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A B S T R A C T

Introduction. Residual austenite is an austenitic phase that persists in steel after its incomplete transformation 
into martensite/bainite/ferrite. The presence of residual austenite in steel can cause positive or negative changes 
depending on its proportion. Therefore, the finished products must have an appropriate range of residual austenite 
content. In the process of traditional chemical and thermal treatment of metals by carburizing, residual austenite is 
an unacceptable defect in the process. Very few papers have been devoted to this issue in the processes of surface 
treatment of metals with concentrated energy sources. The purpose of this work is to reduce the residual austenite 
in the carburized layer after laser hardening using additional cryogenic treatment. Materials and methods. Laser 
carburizing of 0.2% C steel was performed with a continuous-wave ytterbium fiber laser (LS-16, 1.5 kW, IPG 
Photonics, Oxford, MA, USA) emitting at a wavelength of 1.07 µm. The carbon content in the carburized layer was 
determined by glow discharge optical emission spectrometry (GD-Profiler 2TM). Hardness was measured using a 
semi-automatic Vickers hardness tester with a load of 500 g and an indentation pitch of 0.25 mm. X-ray diffraction 
patterns were recorded using a SmartLab 9KW diffractometer with a Cu–Kα target (λ = 1.5406 Å). The scanning 
angle range of 2θ ranged from 40 to 100°, and the scanning speed was 2°/min. Quantitative analysis of the volume 
fraction of residual austenite was carried out in accordance with the recommendations specified in ASTM E975-
13. Cryogenic treatment was carried out at a temperature of –196 °C. Results and discussion. Different graphite 
contents in the laser carburizing pastes lead to the formation of different structures and phases (cementite, ledeburite, 
martensite, residual austenite) in the surface layer. Microstructural examination of the surface layer showed that the 
structure of the original material (0.2% C steel) consists of soft and ductile ferrite with hard pearlite. The thermal 
gradient on the surface of the molten carbon-containing mixture, created by the laser beam, transformed the original 
microstructure into martensite by dissolving the carbonaceous mixture and solidifying the austenitic phase into 
martensite through rapid cooling. At the same time, residual austenite is formed in the surface layer due to rapid 
cooling. It was shown that laser carburizing leads to the formation of a modified surface layer consisting of carbon-
saturated martensite, residual austenite and carbides. Cryogenic and tempering treatments additionally transform 
residual austenite in the carburized layer into martensite, which increases the hardness of the carburized layer.
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Introduction
Low-carbon steels are widely used in many industries due to their moderate tensile strength, afford-

ability, good machinability, impact toughness, and ductility. However, their relatively low surface hardness 
and wear resistance limit their performance in challenging conditions [1, 2]. To address these issues and to 
expand the functionality of low-carbon steel machine parts, researchers have turned to surface modification 
techniques to improve their mechanical properties [1–10]. One of the most effective surface modification 
techniques is heat treatment, which involves the process of carburizing the surface layer of low-carbon 
steels. Carburization, a widely used thermochemical process, introduces diffusible elements such as carbon 
into the surface layer of steel at elevated temperatures, followed by quenching and tempering to increase 
hardness and wear resistance [1–3]. Machining operations on low-carbon steels intended for case-hardening 
are typically performed prior to the case-hardening process. At this stage, the low-carbon steel core remains 
relatively soft and ductile, allowing for efficient cutting, planing, and drilling with minimal tool wear [3–5]. 
Low-carbon steel exhibits superior machinability compared to carbon and alloy steels, primarily due to its 
high content of ferrite, the softest phase of steel. Hardening low-carbon steel through the process of case-
hardening significantly improves its performance in many engineering applications where surface strength 
is critical.

Traditional carburizing methods – in solid, liquid, and gaseous media – are limited by long processing 
times, unstable atmospheres, intergranular oxidation, and dimensional distortion, especially in complex or 
thin parts [1, 2]. While low-temperature (vacuum) carburizing addresses many of these issues by offering 
faster carburization cycles, minimal oxidation, improved uniformity, and reduced distortion, it also has 
its drawbacks, including high initial investment, reliance on precise gas dosage and flow control, and the 
difficulty of adding hydrocarbons such as acetylene without forming soot or resinous deposits, limiting its 
widespread adoption [1–4]. Furthermore, traditional processes produce hazardous byproducts, generate 
CO2 emissions, and pose problems with the disposal of spent carburizing compounds, making them envi-
ronmentally unsustainable [5, 6]. Moreover, for many engineering applications, there is a trade-off between 
surface layer depth and core ductility, as excessive or deep carburized surface layer formation in thin parts 
can reduce overall tensile strength through thermal grain growth and increased residual stress. Therefore, 
surface hardness and core toughness must be carefully balanced during design.

An effective solution to the problem of reducing carburization time is surface saturation using concen-
trated heat sources. There are many methods of surface hardening with highly wear-resistant materials. 
These include, first and foremost, laser [8–12], electron beam [13–17], plasma [18–26], and electric arc 
[27, 28] processing.

Surface layers containing approximately 1.57–2.55 wt.% carbon were obtained by atmospheric electron 
beam surfacing of low‑carbon steel plates with a mixture of iron and graphite powders [13–17]. The main 
process parameter determining the thickness, structure, and mechanical properties of the hardened layer 
was the electron beam current. With an increase in beam current from 20 to 26 mA, the thickness of the 
deposited layers increased from 1.2 to 2.6 mm, and the hardness decreased from 5.7 to 4.5 GPa. In friction 
tests with stationary abrasive particles, the wear resistance of the deposited layers was close to that of 
samples subjected to carburization in a powder environment. Laser carburization [8–12], as well as plasma 
carburization [18–28], is carried out mainly by melting the surface layer, onto which a carbon‑containing 
powder mixture has been pre-applied. Laser surface alloying has been carried out experimentally for various 
substrates and alloying elements [8–10, 29–34]. Most of the published works [8–12, 29–34] concerning 
laser carburizing of steels have been carried out using this mechanism.

