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CRYOGENIC COOLING EFFECT ON THE CHANGE
IN THE MICROSTRUCTURE OF METALS

The study of cryogenic treatment of metals has been the subject of a large number
of scientific publications; therefore, the preparation of a review article aimed at
summarising the current state of knowledge and identifying directions for future
research is highly relevant. Although there are several reviews on the cryogenic
treatment of tool steels, to date, there has been no comprehensive review addressing the
effect of cryogenic treatment on changes in the microstructure of metals. Therefore,
in addition, the influence of individual processing parameters, their sequence, and the
effect of stabilisation at room temperature on microstructure evolution are examined
here in detail. Cryogenic processing of materials is known to enhance properties such as
hardness, strength, wear resistance, tensile strength, dimensional stability, corrosion
resistance, etc. However, the extent of property improvement for cryogenically treated
materials reported in the literature is diverse and, in some cases, contradictory. In
the present study, an attempt is made to provide a comprehensive review of various
scientific publications available in the literature on this topic.
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1. Introduction

Heat treatments required to obtain the desired properties of various mate-
rials are generally well established [1-5]. However, research aimed at im-
proving the mechanical properties and wear resistance of metals through
cryogenic treatment is a relatively new field. Cryogenic treatment is com-
mercially applied in various sectors, such as the tooling industry, firearms
manufacturing, acoustic equipment, and others. Researchers have focused
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on specific mechanisms, through which cryogenic treatment provides the
reported improvements; nevertheless, the underlying mechanisms are not
yet fully understood. The concept of enhancing the mechanical properties
of steel materials by exposing them to a cold environment has existed for a
long time. It is often stated that Swiss watchmakers buried components in
the ground to improve the properties of parts used in their watches. In ad-
dition, tool manufacturers are known to store tool materials in refrigera-
ted chambers for a certain period in order to enhance their performance.

Cryogenic treatment (CT) is a process in which the material is slowly
cooled to —196°C, held at this temperature for a specified duration, subse-
quently heated in a controlled manner to room temperature, and then tem-
pered. It is recommended as a supplementary process to conventional heat
treatments. The most well-known mechanism in steels is the transforma-
tion of retained austenite remaining after quenching into martensite.
Another important mechanism, also illustrated using steels, is lattice con-
traction at low temperatures, which promotes the diffusion of carbon atoms
out of the lattice and their interaction with carbide-forming elements, re-
sulting in the formation of very fine carbides.

Many studies emphasise that cryogenic treatment modifies not only the
surface properties of a material but also its internal structure [6—8]. Since
the process is carried out at extremely low temperatures, the treatment
duration, especially, for large components, is relatively long. There are nu-
merous non-academic reports and promotional materials claiming that cryo-
genic treatment enhances material properties. It is known that this treat-
ment affects a wide range of metals, including steel, aluminium, and cop-
per. Cryogenic heat treatment does not replace conventional heat treatments
but rather serves as a complementary process. The liquid nitrogen used in
the process and its application must be handled with care, and, whenever
possible, direct contact between liquid nitrogen and the material surface
should be avoided.

Liquid nitrogen is the most preferred cryogen in cryogenic cooling
technologies [9]. Nitrogen (N,), with a boiling point of —195.8°C, is the most
abundant gas in the atmosphere (78.03%) [10]. Since it is lighter than air,
it tends to evaporate [11] and disperse during cryogenic cooling. For this
reason, when existing cryogenic cooling systems and methods are compared,
liquid nitrogen is regarded as environmentally friendly, non-hazardous to
human health, and a means of enhancing manufacturing sustainability. In
addition to the fact that cryogenic cooling has been applied in various
manufacturing processes since the 1950s [11] and is considered one of the
environmentally benign manufacturing methods, it has been reported to
extend cutting tool life [12], provide better surface quality [13], reduce
subsurface microstructural deformation generated after machining [14]
and white layer formation [15], and, in some studies, reduce shear forces
[16], among other benefits.
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Among cryogenic cooling media, liquid nitrogen (LN,) is the most
widely used; however, studies employing carbon dioxide (CO,) are also fre-
quently reported in the literature [17, 18]. Some researchers [19] argue that
cryogenic cooling using LN, at very low temperatures (-196°C) adversely
affects the mechanical and physical properties of the work piece and, there-
fore, suggest the use of CO,, which has a higher boiling point (-78.5°C)
than LN,. Others [14] note that, when CO, is used, it is difficult to control
the formation of dry ice, which is the solid phase of CO,, and that, because
CO, is heavier than air, its use may lead to oxygen deficiency for workers
and additionally contribute to the greenhouse effect, thereby negatively af-
fecting global warming. Furthermore, they emphasise that LN, is lighter
than air and, therefore, evaporates and disperses into the atmosphere, is
the most abundant atmospheric gas, and has a lower boiling point than
CO,, which constitutes a significant advantage. In addition to these as-
pects, several important considerations must be taken into account when
using LN,. In manufacturing processes involving LN,, adequate ventilation
of the working environment must be ensured to prevent oxygen deficiency
caused by a reduction in oxygen concentration due to LN, use. Moreover, a
safety relief valve must be installed to maintain an appropriate pressure
balance in cryogenic cooling equipment operating under high pressure as a
result of the high expansion ratio of LN, (1:693). Cryogenic cooling systems
should also be equipped with appropriate protective devices to prevent ex-
posure to factors that may pose occupational health and safety risks at
cryogenic temperatures [20].

