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APPLICATION OF CRYOGENIC TECHNOLOGIES
IN DEFORMATION PROCESSING OF METALS

The publications in the field of cryogenic-technologies’ applications in the processes
of the thermal and deformation treatments of metals are reviewed. The most effec-
tive fields of the applications of cryogenic liquids and gases for the heat treatment
of working tools and metals (titanium, aluminium, and copper alloys) are in the
rolling production and heavy engineering in order to improve the product quality,
equipment and tool durability, to reduce the impact on the environment and opera-
ting personnel. The effects of cryogenic treatment and cooling on the tool life, wear,
cutting temperature, surface roughness, dimensional accuracy, and cutting force
are considered. As a result, the use of cryogenic processing and cryogenic cooling in
machining processes increases the tool life and improves surface roughness as well
as reduces the temperature of the machined surface, energy consumption during
operation, and, thus, reduces tool wear that contributes to an increase in producti-
vity. The possibility of obtaining and changing the nanostructure of a metal through
the cryogenic cooling is also considered. The topic may be of interest for researchers
and scientists in the field of metallurgy, materials science, and nanotechnologies.
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1. Intfroduction

The use of a cutting fluid (coolant) leads to a whole range of environ-
mental, technical and economic problems. The need to recirculate, re-
move and dispose of coolant increases the cost of processing. In addi-
tion, liquids used lead to the occurrence of worker’s skin diseases (der-
matitis). The so-called dry machining (without or with minimal use of
coolant), which has recently become quite widespread in the world, re-
duces tool life to a much greater extent than machining with coolant,
and often negatively affects the structure of the resulting surface.
Cryogenic treatment can be considered as one of the possible alterna-
tives to the use of coolant in the processing, primarily of hard-to-ma-
chine materials, such as titanium alloys [1]. Potential benefits of cryo-
genic refrigeration include:

. sustainable production (cleaner, safer and more environmentally
friendly);

. increased material removal rate;

. increase in service life of the tool;

. improving the surface quality of the machined part (quality/in-
tegrity of machined part) [2].
Attempts to deform metals at cryogenic temperatures began in the first
of the 20* century, which turned out to be possible due to the develop-
ment by that time of liquefying gases process (up to helium, 1908).
Then, these works were continued on several metals. Experimental data
on the use of cryogenic method in diamond turning of corrosion-resis-
tant steels, turning of austenitic steels and titanium alloys, cast irons,
grinding of bearing and carbon (low and high carbon) steels indicate a
significant increase in tool life compared to using conventional coolant.
However, the use of consumables such as liquid nitrogen and carbon
dioxide increases the cost of cryogenic treatment, and therefore in many
cases its economic efficiency remains in question, although the environ-
mental value is undeniable. In addition, the maximum interest in the
properties of cryodeformed metals and alloys occurred at the time of the
start of the development of spacecraft and containers for liquefied gases
(primarily hydrogen). Stainless steels were considered as the most inte-
resting material. Their properties at cryogenic temperatures (strength,
plasticity, hydrogen permeability, etc.) and the possibility of strength-
ening these steels by cryodeformation, primarily by cryorolling, were
studied. The results obtained were of great scientific and applied inter-
est, but, nevertheless, the amount of work on the cryodeformation of
metals gradually decreased for two main reasons [3]. First, with a de-
crease in deformation temperature, plasticity of metal, as a rule, de-
creases, which makes it difficult to carry out necessary operation,
namely, low-temperature rolling, drawing, etc. Secondly, plasticity of
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the object is obtained under such an impact also decreases, and the more
so, the greater deformation degree. To a certain extent, it can be re-
stored by heat treatment, but with the loss of most increase in mechan-
ical characteristics acquired during cryodeformation. In addition, disad-
vantages of the cryogenic method include the high price of liquid nitro-
gen, which is not subject to repeated use, in contrast to conventional
cutting fluids, which usually circulate in machines for a week. Therefore,
it is very important to choose an appropriate cryogenic refrigeration
strategy to minimize usage and maximize efficiency [4].

The following key features of metals deformation at cryogenic tempera-
tures can be distinguished:

- mechanical properties are usually lower than at room temperature
in the early and middle stages of deformation;

- no generation of point defects, leading to blocking of both ther-
mally conditioned diffusion and dislocation creep [5];

. at early and medium degrees of deformation, along with disloca-
tion slip, alternative deformation modes (twin and stripe, stacking
faults) are activated, which then disappear with the transition to a fine-
grained structure;

. the process of fine-grained structure formation is greatly slowed

down compared to room temperatures [6].
Cryogenic treatment is not the final operation and, to reduce the stres-
ses caused by hardening or thermo-mechanical processing and obtain the
required mechanical properties, steel after cryogenic treatment is neces-
sarily subjected to tempering. Although cryogenic treatment refers to
volumetric hardening methods, it is also effectively used on case-harde-
ned steels, core of which must have high strength at high viscosity, and
surface must resist abrasion well. In most cases, products with high
carbon content in steel are subjected to cryogenic treatment, in the
structure of which, after hardening or thermomechanical treatment, a
large amount of residual austenite is retained [7].

2. Media Used in Cryogenic Processing of Metals and Alloys

The idea of pressing with a liquid was first put forward by James Ro-
bertson in 1893 [3], and Bridgman was the first who had implemented
this type of deformation [4]. The term ‘hydroextrusion’ for pressing
materials with a liquid first appeared in the work of Pugh [8], after
which it soon became generally accepted. With this type of action, all-
round uniform factor forces the presence of compression during plastic
deformation plays the most important role. However, the specificity of
the method also carried limitations: it was considered natural that hy-
drostatic conditions for hydroextrusion can only be provided by liquid
(considering pressure level being realized) media, which limited the
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range of these media to liquids or metal melts. So, all work on hydro-
extrusion was carried out at room or elevated temperatures. The range
of media used at that time at different temperatures and in different
pressure ranges was quite wide: pyrophyllite and talc, silver chloride
and hexagonal boron nitride, indium and graphite. Certain hopes were
placed on solid hydrogen and helium, although their significant com-
pressibility is a big hindrance [4].

To implement large plastic deformations at cryogenic temperatures,
such liquefied gas media are used: nitrogen, helium, carbon dioxide,
etc. As the more suitable of the two liquefied non-combustible gases for
use in cryogenic processing (nitrogen and carbon dioxide), nitrogen has
significant advantages, since its boiling point is minus 196 °C (for car-
bon dioxide the temperature is minus 44 °C). Nitrogen tends to dis-
charge (while carbon dioxide forms dry ice), which rises because it is
lighter than air (carbon dioxide is heavier). In addition, nitrogen is
cheaper than carbon dioxide. The cost of 11 of liquid nitrogen is about
$0.085. The mechanism of liquid nitrogen action on the metal structure
is not fully understood. In the study of several materials subjected to
cryogenic processing, e.g., when turning low- and high-carbon, bearing
steel, titanium and aluminium alloys, it turned out that the workpiece
should not be subjected to low-temperature cooling. In this case, work-
piece metal increases its hardness, strength, abrasion in relation to the
cutting tool, and preliminary sharp cooling increases the cutting forces
arising during processing. Liquid nitrogen should be used to cool a tool
(made of high-speed steel or hard alloy), which cryogenic temperature
makes more solid and durable. When it was tested for shock loading, it
also turned out that the brittleness of the tool material changes insigni-
ficantly, and its destruction does not accelerate [9].

