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Abstract 

Deep cryogenic treatment (DCT) is a type of cryogenic treatment, during which a material is 
subjected to temperatures below −160 °C. When a metallic material is modified with DCT, 
changes occur down to the nanoscopic level. DCT induces microstructural changes such as grain 
size refinement, forma�on of new grains, movement of disloca�ons, change of solubility of 
alloying atoms, altera�on of crystal structure and new phase forma�on. Changes in the material 
can have posi�ve or nega�ve effects or can conjointly render negligible changes on the final 
proper�es of steels, which was evaluated and proven within this work. The steel’s performance 
and later performance of manufactured components and tools from this specific material 
strongly depend on the selec�on of proper material, proper design, accuracy with which the tool 
is made from untreated material and applica�on of proper heat treatment, including DCT. 
Furthermore, DCT treatment has shown to reduce density of defects in crystal structure, 
increase wear resistance of steel, increase hardness, improve toughness, tensile strength as well 
as corrosion resistance. However, the performance of DCT strongly depends on steel type as 
well as manufacturing type (wrought or powder metallurgy steel), chemical composi�on of steel 
(the ra�o of alloying elements, such as chromium, tungsten etc.). Addi�onally, heat treatment 
parameters (austeni�zing and tempering temperature) and presence of microstructure-related 
phenomena within the steel (such as transforma�on-induced plas�city (TRIP)) also influence 
DCT effec�veness. This study provides a systema�c approach and research of DCT and its 
effec�veness on steels. The study also aims at unravelling the underlying mechanisms in 
selected ferrous alloys (high-speed steels, tool steels, stainless steel and bearing steel) to 
provide in-depth fundamental understanding of DCT on ferrous alloys. 
 
Keywords: deep cryogenic treatment (DCT), ferrous alloys, microscopy, microstructure, surface 
analysis, mechanical proper�es, wear resistance, fa�gue 
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Povzetek 

Globoko podhlajevanje (v angleščini izraz “deep cryogenic treatment”, iz tega sledi kra�ca DCT) 
je �p podhlajevanja, pri katerem je material izpostavljen temperaturam, nižjim od −160 °C. Ko 
je kovina modificirana z DCT, se pojavijo spremembe materiala vse do nanonivoja. DCT povzroči 
spremembe v mikrostrukturi kot so zmanjšanje velikos� zrn, tvorjenje novih zrn, premik 
dislokacij, sprememba topnos� legirnih atomov, sprememba kristalne strukture in tvorjenje 
novih faz. Nastale spremembe imajo lahko pozi�ven ali nega�ven vpliv ali pa skupaj tvorijo 
zanemarljive spremembe posameznih končnih lastnos� jekel, kar je tudi  evalvirano in dokazano 
znotraj te disertacije. Lastnos� jekla in kasneje zmogljivos� izdelanih komponent iz le-tega so 
močno odvisne od izbire pod�pa materiala, oblike, natančnos� izdelave in izbire primerne 
toplotne obdelave, vključno z DCT. Dokazano je bilo, da DCT zmanjša gostoto napak v kristalni 
mreži, izboljša odpornost na obrabo, poveča trdoto, trdnost in natezno trdnost ter prav tako 
odpornost jekla na korozijo. Kakor koli, vpliv ter uspešnost DCT-ja na izbrano jeklo sta tesno 
povezana tudi z vrsto jekla, načinom proizvodnje jekla (kovano jeklo ali jeklo, izdelano preko 
praškovne metalurgije), kemijsko sestavo jekla (razmerje med legirnimi elemen� kot so krom, 
volfram itd.). Prav tako parametri toplotne obdelave (temperatura avsteni�zacije in popuščanja) 
ter prisotnostjo posebnih mikrostrukturnih fenomenov znotraj jekla (npr. transformacijsko 
inducirana plas�čnost (TRIP)) imajo vpliv na učinkovitost DCT-ja. Izbrana študija predstavlja tudi 
sistema�čni pristop in raziskave o DCT vplivu na jekla. Cilj raziskave je tudi razvozla� mehanizme 
v izbranih jeklih (hitrorezna jekla, orodna jekla, nerjavno jeklo ter ležajno jeklo) z namenom 
podajanja temeljnega razumevanja DCT vpliva na železne zli�ne (jekla). 

 
Ključne besede: globoko podhlajevanje, železne zli�ne, mikroskopija, mikrostruktura, 
površinska analiza, mehanske lastnos�, odpornost na obrabo, utrujanje 
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Chapter 1 

1 Introduction 

1.1 Deep Cryogenic Treatment 

1.1.1 Short history of research of cryogenic treatment 

Cryogenic treatment is a type of heat treatment, the name is formed by combining two Greek 
words: “kryo”, which means very cold, and “genics”, which means to produce. From this, one 
can describe cryogenic treatment as a type of method or technology, where the main goal of 
the process is to expose mater to temperatures below 0 °C (< 273 K) [1]. In literature, several 
terms for the same method of cryogenic treatment can be found, such as cryo, cryogenics, 
cryoprocessing, cryogenic processing, cryogena�ng, cryogenic stress relief, cryogenically 
treated, cryotempering, cryogenic hardening, cryo-treated, cryogenic thermal cycling treatment 
[1]–[7]. In the last century, cryogenic treatment has obtained an important role in the heat 
treatment of ferrous and non-ferrous alloys in changing their proper�es (Figure 1). Heat 
treatment procedures of different materials are constantly altering and improving throughout 
centuries from blacksmith’s art to high-tech science technology nowadays. Similarly, cryogenic 
treatment also follows this trend, especially due to its effect on modifying the material from bulk 
to surface. With the limita�ons being slowly reached for improving metallic materials through 
chemical composi�on modifica�on, an increasing interest has evoked in the last decade for the 
understanding of cryogenics techniques and their possible applica�on in material science [8], 
[9]. 

 

Figure 1: Key events that shaped deep cryogenic treatment (DCT) throughout history. 

However, the topic of cryogenic treatment is not new (Figure 1). Some atempts of reverse heat 
treatment – cooling, were already conducted at the beginning of the 20th century, mostly to 
improve proper�es of cu�ng tools [10]. Then in 1872, James Dewar invented the vacuum flask 
for cooling and storing refrigerated liquids under vacuum. In 1883, Karol Olszewski liquefied 
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oxygen and 10 years later, in 1893, he and James Dewar liquefied hydrogen. Later in 1908 also 
liquefied helium was produced by Kamerlingh Onnes, and with liquid helium new research 
op�ons of cryogenic treatments had opened [11]–[16]. Aerospace industry and research was 
one of the first to actually no�ce and technically document the effects of cryogenic 
temperatures on modern and more advanced materials, including specialized steels and non-
ferrous alloys. Na�onal Aeronau�cs and Space Administra�on (NASA) engineers documented 
that many of the metal parts of the space aircra�, which had returned from space, where 
condi�on is vacuum at cryogenic temperatures, were stronger than before leaving Earth (before 
the flight). Since then, the pioneers and researchers have been searching, improving and 
analyzing new ideas and methods/techniques in the field of cryogenics and cryogenic treatment 
of materials for improving their macroscopic proper�es [17]. 

1.1.2 Types of cryogenic treatments 

The cryogenic treatment of metals is divided into three systema�cally different temperature 
systems. First and foremost is the conven�onal cold treatment (CCT), for which the temperature 
is reduced down to −80 °C (≥ 193 K) [9]. CCT was common in the past, because it was believed 
that temperatures down to −80 °C (≥ 193 K) were adequate to transform most of the retained 
austenite into martensite in steels, establishing improved fa�gue strength and dimensional 
stability and increased wear performance [18], [19]. The promo�on of this idea was done by 
several experiments, where the material was directly soaked into containers with dry ice (solid 
CO2). Unfortunately, the nega�ve results of these experiments emerged, where CCT supposedly 
led to thermal shock and later to failure of tools, ins�ga�ng that companies abstained from 
developing and using such treatment (1940s–1950s). However, only years later, experiments at 
lower temperatures and more careful handling during the procedure proved and showed a 
general improvement of material proper�es with CCT and later shallow and/or deep cryogenic 
treatment [20]–[22] (Figure 2).  

 

Figure 2: Schema�c presenta�on of division of cryogenic treatment. 

The second type, shallow cryogenic treatment (SCT), occurs from −80 °C to −160 °C (193 K to 
113 K), however, CCT is o�en considered to be a part of SCT (0 °C - −160 °C) [23]–[27]. SCT causes 
transforma�on of retained austenite into martensite (increase in hardness) and allows size 
reduc�on of carbides and thus increased number of them [28], [29]. A�er SCT, the last type is 
deep cryogenic treatment. In Celsius scale, the deep cryogenic treatment (DCT) is in some 
literatures below −160 °C (113 K) and other literatures −153 °C (120 K), depending on 
corresponding author and their views. DCT can be also found in literature named as sub-zero 
treatment (SZT) [24] or ultra-low temperature process (ULTP) [30]. In case of metallic materials, 
DCT is placed normally a�er quenching under −160 °C for a certain period of �me (o�en for 24 
hours [11]–[13], [15], [16]).  

Deep cryogenic treatment is described separately in more detail in the next subchapter 1.1.3. 