Hypereutectic carbon compositions have also been obtained in studies using an electron beam [13–17] 
and a plasma arc [18–28]. However, substrate recrystallization leads to crack formation, which is a signifi-
cant drawback of the process and is explained by the inherently brittle nature of the resulting microstruc-
tures, which is facilitated by extremely high cooling and solidification rates. Another disadvantage of the 
process is the formation of gas porosity in the solidified surface layers.

It is known that martensite can be divided into high-carbon plate martensite and low-carbon lath 
martensite depending on the carbon content [2, 3]. Increased carbon content near the surface during 
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carburization to produce hypereutectic compositions (>4.3 wt.% C) of carburized layers [13–17, 22–29] 
promotes the formation of coarse‑grained plate martensite and a significant amount of residual austenite, 
which consequently reduces the surface strength and negatively affects the overall characteristics of the 
material [1–3]. To reduce the content of residual austenite and increase surface strength, multi-stage heat 
treatment strategies are used, including double high-temperature tempering, secondary hardening, cryogenic 
treatment, and tempering at sub-zero temperatures.

In contrast to the melting mechanism, a possible laser carburizing mechanism involving substrate 
austenitization and subsequent solid-state diffusion of carbon into austenite has been very little studied 
[7–9, 29–33]. This mechanism is certainly closer to traditional gas and powder carburizing methods, but 
an important question arises regarding the possibility of producing solid-state carburized layers using laser 
radiation without surface melting. This is mainly due to the extremely high heating rates encountered during 
laser irradiation of steels, which are on the order of 104 K/s or even higher [7–10]. Furthermore, the time 
spent above the critical austenitizing temperature (soak time) is very short, which limits the time available 
for carbon diffusion into austenite. A better solution may be a direct laser hardening process in a controlled 
atmosphere. In a suitable gas environment, the laser beam is capable of inducing a chemical reaction near 
the steel surface, which makes it possible to modify its surface properties [29–33]. Thus, it combines the 
advantages of both gas carburizing and the laser beam, and eliminates the need for expensive furnaces and 
their control. Furthermore, a controlled atmosphere also ensures process uniformity and controllability. It 
is necessary to note the advantages of carburizing through a paste or coating [13, 14, 19–27] applied to the 
metal surface due to the simplicity of the application method, control of the carbon content in the paste 
composition, and the ability to localize carburization sites at a specific location on parts and tools. At the 
same time, the features of laser carburizing in both the gas and solid phases, with or without melting of the 
surface layer at high heating rates, which are on the order of 104 K/s or even higher [8–10], contribute to the 
incompleteness of the martensitic process during the cooling stage, which leads to the formation of residual 
austenite (RA) in the hardened layer. Our analysis of open sources of information shows that the issue of 
residual austenite has not received sufficient attention from scientific schools of laser [8–12], electron beam 
[13–17], and plasma [19–28] surface carburizing. At the same time, extensive theoretical and experimental 
research has been accumulated in the field of traditional furnace thermochemical methods for processing 
various metals [1–5, 34–44].

It is known [1, 2, 36, 41, 42] that residual austenite is found in steels when austenite is not completely 
transformed into product phases. The term “residual austenite” refers to austenite that does not undergo 
transformation at room temperature. The stability and amount of residual austenite are important factors 
in steel design. Although studies have shown that residual austenite improves the mechanical properties 
of steel, its tendency to transform into martensite upon further undercooling or applied stress can also be 
undesirable. For example, while residual austenite has been reported to improve the service life of bearings 
under rolling fatigue, its excessive amount can degrade the dimensional stability of bearings [37–40]. The 
presence of residual austenite in steel can cause positive or negative changes depending on its proportion. 
Therefore, an appropriate range of residual austenite content is desirable in finished products such as gears, 
bearings, and tools. To improve the life of bearings in various applications, their microstructure must be 
appropriately tuned for their intended use. For example, bearings in gearboxes can fail prematurely due to 
cracking in the bearing steel if the required RA content is not maintained [37–40]. Increasing the RA content 
(> 20%) in these bearings has been reported to provide relatively long service life in such applications.

The influence of carbon saturation duration on the amount of residual austenite in medium-carbon steels 
0.4% C–1% Cr, 0.35% C–1% Cr–1% Mn–1% Si, and 42CrMoS4 was examined in [4–6]. Increasing the 
saturation time from 8 to 12 hours resulted in an increase in residual austenite from 7% to 14%.

The authors of [41] demonstrated that direct assessment of the amount of austenite remaining unchanged 
after full quenching using X-ray diffraction analysis is difficult because the high-intensity peaks of austenite 
and martensite overlap and merge, and austenite transforms into martensite during sample preparation due 
to its low stability. The results indicate that the amount of residual austenite in a fully quenched low-carbon 
steel sample is underestimated using standard X-ray diffraction spectroscopy.
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However, according to the authors of [41], even this small amount of residual austenite can be detected 
after a short heat treatment (heating to temperatures of 200–400 °C), which leads to enrichment of the 
austenite with carbon. Due to the depletion of martensite in carbon and the accompanying enrichment of 
austenite, the peaks are separated and resolved.

In [42], a magnetoinductive method for assessing various levels of residual austenite content in 
case-hardened 20NiCrMo7 bearing steel is investigated, and a comparison is made with corresponding 
measurements by X-ray diffractometry and image analysis using an optical microscope. The residual austenite 
content in case-hardened 20NiCrMo7 steel was modified by additional tempering; the magnetoinductive 
method provides accurate results (with an average deviation of 0.5%) with sufficient sensitivity at various 
levels (including values below 5 vol.%) of residual austenite.

In [45], photographs of microstructures and carbon content are used to train machine learning models 
for predicting the residual austenite of case-hardened steel. To establish the relationship between chemical 
elements, microstructure, and mechanical properties, it is first necessary to accurately determine the 
microstructure metallographically. The neural network establishes a mapping from the feature space to the 
target attribute without considering any complex internal transformation laws; instead, it converts the process 
into a set of trainable weights that can theoretically approximate any type of nonlinear transformation. 
Thus, it is crucial to be able to accurately segment photographs of steel microstructures [45]. Results show 
that the accuracy of segmentation based on microstructure photographs using the model reaches 95.2%.