3. Cryogenic Severe Plastic Deformation of Metals

Cryogenic deformation of metals has been actively studied since the
middle of the 20* century at the National Science Centre ‘Kharkiv
Institute of Physics and Technology’ of the N.A.S. of Ukraine. In a
large cycle of works, see, e.g., [2, 6, 10—12], researchers revealed that
lowering the temperature to the cryogenic region makes it possible to
form structures of a high degree of dispersion in metals and alloys with
a uniform distribution of defects in their structure. It was found that
the main factor causing the formation of such structures is a change in
the hardening rate (an increase in the dislocation density), leading to a
faster increase in the average dislocation density than their density
within the cell boundaries. A series of works, e.g., [2, 10—12], revealed
the most important role of lowering deformation temperature factor to
the region of cryogenic temperatures, which led to the formation in
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metal structures of such fineness with a high uniformity of defects dis-
tribution, which are unrealizable in the case of deformation at higher
temperatures. Cryogenic liquids and gases are used in many industrial
processes for processing materials of various properties for their fine
grinding, granulation, low-temperature heat treatment, storage of food
and biological products, in road and underground construction for con-
crete cooling and soil icing. If the exhaust air contains solvent, it can
be cleaned by cryogenic condensation and the solvent can be recovered.
In mechanical engineering, low-temperature processing, or cold process-
ing, was first proposed in 1937 by Gulyaev [13] and later began to be
developed [14]. For many grades of carbon and alloy steels (¥V8, ¥10,
V12, 9XC, IIIX15, XBI', 40X13, X12M, etc.), complete end of martens-
itic transformation occurs at sub-zero temperatures, therefore, when
cooled to room temperature a certain amount of austenite is staying.
Reusable high temperature quenching cannot further change their
structure. This means that the highest possible hardness value for given
steel is not reached. In addition, retained austenite can gradually trans-
form into bainite over time. Because of this, changes in the dimensions
of finished products are possible. Therefore, for critical parts of preci-
sion equipment, bearings, high-precision measuring instruments, op-
tics, etc., it is desirable to convert austenite most fully to martensite.
This is achieved by cooling to the end temperature of martensitic trans-
formation, which can be in the range from plus to —140 °C for indus-
trial grades of steel. Increasing the carbon content over 1%, incl. when
carburizing products and alloying steel, it reduces temperature of MT
(by 25—-45 °C for each 1% of alloying elements). Cooling below the MT
temperature does not cause further transformation of austenite into mar-
tensite [15]. But, if the austenite stabilization temperature is >20 °C,
then, cooling after conventional hardening should occur as quickly as
possible, otherwise the preserved austenite becomes stable after 1 h of
exposure and then almost does not turn into martensite. Big quantity of
carbon and alloying elements causes higher quenching temperature. Also,
metals processing by cold studies results of on the of are considered in
monographs [3, 5] at the E.O. Paton Electric Welding Institute of the
N.A.S. of Ukraine a large complex of studies in the field of performance
of welded joints at low temperatures was carried out, as well as studies
on the low-temperature properties of metals at the I. M. Frantsevych
Institute for Problems of Materials of the N.A.S. of Ukraine and the
Gas Institute of the N.A.S. of Ukraine [6].

Cryogenic cooling is also used in the production of nanostructured
metals using various types of severe plastic deformation (SPD), inclu-
ding cryogenic rolling. Deep deformation of metals (up to 80-90%) is
combined with heat treatment at liquid nitrogen temperature [9]. At the
Donetsk Institute for Physics and Engineering named after 0.0. Galkin
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of the N.A.S. of Ukraine, such SPD methods as screw pressing and
packet hydroextrusion are being developed [6]. Low-temperature defor-
mation processes are studied at the B. Verkin Institute for Low Tem-
perature Physics and Engineering of the N.A.S. of Ukraine [15]. Various
types of low-temperature processing of alloys of rare and non-ferrous
metals used in aerospace engineering, electronics and superconductors
are considered. Such complex types of processing as vacuum [16] and
cryogenic rolling [15], wire drawing in a cryogenic liquid with ultra-
sonic overlay [17] have been studied. To increase the metal resistance to
cracking, a method of rolling in a hydrogen medium at the cryogenic
temperature has been proposed at the G.V. Karpenko Physico-Mechanical
Institute of the N.A.S. of Ukraine [18]. Industrial technologies for ob-
taining nanoscale structures for widely used steel grades using cryo-
genic liquid treatment are still under development.

The possibilities of using low-temperature quasi-hydroextrusion to
improve the properties of structural materials have been tested to a
large extent on stainless, austenitic steels in the initial state, first of
all, on X18H10T. Such properties of this steel are known as significant
ductility with strength characteristics sufficient for wide practical ap-
plication: yield strength 220-240 MPa, tensile strength 620-650 MPa
(at room temperature), transition of steel austenite during plastic defor-
mation into a martensitic state (up to 20-25% at room temperature
deformation, and up to 90% after stretching or compression at 77 K),
and when heated with the fixation of interfacial boundaries. Stabilization
of martensite leads to an increase in the strength of steel with some loss
of plasticity [19].

Expected increase in strength characteristics due to a decrease in the
temperature of hardening deformation was indeed present, but, as in the
case of pure metals, differences were not just quantitative. As it turned
out, the extrusion of steel at 77 K already by 30—-35% led to the almost
complete transition of austenite to martensite, and high dispersion. In
the case of the quasi-hydroextrusion method using, the geometry of the
forces acting on workpiece distribution is such that in the deformation
zone the material is under the action of all-round compression forces.
This plays a significant role, since the martensitic phase (both a and e)
has a slightly less dense lattice than austenite (g-phase). The transition
from the austenitic phase to the martensitic one under conditions of all-
round compression is energetically unfavourable. But, if a combination
of acting factors (a certain level of plastic deformation and a sufficient-
ly low deformation temperature) still forces martensitic transition to
occur, resulting martensite phase nuclei are deprived of the possibility
of growth due to the action of all-round compression forces. It is the
high density of interfaces in the practically single-phase structure of
martensite that has to be explained by the fact that the processes of
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Fig. 1. Equipment for the low-tempera- >

ture quasi-hydro extrusion (IICY-50 / //
. /

hydraulic press) [19], where I — stop-re-

ceiver, 2 — blank, 3 — high pressure

container, 4 — pressure-transmitting me-
dium, 5 — punch, and 6 — press table

boundary pinning associated with
the precipitation of secondary pha-
ses (carbides and carbonitrides)
occur in the case under study at
temperatures that are 100-130 °C
higher than those available in the
case of annealing of the same steel
deformed at the same (77 K) tem-
perature, but with a different de-
formation geometry, in the absence
of action of all-round compression
forces in the deformation zone.
Although described methods provide steel with the ability to be elasti-
cally deformed up to 2000 MPa while maintaining a certain margin of
plasticity, this is not of primary interest.

The f.c.c. metals were the objects of study at the initial stages of
the low-temperature quasi-hydroextrusion formation as a powerful
method of influencing metals by plastic deformation. But further devel-
opment of the method required creation of new devices that would make
it possible to search for opportunities to improve characteristics of
structural materials that are widely used. This problem was solved by
the development of several specialized devices. On the one hand, this is
a low-temperature press with its own hydraulic power device, which,
due to appropriate technical solutions, allows processing sufficiently
large workpieces without significant coolant costs [11]. On the other
hand, these are attachments to standard industrial presses that allow
you to work both with refrigerants that require a closed circuit for
evaporating gas, and with an open Dewar vessel. Figure 1 shows a dia-
gram of the latter, used as a low-temperature extrusion attachment to
the PSU-50 press. Possibilities of using low-temperature quasi-hydroex-
trusion to improve the properties of structural materials have been tes-
ted to a large extent on stainless, austenitic steels in the initial state,
first of all, on X18H10T. Such properties of this steel are known as
significant ductility with strength characteristics sufficient for wide
practical application: 220-240 MPa yield strength, 620-650 MPa ten-
sile strength (at room temperature), transition of steel austenite during
plastic deformation to a martensitic state (up to 20-25% at room tem-
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Fig. 2. The images of Cu microstructure in the initial state (a), after the ECAP via
standard technology (b), and after the ECAP with cryogenic nitrogen cooling (c) [21]

perature deformation and up to 90% after stretching or compression at
77 K), and, when heated, fixation of interfacial boundaries, stabiliza-
tion of martensite lead to an increase in the strength of steel with some
loss of plasticity.

Variation of methods and technological modes of thermomechanical
treatment, cryogenic treatment and subsequent tempering provides a
different structural state and a combination of mechanical properties of
the metal. For example, during the hydroextrusion of pure copper, there
is a transition from the classical block (or grain) structure to a lamellar
structure with a plate thickness of several fractions of a micron [20].

As assumed in Ref. [21], lowering the temperature of the equal
channel angular pressing (ECAP) should suppress the processes of dy-
namic retrogression and recrystallization, preserve a high dislocation
density and activate mechanical twinning promoting additional plastic
deformation of copper. This should raise the efficiency of the deforma-
tion treatment and hence affect structure and physical and mechanical
properties of copper. The microstructure of copper in the initial condi-
tion is imagined in Fig. 2, a. The mean grain size amounts to 53 pm
with allowance for presence of twins. Metallographic analysis of metal
after six passes of ECAP with cooling at room temperature and in liquid
nitrogen has shown in Fig. 2, b, ¢ that microstructure does not undergo
principal changes upon lowering of deformation temperature from room
to cryogenic one. The first pass produces an elongated structure with
strongly smeared curved boundaries. With growth in the number of
passes, the boundaries become better manifested, but preserve consider-
able thickness; grains remain chiefly elongated. After the fourth path,
the structure starts to be equiaxed, but many boundaries remain
smeared. After six cycles, the structure is quite homogeneous, equiaxed
and contains strongly deformed subgrains in both cases. With the use
of nitrogen, structure becomes more fine-grained, because the cryogenic
treatment suppresses dynamic retrogression due to the lower mobility
of dislocations and increase of their density. Therefore, the structure
formed by the ECAP with cooling in nitrogen is characterized by dif-
fuse, nonequilibrium and poorly manifested grain boundaries that is
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shown in Fig. 2, c. Distinctive feature of the structure formed by ECAP
with cooling at cryogenic temperature is the formation of dislocation
clusters. After the ECAP at room temperature, the dislocation density
is lower and grain boundaries are defined better [21].