Cryogenic treatment

Conventional cryogenic 
treatment

[0 °C to −80 °C]

Shallow cryogenic 
treatment

[-80 °C to −160 °C]

Deep cryogenic treatment
[below −160 °C] 
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1.1.3 Deep cryogenic treatment 

1.1.3.1 Deep cryogenic treatment effect on material 

Under DCT several mechanisms occur in metallic materials: the conversion of retained austenite 
into martensite, carbon redistribu�on and grain size reduc�ons [2], [31], [32], precipita�on of 
fine carbides [2], [31]–[35] and reduc�on of free energy of crystal structure [36], [37]. 
Furthermore, DCT has beneficial effects on the altera�on of residual stress [38]–[41], 
redistribu�on of atoms [42] and binding energy [43]. Moreover, DCT addi�onally creates a 
denser molecular structure in semiconductors, increases tool life, reduces �me of machine parts 
for replacement, increases Schotky barrier height and thus, significantly reduces material 
reverse leakage current [44]–[47]. It also improves grinding forces [47], cuts opera�ng costs [48], 
improves specific gravity requirements [47], decreases H solubility [49], as well as alters Curie 
temperature of Fe-B-based material [49]. DCT can also decrease britleness, reduces fric�on and 
improves thermal conduc�vity and wear resistance [48]. 

In terms of mechanical proper�es, DCT was found to have an effect on hardness [26], [50]–
[52], fracture toughness [2], [31], [52], [53], impact toughness [52], [54]–[57], compressive 
strength [52], [58] and values of strain-hardening exponent [52]. DCT has also been proven to 
have an effect on wear resistance [25], [31], [59]–[66], corrosion resistance [67]–[72], oxida�on 
dynamics [43], [73], fa�gue proper�es [52], [64], [74]–[77] and magne�c proper�es [41]. 
However, the consensus of when and how DCT influences different materials has s�ll not been 
set. For this reason, different materials and their mul�ple proper�es are being tested with DCT 
in order to understand the mechanism behind it and to provide meaningful correla�ons to the 
different DCT effects with respect to selected materials (Figure 3). 

 

Figure 3: Schema�c representa�on of deep cryogenic treatment (DCT) and its influence on 
materials. 

DCT has been mostly used for metallic materials, however, its applica�on can extend also to 
non-metallic materials. Non-metallic materials, such as polymers, are in recent years drawing 
aten�on with new applica�ons in medicine, aerospace, space and electronics. DCT on polymers 
has also clearly shown an improvement of hardness, mechanical strength, relaxa�on behavior 
of material as well as wear resistance [15], [78]–[81]. 

1.1.3.2 Deep cryogenic treatment parameters of ferrous alloys 

When ferrous alloys are exposed to DCT, several parameters have to be taken into account. The 
importance factor of individual parameters was sta�s�cally determined with the Taguchi 
method in the study of Darwin et al. (2008) [82], where the aim was to op�mize and iden�fy the 
importance of the cri�cal processing parameters. The far most important factor is selected 
soaking temperature (72 %) of selected media, followed by holding �me of the material under 
selected deep cryogenic temperature (24 %). The cooling rate and warming rate (10 %) and 
sequence of cryogenic treatment (2 %) have a lower impact on DCT effec�veness. The selec�on 

Deep cryogenic 
treatment

(-196 °C/24 hours)

Microstructure 
changes

Changed properties
•mechanical properties
•fatigue
•wear resistance
•corrosion resistance
•magnetic properties etc.
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of the soaking period depends on the type of material (ferrous (steel) or non-ferrous alloys) and 
applied cryogenic treatment. Cryogenic temperature depends on the type of research and 
individually selected temperature [83]. DCT is usually placed immediately a�er the quenching 
stage of ferrous alloys, followed by a single tempering cycle [8], [84], [85]. However, there are 
also studies, where DCT is done a�er tempering [78], [86] (Figure 4).  

 

Figure 4: Schema�c presenta�on of the most commonly used deep cryogenic heat treatment 
route (DCT) compared to conven�onal heat treatment route (CHT). 

In recent years, more and more research is also conducted with a specific type of DCT described 
as mul�stage deep cryogenic treatment (MCT) (Figure 5). In this case the treatment consists of 
rapid cooling down to DCT temperature (below −160 °C) and hea�ng up to SCT temperature 
(−80 °C) or even to room temperatures (20 °C or more) [86]–[89] in a cyclic manner with several 
repe��on cycles (usually at least 3). 

 

Figure 5: Example of mul�stage deep cryogenic treatment (MCT). 

Beside DCT processing parameters, the performance of DCT is also influenced by the chemical 
composi�on of steel [32], [90], [91], steel type (wrought produc�on or powder metallurgy steel 
(PM)) [52], [91], heat treatment parameters, such as austeni�zing and tempering temperature 
[52], [59], [68], [91], [92], and also microstructural phenomenon, such as transforma�on-
induced plas�city (TRIP) [93] etc.  

1.1.3.3 Deep cryogenic treatment methods and gases 

Four main methods of applica�ons of DCT on ferrous alloys can be found in literature. The first 
is gradual immersion, where the sample is directly immersed (soaked) in liquid nitrogen for a 
predetermined �me and then gradually warmed back to room temperature. The second is the 
heat exchanger, where liquid nitrogen flows through chamber, at which the cooled gas is 
dispersed by a fan inside the sample chamber. The third op�on is direct nebuliza�on, where 
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liquid nitrogen is nebulized directly into a chamber and homogenous distribu�on is obtained by 
a fan. The fourth op�on is a hybrid method, which is actually a combina�on of first nebuliza�on 
followed by gradual immersion, in order to provide improved control of the cooling whilst 
maintaining a high cooling rate [8], [13], [94]. For the different techniques different cooling 
media, mostly gases, are used. The common gases used for DCT are presented in Table 1. 

Table 1: The common gases used in deep cryogenic treatment (DCT) with their chemical formula 
and boiling point, based on [15], [95], [96]. 

Gas Chemical formula Boiling point (°C/K) 

Methane CH4 −162/111 

Oxygen O2 −183/90 

Nitrogen N2 −196/77 

Hydrogen H2 −253/20 

Helium He −269/4 

Some gases tend to be more preferable compared to others for usage in DCT due to the 
proper�es of the selected gas. For example, liquid hydrogen can cause metals to undergo 
hydrogen embritlement, which promotes britleness and induces fracturing of the material. 
Addi�onally, hydrogen is considerably harder to store and is very explosive, making it difficult to 
handle with ease. Another example is helium, which can solidify other gases, such as oxygen, in 
localized areas, where pressure-relief passages occur that lead to dimensional instability of the 
material [97]. However, in most cases nitrogen is preferred due to its high availability, low cost, 
inertness, easy handling and storage. 

1.1.4 Application of deep cryogenic treatment 

Increasing demands on the market for material’s performance improvement, material life cycle 
enhancement, cost savings, reduc�on of material for produc�on and increased frac�on of used 
green energy/technology are causing shi�s in science and industry to adapt to these demands 
[8], [10]. One of the possible solu�ons is also DCT, which is cost-effec�ve and can be marketed 
as green technology. As such it does not have a nega�ve impact on the environment, which is a 
win-win combina�on for industry and the environment [98]. 

Applica�on of DCT can be found in various industries : in medicine for improvement of 
implants [99], [100]; automo�ve industry for body parts, drivetrains, suspension and other parts 
of car/motorbike [8]; aerospace industry for shutles, tools and robo�cs [101]–[103]; tool 
industry for tools, casings and electronics [8], [10]; energy sector/industry for increased 
corrosion resistance of pipes for oil and gas [104], [105], mining equipment [106] and nuclear 
power sector for improvement of the material used for storage [107]. DCT is becoming 
nowadays more and more applied also in the musical industry, where brass and plucked string 
instruments are treated by DCT to improve the acous�c effect [19], [108]. With all the above 
DCT has also atracted aten�on from nanosciences and nanotechnologies as a part of the heat 
transfer applica�on in nanomaterials, nanofluids and resolving the agglomera�on issue of 
par�cles [18]. Furthermore, DCT is also becoming an interes�ng possibility for applica�ons in 3D 
prin�ng [109], microscopy [110] and laser technology [111]. 

  



6 Chapter 1. Introduction  

1.2 State of Art 
As presented in the previous sec�on DCT can influence on various perspec�ves of materials 
proper�es. However, the literature overview shows that DCT is s�ll under research and all the 
benefits and drawbacks are s�ll unknown and not fully understood [21]. In con�nua�on of this 
sec�on the varying effects of DCT on different steels are presented. 

Table 2: Main steel groups and grades used for deep cryogenic treatment (DCT) from literature 
overview. 

