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Abstract— Cryogenically assisted manufacturing processes 

are emerging as environmentally-benign, toxic-free, 

hazardless operations, producing functionally superior 

products. This paper presents an overview of major cryogenic 

manufacturing processes, summarizing the state-of-the-art. It 

begins definitions, scope, and proceeds to analysis of process 

mechanics and material performance covering thermo-

mechanical interactions, followed by surface integrity, 

product quality and performance in cryogenic manufacturing. 

Process analysis and applications includes machining, 

forming and grinding. 
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I. INTRODUCTION 

For over a century, the science and technology of producing 

low temperature environments is generally referred to as 

cryogenics, even though more scientific and precise 

definitions emerged later. The word ‘‘Kryos’’ has its Greek 

origin, meaning cold and frost. There are inconsistencies in 

identifying at what point on the temperature scale 

refrigeration ends and cryogenics begins. However, most 

research and standards organizations assume that it starts at 

or below _150 8C (123 K; _238 8F). The Cryogenic Society 

of America defines cryogenic temperatures as being 

temperatures below 120 K (_2440F, 1530C). Gunston along 

with the National Institute of Standards and Technology 

(NIST) consider cryogenic temperatures below 180 8C 

(292.00 0F or 93.15 K). This appears to be a logical dividing 

line, as the normal boiling points of numerous permanent 

gases (e.g., helium, hydrogen, neon, nitrogen, oxygen, and 

normal air) are all below _180 8C, Liquid nitrogen (LN2) is 

most commonly used in cryogenics due to its widespread 

availability worldwide. 

The term ‘‘cryogenic machining’’ was first used by 

Uehara and Kumagai in 1968 [.In machining operations, 

liquid gases such as nitrogen, carbon dioxide and helium are 

used as alternative coolants to traditional oil and water-based 

coolants/lubricants. Cryogenic machining furthermore aids in 

altering material properties of cutting tool and workpiece 

material as well as dissipation of the heat generated at the 

cutting zone. In this way, cryogenic machining was shown to 

have the ability to generate engineered surfaces while 

reducing/eliminating damage induced by the heat from the 

machining process. 

II. OBJECTIVE 

This paper aims to provide an overview on the material 

characteristics post cryo-processing and different process 

analysis. 

III. MATERIAL BEHAVIOR, PROPERTIES AND PERFORMANCE 

A. Tribological interface interactions and thermal aspects 

of cryogenic machining  

The effect of cryogenic machining on tool-life has been 

investigated extensively for over a decade. In general, the 

application of cryogenic fluid, mainly LN2, often leads to a 

significant decrease in tool-wear. However, it is not clear if 

this fluid can increase the tool resistance by a macroscopic 

cooling of all the components (cutting tool, chip, work 

material), or if the cryogenic fluid modifies the local tri-

biological conditions, especial-ly the friction at the tool-work 

material interface as reported by Hong and Ding . Therefore, 

this section will summarize the state-of-the-art on the effect 

of cryogenic processing on friction at the tool-work material 

interface, and the heat transfer process. 

B. Friction at the tool-work material interface 

Due to the developments in the emerging alternative 

lubrication techniques, the need for conducting extensive 

studies in the areas of friction was urged in early work by van 

Luttervelt et al. and Childs et al and more recently by 

Brinksmeier et al. However, the characterization of friction 

coefficient in cutting remains an issue, as discussed by Rech 

et al Many researchers use the cutting process itself to 

evaluate an average macroscopic value of friction coefficient 

on the rake face based on force measurements. This method 

has been used by Hong and Ding for cryogenic 

cooling/lubrication in machining of Ti alloys. Based on this 

approach, they report that when the cutting speed increases 

from 60 to 150 m/min, the friction coefficient decreases from 

0.54 to 0.4 in dry conditions, whereas it varies from 0.24 

to0.21 under cryogenic lubrication. Also, they show that the 

friction coefficient depends strongly on the positions of the 

nozzle and the chip breaker, which leads to inconsistent 

values. The main limitation of this approach is due to the fact 

that cutting tests are only capable of providing macroscopic 

data with an average friction at the tool–chip interface. From 

cutting and feed forces, it is very difficult to discriminate the 

role of the work material flow-stress modified by the very low 

temperatures (e.g., hardening effect as suggested by Shokrani 

et al.), and of the various contact zones, including the 

assumed dead metal zone around the rounded cutting edge 

and the rubbing zone on the flank face. Hong and Ding 

suggest a combination of cold strengthening of titanium and 

of a decrease of the friction coefficient at the interface without 

establishing the relative importance of both mechanisms. 