An analysis of the literature data showed that the cryogenic defor-
mation of pure metals is the most studied, while the regularities of
cryogenic deformation of two- or more-component mixtures of pure me-
tals, as well as the effect of changing the temperature regime on the
solubility of the components (depending on the enthalpy of mixing, cha-
racteristics of structure and their properties) are insufficiently studied
and are of scientific and practical interest.

3.1 Machining of Titanium Alloys

Metal cutting, such as turning, milling, etc., is a form of subtractive
manufacturing where a sharp tool is used to remove physically material
to achieve the desired geometry. During machining, heat is generated,
which limits the life of the cutting tool and affects part quality and cut-
ting forces. Many researchers have studied the mechanism of heat gen-
eration in metal cutting to optimize machining process with good part
quality and long tool life [22]. Titanium alloys have always attracted
interest due to their wide range of applications in the aerospace, auto-
motive, chemical and medical industries. Cryogenic cooling, which is an
environmentally friendly alternative to traditional emulsion cooling, is
an effective way to maintain the temperature at the cutting edge well
below the softening temperature of the cutting tool material [22].

It is now well known that in order to achieve a finer grain size, the
lowest possible deformation temperature [21] should be used. To date,
all successful ECAP processing of titanium has been performed at or
above room temperature, with the exception of one paper that reported
advantageous processing of titanium in three passes at 77 K using a die
with a channel angle of 90° [23]. Figure 3 [25] shows a matrix with a
channel junction angle of 120° and pressing pure titanium at cryogenic
temperature in four passes. Titanium specimens 9 mm in diameter and
72 mm in length were cut from annealed material and inserted into
6061 Al alloy pipes with a wall thickness of 3 mm by interference fit.
Before each pass, samples were immersed in liquid nitrogen for 10 min.
Also, to minimize the effect of thermal diffusion between samples and
the matrix walls, the matrix channels were cooled with liquid nitrogen
during each pass [25].

The effect of different approaches in cryogenic cooling in Ti—6Al-
4V was studied in Ref. [26]. As shown in Fig. 4, different cooling ap-
proaches result in different cutting tool temperatures (measured and
predicted). Cooling in descending order of efficiency (from worst to
best) is: dry cutting, cryogenic tool re-cooling, emulsion cooling, pre-
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Fig. 3. The equal channel angular pressing process sketch (a), orientation of the
sample to observe the electron backscattered diffraction (b), and pattern for the
Vickers microhardness measurements on the cross-section (c¢) [25]
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Fig. 4. Measured and predicted tool temperature for different
cooling methods [26]

cooling of the workpiece, cryogenic side cooling, cryogenic doctor blade
cooling and simultaneous doctor blade and flank cooling [22]. The study
also explored modified tools to increase the efficiency of cryogenic cool-
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ing in order to maximize efficiency. Instead of flooding the overall cut-
ting area, a liquid nitrogen supply system is used, spraying nitrogen
only on a localized area of the tool nose and/or tool side in well-con-
trolled jets. All cryogenic machining approaches result in a higher basic
cutting force in comparison with dry cutting. The more nitrogen used,
the lower the cutting temperature. Cryogenic cooling tends to increase
the cutting force because work material becomes harder and stronger at
lower temperature, while the lower temperature makes material less
sticky, decreasing the cutting process’ internal frictional force [22, 27].
The data obtained are agreed with measured and calculated tempera-
tures as it is shown in Refs. [22, 27].

Other authors [28, 29] also used modified Ti—6Al-4V turning in-
serts and compared the cryogenic cooling approach with wet machining
from different angles. For wet processing, the coolant emulsion was
obtained by mixing the concentrate with water in a soluble oil ratio of
1:20. The results regarding cutting temperature, surface roughness
and flank wear for wet and cryogenic machining are shown in Fig. 5.
The tests were carried out at various cutting speeds while maintaining
a constant depth of cut and feed rate (1 mm depth of cut, 0.159 mm/rev
feed speed, 27, 40, 63, and 97 m/min cutting speed) in Fig. 5 (left). It
was observed that during cryogenic cooling, cutting temperature was
reduced by 62% compared to wet machining due to the direct supply of
liquid nitrogen to the heat generation zones through the holes made in
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the cutting insert [28]. Figu-
re 5 (right) shows the avera-
ge surface roughness Ra ob-
tained after wet and cryo-
Rake surface genic treatment. The reduc-
Principal flank surface  tion in Ra due to cryogenic
Auxiliary flank surface cooling was about 25-35%

compared to wet processing

due to less adhesion between
Fig. 6. Modified cutting tool: the sketch illus- newly created surface of the
tration [29] workpiece and auxiliary side
surface of tool and a lower tool

LN, jet

L 045 wear rate, which is also seen
g ol in Fig. 5 (down). As conclud-
g ed [29], the cryogenic coo-
Q‘g 0.35 ling showed a significant im-
2 ’ provement in cutting force,
‘é, surface roughness and tool
S 0.3 wear by controlling the tem-
i 0.25 perature of the cutting zone
' with a carefully modified tool
DY g © /\‘300 /q,‘ooo /bf-’co for maximum Zfﬁciency.

Cutting environments As the economical Cryo-

Fig. 7. Effect of different cutting media on the ~ genic refrigeration concept
roughness [7] showed, the tool life was in-

creased 5 times by emulsion
cooling using a minimum amount of liquid nitrogen injected through a
micronozzle formed between the chip breaker and the front cutter, us-
ing a secondary back face-cooling nozzle, presented on the Fig. 6 [22,
26]. Thus, liquid nitrogen absorbs heat and evaporates, forming a liq-
uid-gas cushion between the chips and the tool surface, which acts as a
lubricant. The lubricating effect and effective cooling help to reduce
cratering and flank wear. In addition, liquid nitrogen is not wasted on
unnecessary cooling places and eliminates the negative impact of in-
creased cutting forces and abrasion during precooling of the workpiece
material. Since nitrogen consumed is less, this concept is called eco-
nomical cryogenic treatment.
As mentioned earlier, cryogenic refrigeration can be applied to other
liquids such as an air. The effect of cooling air temperature on cryo-
genic treatment of Ti—6Al-4V in combination with a minimum amount
of lubricant has been studied in Ref. [7]. They experimentally studied
cutting force, tool wear, surface roughness and chip morphology to
compare the effects of different cooling air temperatures. As seen in
Fig. 7, cooling at temperatures below 0 °C significantly reduces flank
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Fig. 8. .The .average surface wears vs. the 600 [_g Dry Work: Ti-8AL-4V
processing time [30] g —- Wet Tool: K20
3; —{ Cryogenic cooling
N 450
wear, which is also visible on the sca- §
nning electron microscopy (SEM). Aut- i 300
hors of Ref. [7] also report that in g
terms of surface roughness, minimum a
quantity lubrication (MQL) with —15 & 150
and —380 °C results in better surface <
quality, probably due to better lubri- 0
cation and cooling effects, resulting 3 6 9 12 15

in lower tool chip friction. The rough- Machining time, min
est surfaces are obtained with dry cutting due to more intense tempe-
rature and friction between the side surface of the tool and the work-
piece [7, 22].

Authors of Ref. [30] compared tool wear with an uncoated micro-
crystalline WC/Co insert for dry and wet cryogenic turning conditions
(Fig. 8). Liquid nitrogen was used for cryogenic cooling. Tool wear is
measured by scanning the entire area of the crater. The authors con-
cluded [30] that the crater and flank wear of WC/Co inserts is the result
mainly of dissolution-diffusion, and in the case of other tool materials,
abrasion is the main cause.

