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PREDICTION OF MECHANICAL PROPERTIES OF 40KHMFA STEEL
BASED ON MULTIFRACTAL ANALYSIS OF MICROSTRUCTURE

Purpose. The purpose of the study is to develop and scientifically substantiate a method for quantitative
assessment and prediction of mechanical properties (tensile strength, yield strength, relative elongation) and resistance
to hydrogen sulfide corrosion-mechanical destruction of 40KHMFA steel based on multifractal analysis of the
parameters of its bainite-martensitic microstructure after various heat treatment regimes.

Research methods. The research was carried out on 40KHMFA steel (0.42% C; 0.87% Cr; 0.25% Mo; 0.14% V).
The samples were quenched from 860 °C in oil with subsequent high tempering in the temperature range of 660-740 °C
(step 20 °C) with holding times of 5, 30, 60 and 90 minutes. Mechanical tests included static tensile testing on standard
cylindrical samples, determination of impact strength on Charpy samples with a V-shaped notch and hardness
measurements by the Rockwell and Vickers methods. Microstructural analysis was performed using optical
metallography after mechanical grinding, polishing, electrolytic polishing and etching in 4 % nital. Multifractal
analysis of microstructure images was performed by calculating the generalized Renyi dimensions (Dq), the singularity
spectrum f(a) and the derived parameters: Do, A, K and the spectral width Af(a) separately for the bainite and
martensitic components. Resistance to hydrogen sulfide cracking was assessed according to standardized methods in an
environment saturated with H>S.

Results. With increasing temperature and duration of tempering, a regular decrease in strength characteristics (o,
and oy and an increase in plasticity (ds) is observed. Multifractal parameters sensitively reflect the evolution of the
microstructure: a decrease in Do contributes to improving plasticity, and an increase in the parameters A and K — t0
increasing resistance to plastic deformation. Regression models with high coefficients of determination (R2 = 0.86—
0.95) have been developed, which allow reliable prediction of mechanical properties exclusively from the multifractal
characteristics of the microstructure. It is shown that long-term tempering at 700 °C preserves the acicular
morphology, but is accompanied by coagulation growth of carbide particles.

Scientific novelty. The scientific novelty of the work lies in the first systematic application of multifractal analysis
for the quantitative characterization of the bainite-martensitic microstructure of 40KHMFA steel in order to predict its
mechanical properties and resistance to hydrogen sulfide corrosion-mechanical destruction. For the first time,
quantitative correlations between the parameters Do, A, K, Af(a) and the indicators of strength and ductility were
established, and regression dependencies were developed that allow for non-destructive assessment of material
properties. The higher informativeness of the multifractal approach compared to traditional methods of quantitative
metallography in the analysis of substructural changes was proven.

Practical value. The developed multifractal method and regression models can be used to create digital systems
for non-destructive quality control and predict the durability of pipelines and structural elements operating in
aggressive hydrogen sulfide environments of the oil and gas and nuclear power industries. The proposed optimal heat
treatment regime — of quenching from 860 °C in oil with subsequent tempering at (700 £ 10) °C for 90 minutes —
provides a rational balance of strength, ductility and corrosion resistance of 40KHMFA steel. This makes it possible to
reduce the volume of destructive mechanical tests in the production of dual-purpose pipes.

Key words: multifractal analysis, 40KHMFA steel, bainite-martensitic structure, heat treatment, mechanical
properties, hydrogen sulfide corrosion-mechanical destruction, regression modeling, forecasting, non-destructive
testing, pipeline steels.

operated in aggressive environments of the oil and gas
industry. HSCC occurs due to the combined action of

Resistance to hydrogen sulfide corrosion cracking corrosion, mechanical stresses and diffusion of atomic
(HSCC) is one of the main problems for pipeline steels hydrogen into the metal, which leads to the formation of
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cracks and premature failure of structures. Low-alloy
steels of the 40KHMFA type (analogs of Cr-Mo-V
steels) are particularly sensitive to this type of failure due
to the peculiarities of the phase composition, the
presence of non-metallic inclusions and microstructural
inhomogeneities.

