58]. 

 

Figure 24- Cryogenic machining of Cylinder blocks. 

Product Quality  

The surfaces in CGI blocks which are hard to machine, product quality of the finished product 
is a very important factor. Test by 5ME on test parts has resulted in smoother and more 
reliable end products than by traditional methods of cooling [59]. Cryogenic cooling results in 
the generation of low cutting forces due to high pressure cooling which results in a higher 
level of surface finish and there are less chances of any physical damage [60]. 

So, when it comes to the use of cryogenics in the automobile industry, it can be seen that we 
can reach a high level of profitability in terms of tool changes, higher production rates due to 
higher cycle times. This can lead to enhanced quality of finished product. Also, LN2 can be a 
more sustainable and viable option as compared to other conventional cooling means. 

4.2 Mold and Die Industry 
Introduction 

Molds and Die play a significant role in the entire production chain because all the mass-produced 
parts are formed using die and molds. Thus, dies and molds affect the cost, lead times and quality and 
the economics of components, assemblies and sub-assemblies especially in the automotive industry. 
The manufacture of these molds and die requires high speed cutting, hard machining as seen in the 
aerospace industry. Cryogenic cutting can be implemented in the machining of these hard to machine 
materials.  
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Background 

It can be seen that the manufacture of all 
discrete parts that can be assemblies and 
sub-assemblies and all mass-produced parts 
that are discrete requires the operations/ 
processes like stamping, forging, casting and 
injection molding requires dies and molds. 
So, in a way dies and molds which represent 
a very small investment, but they are crucial 
in the determination of lead times, quality 
and cost. So, these molds must be robust 
and made of very hard material which must 
be robust for a tryout period of 6-8 months. 
Automotive drive train components require 
precision forging, so in a way the quality of 
die greatly affects the quality of the 
produced parts. In a way the effectiveness 
of a die making impacts the entire 
production cycle, so it's a crucial link in the 
entire production chain. 

A single die can be repeatedly used for 
production of many components, but the 
manufacture of these molds and dies must 
be scheduled and completed within very 
rigid deadlines, which poses manufacturers 
of these dies with an extremely challenging 
task.  These constant demand and development of new models leads to the generation of enormous 
pressure on die makers due to which they require new and advanced process of manufacturing [61] 

Potential benefits of using cryogenic machining 

As the mold and die materials are very hard to machining, use of cryogenic methods of cooling 
can increase material removal rate without wearing the tool and can reduce the tool change 
over costs, which in turn increases the productivity. The increased tool life is achieved due to 
lower abrasion and chemical wear. These hard to machine surfaces can be machined with 
ease with the application of expensive grinding application. Also, it can heel in the reduction 
of the number of machine tools and can increase the manufacturing flexibility. All the benefits 
in the above process can be achieved due to lower cutting temperature in the cutting zone, 
improved chip breakability and a decreased BUE formation probability and no additional 
processes needed. 

 

 

Figure 25- Workpiece characteristics in die and mold 
making[62] 
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 Machining of Dies and Molds from a Tool Steel Block  

Most of the dies for casting, forging and tool hydroforming are manufactured from a block of 
tool steel or in some cases aluminum or copper alloys. This requires a large amount of 
material removal. Conventionally it is done together with many different aspects of hard and 
HSC milling. A research which took into consideration the machinability of three molds with 
different Sulphur content was investigated in varied cutting conditions [63]. It was found that 
machining with higher feed rates the tool life was increased by 75%. Cryogenic machining can 
be employed to generate these high feed rates as it can maintain the temperature in the tool 
tip zones to a lower value than the conventional machining processes. 
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5. CRYOGENIC MACHINING SOLUTIONS  
 

The demand of the cryogenic cooling system in aerospace industry is high and in other 
industries, a lot of research work is going on to make it more compatible and easier to 
implement. The increasingly growing interest of the other industries has led to the 
development of new technologies and specifically designed solutions. An effort has been 
made to describe briefly the work of two companies who are working with cryogenic cooling 
solutions 

Cryogenic cooling solution- 

The solution offered by the company 5ME is a unique option which is available for individual 
machines or even for large-scale utilization. The tool holders and tooling are specially 
designed which makes retrofitting an easy task.  5ME’s solution enables higher cutting speed, 
longer tool life by transmitting nitrogen at -196 degrees C through spindle directly to the 
cutting edge. 