Cryogenic treatment (CT) is widely known for its effectiveness in reducing the proportion of residual 
austenite and stabilizing phases at room temperature [46]. During CT, the material is held at a temperature 
well below the martensitic transformation completion temperature (Mf) for a certain time, followed by a 
reheating process to room temperature [1–10, 42–44].

In [47], a comprehensive technological process for steel was developed that included carburizing, 
tempering, quenching, and cryogenic treatment. The carburized samples were characterized by analyzing 
the carbon profile, residual austenite content on the surface, microstructure, and hardness profile. Steels 
17Cr2Ni2MoVNb and 20Cr2Ni4A had a similar microstructure after carburizing, consisting of high-carbon 
acicular martensite, carbides, and residual austenite in the surface layer and low-carbon lath martensite in 
the core. The depth of the carburized layer was approximately 1.4 (±0.05) mm. A good microstructure with 
acicular tempered martensite, less residual austenite, fine‑grained dispersed carbides, and no oxides was 
obtained. The hardness of the samples near the surface after cryogenic treatment increased by 102–122 HV.

We have previously indicated that ledeburite structures are formed in the carburized layer during surface 
carburization [13, 14, 24]. Of interest is the work [48], where the microstructure of Vanadis 6 ledeburite steel 
was investigated after treatment at sub-zero temperatures of –140 °C for different periods of time, followed 
by different tempering modes. The results obtained allow the authors to draw the following conclusions: 

(1) the amount of residual austenite decreases fivefold as a result of this treatment, and compressive 
stresses above 1,500 MPa arise in this phase;

(2) during treatment at sub-zero temperatures of –140 °C, a large number of “additional” cementite carbides 
are formed; this amount is higher than that achieved during treatment at sub-zero temperatures of –196 °C.

A review of the literature on both traditional carburizing methods and those using concentrated heat 
sources shows that the carburizing process is a critical technology for improving the surface characteristics 
and mechanical reliability of metals. However, it is associated with a number of problems and limitations that 
can impact its effectiveness. Reducing residual austenite in traditional carburizing methods is a particular 
focus. Cryogenic treatment is currently the only operation capable of reducing its content in carburized steel 
[47–49].

Recent research findings highlight both the advances and critical challenges associated with carburizing 
methods [29–33]. Precise control of carbon potential, temperature, and holding time is necessary to achieve 
uniform hardening depth and carbon concentration, but deviations can result in residual austenite, brittle 
carbide networks, or incomplete hardening due to insufficient carbon diffusion [1–10].

In [33], a literature review was conducted in the field of laser surface heat treatment of steels. The 
authors showed that between 2008 and 2024, the number of publications devoted to laser processing of steel 
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increased almost 20-fold. By 2024, the number of articles remained at a level of over 200. This demonstrates 
significant interest in the technology of laser surface hardening of both plain steels and case‑hardened steels 
in various centers around the world and confirms the statement that it has significant application potential 
with measurable economic benefits. At the same time, we note that in this review [33], priority was given to 
publications containing detailed numerical and descriptive data related to the laser processing (hardening) 
process, such as laser power, scan speed, spot diameter, type of laser source, final hardness, and chemical 
composition of steel. Initially, this was a database containing about 100 of the most relevant studies. The 
review does not contain any references to a separate area of laser application in chemical‑thermal processing 
processes, except for the two works [29–32] that we cited above.

This paper presents a laser hardening method using a graphite mixture applied to the surface of 
low‑carbon steel, which was remelted with the surface metal layer using laser radiation, followed by 
additional cryogenic treatment.

The purpose of the study is to reduce the residual austenite in the case‑hardened layer after laser 
hardening using additional cryogenic treatment.

To achieve this purpose, the following tasks must be completed:
– to study the microstructure and microhardness distribution of the surface layer of low‑carbon steel 

after laser reflow carburizing;
– to study the effect of cryogenic treatment on the hardness and residual austenite content of the hard-

ened layer.

Materials and research methods

As a basis for obtaining a carburized surface layer, 0.2% C steel was used – a low-carbon, high-quality 
structural steel known for its high strength, good machinability, weldability, and malleability. The typical 
chemical composition of 0.2% C steel according to GOST 1050‑2013 is: 0.17–0.24% C, 0.35–0.65% Mn, 
0.17–0.37% Si, ≤0.030% P, ≤0.030% S. It has a minimum tensile strength of 450 MPa and a yield strength 
of 245 MPa. Elongation to failure can reach 35–40%. It is readily cold- and hot-drawn using appropriate 
forming equipment. The dimensions of the samples for laser processing were 100×40×10 mm. A graphite-
containing mixture (EGS-grade graphite) was applied to the surface of the 0.2% C steel sample.

Fig. 1 shows the graphite fragments used in the powder composition. The detailed technology for apply-
ing the graphite mixture in the form of a paste-like mass to the surface of the samples is described in detail 
in the authors’ previous works [13–29]. Laser modification of the surface with the deposited graphite layer 
was carried out using a processing unit equipped with a continuous-wave ytterbium fiber laser (LS-16, 1.5 
kW, IPG Photonics, Oxford, MA, USA), emitting at a wavelength of 1.07 μm. Table 1 shows the modes in 
which the laser saturation process was carried out.