Heat treatment significantly affects the balance of
strength and ductility of such steel, as well as its
corrosion resistance. Therefore, it is urgent to find
effective methods for quantitative assessment of the
microstructure, which would allow predicting operational
properties without conducting destructive mechanical tests.

Analysis of research and publications

The mechanical and corrosion properties of alloyed
steels depend on the microstructure, distribution of
alloying elements and non-metallic inclusions. Sulfides
and oxides often become the sites of crack initiation in
environments containing H-S.

NACE TMO0177 and TMO0284 are used to assess
resistance to SCR and hydrogen cracking. Studies show
that tempering in the range of 700-715 °C provides the
best compromise between strength and embrittlement
resistance for Cr-Mo steels.

Recently, fractal and multifractal methods have
been actively used for quantitative characterization of
complex structures, corrosion defects and failure
mechanisms. Multifractal analysis, unlike classical
fractal, allows for a more detailed assessment of the
heterogeneity, order and regularity of the microstructure
through the spectrum of generalized Renyi dimensions
(Dq) and the spectrum of singularities f(a).

Despite the significant number of works on fractal
analysis of corrosion and inclusions, there is a lack of
systematic research on the application of the multifractal
approach specifically to 40KHMFA steel for predicting
resistance to SCR. This necessitates the development of
an appropriate  methodology. The performance
characteristics and durability of alloyed steels are largely
determined by the features of their microstructural
structure, phase composition, the nature of the
distribution of alloying components, as well as the
presence and morphology of non-metallic inclusions [1-
5]. Inclusions of non-metallic nature, in particular sulfide
and oxide particles, play the role of local stress
concentrations and can act as centers of crack initiation
in environments containing hydrogen sulfide. This, in
turn, intensifies localized corrosion processes and
contributes to the accumulation of diffuse hydrogen in
the metal [1, 2]. It has been established that hydrogen
sulfide corrosion cracking is activated in aggressive
acidic environments (pH < 4) under conditions of
increased partial pressure of H2S (over 0.0034 bar), when
atomic hydrogen penetrates the crystal lattice of steel and
causes its brittle fracture [7, 8].

To quantify the resistance of materials to this type
of fracture, standardized test methods are widely used, in
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particular NACE TMO0177 (uniaxial tensile method) and
NACE TMO0284 (determination of susceptibility to
hydrogen-induced cracking, HIC). These approaches are
focused on determining both mechanical characteristics
and corrosion resistance of the material [2, 7, 8]. In
particular, for low-alloy steels, it has been shown that an
increase in the nickel content above 1 wt.% can lead to a
decrease in the SCR resistance due to the formation of
unstable phase components [1, 9]. At the same time, for
Cr-Mo steels, a significant effect of the tempering
temperature on the formation of the martensitic-bainite
structure and the corresponding susceptibility to fracture
has been established: the optimal range of 700-715 °C
provides a favorable combination of strength and
ductility with a reduction in the risk of embrittlement
[10].

In modern research, digital approaches to materials
analysis are becoming increasingly  widespread,
including mathematical modeling, the concept of digital
twins, and machine learning methods. Such tools allow
predicting the behavior of materials under operating
conditions with increased accuracy [6, 9]. Among them,
fractal and multifractal methods occupy a special place,
which are used to quantitatively describe the complexity
of the microstructure, the geometry of corrosion damage,
and the mechanisms of fracture [11-13].

The fractal approach, in particular the use of fractal
dimension D, is effectively wused to analyze
heterogeneous corrosion processes in pipeline steels. For
example, for steel grade X80, it was found that the
parameters of the fractal geometry of corrosion defects
allow estimating the fracture pressure and predicting the
development of cracks [14-18]. Similarly, when studying
the corrosion behavior of 316L stainless steel, a clear
relationship was found between the value of the fractal
dimension and its resistance to hypochlorite
environments [19].