 

Figure 26- Components in a 5ME SETUP 

 

The whole system comes with 6 parts 
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1. The Source – Cryogenic Cooling Fluid Storage 

As LN2 has been taken into consideration, the liquid Nitrogen can be stored in a central 
storage location, which can be then fed into one or more of the cryogenic systems. The 5ME 
systems are self-pressurized, which eliminates the need for the use of pumps and other power 
consuming assets. There can be an Individual storage in a Dewar (it is a vacuum container 
made of double walled flask or metal with a vacuum in between the walls which can maintain 
the internal temperature below ambient temperature for extended period of times) 

2. The Feeder – Cryogenic Machining Insulated Fluid Transfer 

The feed system in this mainly consists of vacuum jacketed feed lines from the Dewar to the 
machine via jacketed feed lines to the machine tool to the spindle, turret or ram system 
depending on the machine tool configuration. The system is critically sealed to prevent 
ambient heat and to make sure to feed a -196°C LN2 to the point of use. The system with the 
help of a cryogenic controller ensures the responsibility to control the flow of nitrogen liquid 
to make sure that it is delivered at the prescribed pressure for application. 

3. The Sub-Cooler – Cryogenic Machining Temperature Maintenance 

The main work of the patented 5ME sub-cooler removes the pressure generated heat out of 
the system which helps in returning the LN2 back to -196°C and condenses back to 100% 
liquid. this allows accurate liquid metering, which ensures liquid nitrogen is delivered to the 
cutting edge for the optimum extraction of heat and ensuring performance gains. 

4. The Cryo Control (VCFS Control) – Programmable Flow Control 

The Cry Control regulates the LN2 flow through the system. The system is based on a NC 
control, which allows programmers to control the flow of LN2 in the system. It makes sure 
that the flow is appropriate. It also allows for auto override to emergency shut off or overflow 
in the system.  

5. The Spindle – Retrofit Cryogenic Machining to Many Machines 

The main advantage of the 5ME patented cryogenic tooling system, is that it can be retrofitted 
to any of modern OEM spindle, ram or turret. The LN2 flows a vacuum insulated tube that 
rotates inside the spindle, which allows it to be used in hi-speed or high-torque applications. 
The tools can be available for 4- and 5-axis machining centers and are also HSK or ANSI 
interfaces.  The spindle has been designed in such a way that it has a long seal life, no thermal 
cycling issues. It has also been found from three years of continuous testing that there is no 
effect on spindle bearings but also more in depth can be done about the effect on bearing 
due to cold operating conditions. 

6. The Tool – Delivering Cryogen Directly to the Cutting Surface 



46 | P a g e  
 

The patented 5ME cryogenic cooling is designed specifically in line with the cryogenic system 
so it has the designed functionality and safety. The current tooling catalog for the company 
includes tool (turning and grooving) which includes solid carbide drills and mills. There are 
also stubby and extended tooling, boring tools and inserts. The tools are specifically designed 
to make sure that the liquid nitrogen is in the liquid state and makes sure the state is 
maintained up until the cutting length. This makes sure that the liquid nitrogen is used in the 
most efficient way and there is optimal cooling at the point of cut. 

Hybrid cryogenic MQL solution  

It is an invention [64] which can provide lubrication and cooling by using small quantities of 
lubrication using very small quantity of lubricating fluid. In addition, the device can control 
the temperature of the lubricating fluid, without affecting the flow of the lubricant, which is 
done using a heat exchanger. The device also consists of a cooling fluid device, a lubricant 
fluid device, cooling circuit and a lubricant delivery circuit. The advantage of using this system 
is that lubrication can be chosen individually to meet the requirements of the machining. The 
collected cooling fluid after cooling of the lubrication fluid can be reused further for different 
application. The cooling fluid used is cryogenic LN2. The advantage is the low temperature of 
the cryogenic fluid, which ensures a very efficient cooling of the lubricating fluid. This can be 
used for a wide range of industrial processes, making the devices very cost efficient for 
industrial use. 
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Figure 27- Patent diagram of Accusvenska 

Working 

The system consists of a lubricating and a cooling device, which comprises of a first channel 
which is connected to the first inlet port and a lubricant fluid device, which comprises of a 
second channel, which is connected to a second inlet port. There is also a heat exchanger, 
which comprises of a cooling circuit and a lubricating delivery circuit. The cooling circuit 
comprises of an inlet port and an outlet port, it receives the cooling fluid which flows through 
the cooling circuit. The lubricating circuit comprises the second inlet port and the second 
outlet port and the lubricant delivery circuit, which receives the lubricant fluid. When the 
lubricant fluid flows through the lubricant delivery circuit, from the second unlet to the 
second outlet port, the heat exchanger cools the lubricant fluid by means of the cooling fluid.  
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6. DISCUSSION 
In this thesis work a  brief review about cryogenic machining has been presented and the motivation 
and reasoning behind using cryogenic machining instead of conventional flood cooling. All the 
possibility and necessity of cryogenic machining over conventional cooling as a sustainable alternative 
has been tried to be covered. Through many previous experiments it has been proved and claimed 
that cryogenic machining as a sustainable alternative can provide  