Fig 1. Fragments of graphite coating particles with a size 
of < 0.08 mm
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T a b l e  1

Parameters of the saturation process
Distance to sample surface 

(mm) Traverse speed (mm/s) Laser power (kW) Graphite content 
(%)

Coating specific 
weight (g/m2)

5 3
3
3

1.0
1.0
1.0

10 100–120
5 25 130–150
5 50 160–180
4 10

10
10

1.5
1.5
1.5

10 80–100
4 25 110–130
4 50 140–160

The carbon content of the carburized layer was determined using glow discharge optical emission 
spectrometry (GD-Profiler 2TM). Hardness was measured using a semiautomatic Vickers hardness tester 
(MH-500) with a load of 500 g and an indentation step of 0.25 mm. X-ray diffraction spectra were recorded 
using a SmartLab 9KW instrument with a Cu-Kα target and an X-ray wavelength (λ) of 1.5406 Å. The 
scanning angle range 2θ was from 40 to 100°, and the scanning speed was 2°/min. Quantitative analysis of 
the volume fraction of residual austenite was carried out in accordance with the recommendations specified 
in ASTM E975-13 [49]. The volume fraction calculation was based on the integrated intensities of the 
diffraction peaks (200)γ, (220)γ, (311)γ, (200)α, and (211)α. In addition, the average carbon concentration 
in the residual austenite (Cγ, in wt.%) was determined using equation (1) [46, 47]:

	
( 3.547)

,
0.046

Ñ γ
γ

α −
= 	 (1)

where αγ is the lattice parameters of residual austenite (in Å), determined from the positions of the  
(200)γ and (220)γ diffraction peaks.

Microstructural studies were conducted using scanning electron microscopy (Zeiss Auriga Compact 
SEM). The surface layer microstructure was examined using a MET-2 optical microscope. Residual austenite 
content was measured using Stream Essentials Olympus image analysis software.

To evaluate cryogenic treatment, the laser‑carburized samples were immersed in liquid nitrogen at –196 
°C for 2, 5, and 10 hours. Additionally, to study the effect of cryogenic treatment duration, the samples were 
tempered at 200 °C for 2 hours. The experimental setup is shown in Fig. 2.

Research results

The surface appearance of the specimens after laser carburizing is shown in Fig. 3. Fig. 3,a shows the 
surface appearance before paste application. Fig. 3,b, c shows the surface after laser treatment with different 

b

                                        a                                                                                   c
Fig. 2. Laser saturation process with different durations of cryogenic treatment and tempering (a); 

sample with graphite paste (b); sample after laser melting of graphite paste (c)
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                          а                                                                b                                                                c
Fig. 3. Surfaces of samples after laser carburizing: 

а – original surface; b – after application of powder mixture (25% graphite); c – 50% graphite

laser powers. It can be seen that at a power of 1 kW, graphite particles remain on the melt surface. With an 
increase in power to 1.5 kW, the surface has a minimal number of unmelted particles.

Fig. 4,a shows a cross-section after applying a coating with 10% graphite. Fig. 4,b shows a cross-section 
after applying a coating with 25% graphite. Fig. 4,c is a volumetric photograph taken using an electron 
microscope, which simultaneously shows the coating surface and a cross-section along the depth. It is evi-
dent that the depth of the carburized layer is no more than 100 μm (Fig. 4). Next comes the heat-affected 
zone with structures characteristic of surface hardening. The carburized layer in Fig. 4,a, b is beneath the 
surface, distinguished by its dark yellow color. This layer is uniform and extends to a depth of 50 ± 0.1 µm.  
A white layer – residual austenite – is clearly visible. Optical micrographs in Fig. 4,a, b reveal the presence 
of residual austenite (light areas) with lath and plate martensite (dark areas). This process is well described 
in the literature on this topic. Two types of residual austenite – blocky and film morphology – were detected 
in the samples.

а

b

c
Fig. 4. Hardened layer in the metal after melting of the powder mixture in 

cross section: 
а – optical metallography, 10% graphite; b – optical metallography, 25% graphite;  

c – SEM image, 10% graphite
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Experiments revealed that increasing the graphite content in the powder mixture to 50% yielded 
eutectoid and hypereutectic carbon compositions with high levels of residual austenite (Fig. 5). The gradient 
distribution of microhardness values (Fig. 6) is a good indicator of carbon content (distribution) across 
the layer cross-section. Residual austenite is readily discernible on transverse metallographic sections of 
the carburized layer under optical microscopy (Figs. 4, 5, 7, 8). The carbon content across the depth of 
the carburized layer was determined for each powder mixture composition; the results are summarized  
in Table 2.

                            а                                                               b                                                                 c
Fig. 5. Hardened layer in the metal after melting of the powder mixture in cross section: 

a, b – optical metallography, 25% graphite; c – optical metallography, 50% graphite

Fig. 6. Surface layer after laser carburizing by depth: 
a – 50% graphite; b – 25% graphite; c – microhardness distribution, 50% graphite; d – microhardness distribution,  

25% graphite

                                         а                                                                                           b

                                         с                                                                                           d
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                                    а                                                                                                  b
Fig. 7. Panoramic image of the surface layer depth after laser carburizing with microhardness distribution 

by layers (carburized layer, heat-affected zone, transition layer to the base metal): 
а – 25% graphite; б – 50% graphite

                               а                                                          b                                                             c
Fig. 8. Optical metallography of layer fragments by depth after processing with a powder mixture containing  

10% graphite: 
а – at the surface; б – middle of the layer; в – transition to the base metal
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T a b l e  2

The carbon content in the surface layer of 0.2% C after laser carburizing from the paste 
composition

Depth (µm) C content (10% graphite coating) C content (50% graphite coating)
0 0.8 2.4

200 0.6 1.8
500 0.4 1.2

Using X-ray diffraction analysis, shown in Fig. 9, the volume fraction of residual austenite was 
determined. It was found that the original surface of 0.2% C steel was free of residual austenite at room 
temperature (Fig. 9,a). After laser surface carburizing with a 50% graphite coating, austenite peaks were 
detected (Fig. 9,b). To further quantify the fraction of residual austenite in the specimens machined at  
3 mm/s and 1 kW laser power with 50% graphite content, the X-ray diffraction profiles corresponding to the 
carburization depths of 20, 60, 120, 190, 280, and 500 μm were ground after machining and analyzed, as 
shown in Table 3. All the obtained diffraction patterns had the same peak distribution along the carburized 
layer depth (as in Fig. 9b) and differed only in the peak width and height. The peaks of quenched martensite 
and residual austenite were found. The diffraction peaks for γ, namely (200), (220), and (311), as well as the 
peaks for α (200) and (211), were analyzed. At depths from 60 to 280 µm, the maximum amount of residual 
austenite was recorded in the range from 11 to 21%.