Group of steel Grade of steel Literature 
Cold work steel X210Cr12 [24], [26], [112]–[116] 

X153CrMoV12 [48], [88], [117], [118] 
X220CrVMo13-4 [119] 
X210CrW12 [120] 
45WCrV7 [121] 
60WCrV8 [122] 
X165CrMoV12 [118], [123] 
X50CrMoW9-1-1 [123] 
lower C and high W and C content [2], [31], [124] 
X110CrMoV82 [40], [117] 

Hot work steel X37CrMoV5-1 [125], [126] 
X40CrMoV5-1 [40], [126]–[129] 
X30WCrV9-3 [130] 
QRO90 supreme [78] 

Structural steel C40 [17], [39], [131] 
C50 [132] 
C40E [17], [39], [131]–[133] 
C40R [17], [39], [131] 
C45E [134], [135] 
15NiCr13 [132] 
20NiCrMo2-2 [113], [136] 
17NiCrMo6-4 [137] 
18CrNiMo7-6 [138] 
16MnCrS5 [136] 
42CrMo4V [17], [39], [40], [131], [139]–[141] 
S275JR [142] 

High-speed steel HS10-4-3-10 [143] 
HS2-5-1-3 [144], [145] 
HS6-5-2-5 [78], [91] 
HS2-9-1-8 [146] 
HS18-1-2-5 [146] 
HS18-0-1 [146] 
HS6-5-2C [47], [91], [112], [147]–[151] 

Stainless steel X30Cr13 [138], [139], [152] 
X30CrMoN15-1 [51] 
X105CrMo17 [153] 
X10CrNi18-8 [154]–[156] 
X4CrNiMo16-5-1 [157] 
X45CrSi9-3 [68], [158] 
X20CrMoV12-1 [159] 
X55CrMo14 [160] 
GX4CrNi13-4 [155], [161] 
X22CrMoV12-1 [159] 
X2CrNIMoN17-13-3 [162] 
GX23CrMoV12-1 [159] 
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The main groups of steels, which are being studied are cold work tool steels, hot work tool steels, 
high speed steels, stainless steels and structural steels. As such, the majority of research is 
focused on tool steels, due to the fact that tool steels are the most frequently used steel type 
and their applica�on depends strongly on the proper�es that DCT is most known to posi�vely 
alter (Table 2). For this reason, steels such as construc�on, high strength, bearing, duplex, 
maraging and other steels not designated as tool steels, are commonly not handled and tested 
with DCT. 

During ascertainment of DCT literature, the following grades of steel were also encountered: 
bearing steel 100Cr6 [163]–[166] and low carbon martensi�c bearing steel [163]. Addi�onally, 
also specific types of the steel, such as gear steel 600TG178 [167], plain carbon steel (1%) [168], 
super-baini�c steel [169], eutectoid steel [170], Cr-V ledeburi�c tool steel [24], [50], high carbon 
alloyed tool steel [171], carburized steel [172], X165CrMoV12 [118], austempered duc�le iron 
ADI 1000 grade [173], grey cast iron steel [174], 20NiCrMo2-2 [175], 16MnCr5 [175], W-C-Fe-Ni 
cemented carbides steel [176] and cold rolled low C steel CR3 [7], [66], [177], [178], have been 
treated with DCT. 

As men�oned before, the DCT parameters are also important for DCT effec�veness. The 
literature conveys that soaking temperature of DCT can vary from −153 °C to −269 °C (Table 3). 
The reason behind this variability is the medium used for DCT and author’s decision. Generally, 
many authors convey that temperatures below −196 °C impact the material proper�es and 
microstructure in a stronger fashion than with temperatures above −196 °C. Senthilkumar 
(2016) [29] described these differences to be related mostly to the improved complete austenite 
transforma�on to martensite, as well as to the enchanted carbon redistribu�on through 
segrega�on and clustering, when temperatures below −196 °C are applied. 

Table 3: Soaking temperatures used in deep cryogenic treatment (DCT). 

Temperature (℃) Temperature (K) Literature 
−153 120 [24] 
−154 119 [126] 
−160 113 [149] 
−163 110 [182] 
−173 100 [183] 
−175 98 [112], [156], [173] 
−176 97 [133] 
−180 93 [78], [84], [145], [183]–[186] 
−184 89 [102], [124], [132] 
−185 88 [30], [83], [92], [102], [109], [140], [150], [153], [154], [170], 

[187]–[189] 
−186 87 [155] 
−188 86 [68], [158] 
−190 84 [173], [175], [190]–[192] 
−193 81 [1] 
−195 79 [157] 
−196 77 most authors used it, liquid nitrogen temperature 
−198 76 [51] 
−243 30 [183] 
−252 21 [193] 
−269 4 [157], [162] 

 
The most commonly used cooling and warming rate of metallic materials is 0.3–0.5 °C/min [94], 
[121], [192], [193], but some studies also provided considerably different rates such as 1 °C/min 
[172], 1.8 °C/min [196], 4.5 °C/min [5] or even 6–10 °C/min [197].  

The last factor, which is important for DCT, is the soaking period (�me), which can be from 
minute to days, depending on each author and selected metallic material (Table 4). In most cases 
this parameter is set to 24 h [40], [68], [136], [137], [195], but some divergences can also be 
found such as 0.5, 2, 16 h and more than 40 h [17], [113], [169]. However, the variety of soaking 
�me applied on the steels shows that the temporal dynamics of DCT is s�ll not well understood, 
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as some studies report a similar resul�ng effect with shorter soaking �me [17], [169], [196] and 
others with longer soaking period (most of them). Furthermore, the temporal dependency is 
also not clear due to the high divergence in holding �me related to the differently used steel 
grades and types. 

Table 4: Soaking �me of deep cryogenic treatment (DCT). 

Time Literature 
3 min [198] 
5 min [40] 
10 min [193] 
15 min [199], [200] 
30 min [162] 
1 hour [90], [115], [141], [156], [172], [177], [199] 
2 hours [99], [130], [146], [169] 
4 hours [50], [108], [187], [200] 
6 hours [92], [121], [132] 
8 hours [172], [203]–[205] 
9 hours [154] 
10 hours [120], [168], [173] 
11 hours [205] 
12 hours [144], [162], [170], [181], [185], [206], [207] 
14 hours [117] 
15 hours [99], [123], [203] 
16 hours [29], [182] 
17 hours [202] 
18 hours [21], [147] 
20 hours [47], [181], [182] 
21 hours [126] 
22 hours [39], [170] 
24 hours (1 day) most of authors used it 
25 hours [66], [123], [152], [206]–[209] 
32 hours [118], [125], [137], [178], 
33 hours [189] 
35 hours [117] 
36 hours [25], [48], [105], [106], [118], [127], [130], [168], [170], [188], [205], [210], [211] 
40 hours [66], [152], [194], [209] 
48 hours (2 days) [48], [83], [99], [105], [106], [109], [126], [127], [171], [205], [212] 
72 hours (3 days) [208], [216] 
96 hours (4 days) [217] 
100 hours [40] 
120 hours [217] 
1 week [150] 
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1.2.1 Deep cryogenic treatment influence on the microstructure of steels 
When explaining the reasons for proper�es change of the steels, when treated by DCT, different 
theories have been proposed. Leskovšek and Ule (2002) [218], Bensely et al. (2006) [5], 
Podgornik et al. (2012) [66], Jaswin and Mohan Lal (2015) [68] and Kumar et al. (2016) [197] 
proposed that the main reason of improvement is atributed to grain refinement and 
precipita�on of very fine carbides. Jaswin and Mohan Lal (2015) [68] and Kumar et al. (2016) 
[197] postulated DCT increases the driving force for the carbide nuclea�on (through la�ce 
energy reduc�on and finer martensite forma�on from transforming retained austenite), which 
results in increased precipita�on and finer carbides. Addi�onally, the refinement has also been 
assumed to originate from the precipita�on of η-carbides instead of ε-carbides that normally 
form during conven�onal heat treatment, as suggested by Meng et al. (1994) [219]. However, 
Gavriljuk et al. (2013) [119] suggested that the theory related to these transi�ng carbides is 
vague due to their short life�me and metastability in the ini�al stage of tempering, making them 
hard to track and analyze. In contrast, Gavriljuk et al. (2013) [119] explained that the addi�onal 
carbides nuclea�on occurs from direct plas�c deforma�on of the martensite during exposure to 
DCT, which yields carbon displacement and agglomera�on with gliding disloca�ons. 

The next possible mechanism is described by Collins (1996) [28], who stated that DCT 
influences the produc�on of internal stresses that result from the austenite to martensite 
transforma�on. This effect, as proposed by Moore and Collins (1999) [199], results in martensite 
condi�oning, which promotes forma�on of fine carbides through addi�onal forma�on of 
nuclea�on sites. They assumed that the addi�onal nuclea�on sites are ac�vated by 
recombina�on and forma�on of crystal defects and/or carbon clusters that inhibit a lower 
energy poten�al for carbide nuclea�on. Furthermore, Collins (1996) [28] stated that internal 
stresses may spawn twins and disloca�ons in crystal la�ce defects. Huang et al. (2003) [150] 
suggested that supersatura�on of martensite during DCT increases its la�ce distor�on and 
thermodynamic instability, due to the extremely low temperature, which then promotes the 
atomic migra�on of carbon and alloying elements towards nearby crystal defects. Akhbarizadeh 
et al. (2009) [65] also explained that another possibility for induced carbide precipita�on results 
from martensite and austenite la�ce contrac�on. As a result of martensi�c contrac�on and 
condi�oning, residual stresses in the material change into a more compressive character [39]. 
This has been shown to have a posi�ve effect on steels, as DCT reduces tensile residual stresses 
or even forms compressive stresses that benefit material performance and life�me [220].  