In recent years, hybrid cooling/lubrication methods have gained sig-
nificant importance, aiming to provide not only effective cooling but also
sufficient lubrication. Minimum quantity lubrication (MQL), used as an
economical and environmentally friendly method, is another approach that
enhances manufacturing sustainability by reducing friction and tempera-
ture in the cutting zone [21]. Hybrid cooling systems combining MQL with
LN, [22] or CO, [21, 22] have been applied in various manufacturing pro-
cesses in order to improve lubrication performance in addition to the effec-
tive cooling capability of cryogenic cooling.

2. Application of Cryogenic Cooling in Machining Processes

Nitrogen is used in manufacturing in two different ways: cryogenic treat-
ment and cryogenic cooling [23]. The former is a type of heat treatment
applied to improve the mechanical and physical properties of various engi-
neering materials. It is carried out by gradually cooling materials to cryo-
genic temperatures, holding them at these temperatures for an extended
soaking period (e.g., 24 h), and then slowly restoring the temperature to
room temperature [24]. The latter is applied to engineering materials that
experience high-temperature-related problems, particularly during machin-

254 ISSN 1608-1021. Prog. Phys. Met., 2026, Vol. 27, No. 2



Cryogenic Cooling Effect on the Change in the Microstructure of Metals

Sustainable machining

\ ]
Dry machining  Near-dry (MQL) machining Cryogenic machining

Fig. 1. Sustainable manufacturing methods [33]

ing, such as superalloys [25], titanium alloys [9], stainless steels [26], and
hardened steels [27]. Owing to its effective cooling capability, cryogenic
cooling allows higher cutting speeds and material removal rates, extends
tool life, and improves surface quality. At present, cryogenic cooling is
considered a preferred productivity-enhancing and environmentally friend-
ly approach in machining and is applied to a wide range of engineering
materials in addition to conventional chip-removal operations, such as
turning [26], milling [14], drilling [28], reaming [29], grinding [30], polish-
ing [31], and electrical machining [32], among others. In this method, the
cryogenic fluid is applied directly or indirectly to the work piece, the cut-
ting zone, the cutting tool, or various combinations thereof using different
delivery strategies. Such systems are employed for cryogenic cooling in
turning, milling, drilling, and related processes. As an alternative to con-
ventional cutting fluids used for cooling and/or lubrication in machining
operations, especially, those, in which high temperatures arise without me-
chanical contact, cryogenic fluids are applied indirectly through various
application methods, to create a sustainable manufacturing environment
and enhance machining performance.

Considering current research, numerous studies compare the perfor-
mance of cryogenic cooling in various manufacturing processes with dry
machining, conventional cutting fluids, minimum quantity lubrication, and
hybrid cooling/lubrication systems. Figure 1 [33] illustrates the four main
methods used in sustainable manufacturing.

Cryogenic cooling, as part of sustainable manufacturing approaches,
outperforms dry machining due to its effective cooling capability. Owing to
their lubrication characteristics, hybrid cooling/lubrication strategies have
gained significant importance in recent years, particularly, when combined
with cryogenic cooling.

In current studies, cryogenic cooling is generally described as one of
the methods for enhancing machinability and promoting environmentally
friendly manufacturing. However, in order to achieve optimal results using
this approach, cryogens must be applied through different delivery strate-
gies tailored to the specific manufacturing process. This is because diffe-
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Fig. 2. Cryogenic cooling methods [34]

rent machining processes involve distinct chip formation mechanisms, as
well as variations in work piece and cutting tool materials, which respond
differently under cryogenic cooling conditions.

Figure 2 [34] schematically illustrates the different cryogenic cooling
methods.