Therefore, it is difficult to use friction coefficients identified 

by this method in modeling applications such as finite 

element analysis (FEA) cutting simulations. A few other 

authors prefer using an inverse method to determine friction 

coefficients by comparing cutting and tangential forces 

obtained experimentally and numerically. In the case of 

machining of Ti-6Al4V alloys with carbide, Rotella and 

Umbrello did not observe any influence of the cryogenic 
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lubrication on the friction coefficient. They identified a 

friction coefficient of 0.6 in both cases 

C. Delivery of the cryogenic cutting fluid 

To control the cutting temperature Tc, conventional cutting 

fluids are usually applied along the directions as follows: (a) 

over the flowing chip, (b) over the primary deformation zone 

on the chip, (c) at the tool–chip interface, or (d) at the tool 

flank–work interface. Cryogenic fluid, in the liquid or gas 

state, can additionally be impinged directly onto the tool 

insert outside the chip/tool interface, or its back through the 

tool holder. This provides the flexibility of cooling the 

workpiece material or the tool separately. While the fluid 

delivery in the directions (a) through (c) represent the 

condition of ‘‘confined flow’’, direction toward (d), and 

impingement on the tool insert represents a ‘‘free flow’’ (or 

open flow) condition. This distinction has a strong influence 

on the dynamics of fluid flow and the mechanism of heat 

transfer. 

D. Surface Integrity Enhancement  

Among all benefits achieved from cryogenic processing of 

materials, the most significant benefits come in various forms 

of surface integrity enhancement. Numerous recent studies on 

cryogenic processing of a range of materials have 

consistently shown improved surface integrity in terms of 

microstructural and phase transformations, surface and sub-

surface hardening, generation of a severe plastic deformation 

layer and compressive residual stresses within these layers, 

etc. Klocke et al. studied and analyzed the cryogenic 

machining performance titanium aluminide in terms of 

surface roughness/integrity, chip morphology, cutting forces 

and tool-wear. It has been shown that a significant surface 

roughness reduction was achieved in cryogenic cooling, also 

in comparison with MQL – see. From the observation of the 

surface roughness profiles and the machined surfaces from 

the beginning to the end of the tests, the deterioration of 

surface quality due to tool-wear was clearly evident in dry 

conditions. With a heavily worn tool, surface cracks with a 

characteristic dimension of about tens of microns appeared. 

It was shown that these unsatisfactory results could be averted 

by the adoption of a cryogenic cooling/lubrication strategy 

resulting in a stable cutting process, which reduced the flank 

wear decisively. The cutting force analysis shows a rapid 

increase in dry machining as a result of tool-wear 

 
Fig. 1: Surface roughness in machining of Ti-45Al-8Nb-

0.2C-0.2B alloy  

Figure shows the comparison of crater wear on the 

tool face of the cutting tool and the flank wear progression at 

the nose region after 3 min of machining in dry, MQL and 

cryogenic machining of Ni-Ti shape memory alloy, again 

showing the lowest tool-wear rate in cryogenic machining 

3.2. Product. 

 
Fig. 2: Cryogenic machining 

E. Hardness 

Increased hardness was obtained from cryogenic machining 

of a range of work materials. Hardness could be increased due 

to work-hardening as well as grain refinement. Increased 

hardness values were also achieved by Pusavec et al.  During 

their investigation on the Ni-based super alloy Inconel 718. 

In their experiments, they compared dry and minimum 

lubrication (MQL) turning with cryogenic turning, and found 

that after the latter, the work-hardened surface is harder, but 

thinner than after dry and MQL machining. This was 

confirmed by Klocke et al. Who found a reduction in the 

affected surface depth in g-TiAl. Similar results were also 

found by Fredj and Sidhom in cryogenic grinding of AISI304 

stainless steel. Significant increases in hardness from 

cryogenic machining of Mg alloys and in cryogenic 

burnishing of Co–Cr–Mo biomedical alloy have been 

reported. Rotella et al. conducted a comparative study of 

machining of Ti-6Al4V alloy under dry, MQL and cryogenic 

cooling conditions for a range of cutting conditions to 

establish the effect of cooling conditions. Their results show 

a deeper affected harder layer under the same conditions 

Yang et al. reported that Severe Plastic Deformation (SPD) 

processes have been used to modify the surface integrity 

properties of materials by generating ultrafine or even 

nanometer- sized grains in the surface and subsurface region. 

Cryogenic burnishing was shown as an effective SPD 

process. Experimental studies and analysis on Co–Cr–Mo 

biomedical alloy show that LN2 application during the 

burnishing process significantly improved surface roughness, 

increased hardness, produced a thicker burnishing-influenced 

surface layer, with significant grain refinement. 