The use of fractal analysis to assess the influence of
non-metallic inclusions on the properties of structural
steels, in particular of the S355J2 type, has shown a close
correlation between the fractal characteristics of the
structure and the indicators of strength and impact
toughness [2]. Similar results have been obtained in the
study of surface-modified materials: fractal modeling
after ion-plasma chromium plating or TiN-type coatings
indicates an increase in wear resistance, which is due to
changes in the morphology of the surface layer [20, 21].

Multifractal analysis is a further development of the
fractal approach and allows the study of complex
heterogeneous systems by determining the spectrum of
singularities f(a) and generalized dimensions Dq. This
provides a deeper characterization of the structure,
including the degree of its homogeneity, order, and
statistical regularity [6, 13]. In the field of pipeline
transport, such methods have already demonstrated their
effectiveness in analyzing the failure processes of composite
pipes and predicting their mechanical behavior [6].
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However, despite a significant number of studies,
the issue of using multifractal analysis to assess the
resistance to hydrogen sulfide corrosion cracking of
40KHMFA steels remains insufficiently addressed. This
is especially important given the specificity of their
bainite-martensitic microstructure and the role of non-
metallic inclusions in the fracture processes [20-22].
Traditional analysis methods often do not take into
account the complex multifractal nature of corrosion
damage, which can lead to underestimation of the risk of
crack initiation [22-24].

In this context, the application of a multifractal
approach to predicting the mechanical properties and
resistance of 40KHMFA steel to hydrogen sulfide based
on the analysis of its microstructure opens up new
prospects for optimizing heat treatment regimes and
improving the efficiency of quality control systems in
industry.

Purpose of work

The aim of the work is to develop a method for
predicting the mechanical properties and resistance to
hydrogen sulfide corrosion-mechanical destruction of
40KHMFA steel based on the multifractal characteristics
of its bainite-martensitic microstructure.

To achieve the goal, the following tasks were
solved:

- conduct heat treatment of 40KHMFA steel
(quenching from 860°C in oil and high tempering in the
range of 660-740°C with different holding times) and
perform microstructural analysis;

- apply multifractal analysis to bainite and
martensitic components and establish correlations
between the parameters Do, A, K, Af(a) and mechanical
characteristics (o5, 6t, 9.);

- develop regression models for predicting
properties exclusively based on multifractal indicators
and assess their accuracy.

Research material and methodology

The object of the study was 40KHMFA steel with
the following chemical composition (wt. %): C — 0.42;
Mn - 0.59; Si — 0.26; Cr — 0.87; Ni — 0.30; Mo - 0.25;
V -0.14.

The samples were quenched from 860 °C in oil,
after which they were tempered at temperatures of 660,
680, 700, 720 and 740 °C with holding times of 5, 30, 60
and 90 min. The temperature was controlled by a
thermocouple built into the sample.

Mechanical tests included tensile testing on standard
cylindrical specimens, determination of impact strength on
Charpy V-notch specimens, and Rockwell and Vickers
hardness measurements.
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The microstructure was studied after mechanical
grinding, polishing, electrolytic polishing and etching in
4% nital. The size of the former austenite grain was
determined by etching in picric acid with the additive
"Sintol". Resistance to SCR was assessed according to
standardized methods in an environment saturated with
hydrogen sulfide.

Research results

With increasing temperature and duration of
tempering, there is a natural decrease in strength (6. and
o) and an increase in plasticity (38s). At temperatures
around 700 °C, the effect of holding time on strength is
less pronounced due to the acceleration of diffusion
processes (Fig. 1).