The laser-carburized surface layer areas examined by X-ray diffraction were simultaneously studied 
using optical microscopy (Table 4). Evaluation was based on grayscale images to obtain the percentage 
of residual austenite per unit area. Assuming a random grain distribution and isotropic grain growth, the 

T a b l e  3

Distribution of martensite and residual austenite according to X-ray diffraction analysis 
after laser carburizing with 50% graphite coating

Depth (µm) Martensite (%) Austenite (%)
20 95.99631845 4.003681549
60 78.00152027 21.99847973
120 83.2360707 16.7639293
190 82.97027584 17.02972416
280 88.87531497 11.12468503
500 95.60167217 4.398327833
580 99.50605689 0.493943112

                                                a                                                                                              b
Fig. 9. X-ray diffraction patterns: 

a – initial 0.2% C steel; b – after laser carburizing with 50% graphite paste
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percentage per unit area was taken to be equal to the volume percentage. Fig. 8,a–c which shows the 
representative microstructure of all samples, confirms the presence of martensite and residual austenite in 
each sample. In addition, Fig. 8 shows representative color images of the sample obtained using optical 
microscopy. The appearance of homogeneous martensite (dark) and residual austenite (white) in color 
facilitates the measurement of the proportions of individual phases.

Fig. 10 shows the results after cryogenic treatment and tempering. Fig. 10,a shows the initial residual 
austenite content after laser carburization with a composition of 20% graphite. Fig. 10,b shows the structure 
after 2 hours of holding at –196 °C. The optical images reveal a decrease in residual austenite; calculation 
using the software showed a reduction of up to 10%. Fig. 10,c corresponds to a holding time of 5 hours. 
To further quantify the proportion of residual austenite, X-ray diffraction profiles corresponding to the 
carburization depths were examined after cryogenic treatment and tempering, as shown in Table 5. Peaks 
of quenched martensite and residual austenite were identified.

The diffraction peaks for γ, namely (200), (220), and (311), as well as the peaks for α (200) and (211), 
were analyzed. The amount of residual austenite decreases across the entire depth.

T a b l e  4

Results of residual austenite measurements at different depths by optical metallography

Sample Depth (µm)
0 0.1 0 0.5

10% graphite coating 2.1 10% graphite coating 2.1 10% graphite coating

25% graphite coating 6.2 25% graphite coating 6.2 25% graphite coating
50% graphite coating 12.3 50% graphite coating 12.3 50% graphite coating

Fig. 10. Microstructure of the carburized layer after cryogenic treatment and tempering: 
a, d – initial residual austenite content 20%; b, e – after 2 h of holding at –196 °C, decreased to 16%; c, f – holding for 5 h, 

decreased to 10%

                         a                                                                   b                                                                  c

                         d                                                                  e                                                                 f
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T a b l e  5

Distribution of martensite and residual austenite according to X-ray 
diffraction analysis after cryogenic treatment (5 h) and tempering

Depth (µm) Martensite (%) Austenite (%)
20 99.50605689 0.493943112
60 94.60167217 5.398327833
120 88.87531497 11.12468503
190 92.97027584 7.02972416
280 98.990674 1.009326002
500 99.50605689 0.493943112
580 99.44403915 0.555960854

Fig. 11 presents a combined compilation of the study results, showing the microstructure of martensite 
and residual austenite together with the distribution of microhardness values across the layer depth. A hard-
ness dip is evident in the zone with the maximum amount of residual austenite. After cryogenic treatment 
for 2 hours and tempering, this dip in hardness is eliminated due to the transformation of residual austenite 
to martensite (Fig. 12). Cryogenic treatment for 10 hours did not have a positive effect on reducing residual 
austenite in the carburized layer. Note the increase in microhardness after cryogenic treatment (Fig. 11).

Results and discussion

Before discussing the obtained results, it is necessary to formulate the thesis that, during the course of 
our experiments, we obtained a supersaturated carbon metal in the surface layer of 0.2% C steel, which, 
in terms of the phases and structures formed within it, has nothing in common with the base material. We 
used 0.2% C steel solely as a substrate for surface carburizing. Naturally, when analyzing the phases and 

                              a                                                                          b

c
Fig. 11. Summary of research results after laser carburizing in modes with surface 

melting at a speed of 3 mm/s (25% graphite): 
a – microstructure of the layer (martensite); b – microhardness distribution by hardening depth;  

c – panoramic optical image of the hardened zone by depth
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c
Fig. 12. Summary of research results after laser carburizing in modes with surface melting at  

a speed of 3 mm/s (25% graphite) + cryogenic treatment and tempering: 
a – microstructure of the layer (martensite); b – microhardness distribution by hardening depth;  

c – panoramic optical image of the hardened zone by depth

                              a                                                                                       b

structures, we will refer to the works of other authors, where similar phase and structural transformations 
have been studied [13–29].

Fig. 4 shows optical microscope images of the samples, corresponding from left to right to the 
surface layer, subsurface layer, transition layer, and core. After laser surface carburizing, the surface layer 
consists mainly of cementite, while the subsurface layer consists of finer acicular martensite and residual 
austenite. The distribution of martensite and residual austenite based on X-ray diffraction analysis after 
laser carburizing is presented in Table 2. It is evident that the residual austenite content is distributed non-
uniformly across the depth.

Further research is needed to more accurately understand the dependence of the residual austenite 
formation process on the laser carburizing conditions. Currently, we can confirm for the first time that 
this problem exists in the laser carburizing process, and it has not been previously addressed in studies 
[13–26]. The question of whether this is beneficial or detrimental remains open, as the primary goal of laser 
carburizing is to increase hardness and wear resistance.