To understand the effect of cryogenic cooling on friction, an idea-
lized disc-to-plane test contact for various liquid nitrogen applications
has been performed, as illustrated in Fig. 9 [27]. Initially, it was as-
sumed that the liquid nitrogen lubrication mechanism was due to a de-
crease in friction and due to a change in material properties upon cooling.
However, tests have shown that this is not always the case, and the ef-
fect is highly dependent on the material pairs. The second assumption
prior to testing was that the injection of reduced nitrogen into the con-
tact zone creates a film, and testing confirmed that the liquid nitrogen
jet was very effective in reducing friction. Another important test re-
sult was that the coating layer as a solid lubricant gives good results in

Sample Disk

Fig. 9. Different cases (a—e) of using liquid nitrogen between two materials: a —
cooling in a bath, b — disk cooling, ¢ — jet cooling, d — jet and bath cooling, e —
disk and bath cooling [31]
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at a speed of 0.3 m/s.

Based on the above results presented, it can be summarized that
friction factors determine abrasion and cutting forces in cryogenic ma-
chining. On the one hand, if liquid nitrogen is applied properly, the
lubricating effect can reduce the friction. On one side, higher cutting
speeds or thermal softening reduces the friction between tool and work-
piece, and cryogenic cooling hardens the workpiece and minimizes ther-
mal softening that enhances friction. The overall conclusion is that se-
lecting the right combination of feed rate and depth of cut has the
greatest impact on tool life.

3.2. Cryogenic Deformation of Aluminium and Al-Based Alloys

Some researchers argue that in the process of cold (and cryogenic) de-
formation of aluminium and its alloys with large degrees, a grain struc-
ture similar to the structure formed in aluminium and its alloys sub-
jected to SPD can also be formed. Thus, during cryogenic all-round
forging of the 7075 alloy (Al-5.6Zn—2.5Mg—-1.6Cu, wt.%) [31], the for-
mation of the ultrafine-grained/nanocrystalline (UFG/NC) structure
with an average grain size of 500 nm was observed. As stated in Ref.
[32], cryocooling of the same alloy with a degree of deformation of
~80% led to the formation of an NC structure with an average crystal-
lite size of 100 nm. However, it should be noted that the conclusion
about the formation of precisely grains with high-angle boundaries in
these works was made only based on data from a qualitative analysis of
transmission electron microscopy (TEM) images, which casts doubt on
the very fact of their existence, since such an analysis fails to quantita-
tively separate crystallites into grains and subgrains, according to their
mutual misorientation and volume fraction.

It is usually believed that the process of formation of new grains
during cold and cryogenic deformation proceeds largely by mechanism
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of continuous dynamic recrystallization (DR). The latter differs from
the static one in that the recrystallized grains with a low dislocation
density that have appeared are constantly riveted due to ongoing defor-
mation. DR under cryogenic temperatures can begin at lower degrees of
deformation than at room temperature. Thus, in Ref. [33], DR during
cryorolling of Al 6063 alloy (Al-0.45Si—0.3Mg—-0.015Cu—0.013Mn—
0.058Fe—0.022Zn—-0.02% Cr, wt.% ) was already observed at a degree of
deformation e ~ 3.8, while, e.g., in the Al1-Mg-Li alloy during ECAP, it
was fixed after the total degree of deformation e ~ 10 [34]. It is known
that the critical degree of deformation required for the onset of DR
increases with an increase in the Zener—Hollomon parameter, which is
inversely proportional to temperature. In this case, it will also proceed
at a lower temperature if the stored strain energy reaches a critical
value. Since a significant part of the deformation energy at room tem-
perature is converted into heat during adiabatic heating of the sample,
during cryogenic deformation, a much larger part of deformation ener-
gy is stored in the form of defects in the crystal structure, which, in
turn, can reduce the critical degree of deformation [35].

Several works on cryodeformation [36—38] show the effect of defor-
mation temperature on other types of defects. During cryogenic hot
isostatic pressure (HPT) treatment of b.c.c. Fe, the mobility of disloca-
tions becomes low, because of which, along with dislocation glide, twin-
ning and the formation of deformation microbands become acting
mechanisms of deformation [35]. As a result of changing the mecha-
nisms of plastic deformation, there is no unambiguous correspondence
between structure and calculated degree of deformation, deformation
process becomes inhomogeneous and uneven. Thus, during low-tempe-
rature deformation of cobalt (h.c.p. lattice), stacking faults, fault bands,
and multiple twinning are formed at intermediate stages, which disap-
pear with increasing deformation, giving way to a homogeneous submi-
crocrystalline structure, both with high-angle and low-angle misorienta-
tions [37]. For Ni [37], dislocation slip also slows down and twin and
microstrip modes are switched in Fig. 11.

As the degree of deformation increases, the twins and microbands
are fragmented and then disappear. Hardness in the early and middle
stages of deformation is lower than at room temperature due to the in
homogeneously formed deformation structure, both with a submicro-
crystalline grain size and with larger grain sizes, and with their diffe-
rent mutual misorientations. In Cu, up to 10 anvil revolutions, with the
preservation of unfragmented twins and dislocation cells, no uniformly
distributed submicrocrystalline structure was detected [39].

Cryogenic treatment in metal forming processes in the production
of forging dies and other tools, improves the formability, strength and
surface quality of the sheet [15], the cryogenic process can effectively
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Fig. 11. Effect of the hot isostatic pressure cryodeformation on the Ni microstruc-
ture for different values of the strain degree: 0.5 (a, b), 5.3 (¢, d), 5.5 (e), and 6.7

(f) [38]

improve the tensile strength and yield strength of aluminium alloy by
greatly increasing dislocation hardening and hardening of grain boun-
daries. The microstructure, mechanical properties, annealing behaviour,
and post-annealing microstructure/performance relationship of 5052 Al
alloy piece material was studied by cryogenic rolling [40]. They obtained
information after analysis that, compared with rolling at room tem-
perature, cryogenic treatment can effectively improve the tensile and
yield strength of the 5052 Al alloy. Cryogenic process for the 5052 Al
alloy was ~30 MPa higher than that for the rolling process at room tem-
perature. In the work [41], the Al 6061 melt was cryorolled to a thick-
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ness of 85% . The Al 6061 alloy solution was treated at a temperature of
530 °C for 3 h, followed by water quenching to room temperature. Next,
samples were immersed in liquid nitrogen 20 min before the first rolling
pass and 5 min before each rolling pass in the cryorolling process. They
obtained result that when applying cryorolling process on Al 6061 alloy,
dislocation density increases due to the suppression of dynamic rolling
recovery. As a result, tensile strength and hardness of the sample will
increase. Authors of Ref. [42] investigated AW-6016-T4 cryogenic sheet
metal in the temperature range from —196 to 25 °C at uniaxial stretch-
ing with Nakazima tests to study the formative behaviour. Samples
were cooled by spraying liquid nitrogen into the chamber until the sam-
ple reached the desired temperature. Cryogenic forming has shown im-
provements in both strength and part quality. Previously, maximum
depth of 6 mm was achieved with the room temperature moulding, while
a maximum depth of 8 mm was achieved during cryogenic moulding at
—150 °C. This research demonstrates potential of cryogenic moulding
for the production of complex automotive components. The effects of
cryogenic treatment on AISI D2 steel stamping equipment were studied
in Ref. [43]. As a result, about 3.5% of the annual turnover cost was
saved and production was increased by 60% . Technologies for the use of
liquid nitrogen for cryogenic processing of workpieces are environmen-
tally friendly and safe.

In order to study the factors that limit the production of real
nanograin materials by cryogenic severe deformation, grain structure
formed in Al-0.1% Mg alloy under in-plane compression at tempera-
tures up to 77 K and preliminary SPD by equal-channel angular extru-
sion was studied. Change in the deformation mode in itself had little
effect on the increase in the rate of grain refinement. At the minimum
cryogenic temperature (77 K), samples still contained 30% low-angle
boundaries, and the distance between high-angle grain boundaries
(HAGB) was obtained in only one dimension. At large deformations,
steady-state minimum distance between HAGBs approached regardless
of the temperature at which the grain refinement rate remained un-
changed. It is shown that minimum grain size achievable in SPD is limi-
ted by the balance between the HAGB distance compression rate and
dynamic grain coarsening. At low temperatures, this is controlled by
anomalously high rates of boundary migration, which are difficult to
explain by existing theories of grain boundary mobility [40].