 
Fig. 3: Comparison of surface and subsurface hardness 

profiles in machining of Ti- 6Al4V alloy under dry, MQL 

and cryogenic conditions at 150 m/min. cutting speed 

F. Wear Resistance 

Cryogenic processing has been used as alternative treatment 

to enhance wear resistance on cutting tools, tooling, molds 

and dies, as well as on final parts. Seah et al. performed a 
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series of experiments to investigate the effect of cold and 

cryogenic treatments on the performance of uncoated 

tungsten carbide tool inserts in turning of carbon steel. They 

reported that at different cutting speeds the cold and 

cryogenically treated tools showed more wear resistance than 

their untreated and quenched counter-parts. Leskovsek et al. 

studied the effect of tempering temperature and cryogenic 

treatment on the M2 HSS tool, and reported that cryogenic 

treatment improved the HSS tool-wear resistance. Sreerama 

Reddy et al.  Investigated the effect of cryo-processing on the 

performance of multi-layer coated WC tool inserts in turning 

operations. They reported that cryo-processing significantly 

reduced the flank wear of the inserts as compared to non-

treated inserts. Ramji et al. and Firouzdor et al. cryogenically 

treated HSS tool and found that cryogenic treatment can 

increase the wear resistance of the cutting tool and enhance 

the surface quality of the holes during drilling. 

G. Work Piece Surface Quality 

As wear rate is much lower when applying the cryogen 

cooling, the cutting edge remains sharper for a longer time of 

cutting. Sharper cutting edges lead to better surface qualities. 

On the other hand, cutting temperatures are much lower. The 

compensation of the heat generated in the material 

deformation and in friction processes can suppress chemical 

processes and the adhesion mechanisms. The work piece 

surface from the dry machining process shows big adhesions. 

The cryogenic machined surface shows only very small 

adhered particles. 

IV. CRYOGENIC APPLICATIONS IN VARIOUS 

MANUFACTURING PROCESSES: 

A. Machining Processes 

1) Materials and methods used in turning, milling and 

drilling 

In general, cryogenic cooling in machining operations is 

conducted by both using an external jet or delivery of the 

coolant through the machine tools’ spindle and cutting tool. 

The majority of academic research in cryogenic milling 

operations is concentrated on using external jets as these can 

be easily retrofitted into existing machine tools [206]. 

However, industrial application of cryogenic cooling in 

milling operations is based on the delivery of the cryogen 

through the spindle of the machine tool [39] as this would 

allow for precise delivery of the cooling medium onto the 

cutting edges and the cutting zone. A review of the literature 

[207] shows that a majority of studies on cryogenic milling 

used coated tungsten carbides in machining experiments. 

Shokrani et al. [205] used TiAlN coated solid carbide end mill 

for cryogenic milling of Inconel 718. Huang et al. [99] used 

solid carbide end mills for machining AA7075 aluminum 

alloy, and reported that cryogenic cooling increases the 

stability of the tool during machining. They reported that 

lower chatter marks were detected on the workpiece using 

cryogenic cooling as compared to dry machining. 

Aramchareon and Chuan used a two-flute TiN coated solid 

carbide end mill with an external cryogenic jet for machining 

of Inconel 718. They reported that in comparison with dry and 

conventional flood cooling, cryogenic machining with LN2 

resulted in improved tool-life and surface integrity. Tests 

have also been carried out with CBN, diamond and ceramic 

tools, but it is hard to find studies that demonstrate improved 

efficiency with more advanced and expensive tool materials. 

The major reason for the use of carbide tools is price vs. 

performance. Also, in the early work by Zhao and Hong, 

where mechanical properties and microstructures of several 

commercial tungsten carbide and high speed tool steel grades 

were evaluated over a range of temperatures, down to 

cryogenic cooling conditions (_196 8C). It has been observed 

that carbide tool materials generally maintain their transverse 

rupture strength and impact strength, while the hardness 

increasing significantly as the temperature decreases. Most 

carbide grades tested, showed increased crack 

 
Fig. 4: Tool wear w.r.t to different cooling mechanisms 

B. Grinding Processes 

In grinding processes, the surface cracks in machining of high 

carbon steels are analyzed [163]. Initiation of surface cracks 

on dry ground surfaces, which may be attributed to higher 

temperature and to the susceptibility of this material to phase 

transformation, has been observed. In wet grinding, the 

cracking tendency decreased and under cryogenic grinding, it 

disappeared complete-ly, indicating lower temperatures. 

Same behavior was seen with the severe cracking on the 

machined surfaces. Additionally, forces have been analyzed. 