Figs. 5–8 show optical microscope images of the samples, representing from left to right the surface 
layer, subsurface layer, transition layer, and core. Overall, the panoramic images show that laser carburizing 
results in the formation of a carbon-rich layer with a distinct fusion line with the base metal. However, the 
base metal along the fusion line was heated below the melting point, revealing a heat-affected zone (HAZ) 
within it, where quenched structures also formed. Thus, a unique composite layer was formed.

When the graphite content of the powder mixture is up to 25%, the surface layer consists mainly of 
acicular martensite and residual austenite, while the subsurface layer consists of finer acicular martensite 
and residual austenite. With decreasing carbon content, the microstructure of the transition layer is mainly 
represented by lath martensite and a small amount of acicular martensite, while the core consists mainly of 
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lath martensite due to the long holding time. A large amount of residual austenite is visually recorded during 
optical imaging (Figs. 4, 5) at a graphite content of 50% in the powder mixture, which coincides with the 
results of studies obtained using electron beam processing without vacuum [13–16] and plasma [21–29] 
during carburization of low-carbon steel plates with a mixture of iron and graphite powders.

The main structural components in the deposited layers [13, 14, 21, 22] were ledeburite, secondary 
Widmanstätten cementite, and pearlite. The formation mechanism of ledeburite, cementite, and pearlite at 
a content of up to 50% and more in the powder mixture is discussed in detail in [13, 14, 21–26]. To obtain 
a high-carbon martensitic structure, the authors of [13] recommend increasing the thickness and weight of 
the workpiece or decreasing the thickness of the hardening layer directly during the deposition process by 
increasing heat transfer into the colder volume of the workpiece.

Microstructural analysis of the surface carburized layer in case-hardened low-carbon steel also reveals 
significant changes in grain morphology and distribution in different zones. The microstructural gradient 
from surface to core emphasizes the diffusion-driven nature of case-hardening, resulting in a hardened outer 
layer with increased carbon content tapering to a softer, ductile core (Figs. 7, 11, 12). This microstructural 
profile is desirable because it combines surface wear resistance with core strength — an important property 
for structural applications requiring durability. Micrographs also confirm that higher graphite contents in 
the paste during carburizing treatment promote higher carbon saturation, which leads to improved mechani-
cal properties, particularly hardness [13–23]. Optical metallography revealed a visible contrast between the 
surface layer and the core after etching, allowing for a qualitative assessment of the surface layer depth. 
These results confirm the effectiveness of carburizing in improving surface properties while maintaining 
core strength [2, 3], and are consistent with the results of other authors [13–26].

After cryogenic treatment (Figs. 10, 12) and tempering, some of the residual austenite undergoes further 
transformation, and the martensite content in the surface layer of the specimen further increases, while the 
transition layer and core primarily consist of tempered lath martensite.

Measurement of the residual austenite content at various depths using optical microscopy (Table 4) 
revealed a similar trend to that obtained by X-ray diffraction (XRD) measurements (Table 3). However, 
this method is difficult to accurately quantify at low levels of residual austenite (<2%) [34–39]. To address 
concerns about the quantitative discrepancy of nearly 1.5 times between the two methods used to determine 
residual austenite, we provide the following explanation.

It is important to note the main thesis of our work: our research did not aim to evaluate the accuracy of 
each method. We simply used two methods for comparison to identify the role and/or influence of cryogenic 
treatment on the transformation of residual austenite. For these purposes, we needed to use two methods 
specifically to understand how the process of surface saturation of steel with carbon occurs, what structures 
and phases are formed within it, and how cryogenic treatment influences these processes.

From the point of view of the accuracy and reliability of the residual austenite values obtained by the 
two methods, we note that the optical method refers to the qualitative assessment of residual austenite [2, 
3], since despite clear visualization (see Figs. 5–8), a large study area (typical measurement area >100 μm2), 
ease of sample preparation, and the equipment used (optical microscope) in the process of studying residual 
austenite, it has limitations in terms of determining film-type residual austenite (located along the boundar-
ies of martensite plates) and, most importantly, there is a high probability of erroneous interpretation with 
iron carbide [50], which also has a white tint when viewed through an optical microscope [51]. To eliminate 
erroneous interpretation, it is necessary to additionally use a microhardness tester. The next point that is 
important to consider is how to select the appropriate etchant (usually 3–5% nitric acid in alcohol is used), 
since the etching time and intensity can greatly change the contrast of the structure so that untempered (te-
tragonal) martensite plates cannot be distinguished from residual austenite.

There is no specific regulatory document for the method of determining residual austenite in the Russian 
Federation. References exist to GOST 8233–56 “Steel. Microstructure Standards” and GOST 11878–66 
“Austenitic Steel. Methods for Determining the Ferrite Phase Content in Rods”. The latter regulatory 
document states: “On each section, at a magnification of 280–320 and a microscope field of view diameter 
of 0.38–0.43 mm, the location with the highest content of the phase under study is determined. This is 
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visually assessed in points or as a percentage by comparison with photo standards on the attached scale”. 
The regulatory document (Microstructure Standards) does not specify the austenite structure. Given the 
above, optical microscopy provides qualitative data with a subjective quantitative estimate; however, it 
is difficult to determine the residual austenite content below 5%. The author of [51] notes that optical 
microscopy yields a deviation of up to 20% depending on the residual austenite content and tempering. 
This method is subjective and yields wide variations in results. Therefore, some companies have developed 
their own corporate standard micrographs [51]. Given this, optical metallography data should be considered 
as qualitative indicators for assessing the formation of residual austenite in the surface layer during laser 
carburizing using pastes containing 10 to 50% graphite.