Nowadays, SDP has been used successfully to produce submicron
grain patterns, and in some cases nanoscale crystallites, in a large range
of alloys (e.g., [36, 37]). However, an important restriction of SDP is
that the grain-milling rate becomes increasingly inefficient at higher
stress levels [40]. Even in conventional high strain rolling, the high
angle boundary distance reduction rate decreases to a very low rate at
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quench stage IV [24], and at higher strains achieved with SPD tech-
niques approaches a grain structure at steady state [37, 38]. For exam-
ple, during equal channel angle extrusion (ECAE) of aluminium alloys,
grain refinement reaches a limit when the HAGB distance converges
with the subgrain size, and the area fraction is typically 70—-80% satu-
rated [7, 19]. When deformed by the ECAE method at room tempera-
ture, authors of Ref. [44] reported that a small decrease in the trans-
verse distance remained. However, a true steady state was not reached
and there was still a marked reduction in grain length due to breakage
of the final remaining length as well as fibrous, ribbon-like grain frag-
ments. However, in general, only small changes in grain size were seen
compared to SPD when the applied strain is increased by a factor of 10
[1, 35]. Stationary grain sizes were also subjected to ultra-high defor-
mation, like a cryogenic ball mill. Thus, there is a minimum grain size
achievable in a material with a given SPD process under constant defor-
mation conditions [1]. Since grain-grinding speed becomes more ineffi-
cient with stress, changing the warp mode can help spice up the genera-
tion of new living space. For example, changing the deformation mode
can change the development of texture and increase the compression
ratio of centre distance exponentially by required applied deformation.
It has been documented that a stationary subgrain size is observed during
warm deformation of metals due to dynamic recovery. In highly de-
formed alloys, constant grain size at ultrahigh deformations is explained
by dynamic recovery. However, as noted in Ref. [45], recovery processes
are currently poorly understood, especially at low temperatures, when
the boundary migration rates required to maintain a constant grain size
are orders of magnitude higher than can be satisfactorily explained by
diffusion control. Alternative mechanisms have been proposed for the
rapid deformational growth of grains, including stress-induced boun-
dary migration and detachment from solute anchorage. As in the case of
subgrain [26], the minimal grain size attainable during SPD is generally
associated with the temperature compensated deformation rate during
processing and is specified by the Zener—Hollomon parameter [44]. For
this reason, it is achievable to obtain a reduced grain size by the defor-
mation temperature decreasing, which causes suppression of thermally
activated reductive processes. Cryogenic deformation using led to the
nanocrystal structures formation in Al, Cu and other alloys, which of-
fers practical perspectives for the preparation of bulk nanogranular
materials by the SPD method. As a rule, the materials involved are high
rolling materials at liquid nitrogen temperature that have already been
strained by the severe deformation method, such as ECAE [34]. It is also
claimed that nanograin structures can be prepared by direct cryogenic
rolling. However, most works have considered copper samples, where
twinning is an additional source of grain fracture. As a result of the
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small size of crystallites formed by cryogenic rolling of SPD, most of
the information reported in the literature is based on the TEM data. As
a consequence, it is often not possible to obtain reliable statistical data
with sufficient resolution to characterize fully the disorientation of
boundaries in materials throughout a representative grain assembly.
Thus, SPD method contributes to the creation of nanograined struc-
tures, since they have a HAGB distance in all dimensions of less than
100 nm, or still contain a large proportion of low-angle boundaries
(LABs). In addition, deformation of a structure obtained by compression
by planar deformation is usually highly elongated [1, 32] and is un-
likely to have nanoscale HAGB distances in all directions. The main goal
of the study presented here was to investigate the effect of changing the
deformation mode and lowering the temperature on the grain refining
rate and grain size limit achievable with the SPD process. This was
achieved by studying the evolution of the deformation structure in a
dilute aluminium alloy that is cryogenically deformed under plane de-
formation conditions over a range of temperatures, after ECAP pre-
treatment [35].

In Ref. [24], the combination SPD at room temperature with the
ECAP method with liquid nitrogen cooling of workpiece immediately
after leaving the die. Theoretical basis of this processing method refers
to the representation of all crystalline bodies’ plastic deformation pro-
cess as a physicochemical transformation accompanied by recrystalliza-
tion in the process of deformation. Aluminium alloy 2024 was the mate-
rial studied because it was easy to tune parameters of secondary phase,
including their modality, morphology and distribution size, to change the
structure of stamp from coarse-grained to recrystallized, including UFG
sample. Experimental sample belonged to a hot-pressed rod with a dia-
meter of 30 mm from an industrial deformable heat-strengthened alloy
2024 of a standard chemical composition (Al-4.4Cu—1.4Mg-0.7Mn, wt.%).
Workpieces of square section from 15x15x 70 mm? cut along the axis of
rod were heated to 500 °C and after half an hour quenching in water to
fix supersaturated aluminium solid solution. Resulting samples were
further subjected to ECAP in a conventional array of parallel channels
with a 125°-intersection angle. ECAP was carried out along the route
with the workpiece rotated 90° around the longitudinal axis. Friction
between the tool and workpiece was reduced by using palm oil with
graphite as a lubricant. Deformation was carried out at room tempera-
ture. In the first series of experiments, each blank was deformed by the
ECAP method. In the second series of experiments, after each condi-
tional passage of workpiece through the die, it entered a container with
liquid nitrogen presented on the Fig. 12. In both cases, the number of
passes through the array of parallel channels was 4. To analyse the
structure of the prepared sample, the TEM was used. Microstructure of
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Fig. 12. The ECAP sketch
with liquid nitrogen cooling.
Here, 1 — die with 3 chan-
nels of the same cross sec-
tion 2 of which (the inlet
and the outlet ones) are par-
allel to each other and the
middle channel is inclined
with respect to the inlet and

outlet channels, 2 — inter-
mediate chamber, 3 — quen-
ching chamber, 4 — system

for nitrogen circulation, 5 —
shutoff components, and
6 — thermal insulation [24]

Fig. 13. Microstructure of Al 2024 in the initial state (a), after four passes of ECAP
(b), and after four passes of ECAP with liquid nitrogen cooling (c) [24]

the alloy in the initial state, after quenching at a temperature of 500 °C
with cooling in water is shown in Fig. 13, a. Structure is a supersatu-
rated solid solution based on aluminium and undissolved phases of crys-
tallization and eutectic origin. It is necessary to compare microstruc-
ture of alloy before and after deformation to evaluate the effectiveness
of ECAP and effects of cryogenic cooling. Photographs of microstruc-
ture after four pressing cycles under various cooling conditions are
shown in Fig. 13, b, c [24]. Metallographic analysis of alloy after ECAP
in a die of parallel channels structure at room temperature and during
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cooling in liquid nitrogen shows that strongly deformed grains/sub-
grains are formed in both cases. However, in experiments with nitro-
gen, structure is more dispersed with a smaller grain size, evident in
Fig. 13, ¢, since cryogenic treatment suppresses temperature reduction
process characteristic of aluminium in the room. Movement of disloca-
tions is limited during this treatment and therefore dynamic recovery is
inhibited. Therefore, the microstructure obtained after ECAP using ni-
trogen is characterized by diffusive processes, nonequilibrium and
weakly expressed grain boundaries, which only ultimately should led to
the equilibrium state because of the relaxation kinetics [46—51].

4, Heat Treatment of Working Tools

The costs of used cutting fluid (coolant) recycling can exceed its initial
cost by half. Therefore, leading manufacturers of machine tools began
to master the processes of dry machining using cryogenic liquids as a
coolant [26, 27]. The most effective supply of cryogenic coolant is di-
rectly to the top of tool. At the same time, workpiece will retain a gen-
erally constant temperature, which will prevent its dimensional devia-
tions and geometric deformations, as well as an increase in its hardness
and strength in relation to the cutting tool. Liquid nitrogen is supplied
through a micronozzle located between the front surface of the cutting
insert and chip breaker, which should raise the chips so that they do not
interfere with the coolant jet entering the contact zone, where the maxi-
mum amount of heat is generated. There it quickly evaporates, forming
a ‘cushion’ of gas and liquid on the surface of tool and causing a lubri-
cating effect. Liquid nitrogen is supplied from a standard heat-insulat-
ed cylinder at a pressure of 14—23 bars. Flow rate of coolant is such that
one bottle of standard capacity is enough for a whole day of machine
operation [52]. The analysis showed that with an increase in the cutting
speed, the drop in tool life with the use of liquid nitrogen increases
several times compared to the coolant, i.e. it is most effective in high-
speed processing. In addition, when machining on automatic machines,
chip formation and welding play an important role in ensuring process
stability and improving heat dissipation. In Ref. [53], kinematic charac-
teristics of turning an austenitic class material process were studied. A
method and device for local cryogenic impact (LCI) has been developed,
dynamic model for assessing the stability of chip segmentation and an
algorithm for automating the choice of LCI parameters have been pro-
posed. In general, considering all the operational and cost factors of
cryogenic cooling, its use is more profitable than standard coolants.
When stamping products of complex shape, along with local heating
of the tool, its local cooling is used to increase the strength of the de-
formed material in dangerous sections. This allows you to significantly
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increase the degree of deformation in one transition and, consequently,
increase productivity. Cooling time is up to 20 s; limiting drawing ra-
tios for steel 10 and 20 in this process reach 3.0 [53].