Hu et al. (2014) [169], Koneshlou et al. (2011) [221] and Prudhvi et al. (2016) [17] concluded 
that the main mechanism behind DCT is also the transforma�on of austenite to martensite, 
where smaller martensite laths are uniformly formed in the matrix. Niessen et al. (2018) [196] 
and Villa and Somers (2020) [222] provided an useful input on the thermal forma�on of the 
martensite from austenite, from which a strong influence of holding �me on proper�es of steel 
has been suggested, especially in terms of impact toughness. They postulate based on previous 
research that impact toughness scales with austenite frac�on, which is expected due to the 
higher duc�lity proper�es of austenite compared to martensite. 

Zhirafar et al. (2007) [195] and Dhokey et al. (2014) [144] suggested that the mechanism 
behind the proper�es’ change is densified martensite, precipita�on of secondary martensite and 
precipita�on of finer carbides. Forma�on of secondary martensite may occur because of 
martensi�c transforma�on during DCT. The other explana�on could also be that secondary 
martensite is formed a�er DCT during tempering, throughout which the relief of phase 
hardening s�mulated precipita�on of secondary martensite is proposed to form [223].  
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1.3 Motivation and Research Objectives 
The most widely used cryogenic treatment is CCT, because the media can be simply ice and dry 
ice, which yield low costs and are easy to handle. As the temperatures are ge�ng lower, the 
more complex systems, machineries and other media have to be used. Despite the tremendous 
poten�al and ability of DCT processes to improve the proper�es of materials, these processes 
are s�ll not well known and understood, much less applied in prac�ce. In addi�on, the 
metallurgical basis behind these processes is par�ally researched without adequate 
experimental evidence and therefore poorly described in the literature. As the cryogenic 
treatment (conven�onal, shallow and deep) has expanded into different branches and is used 
for different applica�ons, it was expected to have some uniform guidelines/instruc�ons for heat 
treatment for specific steel grades and types. Conversely, �ll now there are no uniform 
guidelines/instruc�ons and also no clear assortment of suggested condi�ons, under which DCT 
posi�vely affects individual steel grades. In this study, a detailed systema�c approach with 
experiments for ferrous alloys (steels) in correla�on to deep cryogenic treatment has been 
procured. For this reason, the disserta�on strives to reveal the fundamental 
microscopic/nanoscopic processes occurring in ferrous alloys during DCT. The main reason for 
the uncertainty and lack of understanding of DCT lies in the fact that the development of DCT 
technology was mainly empirical, mostly based on trial and error, without a clear understanding 
of the scien�fic basis and mechanisms of microstructural transforma�ons caused by DCT. As 
such, DCT is used primarily as an atempt to solve exis�ng problems by considering posi�ve 
experiences without proper scien�fic basis or in-depth incremental explora�on of individual 
effects. This has in many cases led to misapplica�on of DCT procedures and thus to 
inconsistencies, unreliable results or even nega�ve effects that resulted in the nega�ve 
connota�on and dismissal of DCT in industry. To amend this issue, the disserta�on explores the 
applicability of DCT on a variety of steels to provide evidence of DCT applicability and posi�ve 
effec�veness on the steels’ proper�es. 

The aims of the disserta�on are: 

I. To move from a trial-and-error approach to a scien�fically supported and systema�c 
framework of DCT applicability and development, thus gaining in-depth fundamental 
knowledge of the different mechanisms of DCT in steels and the impact on the targeted 
proper�es. 

II. Inves�ga�on of the influence of DCT on microstructural mechanisms, phase 
transforma�ons and related microscopic and nanoscopic changes in steels. 

III. Inves�ga�on of the influence of DCT on mechanical, physical, wear and corrosion 
proper�es according to the type and composi�on of steel. 

IV. The aim of the research is also to provide a reliable approach and guidelines for the use 
of DCT for large-scale poten�al applica�ons in industry. 

The chosen topic of DCT has several major contribu�ons to science. By knowing the influence of 
DCT parameters on the change of microstructure, depending on the composi�on and type of 
material, it is possible to accurately predict the change of proper�es and thus successfully place 
the DCT process instead of the heat treatment processes in the final product manufacturing 
process. As such, DCT has the poten�al to reduce heat treatment costs as well as processing 
�me with costly high-temperature treatments of steels. With knowledge of microstructural 
changes at all levels (from macro to nano-level), the use of DCT will no longer be le� to trial and 
error, but to a carefully planned process in order to significantly improve the proper�es of steels. 

To address the previously men�oned aims, the following hypotheses were set: 

I. Hypothesis 1: In addition to the parameters of the deep cryogenic treatment process, 
the efficiency of deep cryogenic treatment and thus the final properties of the material 
are also influenced by the parameters of the basic heat treatment of steel (higher/lower 
austenitizing and tempering temperature). 
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II. Hypothesis 2: The effect of deep cryogenic treatment is not the same for all types of 
steels, but depends on the type and chemical composition of steel or main alloying 
elements, where deep cryogenic treatment affects the mechanical and anti-wear 
properties, corrosion resistance and fatigue resistance. 

III. Hypothesis 3: Deep cryogenic treatment causes microstructural changes at the macro, 
micro and nano-level and affects the dynamics of precipitation and growth of phases. At 
the same time, deep cryogenic treatment enables the achievement of a fine-grained 
microstructure with a homogeneous distribution of finer carbides with an increased 
degree of nucleation or precipitation and a reduced tendency for clustering. 
Furthermore, in the metal matrix, deep cryogenic treatment leads to the elimination of 
retained austenite and the formation of very fine lattice martensite by non-diffuse 
martensitic transformation before and during deep cryogenic treatment. 

 

1.3.1 Materials and methods used in this research 

For the research and valida�on of research hypotheses of this work several steels with different 
chemical composi�on were selected, which are presented in the Table 5. 

Table 5: Selected steels with chemical composi�on in weight percentage (wt. %). 

AISI M2 C Mn S Cr Mo V W other Fe 

high-speed steel 0.90 0.28 0.002 4.00 4.70 1.70 6.00  base 

AISI M3:2 C Mn S Cr Mo V W Co Fe 

high-speed steel 1.29 0.31 0.006 3.90 4.80 3.00 5.90 0.69 base 

AISI M35 C Mn S Cr Mo V W Co Fe 

high-speed steel 0.90 0.34 0.004 4.10 5.20 2.01 6.20 4.50 base 

AISI H11 C Mn S Cr Mo V Si Ni Fe 

hot work tool steel 0.38 0.43 0.001 4.90 2.90 0.57 0.30 0.14 base 

AISI 431 C Mn S Cr Mo Cu Si Ni Fe 

stainless steel 0.17 0.83 0.017 15.20 0.11 0.19 0.29 1.50 base 

AISI 52100 C Mn S Cr Si - - - Fe 

bearing steel 0.93 0.41 0.004 1.41 0.30 - - - base 

AISI D3 C Mn S Cr Mo V Si Ni Fe 

cold work tool steel 2.07 0.35 0.002 12.40 0.35 0.16 0.23 0.11 base 

For each steel four different heat treatment parameters were used in order to iden�fy the effect 
of austen�zing and tempering temperature on the performance of DCT. All steels were vacuum 
heat-treated with quenching N2 gas quenched at 5 bars, except for AISI H11, which was 
quenched at 1.05 bar. The treatment parameters for each steel are provided in Table 6. 

The analyses of selected steels were conducted systema�cally from various perspec�ves ranging 
from chemical, microstructural to mechanical and tribological tes�ng. The list of numerous 
applied techniques is provided in Table 7. With all the listed techniques, the DCT induced 
microstructural changes were correlated with the changes in surface, bulk, mechanical and 
tribological proper�es. 
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Table 6: Treatment parameters of selected steels. 

Group Subgroup 
Austeni�zing DCT 

Tempering (℃) Temperature 
(℃) 

Time 
(min) 

Temperature 
(℃) 

Immersion 
�me (h) 

AISI 
M2 

A1 1230 2 - - 550/550/550/1 h 
A2 1230 2 −196 24 550/1 h 
A3 1180 2 - - 620/620/620/1 h 
A4 1180 2 −196 24 620/ 1 h 

AISI 
M3:2 

B1 1180 2 - - 540/540/540/2 h 
B2 1180 2 −196 24 540/2 h 
B3 1050 2 - - 600/600/600/2 h 
B4 1050 2 −196 24 600/2 h 

AISI  
M35 

C1 1230 2 - - 550/550/550/2 h 
C2 1230 2 −196 24 550/2 h 
C3 1160 2 - - 620/620/620/2 h 
C4 1160 2 −196 24 620/2 h 

AISI 
H11 

D1 1080 20 - - 525/525/525/2 h 
D2 1080 20 −196 24 525/2 h 
D3 1030 20 - - 600/600/600/2 h 
D4 1030 20 −196 24 600/2 h 

AISI 
431 

E1 1050 30 - - 480/2 h 
E2 1050 30 −196 24 480/2 h 
E3 980 30 - - 600/2 h 
E4 980 30 −196 24 600/2 h 

AISI 
52100 

X1 870 30 - - 150/1 h 
X2 870 30 −196 24 150/1 h 
X3 830 30 - - 350/1 h 
X4 830 30 −196 24 350/1 h 

AISI 
D3 

Y1 980 20 - - 350/2 h 
Y2 980 20 −196 24 350/2 h 
Y3 950 20 - - 300/2 h 
Y4 950 20 −196 24 300/2 h 

 

Within this work all the selected steels were inves�gated in the rela�on to microstructural 
changes induced with DCT (Chapter 2–Chapter 5). Special considera�on was carried out on the 
high-speed steels (AISI M2, AISI M3:2 and AISI M35), which were also tested by surface sensi�ve 
technique X-ray photoelectron spectroscopy (XPS) (Chapter 4). Furthermore, the selected high-
speed steels were also tested for their mechanical and tribological proper�es as well as fa�gue, 
which were correlated to the microstructural changes ins�gated by DCT (Chapter 3). 
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Table 7: List of used techniques for inves�ga�on of selected steels. 