As shown, cryogenic cooling applications are implemented using work
piece cooling with pre-cooling, cutting zone cooling via spray application,
and indirect cooling of the cutting tool. The work piece cooling method
involves applying a cryogenic bath by immersing the work piece in the
cryogen or spraying the cryogen onto the work piece immediately before
chip removal during machining [23]. Pre-cooling the work piece using a
cryogenic bath improves the machinability of highly elastic and adhesive
materials, such as viscoelastic polymers [35]. Spraying cryogen onto the
work piece before machining also renders the chips formed during cutting
brittle, as the cryogen penetrates the material, thereby, facilitating chip
formation, when machining ductile materials. Cutting zone cooling can be
achieved through two main approaches: spraying cryogen into the cutting
zone using one or multiple external nozzles [13, 14, 36], or delivering cryo-
gen internally through the insert [26, 37] or the tool holder [38]. The pri-
mary goal of this method is to reduce the temperature in the cutting zone
to minimize the chemical interaction of the cutting tool with the work
piece material, thereby reducing adhesion and diffusion, improving ma-
chining performance, and preventing work piece damage that may occur
due to high temperatures [23]. In indirect cooling, the cryogen passes only
through the cutting tool to cool the tool and, indirectly, the cutting zone or
work piece. In this method, the cryogen reduces the cutting zone tempera-
ture and evaporates [32]. Since the cryogen does not come into direct con-
tact with the work piece, negative effects such as dimensional variations
caused by cryogenic cooling are avoided [39]. However, the effectiveness of
this cryogenic cooling method largely depends on the properties of the cut-
ting tool material [23]. Indirect cryogenic cooling methods are also applied
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Fig. 3. Cryogenic cooling systems used in manufacturing processes: (@) compressed
using a compressor [36], (b) self-pressurised cryogenic systems [20]

in non-contact manufacturing processes, such as electrical discharge ma-
chining (EDM) [32], to enhance performance.

Considering all these methods, the most economical and effective way
to select an appropriate cryogenic cooling method for a material in any
manufacturing process is to deliver a sufficient amount of cryogen to the
precise location using the suitable method, depending on the processing
conditions [40]. In a study on cryogenic turning of Ti,Al,V alloy using
various cooling approaches [40], the cooling effectiveness ranged from poor
to excellent as follows: dry machining, indirect cooling of the cutting tool
with cryogen, conventional cutting fluid cooling, pre-cooling of the work
piece with cryogen, cryogenic cooling of the tools’ flank surface, cryogenic
cooling of the tools’ rake surface, and simultaneous cryogenic cooling of
both the flank and rake surfaces. Efficient cooling of the cutting zone sig-
nificantly enhanced the machinability of this alloy. Moreover, cryogenic
cooling affects material properties and the coefficient of friction between
the cutting tool and work piece. Depending on the work piece and tool ma-
terial used, it can either improve or reduce the lubricating effect [41]. For
this reason, it is critically important to apply a cryogenic cooling method
that enables optimal results, taking into account the specific manufactur-
ing process and the materials of the cutting tool and work piece.

Cryogenic cooling systems used in manufacturing processes can be ob-
tained as ready-to-use commercial equipment [31] or employed by research-
ers in the form of compressors to increase the pressure of the cryogenic
flow [36] or self-pressurised cryogenic tanks [42]. Figure 3 illustrates vari-
ous applications of cryogenic equipment. In cryogenic cooling systems, cry-
ogens can be applied by researchers at different pressures and flow rates.

Cutting forces generated during machining processes directly affect
energy consumption and overall production costs. Under cryogenic cooling,
the work piece material becomes brittle at low temperatures, and an in-
crease in its strength is observed, which can lead to higher cutting forces
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Fig. 4. Comparison of flank wear after 5 min of machining a NiTi shape-memory alloy
under different machining conditions [47]

[43]. On the other hand, the literature also reports that cryogenic cooling
has a lubricating effect, resulting in reduced cutting forces [44]. The im-
pact of cryogenic cooling varies significantly depending on the work piece
and cutting tool materials used in the manufacturing process, as well as
the cooling technique employed. Therefore, it cannot be stated categorically
that cryogenic cooling universally increases or decreases cutting forces
[28]. Studies have shown that cryogenic cooling in different manufacturing
processes can either increase [14, 37, 43] or decrease [12, 36, 43] cutting
forces. Furthermore, it has been suggested that any reduction in tool life
due to increased cutting forces can be mitigated by modifying the tool ge-
ometry to accommodate cryogenic conditions [45].