Cryogenic liquids and gases are also used as the most efficient coolant
with high specific heat release in the processes of plasma spraying of
coatings, which allows not only to intensify, but also to improve the
quality of surface treatment [54].

SPD methods can effectively grind microstructure of most struc-
tural materials only to a certain small grain size (usually up to the SMC
interval), after which the grinding process gradually fades. The reasons
for this phenomenon are not entirely clear. Sometimes this is associated
with the onset of a certain balance between the deformation reduction
of grains and their thermally activated growth. Thus, it is not yet pos-
sible to achieve guaranteed formation of real NC structures by SPD in
most cases, and it is necessary to look for new ways to achieve the NC
grain size range. One way to solve this problem can be deformation at
very low temperatures — the so-called cryogenic deformation. It is as-
sumed that very low deformation temperatures will exclude grain
growth and hinder the redistribution of dislocations (increasing their
density), which should contribute to further refinement of microstruc-
ture [55].

Deep cryogenic treatment is considered to be cooling below —153 °C,
to a temperature below the end of the martensitic transformation, i.e.,
to the temperature of liquid nitrogen, at a rate below the critical one,
holding to complete phase transformations and subsequent heating to
normal temperature. Cryogenic cooling is carried out once and does not
need to be repeated, since the properties of the material acquired be-
cause of hardening and deep cold treatment are preserved throughout
the entire service life of the product. The range of cryogenic tempera-
tures from 0 to —272 °C is associated with polymorphic transformations
in the processed material. As the temperature decreases, most materials
become stronger and more wear-resistant, and their tensile strength and
hardness increase. At a temperature of minus 196 °C (the boiling point
of liquid nitrogen), the tensile strength of most metals is 2—5 times
greater than at room temperature; the strength of some plastics and
glass increases up to 8 and 12 times, respectively. At a temperature of
—269 °C, ultimate strength of copper is 2 times greater than at room
temperature, and that of aluminium is 4 times greater [1, 20].

Significant number of publications and patents deal with the issues
of cryogenic hardening of cutting tools, as a result of which the strength
and wear resistance of tool alloyed steel grades increase by 2—5 times
[10, 11]. According to Integrated Cryogenic Systems Inc. (Canada), af-
ter cryogenic treatment, there are significant improvements in the wear
resistance of steels compared to hardening at high temperatures pre-
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sented in Ref. [56], while the holding time of products can be in a wide
range from several minutes or hours to a day or more. There are no
unambiguous recommendations on the choice of cooling modes in publi-
cations and depend on specific steel grades, sizes and shapes of pro-
ducts, and previous stages of high-temperature processing. A known
method of hardening carbide and diamond drilling tools [42], including
its heat treatment by cold immersion in liquid nitrogen, which ensures
a consistently high output and drilling speed in various rocks. It should
be noted that the effects of ultralow temperatures were observed not
only in metals, but also in ceramics and some polymers with a crystal-
line structure. Maintaining the temperature regime is provided by a
special cryogenic installation containing a computer system for control-
ling the supply of coolant to an isothermal chamber with vacuum ther-
mal insulation. It was considered [55] that the most effective is not a
separate application of cryogenic treatment, but its inclusion in the
overall process of heat treatment followed by low-temperature tempe-
ring. Subsequent heating and holding eliminate the internal stresses
that have arisen during cooling due to the difference in the thermal
expansion coefficients of austenite and martensite, which is especially
important for processing steels with a large initial amount of retained
austenite. Therefore, installations are used that can provide subsequent
heating of products, as well as cyclically repeated cooling and heating,
which reduces the total processing time. In the cold treatment method
[64], the cutter is cooled in liquid nitrogen five times, after which it
is used no later than two days, when the effect of increased durability
is maximum.

Relieving internal stresses and improving wear resistance is espe-
cially important for large tools such as dies. During processing, tools
are not immersed in liquid nitrogen, but placed in a cryogenic heat ex-
changer, where they reach a temperature of —196 °C in 8 h and are kept
at it for 8-20 h. Then, the cooled tools are re-tempered (at —149 °C,
according to the recommendations of experts) to relieve the stresses
caused by the newly formed martensite. The cost of cryogenic proces-
sing of tools together with re-annealing is still quite high and reaches
$6—-8 for a solid three-tooth end mill and $3 for a shaped one. Tool
factories that carry out mass production of tools, and large machi-
ne-building factories, where these tools are then used in large quanti-
ties, can buy a cryogenic installation, which costs about $45000. The
most recommended candidates for this setup are commonly used high-
speed steel and carbide tools such as drills, end mills, broaches, ream-
ers, circular and band saws. For dimensional stabilization, standard
tiles made of high-alloy alloys can also be subjected to cryogenic treat-
ment [57].

Cryogenic treatment with liquid nitrogen is one of the methods
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quite often used in the world practice to increase the hardness and wear
resistance of tools, mainly cutting ones, relieve their internal stresses
and improve the surface quality. In the study of several materials sub-
jected to cryogenic processing, e.g., when turning low- and high-carbon,
bearing steel, titanium alloy and aluminium, it turned out that the
workpiece should not be subjected to low-temperature cooling. In this
case, the workpiece metal increases its hardness, strength, abrasion in
relation to the cutting tool, and preliminary sharp cooling increases the
cutting forces arising during processing. Liquid nitrogen should be used
to cool a tool (made of high-speed steel or hard alloy), which cryoge-
nic temperature makes harder and more durable. When it was tested
for shock loading, it also turned out that the brittleness of the tool
material changes insignificantly, and its destruction does not accele-
rate [43].

Practice has shown that of a number of possible ways to bring liquid
nitrogen to the tool, the most effective is its direct supply to the top of
the tool, i.e., to the zone of contact with the workpiece. In this case, it
is possible to achieve the greatest cooling effect. In this case, the flow
of liquid nitrogen is proportional to the amount of heat generated during
the cutting process; the workpiece maintains a constant temperature,
which prevents the occurrence of dimensional deviations and geometric
deformations in it [54].

Cryogenic processing (turning or milling) occurs according to the
following principle: jet of liquid nitrogen is fed through a micronozzle
located between the front surface of the cutting insert and a chip brea-
ker, which must raise the chip so that it does not interfere with the jet
of liquid nitrogen entering the contact zone between tool and workpiece,
where the maximum amount of heat is released. Nitrogen, absorbing
this heat, quickly evaporates, forming a ‘cushion’ of gas and liquid bet-
ween the chips and the surface of the tool, causing such a lubricating
effect that no other cryogenic liquid can cause. As a result, secondary
chip deformation, coefficient of friction and tool wear are reduced. For
additional cooling of the tool, a second additional nozzle can be installed
near its tip. At the same time, body of the tool practically does not cool
down and retains its strength. Improvement of chip breaking process
occurs in three directions: chip embrittlement due to its rapid cooling,
improvement of its grain structure due to a decrease in secondary defor-
mation and recrystallization, and improvement of its chip bending.
Common problem of build-up on the cutting edge is also eliminated since
the rapid cooling in the contact zone reduces the possibility of chip
welding. The high pressure of the liquid nitrogen jet contributes to the
rapid removal of the build-up, thereby providing the possibility of high-
speed processing with obtaining a high surface quality [52].
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5. Cryogenic Processing of Rolling Equipment Elements

Cryogenic technology is also used for processing rolls [562]. The advan-
tages of low-temperature treatment of rolls are as follow: increased
service life, reduced spots of low hardness, improved wear resistance,
achieved dimensional stability, more hardness at greater depths, less
susceptibility to surface chipping.

In Ref. [55], an increase in the hardness of rolls material for cold
rolling from 64 to 67 HRC (according the Rockwell scale) was obtained
due to a decrease in retained austenite from 6-7% to 1.5-1.7%.
Considering that, depending on the steel grade and the mode of its heat
treatment, austenite content can reach 40%; significant improvement
in performance properties can be expected. At the same time, for such
large-size products as rolling rolls, issues of optimizing the schemes for
supplying and flowing cryogenic coolant play a decisive role. Duration
of cryogenic treatment is determined by the geometric dimensions of
rolls and required depth of surface layer. Coolant supply regimes can be
calculated with sufficient accuracy on the model.