1) More environmentally friendly process 
2) Reduced cost 
3) Reduced energy consumption 
4) Effective waste management 
5) Enhanced operational safety and personal health 

As it has been mentioned above, there are many different researches that shows cryogenic machining 
prolongs tool life by subsequent amount and it produces higher grade of surface finish and micro 
hardness. Present and ongoing research has proven that cryogenic machining can be actively used in 
the automobile and die and mold and tool industry. The two aspects that greatly give cryogenic 
machining an edge over the conventional machining process is tool life extension and 
sustainability.  NO2 and CO2 are both inert gases and very safe to use, if adequate safety measures 
are enforced. Liquid nitrogen is relatively less dangerous that the chemicals used in liquid coolants. 
Common use of liquid nitrogen is food processing industry, flash freezing of food used in the fishing 
industry. It has also been used in high end restaurants for a type of cuisine called molecular 
gastronomy. So, all the safe practices adopted in these industries can be studied and adopted to make 
the cryogenic machining process a very safe process. Operators exposed to cryogenic agents or liquids 
no longer suffer from dermatitis, also bronchitis and lung related problems that arise from the mist in 
the air can be solved using nitrogen, while using CO2 cooling a more cautious approach must be taken, 
as excessive CO2 concentration is very dangerous to human life. “Quality of life” of operators can be 
greatly improved in cryogenic machining which can help us to retain the skilled workers. The cost of 
liquid nitrogen is less expensive than water and there are a lot of commercial suppliers also in the 
market. So, it’s not so expensive, readily available and sustainable compare to the liquid conventional 
coolant.  

The focus of the thesis was on the process of implementation. All all the necessary points that needs 
to be reviewed before implementing cryogenic in a running industry has been covered. Even though 
a lot of research is done on surface finish and tool life improvement, the cost effectiveness of 
cryogenic machining over conventional cooling has not been extensively studied on production system 
or shop floor level rather only on single process level. One of the main reasons for the lack of cost 
related data, is that cryogenic machining is not a widely utilized machining method by the industry, 
thus the scarcity of relevant research. But the cost might greatly decrease depending upon the 
availability of the cryogenic gas once it becomes a trend.   

The basic needs of an industry when implementing a new technology is obligatory approvals which 
tend to be take a long time. According to 5ME the most time taking approval process exists in the 
aerospace industry but  for automotive and oil and gas industry the time is comparatively less. [68] 
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Another main issue to implement cryogenic is the tool and tool holder but now a days several 
companies are working on the production of tools that can deliver cryogenic to the machining part 
with external and internal nozzles and there are many companies that are selling well designed 
solutions of cryogenic cooling and helping the manufacturing companies during the transition. With 
time many organizations are working with this and providing a less costly and easier to implement 
solution to the manufacturing industries like oil and gas, automotive and tool industries. This new 
design is carefully evaluated for cost effectiveness, resource efficiency and environmental friendliness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 | P a g e  
 

7. CONCLUSION 
Even though a lot of research has been done on the quality of the machined part to prove the 
advantages of the cryogenic machining, it is not so clear about the implementation part. One of the 
things that is  lacking in our report is information about practical implementation and some cost 
related data to back it up. To continue this thesis project the next step would be according to our 
work, retrofitting a machine or a production line into cryogenic machining from conventional cooling, 
talk to tool manufacturers or companies like 5me or Accusvenska to gather information about how 
much time and money should be involved Also, some real information about LN2 manufactures and 
their transportation cost and amount to site.  

A more practical approach would be to identify operations that can be converted to cryogenics with 
the help of the production companies and real-life situations. Use flow diagram and factory layout 
software’s to find best way to arrange the production line and required optimizations of the system. 
Then talk to the cryogenic machining solution providers (ex. 5ME) and tool manufacturer for retrofit 
solutions. Then CO2 and LN2 mass producers and expected transporters. But another important issue 
would be updating the safety rules and regulations and training the manpower about the new 
technologies. Even though it would take a long and well thought approach focus should be on how to 
implement it properly as its not far when EU would make rules more stringent to make everything 
more sustainable and environment friendly. 
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