Tool wear leads to the loss of the cutting tools’ original geometry, pro-
duction downtime, reduced machining efficiency, and deterioration of sur-
face quality. Cryogenic cooling, particularly in the machining of difficult-
to-machine engineering materials such as titanium alloys and nickel-based
superalloys, which exhibit low thermal conductivity and high chemical re-
activity with cutting tools, is one of the methods used to reduce high tem-
peratures in the cutting zone, improve machinability, increase material
removal rates, and extend tool life. In a study on TijAl,V machining [38],
this effect was attributed to cryogenic cooling producing shorter chips,
which reduces friction-induced heat and shortens the contact length be-
tween the tool and the chip, thereby, decreasing the amount of heat trans-
ferred to the cutting tool. Additionally, cryogenic cooling lowers high tem-
peratures in the cutting zone, reducing thermal interaction between the
cutting tool and work piece, which diminishes adhesion and friction ten-
dencies [46]. Figure 4 [47] illustrates the wear mechanisms observed after
5 minutes of machining a NiTi shape-memory alloy under dry, MQL, and
cryogenic conditions. The beneficial effect of cryogenic cooling, achieved
by simultaneously applying LN, to both the rake and flank surfaces of the
cutting tool, on tool wear under these conditions is evident. Cryogenic cool-
ing has been reported to improve tool wear not only in turning but also in
other manufacturing processes, such as milling [46], drilling [36], and elec-
trical discharge machining [32]. However, despite studies [37] indicating
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ent machining conditions [14]

that cryogenic conditions can sometimes reduce tool life, other research
[22] suggests that hybrid cooling/lubrication methods are more effective in
enhancing tool wear performance than cryogenic cooling alone.

Surface integrity criteria, including surface roughness, hardness, re-
sidual stresses, and subsurface microstructural changes, determine the
service life of the final product [25]. Studies on the effect of cryogenic
cooling on surface integrity across various manufacturing processes have
reported that, compared to conventional cooling conditions, it improves
surface roughness [48], reduces dimensional deviations [37], and decreases
tensile residual stresses and surface cracks generated during machining
[49]. Figure 5 shows the microstructural changes beneath the machined
surface of Inconel 718 after milling under different cooling environments.
High machining temperatures caused deformation of the grain structure.
In contrast, experiments conducted under cryogenic conditions demonstra-
ted reduced plastic deformation and improved surface roughness. Penetra-
tion of LN, into the cutting zone enhanced surface integrity [14].
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In studies focusing on the machinability of titanium alloys through
cryogenic treatment, it is evident that most research has concentrated on
EDM. Rupinder Singh and colleagues subjected commercially pure titani-
um (Titan 15, ASTM Gr.2) to cryogenic treatment at —80 °C for approxi-
mately 20 hours [50]. The materials’ machinability was then evaluated us-
ing EDM. The experimental design was based on the Taguchi method, and
the outcomes measured included material removal rate (MRR), tool wear
rate (TWR), surface roughness, and dimensional accuracy. Cryogenic treat-
ment resulted in improvements of 60.39%, 58.77%, 7.99%, and 80.00% in
these parameters, respectively [51]. In another study, Gill and colleagues
subjected Tig,,s to cryogenic treatment at —196 °C for 24 hours, followed by
EDM drilling. Blind holes with a diameter of 10 mm were machined using
copper electrodes. The results showed that cryogenic treatment enhanced
MRR, increased the effective wear rate (material removal rate per tool
wear), and reduced TWR. Additionally, samples subjected to deep cryo-
genic treatment exhibited improved dimensional and positional tolerances
of the holes [52]. Jatti and colleagues also performed cryogenic treatment
on NiTi shape-memory alloy at —185 °C for 24 hours. The study examined
the electrical conductivity of the NiTi alloy and experimentally confirmed
that cryogenic treatment significantly increased its conductivity. The mate-
rial removal rate was improved by approximately 19% [563]. In another
study on shape memory alloys, NiTi alloys were cryogenically treated for
3 hours, after which microhardness and phase analyses were conducted.
The results indicated that cryogenic treatment increased microhardness
without causing significant changes in the phase composition [54].

In addition to these studies, Kumar and colleagues investigated the effect
of EDM on cryogenically treated Ti Al, .Sn alloy using various machining
parameters [55]. One group of alpha-alloy specimens underwent shallow cryo-
genic treatment at —110 °C for 24 hours, while another group was subjected to
deep cryogenic treatment at —184 °C. The results were evaluated based on
machining performance, MRR, microhardness, tool wear, and surface rough-
ness. The study found that specimens subjected to both deep and shallow
cryogenic treatments exhibited significant improvements in performance
compared to untreated samples. Different EDM parameters yielded varying
results regarding the effect of cryogenic treatment [55]. According to the
study, the impact of cryogenic treatment was more pronounced under rela-
tively aggressive machining conditions, whereas under moderate machining
parameters, the difference was less noticeable [55]. Based on the literature, it
has been concluded that improving the machinability of titanium alloys is
possible by addressing factors such as low thermal conductivity, susceptibility
to friction and adhesion, irregular internal structure, and the presence of
residual stresses in the material, all of which typically hinder machinability.