Technique Machine Place 
Heat treatment Horizontal Vacuum Furnace 

Ipsen VTTC324-R 
Ins�tute of Metals and Technology 

Chemical analysis 
X-ray fluorescence (XRF) Thermo Scien�fic Niton XL3t 

GOLDD+ 
Ins�tute of Metals and Technology 

Induc�vely coupled plasma - 
op�cal emission spectrometry 

(ICP-OES) 
Agilent 5800 VDV 

Ins�tute of Metals and Technology 

Surface chemistry analysis 
X-ray photoelectron 
spectroscopy (XPS) 

Physical Electronics PHI TFA 
XPS 

Jožef Stefan Ins�tute 

Phase analysis   
X-ray diffrac�on (XRD) PANaly�cal 3040/60 Ins�tute of Metals and Technology 

Microstructural, phase and fractographic analysis 
Light microscope (LM/OM) Zeiss Axio Imager.Z2m Ins�tute of Metals and Technology 

Scanning electron microscopes 
(SEM) 

Jeol JSM-6500F and ZEISS 
Crossbeam 550 FIB-SEM 

Gemini II 

Ins�tute of Metals and Technology 

Transmission electron 
microscope (TEM) 

JEOL JEM-2100 HR TEM Ins�tute of Metals and Technology 

Energy-dispersive X-ray 
spectroscopy (EDS) 

Detector Oxford EDS INCA 
Energy 450 

Ins�tute of Metals and Technology 

Electron backscater diffrac�on 
(EBSD) 

Hikari Super plus camera with 
Apex 

Ins�tute of Metals and Technology 

Scanning transmission electron 
microscopy (STEM) 

Gatan Orius SC 1000 CCD 
camera 

Ins�tute of Metals and Technology 

Mechanical tes�ng and fa�gue 
Hardness in HRC Wilson Instruments B2000 

machine, standard SIST EN 
ISO 6508–1:2016 

Ins�tute of Metals and Technology 

Fracture toughness Instron 1255 Ins�tute of Metals and Technology 
Impact toughness Charpy impact test, standard 

SIST EN ISO 148-1:2017 
Ins�tute of Metals and Technology 

Compressive strength Instron 1255, ASTM E9-19 Ins�tute of Metals and Technology 
Strain-hardening exponent Instron 1255, ASTM E9-19 Ins�tute of Metals and Technology 

Fa�gue Rumul resonant fa�gue 
tes�ng machine Cracktronic 

Ins�tute of Metals and Technology 

Tribological tes�ng 
Reciproca�ng sliding tes�ng  inhouse-assemebled sliding 

machine 
Ins�tute of Metals and Technology 

Dynamic impact wear Instron 8802 Ins�tute of Metals and Technology 
Galling inhouse-assemebled sliding 

machine 
Ins�tute of Metals and Technology 
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1.4 Significance of This Research 
The results of the doctoral thesis have a direct impact on the understanding of DCT of steels, 
which will enable the effec�ve implementa�on of DCT in industry and research and faster and 
more efficient development of new applica�ons. This will certainly help to guide future applied 
research to industrial needs and increase their scien�fic and technological level. From a scien�fic 
point of view, the results will contribute to the fundamental understanding of the material and 
metallurgical processes and transforma�ons that occur in steels during DCT. Of course, one of 
the main challenges here is the extremely wide range of types of steels that can be treated with 
DCT. Understanding the basics with a scien�fically supported explana�on will enable the 
iden�fica�on of steel types suitable for DCT processing. Newly coordinated research covered by 
the doctoral disserta�on is crucial for the expansion of fundamental knowledge, understanding 
and development of DCT technologies. The star�ng point is to increase the level of knowledge, 
especially in the field of microstructural changes (at the macro, micro and nano-level) that occur 
during DCT and iden�fy and explain the associated changes in macroscopic proper�es, including 
mechanical proper�es, wear and corrosion resistance, fa�gue resistance, etc. In this case, the 
research will not be limited to one steel, but will be systema�cally extended to individual groups 
of steels (high-speed, tool, structural and stainless steels), which will determine the DCT 
efficiency according to the type and chemical composi�on of selected steels. Based on the 
acquired fundamental knowledge and understanding of microstructural changes, further 
targeted applied research in the field of modeling, correla�on research, op�miza�on of DCT 
processes and their integra�on into conven�onal heat treatment processes will be enabled and 
s�mulated. 

Originality of results and progress is expected in the following areas:  

I. in-depth knowledge of theore�cal metallurgical processes of DCT technology for 
applica�on on steels,  

II. determina�on of the op�mal factors for the best usage of DCT with highest impact 
and posi�ve yield on selected steel proper�es,  

III. modeling and simula�on of physical-mechanical proper�es,  

IV. standardiza�on of the DCT procedure according to the type and composi�on of steel 
and applica�on, 

V. integra�on of DCT processes into the heat treatment process and providing the 
possible extension of DCT applicability to the en�re field of metallic materials 
research. 

From a technological point of view, it is important that DCT gains industrial relevance, which will 
increase its implementa�on in prac�ce. The empirical strategies used so far do not help in any 
way. By raising the technological understanding of DCT processing and iden�fying suitable 
materials, the industry will also be ready to use this new technology. The results of the research 
will contribute to a beter understanding and in-depth insight into the DCT technology, which 
will enable the maximum use of the effects of DCT in order to improve the proper�es of the 
material and thus their industrial implementa�on. 
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Chapter 2 

2 Influence of Deep Cryogenic Treatment on 
Microstructure 

This chapter tends to provide some basic introduc�on into DCT. Simultaneously, it discusses and 
explains the microstructural changes induced by DCT in selected high-speed steels (HSS), which 
are widely used in tool industry (cu�ng tools etc.). To observe the influence of chemical 
composi�on of steel and type of steel (wrought/PM) on DCT performance, the same group of 
tool steels – HSS (AISI M2, AISI M3:2 and AISI M35) was inves�gated with different varia�on of 
alloying elements. In this study, a detailed analysis of carbide precipita�on and forma�on was 
made with X-ray diffrac�on (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDS), fractography, electron backscater diffrac�on (EBSD) and transmission 
electron microscopy (TEM). The emphasis of the evalua�on of DCT effect on the microstructure 
and furthermore on carbide precipita�on is evaluated based on carbide distribu�on, 
morphology, density, volumetric frac�on, size and chemical composi�on of carbides. 

Brief discussion: The concentra�on of alloying elements in HSS shapes the final microstructure 
and its evolu�on during selected heat treatment. In addi�on to chemical composi�on, selected 
heat treatment (CHT (conven�onal heat treatment)/DCT) also has a major influence on the 
microstructure (carbide precipita�on, transforma�on of phases etc.). DCT influences the steels’ 
matrix by significantly refining the martensi�c laths compared to CHT and also the amount of 
retained austenite is reduced to values under 1 vol. %, whereas for CHT, the frac�on is above 1 
vol. %. In correla�on to carbide precipita�on, DCT has the following effects: less frequent 
occurrence of carbide clusters, more homogeneous distribu�on of carbides, up to 30 % 
increased carbide precipita�on, more spherical form of carbides and stronger carbide to matrix 
cohesion (fractography analysis showed that the detached carbides in DCT samples leave 
stronger deformed zones) compared to carbides within CHT samples. All of these effects can be 
explained by stress-state modifica�on, more homogenous distribu�on of alloying elements and 
increased nuclea�on of carbides. Furthermore, different chemical composi�on (the content of 
cobalt) showed that DCT in cobalt-free and cobalt-low HSS induced denser forma�on of M23C6 
carbides and cuboidal shaped carbides compared to cobalt-bearing HSS. Moreover, DCT also 
affected the precipitated carbide preferen�al type, where lower presence of MC and M6C and 
higher presence (up to 3–5 %) of M23C6 is observed compared to CHT counterparts. In addi�on, 
in this ar�cle/chapter, the impact of preexis�ng M2C is also evaluated in correla�on to the 
volumetric frac�on of M23C6 carbides. The research reveals that the chemical composi�on of the 
residual M2C is modified based on M23C6 precipita�on and modified carbide nuclea�on through 
DCT, leading to different decomposi�on behavior with DCT. This provides a unique view and 
explana�on for different microstructure and proper�es development of HSS with DCT. 

The author’s contribution, as the first author, to the paper Effectiveness of deep cryogenic 
treatment on carbide precipitation, published in the Journal of Materials Research and 
Technology, was: conceptualiza�on, planning of experiments, visualiza�on, modelling, 
evalua�on and wri�ng (original dra� and edi�ng).  