Cryogenic action is used to increase the bending strength and con-
tact endurance of gears [565] operating under increased loads and speeds
and restrictions on overall and weight parameters, for example, in avia-
tion and space technology, racing cars. Cryogenic treatment can become
an effective means of increasing the resistance of large-sized highly
loaded parts of rolling mills: couplings and spindles, gear shafts and
gear wheels, where it is difficult to ensure uniform mechanical proper-
ties in the manufacture with a diameter of 4000—4500 mm and a width
of 500—800 mm of ring gear. Therefore, positive effects are achievement
of uniformity of properties, removal of internal stresses and stability of
geometric dimensions, which reduces tooth breakage and pitting.

In contrast to known methods of surface hardening (carburizing,
nitriding, spraying), low-temperature treatment affects the entire vol-
ume of metal (depending on specified cooling mode) and during the en-
tire operating time, i.e., the strength of, for example, teeth or spindle
heads does not depend on their contact wear, which can be 2-5 mm or
more. Guillotine shear blades or rolls can be re-sharpened many times
while retaining the properties acquired after cooling. In addition, cryo-
genic treatment can also be used in combination with their subsequent
surface treatment, which, however, must be carried out after each re-
grinding or grinding of parts or tools. Considering that, copper increa-
ses its conductivity after low-temperature treatment, this can be consi-
dered as one of the ways to save energy in the operation of electric
drives of stands with a capacity of 5—12 MW. An important application
is to increase the wear resistance of spindles on bronze bearings, which
must be replaced after 2—8 weeks. It is expedient to process expensive
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large-sized plain and rolling bearings, which experience increased loads
and wear due to misalignments and bends of the roll necks, which leads
to their sudden failures and damage to the stand equipment [57].

The existing tendency to increase the speed of cold rolling and tem-
per skinning of thin strips and to decrease the thickness of rolled pro-
ducts increases the intensity of thermal processes per unit volume and
contact area in the deformation zone. At the same time, requirements
for surface quality, geometric accuracy and flatness of wide strips are
becoming more and more stringent, especially for applications in the auto-
motive industry and production of household appliances. These contra-
dictions are designed to satisfy new types of cutting fluids (coolants).
Traditional natural and synthetic emulsols of various chemical composi-
tion and applied concentration limit the resistance of coolant, when it is
heated to 150-200 °C in the deformation zone. Most of supplied emul-
sion is carried away with the strip to subsequent technological opera-
tions of annealing, galvanizing, skin pass, which makes it necessary to
clean thoroughly the surface, for example, before cladding the strips. In
the mass production of strips, ideal cleaning requires additional costs,
and, as a rule, is not achieved, which reduces the quality of the resul-
ting coatings and metal strips [54]. During dry tempering of strips with
a normalized matte surface, according to the technology requirements,
replacement of work rolls is performed after 4—5 rolls due to a decrease
in their roughness (3 to 1.5 ym), which limits productivity of existing
mills and reduces surface quality stripes. Temperature in the deforma-
tion zone also acts as a limitation. The use of coolant to increase skin
pass rate is undesirable due to the appearance of contaminants on the
surface of strips. Therefore, alternative methods of selective cooling of
rolls during skin pass and cold rolling are needed, which are no less ef-
fective, but do not leave inclusions on the surface and allow one to con-
trol the flatness. The use of cryogenic liquids in rolling production is
patented by the largest manufacturer of industrial gases: Air Products
and Chemicals Inc. (USA). Cryogenic technology was tested at Sao tem-
per mills Paolo (Brazil) and ThyssenKrupp Steel in Dortmund (Germany)
[68], where SMS Demag (Germany) also conducted research on the cold
rolling mill of the effects of liquid nitrogen in combination with low
volume lubrication technology (low volume lubrication), developed
jointly with REBS Zentralschmiertechnik GmbH and involving the for-
mation and supply through the nozzles of an anhydrous mixture of air
and emulsol. The use of cryogenic technology in the last stand of cold
rolling mills to replace the existing zone cooling system requires some
changes in the equipment, which include: introduction of multizone
cooling at the inlet of the penultimate stand; additional cooling of strip
in the last two spaces between stands; protection of the last stand from
the emulsion from the previous stand. Figure 14, a [57] shows that liquid
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Fig. 14. Schemes of liquid nitrogen supply in the rolling stand on the inlet (a) [57]
and output (b) [58] sides

nitrogen is supplied at a temperature from —170 to —196 °C (depending
on the pressure) along the width of the strip at the entrance to the de-
formation zone. Cryogenic cooling of strip and rolls makes it possible to
increase rolling speed by 25% and reduce degree of oxidative reactions
on the surface of strip when heated during cold rolling (rust spots were
eliminated). Along with this, it was found that the supply of liquid ni-
trogen does not change coefficient of friction in the deformation zone.
The supply of a cryogenic coolant at the exit of the stand in Fig. 14, b
[68] contributed to a better transfer of roughness from rolls to the
strip, which is associated with the contact of backup and work rolls and
made it possible to double service life of the work rolls due to a longer
preservation of their roughness [60]. Flatness of strip depends on the
uniform supply of cryogenic coolant. Therefore, liquid nitrogen can be
used for targeted control of the roll profile and elimination of local de-
fects in the strip profile on temper mills that are not equipped with a
selective roll cooling system. A method was proposed for using cryo-
genic liquids and gases to control the profile of a strip and rolls [58], in
which the controller regulates the flow rates for each of the nozzles in
the line and forms the required contour along the width of the roll.
During the stops of the rolling stands, it is necessary to provide for the
overlapping of the nozzles to avoid severe overcooling of individual sec-
tions of the rolls and disruption of their profile.

6. Economic Aspects of Cryogenic Technologies

At large metallurgical plants with converter and blast furnace steel pro-
duction, liquid nitrogen has a low cost as a by-product in the production
of oxygen by air separation by liquefaction. Therefore, at large volumes
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of consumption, it is economically expedient to use nitrogen as a coolant.
One of the positive factors for conducting research in Dnipro is the
presence of Linde Gas Ukraine (Sweden) — the largest Ukrainian and
European manufacturer of industrial gases, cryogenic liquids of various
degrees of purification and equipment for their storage. Therefore, many
problems with the transportation of liquid nitrogen are removed, and
its cost as the main consumable for research is reduced. The highest ef-
ficiency of cryogenic treatment is achieved by reducing repeated opera-
tions of high-temperature hardening. In addition to the rather high
price, one of the disadvantages of cryogenic treatment is the film formed
after it on the instruments with a thickness of approximately 25 mic-
rons. Therefore, tools should be sharpened only after this treatment.
Cryogenic processing has not yet reached that stage of technical and
economic maturity, which can currently be of mass interest to enter-
prises in its practical application. However, with the inevitable tighten-
ing of environmental laws (regarding machining on machine tools) and
increasing competition in the production of cutting tools, above ad-
vantages of this processing will undoubtedly attract the attention of
many manufacturers and perhaps make them draw practical conclu-
sions. The fundamental limitation on the wide application of low-tem-
perature deformation of metals as a means of improving their physi-
cal and mechanical characteristics is the decrease in their plasticity
as the temperature of deformation is lowered, as well as the lack of
methods for deformation at low temperatures of metals with low plas-
ticity. Abrasive particles located on the periphery of jet act on the
treated surface with a force 3—4 times greater compared to liquid drops
having the same speed and size. The main problem is the effective in-
jection of abrasive material into a high-pressure liquid jet with the least
disturbance of its hydrodynamic characteristics, and then the return of
the abrasive from the pulp in the return circuit to increase economic
efficiency of the process. Unlike conventional abrasive surface treat-
ment, such as quartz sand, to create abrasive particles, you can use the
crystals of the liquid itself, which are formed when it is cooled in a
stream. The same method of creating an abrasive is used in high-pres-
sure installations (up to 1000 MPa) for waterjet cutting of metals [57].
Ordinary ice, when cooled to —50 °C, approaches and even surpasses
some steels in hardness. At the same time, problems of reuse and
disposal of used abrasive are being solved. Chilled carbon dioxide can
be used for cleaning, or granular dry ice blown with compressed air (dry
ice blasting). The effect is achieved both from abrasive action and
from local cooling, in which the coating or contaminants are better re-
moved due to the thermal expansion coefficients that are different with
the material being cleaned. Manufactured imported manual equip-
ment, e.g., by Triventek (Denmark), is used for cleaning electrical equip-
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ment and air ducts and includes installations for the preparation of
dry ice. The economy of waterjet cleaning is also determined by the
service life of nozzles subject to intense wear. There are many designs
of jet heads using highly hard metals and ceramics. When using cryo-
genic methods of forming an abrasive in a liquid, the wear resistance
of the nozzle is increased due to the formation of a small layer of ice
on its inner surface, as well as by freezing the liquid after it exits the
nozzle [57].