An analysis of the literature on cryogenic treatment and other titani-
um-related studies shows that these investigations primarily focus on the
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wear testing of titanium alloys under cryogenic conditions [56, 57] and on
manufacturing processes utilizing cryogenic agents, such as liquid nitro-
gen and dry ice [58, 59].

3. The Effect of Cryogenic Cooling
on Microstructural Changes in Metals

Metal pressure treatment has a significant effect on changing the micro-
structure of metals [60—69]. The use of cryogenic cooling further enhances
this effect. A study conducted on a copper alloy (Cuy ,,Al,; ) investiga-
ted the effect of cryogenic treatment at temperatures ranging from 25 to
600 °C on thermal diffusivity, specific heat capacity, thermal conductivity,
and the coefficient of thermal expansion. In this study, copper samples
were heated to 800 °C and then subjected to deep cryogenic treatment for
10 minutes. The results indicated that cryogenic treatment increased ther-
mal diffusivity, thermal conductivity, and the coefficient of thermal expan-
sion, while having no significant effect on other properties [70]. Similar
findings were reported in other studies [71]. In addition, other research has
shown that cryogenic treatment enhances the performance of copper elec-
trodes used in spot welding [72].

In the studies [72, 73], a technology was tested for commercially pure
copper that combined quenching and cold plastic deformation using the
equal channel angular pressing (ECAP) method with intensive cooling in
liquid nitrogen. This treatment resulted in a homogeneous fine-grained
structure with a predominance of high-angle grain boundaries and im-
proved mechanical properties of copper. A distinctive feature of the micro-
structure after ECAP at cryogenic temperatures was the formation of dis-
location clusters. In contrast, ECAP conducted at room temperature showed
a lower dislocation density and more clearly defined grain boundaries (Fig. 6).
With intensive nitrogen cooling, the ultimate tensile strength of copper
increased by 140 MPa, the yield strength reached 175 MPa, the elongation
decreased by 2%, and the reduction in area increased by 2% compared to
the initial values. Intensive nitrogen cooling after each ECAP pass contrib-
utes to significant strengthening of copper by suppressing post-dynamic
recrystallization and maintaining a high dislocation density. It also pro-
motes the activation of mechanical twinning, which serves as an additional
mechanism of plastic deformation.

Another widely used group of materials subjected to cryogenic treat-
ment is WC—Co cutting inserts. In a study in this field, the effects of both
superficial and deep cryogenic treatments on tungsten carbide (WC—Co)
inserts were investigated, with mechanisms of treatment explained. The
internal structures resulting from superficial and deep cryogenic treat-
ments were analyzed using high-resolution transmission electron micros-
copy (HRTEM) and scanning electron microscopy (SEM), but no visible
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Fig. 6. Microstructure of the copper: (a)
in the initial condition; (b) after ECAP
by the standard process; (c) after ECAP
with cryogenic cooling with nitrogen [72]

changes in microstructure were observed. However, x-ray diffraction (XRD)
analysis revealed that the cobalt binder in the carbide structure underwent
martensitic transformation as a result of cryogenic treatment. After selec-
tively dissolving tungsten from the surface via electrochemical methods,
XRD patterns were analysed using the Rietveld method, showing that the
fraction of e-Co after deep cryogenic treatment was higher than after shal-
low cryogenic treatment and in the untreated sample. Additionally, it was
observed that subsequent annealing reduced the amount of martensitic
transformation induced by cryogenic treatment [74].

In another study, WC/Fe/Ni carbide material underwent deep cryogen-
ic treatment for 2, 12, and 24 hours. Selective electrolytic corrosion tests
were performed to observe the effects of cryogenic treatment. Internal fric-
tion, mechanical, wear-resistant, and corrosion properties of the material
were investigated. The results showed that the binder structure (Fe—Ni)
underwent martensitic transformation, while tungsten precipitated within
the structure. It was also reported that both the wear coefficient and fric-
tion coefficient significantly decreased, although fracture toughness
showed a slight reduction [75].