Figure 1. Structure of 40KHMFA steel after heat treatment :
a-630...660°C;b-650...670°C;c-670...690° C,
x1250; d — austenitic structure , x400

With increasing tempering temperature and holding
time, there is a systematic decrease in strength
characteristics and a corresponding increase in ductility.
At higher tempering temperatures, the effect of holding
time on the decrease in strength is less pronounced
compared to lower temperatures. In the as-delivered
state, the steel had a tempered acicular bainite-
martensitic structure. Long-term tempering leads to
coarsening of carbide particles, but retains the acicular
morphology (Fig. 2).

The results of mechanical tests are shown in Fig. 3
(the relative elongation after heat treatment was ~
~ 65-70 % and therefore was not shown in the graphs).
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Figure 2. Microstructure of 40KHMFA steel in the as-delivered state and after tempering at 700 °C (holding time
x 500-fold increase): a — as-delivered state; b — 5 min; ¢ — 30 min; d — 60 min; e — 90 min
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Figure 3. The relationship between tempering temperature,
holding time on the mechanical characteristics of 40KHMFA
steel after quenching

Table 1 — Multifractal characteristics of the structure of 40KHMFA steel

Multifractal analysis of the microstructure was
performed using Renyi dimensions :

L q

L In%pi
D(q) = lim —1=—, 1
@ q-1 65w Ind M

where & —the size of the side of the square cell (box)
that covers the studied image of the microstructure (in
classical notation this parameter corresponds to ¢ ); pi
—the probability that a certain part of the object (e.g.,
pixel intensity, area of a particular phase or structural
element) falls into the i -th grid cell; q —the order of the
statistical moment (exponent), which can take on any
real values in the range from —o to +co.

The spectrum of singularities f(a) was obtained
through the Legendre transformation:

a =dz(q)/dg, 2
f(a) = gz - 7(q)- (3)

Based on the spectrum, the parameters of
homogeneity, order (A), and regularity (K) were
calculated.

The results of multifractal characteristics for
bainite and martensite are given in Table 1 (the batch
numbering corresponds to the different processing
regimes).

Batch number | Bainite Do| Bainite A|Beinit K|Bainite Af(a)|Martensite Do| Martensite A|Martensite K Magtfigs Ite
1 1.81 0.55 1.38 0.05 1.68 0.47 1.35 0.11
2 1.85 0.57 1.44 0.02 1.73 0.49 1.40 0.34
3 1.88 0.73 1.51 0.11 1.72 0.52 1.43 0.39
4 1.91 0.68 1.50 0.17 1.77 0.58 1.45 0.36
5 1.90 0.82 1.56 0.18 1.80 0.55 1.52 0.59
6 1.96 0.79 1.60 0.26 1.83 0.59 1.60 0.68
7 1.97 0.85 1.62 0.29 1.88 0.65 1.70 0.69
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Regression dependences have been developed:

c3=2821.32-11221 Do+ 111.26 A+ 216.78 K —
17.24 Af(a) (R? = 0.95) —for martensite;

6 1= 695.75 — 469.87 D o— 190.04 A + 573.35 K +
286.82 Af(a) (R* = 0.86) —for bainite;

85=20.99 +16.35 D o+ 28.03 A — 23.15 K + 5.28
Af(a) (R? = 0.88) —for bainite.

The analysis shows that bainite has higher Do, A and
K values compared to martensite, indicating greater
ordering. With changing processing regimes, the structure
becomes more multifractal, which correlates well with
changes in mechanical properties.

The proposed models allow for reliable prediction of
properties based on microstructural analysis data, which is
especially important for non-destructive quality control.

Conclusions

1. Multifractal analysis is an effective tool for
guantitatively ~ assessing the bainite-martensitic
microstructure of 40KHMFA steel after various heat
treatment regimes.

2. The parameters Do, A, K, and Af(a) sensitively
reflect changes in the heterogeneity and ordering of the
structure and allow for the prediction of strength and
ductility.

3.The developed regression models with high coefficients
of determination make it possible to evaluate mechanical
characteristics without conducting mechanical tests.