Measurement by X-ray diffraction (XRD) is recognized by most researchers as a reliable instrumental 
method for measuring residual austenite in steel (measurement error up to 0.1%) [34, 37, 39, 41, 46, 48, 
49, 52]. However, the presence of carbides [50, 51] may influence the determination of residual austenite. 
This influence is due to the presence of overlapping or adjacent carbide peaks, which can interfere with and 
change the intensity of the ferrite or austenite peaks. The standard algorithm based on the assessment of 
the region of interest may lead to an incorrect estimate of residual austenite [51, 52], since it may be fully 
or partially taken into account when integrating the peaks. Using a full-profile approach, it is possible to 
account for the influence of this peak and ignore it, as well as any other carbide peaks that may interfere. 
At the same time, as the author notes [51], the presence of additional phases and reflections caused by grain 
size, carbides, or texture can cause distortions and deviations.

Many researchers believe that the EBSD method can provide a more accurate picture of the residual aus-
tenite in the carburized layer compared with the optical method and X-ray diffraction. However, this is not 
the case, and the EBSD method has even more limitations than the two methods presented above [53, 54]. 
The first is the size — very small sample dimensions (no more than 5 mm for a square side) and a sample 
thickness of no more than 1 mm. In addition, the survey itself is carried out on an even smaller area of the 
sample (a map of no more than 100 μm is constructed), i.e., this is a local, non-representative sample. And 
if we also take into account that in our case an uneven distribution of martensite and residual austenite (see 
Fig. 8) in the mapping area is possible, then this method does not give us anything in terms of quantitative 
values. The authors [53] note that it is possible to construct maps larger than 100 µm, but this increases the 
survey time to 24–120 hours.

The second requirement is surface roughness – a roughness height of no more than 100 nm [53, 54].
And the third, most important for our case of determining residual austenite, is to obtain clear identification 

points during mapping by eliminating residual stresses in the carburized layer by tempering or annealing 
[53, 54]. If stress is present on the surface and in the surface layer, a diffraction pattern will not form due 
to a violation of the physical nature of the EBSD method, which consists of electrons diffracting on the 
planes of the crystal lattice and forming unique patterns (Kikuchi lines) on the detector. If the crystal lattice 
is severely distorted, diffraction does not occur and Kikuchi lines do not form on the detector. A map is not 
formed, and instead of identifying the crystal lattice type, solid dark dots are obtained. To relieve residual 
stresses after heat treatment, high-temperature tempering or annealing is recommended [1, 2]. In our case, 
this is unacceptable. It is known [1, 2] that residual austenite is already in a state of strong compression after 
conventional quenching. This occurs because the domains of residual austenite are “encapsulated” between 
martensite domains and are subjected to compressive stress as a result of the positive volume change during 
the transformation of residual austenite into martensite.

An important addition is that residual austenite particles smaller than 0.2 µm cannot be indexed by the 
EBSD method [53]. Consequently, the amount of residual austenite depicted in phase maps is underestimated. 
Furthermore, martensite size is measured according to the different martensite orientations in the inverse 
pole figure (IPF) maps.

Taking into account the above, the data obtained in our study by X-ray diffraction (XRD) are reliable 
given the proven method used, which has an error in measuring residual austenite of up to 0.1% [37, 39, 
41, 46, 48, 49]. Table 6 presents data on the residual austenite content in the carburized layer for different 
paste compositions containing graphite under the following processing conditions: speed of 3 mm/s, laser 
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power of 1 kW. As a rule, in the martensitic microstructure of high-carbon steels or case-hardened steels 
with a carbon content of 0.8 wt.%, 30 vol.% or more of austenite can be retained [2]. The carbon content 
in the surface layer of 0.2% C steel after laser carburizing from the paste composition (see Table 2) shows 
that the carbon on the surface can range from 0.8 to 2.2%. The data in Table 6 do not contradict the results 
obtained with traditional carburizing methods [2].

Our cryogenic treatment of laser-carburized samples yielded positive results (Fig. 13). Traditional 
hardening is typically performed at ambient temperature, which results in the retention of some residual 
austenite in the hardened layer. On the other hand, during cryogenic treatment, due to the volume 
expansion that occurs during the transformation of the austenite phase into the “new martensite” phase, 
the untransformed residual austenite experiences compressive hydrostatic pressure in all directions, which 
hinders further transformation [55–59].

T a b l e  6

Amount of retained austenite on the surface of the carburized layer as a function of graphite content in the 
paste during laser carburizing

Graphite content (%) Lattice parameter, Å  
(austenite αγ)

Lattice parameter, Å  
(martensite αα)

Austenite (%) (XRD)

10 3.59175 2.87231 5.829724
25 3.58959 2.87278 10.29394
50 3.58777 2.87356 24.983112

Fig. 13. Results of residual austenite reduction in the 
carburized surface layer of 0.2% C steel after cryogenic 

treatment for 5 h and subsequent tempering:
1 – 10% graphite coating; 2 – 25% graphite coating;  

3 – 50% graphite coating

In our studies, after cryogenic treatment, a “new martensite” phase was formed, which mainly included 
thin lamellar martensite and lens-shaped martensite, and crystalline defects such as twins were formed in the 
“new martensite” phase (Figs. 10–12). This is consistent with the results of review papers [55–59], which 
reported that thermally activated martensite formation can be interpreted as the growth of thin lamellar 
martensite, which thermally nucleates during cooling into lenticular martensite. Other studies [46–48] have 
shown that there is a K–C orientation relationship between the martensitic and residual austenite phases 
during the martensite phase transformation. In general, from review works on cryogenic processing of 
steels, it is believed [55–59] that a strict K–C or H–B orientation relationship between “new martensite” and 
residual austenite contributes to the structural stability of the material. The significant increase in this ratio 
after cryogenic treatment suggests that cryogenic treatment is beneficial in improving the hardness stability 
of the material (Fig. 12). The formation of a “new martensite” phase increases the dislocation density, and 
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the source of dislocations can be a thin plate or an isothermal martensite phase [58, 59]. In addition, the high 
dislocation density around the undissolved carbides increased due to the difference in the thermal expansion 
coefficients of the matrix structure and the carbides [50]. Some researchers believe that cryogenic treatment 
can completely eliminate the residual austenite phase [44–47], while others hold the opposite opinion – 
that it can only reduce the residual austenite content [49, 50]. On the other hand, it is known [1, 2] that the 
temperature of completion of the martensitic transformation (Mf) of high-alloy martensitic steels is lower 
than ambient temperature. And residual austenite is objectively always present in steel.