In the study [76, 77], metallographic analysis of the microstructure of
an aluminium alloy after ECAP in a matrix with parallel channels at room
temperature and with liquid nitrogen cooling showed that highly deformed
grains/subgrains formed in both cases. However, in experiments with ad-
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Fig. 7. Microstructure of aluminium alloy D16 (TEM): (a) initial state (quenching from
500 °C in water); (b), (c) after four passes of standard ECAP and with cooling in liquid
nitrogen, respectively [76]

ditional liquid nitrogen cooling after ECAP, a finer and more dispersed
structure with smaller grain size was observed (Fig. 7), as cryogenic treat-
ment suppresses spontaneous (metadynamic) recrystallization in the alloy.
During nitrogen cooling after ECAP, dislocation motion slows down, reduc-
ing the intensity of dynamic recovery. This leads to an increase in disloca-
tion density up to p = 6-10** m2, Consequently, the microstructure obtained
after ECAP with nitrogen exhibits diffuse, non-equilibrium, and poorly
defined grain boundaries, which is consistent with the findings of [78]. The
alloy structure also contains dislocation cells and dense dislocation walls.
In contrast, ECAP at room temperature results in a microstructure with a
lower dislocation density (p = 4-10" m2) and more clearly defined grain
boundaries.

Grey cast iron consists of graphite flakes embedded in a matrix pri-
marily composed of ferrite, pearlite, and/or martensite. In addition to the
matrix characteristics, the size and distribution of the graphite flakes
strongly influence the materials’ properties [79]. It has been found that CT
affects the microstructure of pearlitic cast iron by refining the pearlitic
matrix and reducing the interlamellar spacing [80]. Furthermore, CT pro-
motes the formation of long, thin, and continuous graphite flakes (Fig. 8).
While CT led to a slight increase in hardness (1.5%), wear resistance
showed mixed behaviour [80]. Wear resistance increased under high con-
tact pressure but decreased under low contact pressure.

In another study, Slatter et al. [81] found that CT increases the impact
wear resistance of lamellar (flake) graphite cast iron by changing the failure
mechanism from brittle fracture to plastic deformation. Since optical micro-
scopy did not reveal significant microstructural changes, high-resolution
methods such as SEM/TEM can uncover the mechanisms underlying the
improvement [81] (Fig. 9). In the study [82], cast iron with a martensitic
microstructure containing dispersed vanadium carbides was subjected to
CT. It was found that, in addition to the transformation of retained austen-
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Fig. 8. Electron micrographs of cast iron before and after cryogenic treatment [80]

Fig. 9. Microstructures of untreated lamellar (flake) graphite cast iron (a¢) and of la-
mellar (flake) graphite cast iron subjected to cryogenic treatment (b) [81
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Fig. 10. SEM analysis of
the region between vana-
dium carbide and the ma-
trix microstructure in the
material subjected to sub-
zero treatment [82]

Fig. 11. The microstructure of the high-chromium cast iron: (a) air cooling after sub-
critical treatment at 550 °C and (b) cryogenic treatment after subcritical treatment at
550 °C [85]

ite into martensite, a carbon layer forms over the vanadium carbides, which
reduces the bonding between the carbides and the matrix (Fig. 10) [82].
While CT enhances the precipitation of secondary carbides, the eutec-
tic carbides remain unchanged. A uniform distribution of fine secondary
carbides within the martensitic matrix significantly increases the bulk
hardness and resistance to abrasive wear. Due to the dispersion strength-
ening effect, the fine secondary carbides enhance the strength of the ma-
trix, which in turn provides support to the carbides, preventing chipping
and groove formation during abrasive wear [83]. Even if complete transfor-
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Fig. 12. SEM micrographs of (a) untreated and (b) deeply-cryogenic-treated samples [89]

mation of retained austenite is not achievable, its presence in minimal
amounts is beneficial, as it imparts microplasticity to the matrix, prevent-
ing crack initiation and propagation [84]. In addition to the transformation
of retained austenite and carbide precipitation, the grain-strengthening
effect due to the refinement of the martensitic matrix during CT also con-
tributes to improved wear resistance [85] (Fig. 11).

Soaking time is the second most important parameter after soaking
temperature that affects the enhancement of properties in materials sub-
jected to CT [86—99]. The total duration of the CT cycle largely depends on
the soaking time. Accordingly, changes in soaking time have a significant
impact on the overall cost of CT (Fig. 12).