4. The optimum quenching regime for 40KHMFA
steel intended for dual-purpose pipes is 860°C in oil
followed by tempering at (700 + 10)°C for 90 minutes.
This regime provides the best balance of strength,
ductility and resistance to hydrogen sulfide cracking.

5. The multifractal approach surpasses traditional
metallographic methods in sensitivity to substructural
changes and opens up prospects for creating digital
systems for predicting the service life of structural
elements operating in aggressive environments.
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Mema pooomu. Memoio docniodcents € po3pobKka ma HaAyKose 0OTPYHMYBAHHA MemOoJY KiNbKICHOL oyinKu il npo-

2HO3YB8AHH MEXAHIYHUX 6AACMUBOCMell (MEeJCI MIYHOCMI HA PO3PUS, MeNCI MEeKYHOCMmI, 8IOHOCHO20 NOOOBI’CEHHS) Md
CMIUKOCmi 00 CipKOBOOHEB020 KOPO3IUHO-MeXxaHiuno2o pyuHysanus cmaii 40XM®A na ocrnosi mynrvmuppakmanviozo
aHanizy napamempis it 6etHimHo-MapmeHCUumHoi MiKpOCIMPYKMYPU NiCJIsL PI3HUX PENCUMIE MepMIYHOL 00poOKuU.

Memoou docnioxycennsn. /locniodcenns nposoounu na cmani 40XM®A (0,42 % C; 0,87 % Cr; 0,25 % Mo, 0,14 %
V). 3pasku niooasanu eapmyeannio 3 860 °C 6 oaii 3 nodansuium 6UCOKUM iOnyckom y oianazoHi memnepamyp 660—
740 °C (kpox 20 °C) 3 eumpumxamu 5, 30, 60 ma 90 xeunun. Mexaniuni 6unpodyeanHs 6KIOUANU CIMAMUYHUL PO3MAL
Ha CMAaHOAPMHUX YUTTHOPUYHUX 3PA3KAX, SU3HAYEHHs yOapHoi 6 ’siskocmi Ha 3paskax Llapni 3 V-nodionum Haopizom
ma eumipiosanus meepoocmi 3a memooamu Poxeenna i Bikkepca. MikpocmpykmypHuil ananiz UKOHY8aAIU 3a 00NOMO-
2010 ONMUYHOI Memanocpaii nicisa MexaniyHo2o ullighy8aHHs, NOIPYBAHHSA, eL1eKMPOIIMUYHO20 NOLIPYBAHHSA MA Mpa-
enenns 6 4 % wimani. MynemugpakmaneHuil ananiz 300paxceHb MiKpOCMPYKMypu 30IUCHI08ANU ULTAXOM PO3DAXYHKY
y3azanvhenux posmipnocmeti Penvi (Dq), cnexmpy cunzynapnocmei f(o) ma noxionux napamempie: Do, A, K i wuupunu
cnexmpy Af(a) okpemo ons betinimnoi ma mapmencumnoi cknaoosux. Cmitkicms 00 CIPKOBOOHE8020 PO3MPICKYEAHHSI
OYIHI08ANU 8IONOBIOHO 00 CINAHOAPMU30BAHUX MEMOOUK ) cepedosduuyi, HacuuyeHomy HoS.