Chapter 2 addresses thesis Hypotheses 2 and 3.  
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Chapter 3 

3 Influence of Deep Cryogenic Treatment on 
Material’s Properties 

Chapter 3 is concentrated on the changes in material’s proper�es induced by DCT. The tested 
materials were three steel grades (AISI M2, AISI M3:2 and AISI M35), all from the HSS group. The 
representa�ve selec�on was based on previous research conducted on the selected grades in 
correla�on to microstructure and surface proper�es. A variety of mechanical proper�es was 
tested, which were selected based on their commonness as tested proper�es in rela�on to the 
DCT effect. On the other hand, addi�onal proper�es were also researched that are 
unconven�onally tested proper�es of a selected steel group. It is postulated that these 
uncommonly tested proper�es can reveal/indicate addi�onal features of DCT-induced 
proper�es change. Addi�onally, they can provide explana�ons to the possible mechanisms 
behind DCT, which can be further unraveled with further in-situ observa�on(s). For this reason, 
the material’s life cycle via fa�gue tes�ng, compressive strength, strain-hardening exponent and 
impact toughness were carried out on both control (CHT) and tested (DCT) groups to observe 
proposed changes and indicators of modified proper�es with DCT. 

The second aspect of materials proper�es in rela�on to the HSS group is their surface 
resistance to wear and fric�on proper�es, as these are key features that need to be controlled 
for cu�ng tools. For this reason, DCT influence on fric�on, wear resistance and galling was 
tested on the same steels. The wear resistance was tested in three different condi�ons, the first 
one favoring abrasion, the second one adhesion and the last one considers a mixed type 
maintaining both abrasion and adhesion. This way, a variety of different steel proper�es were 
tested in order to provide systema�c approach of unraveling the DCT mechanism(s) and also to 
test and provide guidelines for DCT incorpora�on into classical heat treatment schemes in 
industry for applica�ons, where wear and fric�on play an important role (tool industry, 
aerospace, medicine etc.). 

A detailed descrip�on of DCT influence on the selected materials proper�es is provided in 
the next two subchapters: 
 
3.1. Mechanical proper�es and fa�gue 
The first subchapter/ar�cle discusses the influence of DCT on the microstructure and changes in 
selected tested mechanical proper�es (hardness, fracture toughness, impact toughness, 
compressive strength and strain-hardening exponent) and fa�gue (fa�gue cycle and limit). 
 
3.2. Fric�on, wear resistance and galling 
In the second subchapter/ar�cle, the research goes even further, where impact of DCT is tested 
with fric�on, wear resistance and galling are researched in correla�on to changed 
microstructure and mechanical proper�es. 
 
Chapter 3 addresses Hypotheses 1, 2 and partly 3. 
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3.1 Mechanical Properties and Fatigue 
This subchapter presents and discusses the influence of heat treatment parameters and 
chemical composi�on of steel on the effec�veness of DCT. Within this research, three grades of 
HSS, AISI M2, AISI M3:2 and M35 were tested in rela�on to their fa�gue resistance, hardness, 
fracture and impact toughness, compressive strength and strain-hardening exponent in order to 
observe changes induced by DCT in compara�ve rela�on to CHT counterparts. Results of this 
study indicate that the influence and effec�veness of DCT is strongly guided by the 
manufacturing type (wrought or powder metallurgy (PM) steel), chemical composi�on of the 
selected steel grade and selected heat treatment parameters (austeni�zing and tempering 
temperature), resul�ng in either degrada�on or improvement of individual proper�es and 
different combina�on of effect on the variety of tested proper�es. With this study, a strong 
emphasis is given to the tailoring of the DCT effect on different HSS grades based on the selected 
heat treatment temperatures (austeni�za�on and tempering). 
 
Brief discussion: The study showed that DCT generally improves the fa�gue proper�es (2–50 %) 
and mechanical proper�es, such as hardness (3–7 %), fracture (4–20 %) and impact toughness 
(6–22 %), compressive strength (7–39 %) and strain-hardening exponent (2–30 %), of HSS. The 
predominant reason for the proper�es change is related to the selected heat treatment 
temperature. However, on the DCT improvement of the proper�es other factors also play an 
important role. The increase of fa�gue resistance is atributed to the increased size of MC 
carbides a�er DCT, which is also dependent on the Co content. The later is postulated from the 
fact that Co allows the limited forma�on of M23C6 carbides, which induces forma�on of larger 
carbides with lower overall density. Addi�onally, the M2C carbide presence, size and 
decomposi�on also strongly affect the fa�gue proper�es by ac�ng as weak points for crack 
nuclea�on and propaga�on. The increase in hardness is strongly correlated to the more effec�ve 
change of the retained austenite into martensite and to the increased precipita�on of carbides 
with DCT. Improvement in fracture toughness is strongly contributed to the homogeneity of the 
microstructure, especially related to the presence of carbide clusters, which are less common in 
the DCT samples compared to the CHT counterparts. Addi�onal factors, which play an important 
role, are carbide density and the size of prior austenite grains (PAGs), which can be larger or 
smaller, depending on the combina�on of heat treatment parameters, that act as addi�onal 
weak points for crack propaga�on. If PAGs are smaller, the toughness is improved, whereas the 
improvement of impact toughness is more correlated to the matrix, which exhibits refinement 
of martensi�c laths and overall decrease in C content (7-36 %) a�er DCT. The improvement of 
compressive strength and strain-hardening exponent is considerably more complex compared 
to other inves�gated proper�es, since all previously men�oned factors conjointly contribute to 
their final state. Nevertheless, overall, the increased forma�on of M23C6 a�er DCT shows the 
strongest and most posi�ve trend on compressive strength, which is also proposed to be related 
to the concurrent reduc�on of residual stresses with DCT. On the contrary, the increase in 
carbide precipita�on reduced the strain-hardening exponent. Furthermore, the study shows 
that the lower austeni�zing and higher tempering temperature resulted in a general 
improvement of selected proper�es in comparison to higher austeni�za�on and lower 
tempering temperature. Addi�onally, the higher presence of Co content and precipita�on of 
M23C6 carbides with morphologies displaying sharp edges addi�onally contributed to a 
predominantly nega�ve or negligible effect on inves�gated proper�es. 
 
The author’s contribution, as the first author, to the paper Influence of heat treatment 
parameters on effectiveness of deep cryogenic treatment on properties of high-speed steels, 
published in the Journal of Materials Science and Engineering A, was: conceptualiza�on, 
inves�ga�on, planning of experiments, visualiza�on, evalua�on and wri�ng (original dra� and 
edi�ng).  
 
This subchapter addresses thesis Hypotheses 1, 2 and 3. 
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3.2 Friction, Wear Resistance and Galling 
The purpose of this subchapter is to provide and test DCT as a new affordable and noncomplex 
approach to improve fric�on proper�es, sliding and impact wear resistance and galling 
resistance of HSS. This study is also con�nuing research of the DCT inves�ga�on, where different 
proper�es are tested in order to provide systema�c research of DCT. Tes�ng of steels was 
performed under dry sliding condi�ons in order to focus solely on the change of materials 
proper�es and induced mechanisms of DCT. The tribology tes�ng involved different contact 
type, prevailing wear mechanisms (abrasion, adhesion and mix of both of them) and loading 
condi�ons (low to high stress condi�ons). The results also confirm observa�ons from previous 
studies that DCT does not only affect the microstructure, mechanical proper�es and fa�gue, but 
also the fric�on, wear resistance and galling proper�es. The DCT effect on fric�on, wear 
resistance and galling depends on the HSS type (wrought/PM) and chemical composi�on, final 
microstructure and heat treatment parameters, as well as contact condi�ons and wear mode. 
Generally, DCT improves the dynamic impact wear and galling resistance. This again suggests 
that DCT is a complex mechanism, which can have, with the same heat treatment parameters 
and same tes�ng condi�ons, a different effect. This also indicates that more research is needed 
for understanding the DCT mechanism for proposed applica�on in various industries.  
 
Brief discussion: The tes�ng of fric�on, wear resistance (sliding wear resistance and dynamic 
impact wear) and galling in correla�on to DCT showed complex dependencies on both material 
as well as tes�ng condi�ons. The improvement of sliding wear resistance is contributed to the 
increased precipita�on of finer carbides M23C6 and with this also the overall hardening of the 
material, resul�ng in increased hardness and toughness. However, in terms of abrasive wear 
resistance, DCT improves it up to 75 % for lower hardness and higher toughness state of the 
material under high sliding condi�ons. Whereas for low-speed condi�ons, the effect is opposite 
by increasing the wear rate up to 10 %. The improvement is associated with the so�er matrix 
and higher precipita�on of carbides. With high sliding speeds, the increased toughness 
promotes localized deforma�on of the so�ened matrix material (high contact temperatures), 
which in return causes the displacement of the carbides on the contact surface. This forms a 
densely populated carbide layer deeper within the matrix, which protects the matrix from 
further nominal fric�on forces and wear. This effect strongly depends on the size and shape of 
carbides. For fric�on results, DCT has no significant effect under abrasive condi�ons. Under 
condi�ons favoring adhesion, DCT has an evidently posi�ve effect, resul�ng from the more 
homogenous microstructure, precipita�on of finer carbides and solid solu�on hardened with 
Co. These modifica�ons allow the reduced adhesion on a macro scale, which is indicated by the 
25 % decrease of the fric�on coefficient. In the case of a mixture of abrasive and adhesive wear, 
DCT generally improves the combined abrasive/adhesive wear resistance of HSS, when the high 
hardness case is inves�gated (up to 90 % improvement). The overall nega�ve effect under lower 
hardness condi�ons is atributed to the tougher matrix, which may lead to the s�cking and 
tearing of the matrix and with it microcracking of the HSS. This exposes the carbides, which can 
act as abrasive third-body par�cles on the material itself, as well as causes further 
microploughing and microcracking. The improvement of impact wear is strongly correlated to 
the increased volumetric amount and more homogeneous distribu�on of M23C6 carbides 
induced by DCT. Additionally, DCT also generally improves the galling resistance, leading to an 
improvement of up to 50 %. The posi�ve influence is a result of the more refined microstructure 
and higher amount of carbides compared to CHT counterparts, which creates a more durable 
and homogeneous surface that strongly resists the adhesion and agglomera�on of the counter 
body material. 
 