Gordon et al. [97] investigated different soaking times at 83 K and
found that soaking time did not affect the transformation of retained aus-
tenite into martensite. Popandopulo et al. [98] used direct immersion in
liquid nitrogen for 15 minutes. Zhmud [100] observed no significant chang-
es in the service life of tool steel when the soaking time varied from 5
minutes to 10 hours; however, it was noted that prolonged soaking time
could negatively influence tool life. Berlien [101] recommended 6 hours for
the combined phase of cooling and soaking. Barron et al. [102] tested soak-
ing times ranging from 1 minute to 24 hours for T8 steel and identified 24
hours as the optimal soaking time for achieving the best results. Later,
Barron [103] used a 24-hour soaking period to study the effect of CT on
other high-speed steels (HSS). A soaking time of 24 hours at 77 K has also
been suggested by several other researchers for HSS. Yun et al. [104] inves-
tigated soaking times of 24 and 48 hours at 77 K and concluded that a 48-
hour soaking time increased both room-temperature hardness and red
hardness. Mohan et al. [105] studied the effect of soaking times of 6 and 24
hours at different soaking temperatures. A 24-hour soaking time at 163 K
provided better results compared to 6 hours at 93 K, and they noted that
soaking time was more important than soaking temperature. Dhokey et al.

266 ISSN 1608-1021. Prog. Phys. Met., 2026, Vol. 27, No. 2



Cryogenic Cooling Effect on the Change in the Microstructure of Metals

Fig. 13. Microstructure of M2 steel after cryogenic treatment at different soaking
times: (@) 1 h, () 4 h, (¢) 12 h, (d) 24 h [108]

[106] conducted experiments with varying soaking times (16, 24, 32, and
48 hours) in terms of residual compressive stresses and found minimal re-
sidual stresses at a 24-hour soaking period. A soaking time of 168 hours
was proposed by Huang et al. [107] for M2 steel, which differs significantly
from recommendations by other authors. Li et al. [108] investigated the ef-
fect of soaking time on the size and distribution of carbides in M2 steel.
The corresponding microstructure is shown in Fig. 13. The micrographs
clearly indicate that fine-grain precipitation continues during the 24-hour
soaking period, despite the growth of secondary carbides. The effect of
soaking time on D2, Vanadis 4, and H13 steels was also studied [109-111].
It was found that soaking time does not affect the hardness of D2 and
Vanadis 4 steels; however, the hardness of H13 steel improved at a soaking
time of 400 minutes. Das et al. [111] investigated soaking times ranging
from O to 84 hours. Optimal improvements were observed at a soaking time
of 36 hours, and it was concluded that soaking time significantly influ-
ences the formation of secondary carbides. These findings were supported
by SEM micrographs of cryogenically treated D2 steel at different soaking
times, shown in Fig. 14. Oppenkowski et al. [109] reported that soaking
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Fig. 14. SEM micrographs: conventional heat treatment (a), and cryogenic treatment at
soaking times of (b) 12 h, (c¢) 36 h, (d) 84 h [111]

time has a significant effect on material properties. Maximum wear resist-
ance was observed at a soaking time of 36 hours and decreased with fur-
ther increases in soaking time. Collins et al. [110] reported a slight increase
in hardness with longer soaking times, while the improvement in wear re-
sistance was more pronounced with extended soaking periods.

In the studies [112, 113], finite element modelling of microstructure
evolution during the combined drawing process with cryogenic cooling was
carried out using the JMAK and cellular automata methods. Additionally,
the simulation results were compared with laboratory experimental data. A
comparison of the microstructure evolution obtained by both methods re-
vealed a high degree of agreement across all considered models. After three
deformation passes, an ultrafine-grained structure with an average grain
size of 0.5 pm was obtained, consisting of a mixture of austenite and 88%
a-martensite (Fig. 15). The level of martensite formation was found to be
directly dependent on the intensity of metal cooling.

Among various methods of preparing martensitic materials with de-
sired properties, e.g., magnetic ones (see [114, 115] and references therein),
there is the so-called ‘strained-wire method’, when a uniaxial tensile stress
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Fig. 15. Microstructure of AISI-316 steel after three deformation passes: (a) modelling
[113]; (b) experiment [3]

Fig. 16. Microstructure orientation maps:
(a) sample without preheating, (b, ¢) sam-
ple preheated to 20 °C after each nitrogen
cooling cycle (b — central zone, ¢ — sur-
face zone) [116]
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is applied to the wire-shaped sample during the post-annealing stage. This
method can be accompanied by CT as well.

In the wire subjected to deformation at cryogenic temperature without
preheating, the observed microstructure consists predominantly of o’-mar-
tensite (98% of indexed points). The a’-martensite appears in banded struc-
tures. Using orientations obtained from residual austenite domains, con-
sidered as the initial orientations of the parent phase, the bands associated
with o'-martensite form along the dense {111} deformation systems
(Fig. 16, a). The grain size achieved by the o'-martensite is 0.5 ym [116].