7. Safety Precautions with Cryogenic Liquids

The safety precautions for handling liquid nitrogen should be listed.
When using industrial liquid nitrogen [568] with a boiling point of
-196 °C at atmospheric pressure and oxygen content of up to 3%, it
must be considered that when it evaporates, the oxygen content in it
constantly increases, since oxygen evaporates at a temperature of
—183 °C. The resulting nitrogen—oxygen mixture at an oxygen content
of more than 30% in contact with organic compounds (lubricant, etc.),
as well as upon impact, becomes explosive. Therefore, the use of li-
quid nitrogen with an oxygen content of more than 30% is strictly
prohibited. The oxygen content in the mixture is controlled using the
Hempel device. Specially trained personnel work at metallurgical en-
terprises to service cryogenic installations. Rooms in which nitrogen is
stored or used must be well ventilated, as an increased concentration of
nitrogen (insufficient percentage of oxygen in the air) causes a per-
son to lose orientation, as in oxygen starvation. Nitrogen cylinders or
Dewars should not be exposed to excessive heat, and the vessel valves
should be opened slowly. When working directly near liquid nitrogen,
it is necessary to use special gloves, goggles, and clothing to avoid in-
juries associated with frostbite of skin areas. Laboplus (Germany) to-
gether with Tempshield Inc. (USA) since 1986 offers special protec-
tive gloves for industrial use at low temperatures, which protect the
wrist, forearm, and elbow. Although the EN511 standard (protective
gloves against cold) specifies testing of products at temperatures of
—50 °C, the manufacturer has tested and recommends their use down
to —160 °C. The outer material of the gloves is semi-permeable nylon,
which according to the manufacturer is 100% water repellent. Cold
insulation is provided by a polyolefin/polyester lining and a cotton
lining. For long-term work in the gas phase and at the risk of liquid
wetting, gloves are equipped with seamless inner gloves, which pro-
vides resistance to the penetration of cold through the seam to the
fingers [59].
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8. Conclusions

At present, direction associated with the use of cryogenic liquids and
gases in rolling production and mechanical engineering is developing
more and more widely in the world. In the CIS countries, this techno-
logy is not yet used in rolling production. In mechanical engineering,
low-temperature heat treatment makes it possible to increase the service
life of cutting tools by a factor of 2—5 without significant capital expen-
ditures, durability of gear drives of gearboxes, rolling rolls, and other
dimensional parts operating under conditions of increased dynamic
loads and contact wear [12].

Cooling of cutting tool at low flow rates of cryogenic liquids and
high-speed processing of materials makes it possible to improve quality
and increase intensity of cutting processes, to refuse or reduce the cost
of coolant, cost of its disposal. Quality of plasma spraying of coatings is
improved. During hydroabrasive cleaning and cutting of materials, for-
mation of solid crystals as an abrasive in a liquid jet saves on consump-
tion of nozzles and abrasive material and simplifies design of installa-
tions [60].

In rolling production, the most promising areas for the use of cryo-
genic technologies are as follow: descaling and protection of metal from
oxidation during hot rolling; acid-free strip surface cleaning before cold
rolling and coating; restoration of rolls rough surface during skin pass
and in the last stands of cold rolling mills; strip flatness control by se-
lective roll cooling [54].

It is economically feasible to use cryogenic technologies at machine-
building enterprises with a large fleet of machine tools and consumption
of cutting tools for the production of finished products and in repair
shops at large metallurgical enterprises of the CIS, which have their
own capacities for the production of liquid nitrogen as a by-product du-
ring air separation. However, even with the purchase of liquid nitrogen
by small enterprises, its relatively low cost, because high purity is not
required, will save on the consumption of spare parts and tools. An al-
ternative is the provision of services for cryogenic processing of pro-
ducts by third-party enterprises that have cryogenic facilities at their
disposal [53].

Examples given in the article make it possible to find other indus-
tries where, based on cryogenic technologies, it is possible to ensure
energy savings, resource saving and safe operation of critical highly
loaded machines and units. A more detailed study of the internal pro-
cesses occurring in structural metals during cryogenic treatment will
make it possible to find quickly new areas of application for this type of
influence on the properties of materials, the full potential of which has
so far been discovered only to a small extent.
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Cryogenic cooling is an ecologically friendly solution to traditional
emulsion cooling and an effective way to keep the temperature at the
phase significantly higher than softening point of the cutting tool mate-
rial. In theory, this will enhance the processability of hard-to-machine
aerospace materials such as titanium and nickel-based super alloys. The
main disadvantages of cryogenic cooling are the additional equipment
and the high cost of liquid nitrogen. Compared to conventional cooling,
however, cryogenic cooling has been noted by many researchers as an
excellent opportunity to increase the tool life produced with modified
tool inlays that achieve optimized frictional and thermal characteris-
tics. However, some issues of this technology limit its application in
real industrial settings rather than on laboratory machines, such as
safety concerns regarding the handling of liquid and gaseous nitrogen,
cooling of the workpiece, which leads to non-compliance with tolerances
on through passage dimensions and the size of the cryogenic plant to
gain access to inner diameters. As previously mentioned, this may be
the preferred technology in sectors where these restrictions are not
valid or are less significantly [1, 60].
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3ACTOCYBAHHS KPIOTEHHUX TEXHOJIOTTHA
V IE@OPMAIIIMHOMY OBPOBJIEHHI METAJIIB

OrJssHyTO 3aCTOCYBaHHS KPiOT€HHMX TEeXHOJIOTiH y Ipollecax TepMiuHoro ta medop-
Mariiinoro oopobJieHs MeraJsiB. BusHauenHo Haited)eKTHBHIiIINI 00JacTi 3acTocyBaHHS
KpioreHHuUX pimuH i rasiB aas TepMooOpOOJeHHs poOOUYMX iHCTPYMEHTIB i meTasiB
(TUTAaHOBUX, ANIOMiHifIOBUX 1 MiZHMX CTOMmiB) y BaJBI[IOBAJHHOMY BUPOOHUIITBI Ta
BasKKOMY MAIIMHOOYAYBaHHI 3 METOO IIOJIMINeHHA SKOCTH HPOAYKILii, cTifikocTH yc-
TaTKYBaHHA ¥ IHCTPYMEHTY, MOHMKEHHS eKOJIOTiuHOro BILIMBY Ha AOBKiNIS Ta mpa-
IIOI0YNH IIepcoHas. PO3IIAHYTO BILIMB KPiOreHHOTO O0POOJIEHHS M OXOJIOAKEeHHS Ha
TepMiH Cay:KOu iHCTPpYMEHTy, HMOro CTifKicTb, 3HOIIIEHHS, TeMIlepaTypy pisaHHA,
IIIePCTKiCTh MOBEPXHi, TOUHICTh PO3MIipiB i cuiu pidaHHs. ¥ pe3yJbTaTi 3aCTOCYBaHHSA
KpPioreHHOro o0po0JIeHHA Ta KPiOT€HHOro OXOJIOMKEHHS B IIPOIlecax MeXaHiuyHOro o0-
poOJieHHs 30iJbINYETHCA TEPMiH CAYKOU iHCTPYMEHTY Ta IMOJIMIIYETHCS IIEePCTKiCTh
MMOBEPXHi, a TaAKOXK MOHMIKYETHCSA TeMIIepaTypy o0po0IoBaHOI MOBEpPXHi, CIIOMKUBaH-
HA eHepril mig uac po6OTH; TAKUM UMHOM 3MEHINYETHCS 3HOIIYBAHHS iHCTPYMEHTY,
110 cIpusie€ 30i/bIIeHH0 TPOAYKTUBHOCTA. POSTISAHYTO TAKOMK MOYKJIUBICTE OfleprKaH-
HA Ta 3MiHM HAHOCTPYKTYPHU MeTaJy 3a HOIOMOIOI0 KPiOTeHHOTO OXOoJom:KeHHs. Te-
MaTHKa MOKe OyTH I[IKaBOIO JOC JiJHUKAM i BUEHUM y rajysi meranyprii, marepiayo-
3HABCTBA Ta HAHOTEXHOJIOTiM.

KarouoBi cioBa: KpioreHHe OXOJIOM)KEHHS, DPIAKUE as30T, CTifKicTh iHCTpyMeHTY,
IIePCTKiCTh MOBEPXHi, HUBbKOTEMIIEPATYPHE 00PO0JIeHHA, HAHOCTPYKTYPHI MaTepiaan.
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