The author’s contribution, as the first author, to the paper Effect of Deep Cryogenic Treatment 
on Wear and Galling Properties of High-Speed Steels published in Materials was: 
conceptualiza�on, inves�ga�on, planning of experiments, visualiza�on, evalua�on and wri�ng 
(original dra� and edi�ng).  
 
This subchapter addresses thesis Hypotheses 1, 2 and partly 3. 
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Chapter 4 

4 Effect of Deep Cryogenic Treatment on Surface 
Properties 

The purpose of this chapter is to provide insight of how DCT influences not only the whole bulk 
of the material, but also the surface of the material. Dedicated research of the DCT influence on 
the material’s surface and proper�es has un�l now not been researched due to the general 
understanding that DCT influences the material equally throughout the en�re volume and 
surface. However, with this study, the first proof is provided that surface proper�es are tailored 
differently than the bulk of the inves�gated material, which is determined with a combina�on 
of different techniques (SEM, EDS, EBSD, and X-ray photoelectron spectroscopy (XPS)). The DCT 
effect is analyzed through the modifica�on of the microstructure, chemical composi�on, phase 
change and binding state of the alloying elements. The selected materials were three groups of 
HSS, namely AISI M2, AISI M3:2 and AISI M35. This chapter delivers also a first-�me evalua�on 
of oxida�on states and oxygen absorbance of the surface in HSS, also in rela�on to applied DCT. 
The study indicates that martensi�c laths a�er the applica�on of DCT are smaller, sharper and 
generally more oriented along specific crystal direc�ons of prior austenite grains. 
 
Brief discussion: Results show that the size modifica�on of martensi�c laths via DCT is influenced 
through selected tempering temperature, which defines the carbon segrega�on and 
recrystalliza�on. In addi�on, DCT samples display a more rounded form of the ends of the 
martensi�c laths, which is also atributed to the different microstructural evolu�on with DCT 
compared to CHT. DCT also influences the martensi�c laths orienta�on, resul�ng from the 
different way of retained austenite transforma�on through direct diffusionless process (for DCT) 
or through diffusional decomposi�on during tempering (for CHT). For this reason, the general 
orienta�on of the prior austenite grains is preserved through martensi�c subdivision of 
austenite grains with DCT, leading to congregated direc�onal growth of martensite along the <1 
0 1> and <0 0 1> direc�ons. XPS results indicate the tendency of a lower amount of oxide 
presence for DCT samples, which is related to the larger amount of carbides that display overall 
a larger surface to volume ra�o, thus hindering oxide forma�on. Addi�onally, this is also 
associated with the higher absorp�on of oxygen on the DCT samples’ surfaces, as there is less 
hindrance of absorp�on by the larger patches of carbides and flater surface (formed due to the 
smaller martensi�c laths). The dis�nct vanadium metallic peak, which is higher for DCT, indicates 
the increased number of vanadium precipitated carbides in DCT material compared to the CHT 
counterpart. Addi�onally, the oxide peaks of tungsten are lower in intensity for DCT samples, 
which supports the reduced oxide presence. Furthermore, these results provide further 
understanding of DCT and overall microstructure and surface behavior, which could be used in 
the explana�on of improved oxida�on and corrosion resistance a�er DCT applica�on. Finally, 
the results of this study prove that the DCT influence is not only bounded to the bulk of the 
material and bulk proper�es, but it also strongly influences the surface and its proper�es in a 
completely separate fashion. 
 
The author’s contribution, as the first author, to the paper Effect of deep cryogenic treatment 
on surface chemistry and microstructure of selected high-speed steels, published in Applied 
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Surface Science, was: conceptualiza�on, inves�ga�on, planning of experiments, visualiza�on, 
evalua�on and wri�ng (original dra� and edi�ng).  
 
This chapter addresses thesis Hypotheses 2 and 3. 
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Chapter 5 

5 Impact of Steel Type, Composition and Heat 
Treatment Parameters 

The main aim of this chapter is to challenge some theories how chemical composi�on of ferrous 
alloy, type and selected heat treatment parameters, such as austeni�zing and tempering 
temperature, influence the DCT performance. Addi�onally, to the final state of the 
microstructure, the evolu�on of microstructure through different stages of heat treatment as 
well as ini�al matrix state (ferri�c, martensi�c, baini�c etc.) before the heat treatment also 
define the effec�veness of DCT. The results indicate that the DCT effect on the final 
microstructure of steels is strongly related to the chemical composi�on of individual steel and 
the predefined matrix microstructure (as delivered stage). This also relates to the steel type (tool 
steel, bearing steel or stainless steel). This study also showed that generally DCT increases 
precipita�on of carbides and induces their more homogenous distribu�on, regardless of the 
type of matrix (bainite/martensite/pearlite). The study also shows that not only martensi�c 
laths, but also baini�c laths display preferable crystallographic orienta�on, which indicates the 
complex nature of DCT in different steels and that one mechanism cannot be applied for all 
ferrous alloys. Thus, more research and analyses are needed to understand the underlying 
mechanism(s) and their impact on the inves�gated materials. The study also indicates that the 
increased carbide precipita�on a�er DCT is correlated with the higher carbon content, whereas 
the content of other alloying elements does not propor�onally upscale the precipita�on 
behavior.  
 
Brief discussion: The obtained results provide a guide towards the op�mal heat treatment 
regime for selected steel type (tool steel, bearing steel and stainless steel) for the most posi�ve 
and influen�al effect of incorporated DCT, which was determined to be higher austeni�zing and 
lower tempering temperature. With these parameters, the steels’ proper�es are considered to 
improve with DCT due to the stronger carbide precipita�on (stainless steel up to 94 %, hot work 
tool steel up to 50 %, bearing steel up to 15 % and cold work tool steel up to 10 %). Furthermore, 
DCT posi�vely modifies the matrix through size and morphological refinement, increased 
homogeneity and more even redistribu�on of alloying elements. The decrease of retained 
austenite can be observed a�er the applica�on of DCT even up to 93 % and the preferen�al 
orienta�on of baini�c/martensi�c matrix domains along the <1 0 1> and <0 0 1> direc�on is 
documented. Furthermore, the interes�ng observa�on of M7C3 carbide precipita�on was 
observed in DCT chromium-bearing steel, which is also correlated to the increased precipita�on 
of M23C6 carbides. This dynamic is considered to be related to the redistribu�on of the alloying 
elements, namely carbon and chromium, and consequen�al homogeniza�on of the matrix a�er 
DCT. Moreover, the microstructure evolu�on is related to the steel type, chemical composi�on 
as well as the prior microstructure set through the austeni�za�on and quenching, which in some 
cases modified the DCT effect to be higher with lower austeni�zing and higher tempering 
temperature. The research delivers proof to the complex nature and interdependency of the 
DCT effect. As such, it provides reasonable explana�on for the dichotomy of the DCT effect in 
previous studies due to the lack of insight and considera�on on the complex rela�ons and 
interdependency with all considered parameters that the DCT effec�veness depends on. 
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The author’s contribution to the paper Impact of steel type, composition and heat treatment 
parameters on effectiveness of deep cryogenic treatment, published in Journal of Materials 
Research and Technology, was: conceptualiza�on, valida�on, inves�ga�on, planning of 
experiments, visualiza�on, evalua�on and wri�ng (original dra� and edi�ng).  
 
This ar�cle addresses thesis Hypotheses 1, 2 and 3. 
  