Ompumani pesynomamu. 3i 30i1bUWeHHAM MeMNepamypu ma mpuaiocmi ionycKy CnoCmepieacmvcs 3aKOHOMi-
PHe 3HUIICEHHS. MIYHICHUX XAPAKMEPUCTNUK (0% I oY) ma 3pocmanis naacmuunocmi (0s). Mynvmughpaxmanoni napamem-
PU UYMAUBO BI006PANCAIOMb €80NIOYII0 MIKpOCMpPYKmypu: 3meHuents Do cnpuse nokpawjennio niacmuyHocmi, a 3po-
cmanns napamempie A ma K — nidsuwennro onopy niacmuunii degpopmayii. Pospobneno peepeciiini mooeni 3 6UcoKu-
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mu kKoepiyienmamu oemepminayii (R? = 0,86—-0,95), axi 003801510mb 00CMOBIPHO NPOSHO3Y8AMU MEXAHIYHI 61ACMUBO-
cmi BUKTIOUHO 30 MYTbMU@DPAKMATbHUMU Xapakmepucmukamu mikpocmpykmypu. Ilokazamno, wo mpuganuii 6ionyck
npu 700 °C 3bepicae ayukyispry Mop@oaoeiio, aie Cynposoo0NCyEMbCsi KOAYIAYIUHUM POCHOM KAPOIOHUX YACTMUHOK.

Haykoesa nosusna. Hayxosa nosusna pobomu nonsizae 6 nepuomy CUCMEMHOMY 3ACMOCYS8AHHI MYTbMU@dpakma-
JIBHO20 aHANi3y O/ KLNbKICHOI xapakxmepucmuxu 6eunimno-wapmencumuoi mikpocmpykmypu cmani 40XM®A 3 me-
MO0 NPOSHO3YEAHHSA IT MEXAHIYHUX GACMUBOCTEN | CIITIKOCMI 00 CIPKOBOOHEB020 KOPO3IUHO-MEXAHIUHO20 DYIUHYEAH-
Hs. Bnepuie 6écmanoeneno Kinvkicni kopeasyii misc napamempamu Do, A, K, Af(a) ma noxkasnuxamu miynocmi i niac-
MUYHOCTI, 4 MAKOXHC PO3POOIEHO pespecilini 3a1eHCHOCMI, AKI 003680A10Mb NPOBOOUMYU De3PYUHIBHY OYIHKY 61ACmu-
socmell mamepiany. JJosedeno suwyy iHpopmamusHicms MyrbmuQpaKmaibHo2o nioxooy NOpiGHAHO 3 MPAOUYIHUMU
Memooamu KilbKicHOi Mmemanozpaii npu ananizi cyoCmpykmypHux smiH.

Ilpakmuuna yinnicme. Po3pobaenuti mynomu@paxmanbHuti Memoo i pecpecitiii MOOeri MOA#CYyms Oymu UKopu-
cmai 011 CmeopenHst Yyupposux cucmem Oe3pyUHIGHO20 KOHMPOTIO SIKOCMI A NPOZHO3YEAHHS 006208I4HOCI MPYOO-
npoe6oodie i eleMeHmié KOHCMPYKYIl, Wo Npayoioms 6 acpecusHux CipKoBOOHesUx cepedosuuyax Hagmozazoeoi ma
amomHol eHepeemuxu. 3anponoHO8AHUL ONMUMATILHULL PeXCUM mepMiuHoi 06pobku — eapmyeanus 3 860 °C 6 oxii 3
nodanvwum sionyckom npu (700 £ 10) °C npomsicom 90 xeurun — 3abe3neuye payioHarbHul OALAHC MIYHOCMI, NAAC-
muynocmi ma kopo3iunoi cmiuxkocmi cmani 40XM®A. e oae 3moey ckopomumu 06cse pYUHIGHUX MEeXAHIYHUX GUNPO-

6y6ans y upoOHUYMEI mpy6d NOOBIIHO20 NPUSHAYEHHSL.

Knrouosi cnosa: mynemugppaxmanvnuii ananis, cmane 40XM®A, 6etunimuo-mapmencumna Cmpykmypa, mepmii-
Ha 06poOKa, MexauiuHi 61acmueocmi, CIPKOBOOHe8e KOPO3IUHO-MeXaHiuHe DYIUHY8AHHS, pecpeciliHe MOOen08aHHs,
NPO2HO3Y8AHHS, OE3PYUHIGHUT KOHMPOIb, MPYOONPOGIiOHi cmaii.
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