From an analysis of review papers [55–59], it can be concluded that cryogenic treatment causes favor-
able changes in the microstructure of low-carbon carburized and high-carbon steels, leading to increased 
hardness and improved wear resistance. These improvements are explained by several factors. Most studies 
attribute the improved properties to a decrease in the content of residual austenite (γ-phase) and an increase 
in the amount of carbides. Other studies also emphasize the refinement of martensite with a higher disloca-
tion density and fine twinning, the formation of secondary carbides, and the establishment of a more uni-
form distribution of nanoscale transition precipitates. However, the specific mechanisms determining these 
improvements and their extent vary depending on the material composition and processing parameters.

At the same time, we note that according to the review paper [58], the cryogenic treatment process 
schemes play an important role in the cryogenic treatment of steel. There is a discussion about the sequence 
of heat treatment and its influence on the result of the final treatment. Various sequences have been used 
[58]. The most frequently used was the “classical” mode with cryogenic treatment after quenching and 
before tempering, sequence A. However, other sequences such as: (B) sequence without tempering after 
CT; (C) sequence with multiple subsequent quenching and CT before tempering; (D) sequence with 
intermittent cooling or preliminary aging before CT; (E) sequence with CT after tempering; (F) sequence 
with preliminary tempering, CT, and subsequent tempering; (G) sequence with several CT/tempering cycles 
have a strong influence on the content of residual austenite. The immersion time in a cryogenic environment 
is the second most important parameter (after the temperature of the cryogenic environment) affecting the 
microstructure and properties of metals. The cooling rate is the third most important parameter affecting the 
microstructure and mechanical properties of materials, accounting for 9.34–14% of the changes [58]. The 
fourth parameter is the exposure time in the cryogenic environment.

In relation to our results, we did not take all these factors into account when conducting the research, 
which allows us to conduct a comprehensive study of these parameters in the future. At the same time, 
analyzing the works [56, 57], we can confidently say that holding in a cryogenic environment for 10 hours 
in our experiments did not provide a positive increase in the effect of reducing residual austenite and an 
increase in hardness due to the termination of the experiment on our part. However, as the results of work 
[56] show, a rapid increase in hardness by 1–2 units on the HRC scale occurred in the first 2–5 hours, 
followed by a slow increase in hardness, i.e., in our studies it was necessary to increase the holding time to 
at least 15–42 hours [56]. Work [56] provides recommendations on the holding time, immersion rate, and 
temperature of the cryogenic environment for various types of steel, which allows us to further verify these 
recommendations.

In a number of review articles [55–59] over the past two decades, the authors have discussed the effects 
of cryogenic treatment on various metals and materials. Despite a significant amount of research confirming 
the advantages of cryogenic treatment, there remains a need for comprehensive research specifically into 
surface carburizing methods, where experimental studies are still insufficient. Most of the work in the field 
of surface hardening using concentrated heat sources [8–22] is aimed at increasing the hardness and wear 
resistance of steel. One of the main problems of traditional heat treatment of steels by quenching and tem-
pering is the content of residual austenite (γR), which is soft, unstable at low temperatures, and transforms 
into brittle martensite during operation. The role of residual austenite in the friction process has not yet been 
fully studied, and what percentage (1, 10, 20, 25%) favorably affects the increase in wear resistance is also 
a matter of debate. The transformation of austenite into martensite is associated with a volume expansion 
of approximately 4%, which causes deformation of the components. Thus, to minimize the γR content in 
steels, either treatment at sub-zero temperatures or repeated tempering at relatively high temperatures and/
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or for longer periods are used. The advantages of cryogenic treatment for increasing the wear resistance of 
steels have been noted by researchers [46–48]. However, the mechanisms responsible for the increase in 
wear resistance during cryogenic treatment have not yet been established. Some researchers [46–48, 56, 
57] argue that the increase in wear resistance occurs solely due to the transformation of γR into martensite. 
However, this phenomenon is a common feature of both cold treatment (down to –80 °C) and cryogenic 
treatment (–196 °C), and therefore the significant increase in wear resistance of steels during cryogenic 
treatment compared with cold treatment cannot be explained solely by the minimization of γR.

Although the mechanism underlying the improved wear resistance during cryogenic treatment has not 
yet been fully elucidated, the presented wear data on cryogenically treated steels also do not provide any 
indication for quantifying the degree of improvement. Therefore, it is difficult to summarize the existing 
results to obtain a unified picture. In our future research, we will continue this work, specifically by 
conducting wear tests on specimens with varying residual austenite contents in the surface layer after laser 
carburizing.

Conclusions

1. It has been established that during laser surface carburizing at a scanning speed of 3 mm/s and a laser 
power of 1 kW, using a graphite powder mixture with a concentration of 10 to 50%, residual austenite is 
formed in the carburized layer within the range of 5.8–24.9%.

2. Diffraction peaks for γ, namely (200), (220), and (311), as well as peaks for α (200) and (211), were 
analyzed. Peaks corresponding to hardened martensite and residual austenite were detected. The maximum 
amount of residual austenite is observed at depths ranging from 60 to 280 μm, with values varying between 
11 and 21%.

3. Cryogenic treatment of samples after laser carburizing with an exposure time of 2–5 hours, fol-
lowed by subsequent tempering, allows a 1.5- to 2-fold reduction in the amount of residual austenite in the 
carburized layer. Cryogenic treatment for 10 hours did not result in any additional reduction of residual  
austenite.

4. Cryogenic treatment of samples after laser carburizing with an exposure time of 2–5 hours, followed 
by subsequent tempering, significantly increases hardness. Macrohardness on the HRC scale increases by 
1–2 units, while microhardness on the Vickers scale increases by 100–180 units.
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