In the wire subjected to deformation at cryogenic temperature with
preheating, the amount of martensite differs between the central and sur-
face zones. In the surface zone, the observed microstructure, similar to the
wire deformed without preheating, consists predominantly of o'-martensite
(98% of indexed points) (Fig. 16, b). In contrast, the microstructure at the
centre shows markedly different results (Fig. 16, c). At this depth, austen-
ite grains exhibit pronounced colour variations, reflecting intragranular
misorientation caused by plastic deformation. In the orientation map, o'-
martensite is represented with orientation colouring along the y-axis, nor-
mal to the processed surface, while several residual austenite domains are
shown as contrasting bands. The observed microstructure consists of o'-
martensite (68% of indexed points) and residual austenite. The morphology
of the original austenite structure is poorly distinguishable, with multiple
variants of o'-martensite present, as indicated by the diverse colours with-
in the former austenite grains.

4. Conclusions

Cryogenic cooling has been used for many years as an environmentally
friendly and efficiency-enhancing method; however, approximately 59% of
studies in this field have been conducted since the 2000s. Despite the avail-
ability of commercial cryogenic processing equipment, this technique is
currently not widely adopted in industry. This can be explained by the fact
that, unlike conventional cutting fluids, cryogenic cooling does not allow
the reuse of the coolant, and LN, evaporates even when not in use due to its
high expansion properties. The high initial costs associated with transi-
tioning to cryogenic cooling systems also limit the widespread implementa-
tion of this technology.

Although several studies report that cryogenic cooling affects the en-
tire material, systematic investigations are required to verify experimen-
tally its effectiveness across the full cross-section of the work piece. Many
areas still lack quantitative studies. From the literature review presented
above, it is clear that further research on the application of cryogenic cool-
ing to both ferrous and non-ferrous metals could be conducted to enhance
their mechanical properties and service performance.
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Cryogenic Cooling Effect on the Change in the Microstructure of Metals

1.€. Boaokimina, I''M. JKymarnaszaposa, 3.C. I'enbmanosa
KaparanguHcbkuiil ingycrpianbHUil yHiBEpCUTET,
npocu. Pecny6aiku, 30, 101400 Temupray, Kaszaxcraun

BIIJINB KPIOTEHHOTI'O OXOJIOAKEHHSA
HA 3MIHY MIKPOCTPYKTYPU METAJIIB

HocminsxenHa KpiorTeHHOTO 00pPOOIeHHA METaliB € IPeJMETOM BeJUKOI KiJTbKOCTI HayKO-
BUX IIpallb; TOMY HAIMCAHHA OTJIAMOBOI CTATTi IJIA BUCBITJI€EHHA CyYacHOTO CTaHY 3HAHb
i BuBHauUeHHs HAIPAMIiB MaiOyTHIX AOCTiAKeHb € BeJbMHU aKTyaJdbHUM. X0Ya BIKE €
OTJIAAM IIIOJ0 KPiOreHHOTro OO0POOJIeHHA iHCTPYMEHTaJIbHUX CTajel, moci He OyJiOo OTJIs-
Iy, B AKOMY 0 aHaIisyBaBCA BILIUB KPiOTeHHOr0 0OPOOJIEHHA HAa 3MiHM MiKPOCTPYKTYpH
meraniB. Tomy geTasbHO POSIJIAHYTO BILINB OKPEMHX IlapaMeTpiB 00pOOJeHHsA, IXHS
mocJiioBHicTh i BmmB crabinisariii 3a KiMHATHOI TeMIepaTypu Ha €BOJIIOIII0 MiKpo-
cTpykTypu. OO0poOJeHHA MaTepianiB 3a KpioreHHOI TeMIlepaTypu MOJIMINye Taki ixHi
BJIACTUBOCTi, AK TBEPHiCTh, MIIlHICTH, 3HOCOCTiMKiCTh, MIiIlHiCTH HAa PO3PUB, CTAOIIb-
HicTb Po3MipiB, KoposifiHa crilikicTs Tomo. OJHAK CTYNiHb MOJINIIIEHHA BJIACTHUBOCTEH
MarepiasiB, migmaHux KpioreHHOMY OOpPOOJI€HHIO, K 3a3HaueHO B JiTepaTypi, € pisHo-
MaHITHUM i iHOAI cymepeunuBUM. ¥ MeKax BUKOHAHOTO OCJiIKEeHHSA 3p00JIEeHO CIIPO0y
BUYEPITHOTO aHAJi3y YMCIEHHUX HAYKOBUX IIyOJiKaIliil 3 miel TeMaTUKH.

Karouosi caoBa: MiKpocTpyKTypa MeTasiB, 0OpoOJIeHHSA MeTaJiB, OXOJIOMKeHHs, Kpio-
TeHHe TepMOoOoOpOOIeHH.
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