Cryogenic grinding requires less force and specific energy 

almost throughout the whole infeed range, which might be 

attributable to the higher hardness of the work material. Thus, 

the application of cryogenic grinding has been found to be 

more beneficial for harder materials throughout the infeed 

range explored, mainly because of the fractured and sheared 

mode of material removal, without much rubbing and 

ploughing shows the residual stress relationship with 

corrosion cracking for both conventional and cryogenic 

grinding of AISI 304. Results show that while the cryogenic 

cooling generates the lowest grinding temperature, no 

significant differences over the specific grinding force 

components were observed. Cryogenic cooling also led to a 

reduction in surface roughness of more than 40%. An even 

higher level of work hardening occurred, a lower level of 

tensile residual stresses was measured, and better resistance 

to stress corrosion cracking and pitting corrosion were 

observed. It has also been shown that cryogenic cooling 

application also shows promising advantages by improving 

surface quality and topography of the machined components. 

Paul et al. in their early work found that surface quality with 

cryogenic grinding increases significantly, in comparison 

with dry and wet conditions. Similar results were reported 

subsequently by Venugopal et al. They show the generation 

of a smoother surface and improved surface quality in 

cryogenic grinding. Grinding is usually applied as a finishing 

step, which can generate surfaces with excellent surface 

quality and high dimensional accuracy. Grinding processes 
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are characterized by a high level of generated heat, resulting 

from friction and deformation in the contact zone. 

Furthermore, the contact area between grinding wheel and 

work piece is much larger than in other manufacturing 

processes, leading to a high amount of heat which flows into 

the work piece. Therefore, it is crucial to avoid thermal 

damage of the work piece material by efficient lubricating 

and cooling systems. Besides dry grinding, conventional 

flood cooling and MQL, the application of cryogenic cooling 

is another promising approach to efficiently reduce the 

temperature in the contact zone during grinding. 

1) Study of the contamination caused by the grinding set 

A friction of an impact bar beating against an end stoppers in 

the process of cryogenic grinding was considered as a 

possible source of contamination. Working parts of the 

grinding tool were analysed by ED XRF spectrometry to find 

out probable contaminants derivable from that source. Levels 

of elements detected as components of the impact bar and the 

end stopper were analysed in ground cellulose by ICP-oa-

TOF MS after microwave digestion and they were compared 

with these obtained from samples of crude non-ground fibre 

cellulose. The grinding was in that case carried out under 

optimal conditions previously optimised. 

C. Forming Processes 

As introduced in Section 2.2, for materials with face centered 

cubic structures (FCC), cryogenic cooling can significantly 

enhance the formability, as can be explained by the effects on 

the dislocation mechanisms. The advantageous effects of 

cryogenic boundary conditions on the fracture elongation of 

specific metals have been well-documented. The focus was 

specifically on materials with FCC structure that do not 

undergo a transition from ductile to brittle behavior at 

cryogenic temperatures. 

The high susceptibility of formability of the 5000 

series alloys to reduced temperatures can be explained by a 

reduced influence of the high magnesium content in these 

alloys at cryogenic temperatures. While at room temperature 

the Portevin-Le Chatelier phenomenon is known to strongly 

influence the plastic strain behavior of these alloys, limiting 

their formability and resulting in a negative strain rate 

sensitivity, cryogenic temperatures are believed to 

significantly reduce this dynamic strain aging effect of 

magnesium, thus resulting in improved formability 

V. SPECIAL MANUFACTURING APPLICATIONS 

A. Cryogenic machining of soft elastomers 

The realization of fixturing solutions for freezing workpieces 

for a range of different elastomer materials to keep them 

below the glass transition temperature during machining 

operations have been achieved by a number of authors, 

namely Mishima et al., Kakinuma et al. [107,108] and Dhokia 

et al. This is required as the glass transition temperature in a 

polymer material is where the material transforms into a rigid 

or glass like state. At this temperature, cutting forces can be 

applied in machining operations enabling the CNC machining 

feasible. Kakinuma et al. used LN2 to cryogenically cool a 

poly-dimethyl-siloxane (PDMS) workpiece using a specially 

designed fixture. They identified that cryogenic machining 

significantly improved the machinability of PDMS, though 

they noted that the super cold temperature also gave 

geometrical inaccuracies in the workpieces produced. The 

cryogenic cooling strategy was also adapted on milling using 

three nozzles placed around the milling tool allowing to cool 

the workpiece in every feed direction (see Fig. 34 top). The 

results show a significant improvement in surface integrity 

with cryogenic assistance (see Fig.). Chip flow was much 

better. 

 
Fig. 5: Experimental setup for cryogenic milling of 

elastomers. 
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