   77 

 
 
 
 
 
 
 
 
 
 
 



78 Chapter 5. Impact of Steel Type, Composition and Heat Treatment Parameters  

 
 

 
 
 
 
 
 
 
 
 



   79 

 
 
 
 
 
 
 
 
 
 
 



80 Chapter 5. Impact of Steel Type, Composition and Heat Treatment Parameters  

 
 
 
 
 
 
 
 
 
 
 



   81 

 
 
 
 
 
 
 
 
 
 
 



82 Chapter 5. Impact of Steel Type, Composition and Heat Treatment Parameters  

 
 
 
 
 
 
 
 
 
 
 



   83 

 
 
 
 
 
 
 
 
 
 
 



84 Chapter 5. Impact of Steel Type, Composition and Heat Treatment Parameters  

 
 
 
 
 
 
 
 
 
 
 



   85 

 
 
 
 
 
 
 
 
 
 
 



86 Chapter 5. Impact of Steel Type, Composition and Heat Treatment Parameters  

 
 
 
 
 
 
 
 
 
 
 



   87 

 
 
 
 
 
 
 
 
 
 
 



88 Chapter 5. Impact of Steel Type, Composition and Heat Treatment Parameters  

 
 
 
 
 
 
 
 
 
 
 



   89 

 
 
 
 
 
 
 
 
 
 
 



90 Chapter 5. Impact of Steel Type, Composition and Heat Treatment Parameters  

 
 



91 

Chapter 6 

6 Conclusions and Future Outlook 

6.1 Conclusions 
This thesis provides a detailed overview of the effect of deep cryogenic treatment (DCT) on 
selected ferrous alloys, as a poten�al technology for enhancing various of ferrous alloys. 
Addi�onally, the thesis also challenges the current theories on DCT and its implica�ons on 
microstructure evolu�on of metallic materials and their proper�es. Several important findings 
related to the microstructure changes during DCT and factors that influence DCT performance 
are proposed as well as their consequen�al influence on the final proper�es of treated ferrous 
alloys (steels). 
 
From this thesis, the following major conclusions can be drawn: 

I. DCT performance on inves�gated steels is strongly influenced by steel type, chemical 
composi�on and heat treatment parameters. The ra�o of alloying elements influences 
the microstructure and precipita�on of the carbides and deple�on of the matrix. 
Whereas the steel type with its prior matrix composi�on influences the later effects of 
DCT.  

II. DCT increases the density of precipita�on of carbide in matrix (even up to 140 %, 
depending on the carbide type). Generally, the carbides are smaller and more 
spherically shaped with DCT. The average size of carbides is also on average smaller with 
DCT and more homogeneously distributed. The change in the density of the carbides 
does not necessarily change their volumetric ra�o in the material. For some steels, the 
volume ra�o of specific carbides, such as M23C6, is increased with DCT, reaching 
thermodynamically calculated theore�cal values that are conven�onally achievable 
with extended tempering �mes, far longer than those used in prac�ce. However, for 
other steels, the carbide frac�on remains similar as that of conven�onally heat-treated 
(CHT) counterparts. This is associated with the influence of alloying elements on the 
carbide precipita�on and thus the effect of DCT on it. 

III. The increased precipita�on of carbides is strongly correlated with precipita�on and 
evolu�on of smaller cuboidal carbides, which is proposed to evolve from M7C3 and M2.4C 
carbides, for which ini�al nuclea�on and alloying condi�on evolves during deep 
cryogenic temperatures.  

IV. Observa�ons showed that DCT has a higher effect on carbon-enriched steels in 
correla�on with carbides precipita�on and distribu�on. Whereas for chromium-
enriched steels, DCT only increases the precipita�on of carbides. 

V. The transforma�on of retained austenite a�er the applica�on of DCT is more 
pronounced a�er higher austeni�za�on and lower tempering temperature (up to 90 %). 
Generally, the amount of retained austenite (including also reverted austenite) is 
reduced to 1 vol. % with DCT. DCT also has an effect on the matrix, which is mainly 
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related to the homogeniza�on of the matrix, redistribu�on of alloying elements and 
refinement, which occurs a�er tempering. Another observa�on is that DCT makes 
baini�c/martensi�c laths finer with more oval-shaped ends, which display a preferable 
crystallographic orienta�on along <101> and <001> direc�on, which is associated with 
the orienta�on of preexis�ng austenite grains. 

VI. Surface analysis showed that the reduced amount of carbide clusters a�er DCT could be 
correlated to the oxygen absorp�on and oxide state. Addi�onally, oxygen absorp�on 
analysis also indicated the effect of DCT on the refinement of martensi�c laths in the 
matrix, resul�ng in a smoother surface. 

VII. The modifica�on of the microstructure can be directly related to the modified 
mechanical proper�es, fa�gue and wear resistance of steels under different heat 
treatment condi�ons (austeni�zing and tempering temperature). Compressive 
strength, hardness and strain-hardening exponent are deteriorated when combined 
with high austeni�zing and low tempering temperatures, whereas the impact toughness 
and fa�gue resistance generally improve with DCT. 

VIII. The main reason for increased hardness and compressive strength with DCT is in the 
increased number of precipitated carbides, while the increase in toughness and fa�gue 
resistance can be correlated to the depleted carbon content and higher plas�city of the 
finer martensi�c matrix. DCT has a limited effect on the strain-hardening exponent. 

IX. In specific cases, where carbide changes are rela�vely small, the reduc�on of hardness, 
fa�gue resistance and strength are related to the deple�on of carbon and other alloying 
elements’ content in the matrix which results in the reduced solid-solu�on 
strengthening of the matrix. 

X. The effect of deep cryogenic treatment on wear resistance was tested with sliding wear, 
impact wear and galling behavior. DCT effect on sliding wear is strongly correlated to 
chemical composi�on and type of steel, contact condi�ons as well as wear mode. On 
the other hand, DCT has a predominant posi�ve effect on dynamic impact wear and 
galling resistance. 

XI. The posi�ve effect of DCT on tribological proper�es is atributed to a more homogenous 
microstructure, increased precipita�on of finer carbides, modifica�on of different 
carbide types and the generally reduced mean carbide diameter.  

XII. For the nega�ve effect of DCT on tribological proper�es, the combined effect of 
increased volume frac�on of carbides and a tougher matrix is considered, which could 
lead to the s�cking and tearing of the matrix material, and with it microcracking and 
pull-outs of carbides. 

XIII. In general, the preferable heat treatment condi�ons for the possible improvement of 
mechanical, fa�gue and tribological proper�es through microstructure refinement and 
more intense carbides precipita�on by applica�on of DCT are higher austeni�zing and 
lower tempering temperatures for stainless steel, cold and hot work tool steels and 
bearing steel. However, this is strongly dependent on steel type (chemical composi�on 
and type), with beter DCT effec�veness switching toward lower austeni�zing/higher 
tempering temperatures for high carbon steels and HSS. 
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6.2 Tested Hypotheses 
The conclusion about the proposed thesis hypotheses is presented for each hypothesis 
separately. 

I. Hypothesis 1: In addition to the parameters of the deep cryogenic treatment process, 
the efficiency of deep cryogenic treatment and thus the final properties of the material 
are also influenced by the parameters of the basic heat treatment of steel (higher/lower 
austenitizing and tempering temperature). 

Hypothesis 1 was fully confirmed, as it was proven that the selected austeni�zing and tempering 
temperature have a strong effect on DCT dynamics, with preferable heat treatment route with 
lower austeni�zing and higher tempering temperature for improved final proper�es for high-
speed steels. 

II. Hypothesis 2: The effect of deep cryogenic treatment is not the same for all types of 
steels, but depends on the type and chemical composition of steel or main alloying 
elements, where deep cryogenic treatment affects the mechanical and anti-wear 
properties, corrosion resistance and fatigue resistance. 

Hypothesis 2 was also fully confirmed, as the results show that the steel chemical composi�on 
and steel type (wrought/PM) have a strong effect on the DCT performance during heat 
treatment. However, more detailed research and advanced tes�ng methods with in-situ op�on 
should be used in order to unravel the importance of each alloying element during DCT. 

III. Hypothesis 3: Deep cryogenic treatment causes microstructural changes at the macro, 
micro and nano-level and affects the dynamics of precipitation and growth of phases. At 
the same time, deep cryogenic treatment enables the achievement of a fine-grained 
microstructure with a homogeneous distribution of finer carbides with an increased 
degree of nucleation or precipitation and a reduced tendency for clustering. 
Furthermore, in the metal matrix, deep cryogenic treatment leads to the elimination of 
retained austenite and the formation of very fine lattice martensite by non-diffuse 
martensitic transformation before and during deep cryogenic treatment. 

For the last, third hypothesis, the microstructure changes induced by DCT were successfully 
proven with consistent observa�on of the microstructure evolu�on during heat treatment (as 
delivered state, a�er quenching, a�er DCT and a�er tempering-final state) and with analysis of 
the final microstructure state. 
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6.3 Future Outlook 
The results in this thesis have proven that DCT is a very good opportunity to achieve significant 
technical development in materials science in order to be at the same �me a green and effec�ve 
technology, with the influence on bulk and surface of the material in a posi�ve manner. 

For future research of the DCT phenomenon, it is suggested to extend research of the 
mechanism by incorpora�ng addi�onal advance in-situ techniques in order to observe specific 
details with both high temporal and high spa�al resolu�on. With such measurements, the 
consequen�al influence on the change of proper�es (chemical, tribological, fa�gue, mechanical, 
corrosion, electromagne�c etc.) of different steel grades within the same steel group can be 
analyzed and tailored to obtain strongest posi�ve yield of DCT on materials proper�es. 

The present thesis provides an important piece of the puzzle about the understanding of DCT 
and systema�c tes�ng of different ferrous alloys with DCT. The research also acts as a good 
fundamental basis for con�nued research and development of DCT for present and future 
applica�ons in various industries with the strongest contribu�on to the usage of DCT for tailoring 
ferrous alloys. 
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