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Abstract

Introduction. Modern materials require a deep understanding of their structure in order to predict their performance
properties. However, the use of various imaging techniques and programs, such as optical and electron microscopy, is
limited to two-dimensional images, making it difficult to fully analyze the morphology of materials. Despite research in
this field, there is still a lack of knowledge about the three-dimensional organization of materials, leading to gaps in our
understanding of how geometry affects the physical properties of composite materials. Image] was chosen for this study
due to its versatility and ability to support multiple formats, simplifying the process of analysis. It also offers powerful
tools for automated processing and allows users to extract three-dimensional information from two-dimensional images.
This is crucial for accurately identifying structural components. The current study aims to fill in the missing information
by analyzing the morphology of a steel ferrite-martensite composite. The aim of the work is to determine the 3D surface
structure of the composite, which will improve understanding of its performance characteristics and confirm the
significance of selecting appropriate visualization techniques.

Materials and Methods. An image of the microstructure of a steel natural ferrite-martensitic composite (NFMC),
obtained using a Metam PB-22 optical microscope, was chosen as the starting material for analysis. The microstructure
in question consists of two phases: the light phase being ferrite and the dark phase being martensite. The Imagel
program, which has been adapted to various formats of electron microscopic and metallographic images, was used to
obtain a wide range of geometric characteristics of the surface.

Results. A study using Imagel] software on the microstructure of a steel ferrite-martensitic composite revealed a
characteristic lineage structure consisting of a light phase (ferrite) and a dark phase (martensite). Image processing,
including scaling and segmentation, led to the conversion to black and white format, allowing for clear visualization of
the boundaries between the phases and the geometric shapes of the particles. The four-parameter Rodbard calibration
function provided additional data on area, standard deviation, skewness, and kurtosis, making it difficult to analyze the
structure. As a result, ferrite occupied 40.8% of the area, while martensite occupied 59.2%. The surface profile revealed
an alternating pattern of misoriented crystals, and the quantitative information allowed for the creation of a clear 3D
image of the composite surface.

Discussion. The thickness of grain boundaries in pixels was found to be thinner in this graphic editor than in others,
which affected the area and, consequently, the amount of light phase. The change in the quantitative ratio of ferrite-
martensite phases was due to the program's ability to suppress image “noise” and more clearly read the unrecognized
gray phase, with some of it belonging to the light phase and some to the dark phase.

With the advancement of technology and the increasing demands for strength and wear resistance, understanding the
microstructure of materials has become crucial for optimizing their properties. The selection of appropriate imaging
techniques, such as the use of ImageJ software, not only allows for accurate data on phase distribution, but also contributes to
a more in-depth analysis of mechanical properties such as hardness and corrosion resistance. These aspects are important in
the context of the development of innovative technologies where reliability and durability are essential factors.
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Conclusion. The use of the ImageJ software package for visualization in 2D and 3D graphics and qualitative and
quantitative analysis of the surface morphology of heterogeneous structural states of materials is a convenient, effective
and informative way to obtain geometric characteristics of particles of structural components. It is also possible to map
the shape and size of particles. Automation of this process leads to time and resource savings, minimizing the influence
of subjective factors on results at different stages of analysis. Identification of the 3D surface structure of composites
helps to deepen our understanding of their operational characteristics, which is crucial in the context of modern
technological demands. This knowledge allows us to develop new materials with improved properties such as strength,
wear and corrosion resistance. Furthermore, it enables us to predict how materials will perform in actual conditions.
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Beeoenue. CoBpeMeHHbIE MaTepHaibl TPEOYIOT IITyOOKOTO MOHUMAHUS UX CTPYKTYPBI [Ulsl HPOTHO3UPOBAHUS HKCILTya-
TAIMOHHBIX CBOWCTB. [IprMeHEHNE Pa3IUYHBIX METOIUK M MPOTpPaMM i BH3YaIM3alldd, TAKUX KaK ONTHYCCKAas W
AJIEKTPOHHAsT MUKPOCKOIIHS, OTPaHUUYCHO JABYMEPHBIMU H300PaXKCHUSAMU, YTO 3aTPYIHICT JCTANbHBIA aHAIU3 MOPQO-
noruu. HecMOTpsi Ha HalMuWe WCCIIEOBaHUI B 9TOM 00JNACTH, CYIIECTBYET HEJIOCTATOK B MOHMMAHHU TPEXMEPHOH
OpTaHM3AIMOHHON CTPYKTYPBHI MAaTEPHANOB, YTO CO3/aeT MPOOEesl B 3HAHUH O BIMSHUHM T€OMETPHH Ha (PU3UIECKUe
cBoMcTBa KoMIo3uTOB. [IporpamMmma ImageJ Oblia BeIOpaHa I JaHHOTO HUCCIIENOBaHUS Onaromaps CBoel MHOTO(YHK-
HOHAIBHOCTH W TMOJAEP)KKE MHOXKECTBa (OPMATOB, YTO 3HAYMTENHHO ympomaeT aHanmn3. OHa Taxke INpeliaraert
MOIIHBIE WHCTPYMEHTHI U aBTOMATH3AIlMHM IPOIECCOB M IMO3BOJAECT HM3BIEKaTh 3D-mHpOpPMaNWio W3 ABYMEPHBIX
U300paKeHUIA, YTO KPUTUYHO JUIS TOYHON HMICHTU(UKAIMH CTPYKTYPHBIX KOMIIOHEHTOB. Hacrosinee ucciemnoBaHue
HalpasJIeHO HA yCTpaHeHHe Hejpocrarouield nHpopmanny, Goxycupysch Ha aHaIu3e MOPQOIOTHH CTaIbHOTO (eppHuTo-
MapTeHCUTHOTro KoMnosuta. Llens pabotel — uaenTudukanust 3D-CTpyKTypbl IOBEPXHOCTH KOMIIO3UTA, YTO ITO3BOJIUT
YIIYYIIATh TOHUMAHKUE €T0 IKCILTYyaTallMOHHBIX XapaKTCPUCTHK U MOATBEPIUTh 3HAYUMOCTh BBIOOPA MMOJXOISIIUX ME-
TOJIOB BU3YyaJIM3aLHH.

Mamepuanst u memoosl. B kadecTBe HCXOTHOTO MaTepHaja Uil aHaNIn3a ObITO BRIOpaHO M300paKEeHHE MUKPOCTPYK-
TYpPBI CTATLHOTO €CTECTBEHHOTO (heppHuTOo-MapTeHCHTHOTO kKommo3uta (EDPMK), monydeHHOe Ha ONTUYECKOM MHKPO-
ckorie Metam PB-22. PaccmarpuBaemast MUKPOCTPYKTYpa COCTOUT M3 2-X ¢a3, Tie cBeTion (a3oi sBiseTcs Geppur, a
TeMHOI — MapTeHcuT. Mcnonp3oBaiack nporpamma Imagel, anantupoBaHHas MO pa3IudHbIE (HOPMATHI AIEKTPOHHO-
MHKPOCKOTIMIECKUX M METaIUIorpaduecKux N300pa’keHUH W TO3BOJIIONIAs MONIYyIUTh IUPOKUI HAOOp reoMeTpude-
CKUX XapaKTCPUCTHK MOBEPXHOCTH.

Pesynemamut uccnedosanusn. VccnenoBanue ¢ HCHOJIB30BaHUEM IIPOrpaMMHOro obdecrieueHus Image] MUKpocTpyKTy-
PBI CTaJIBHOTO (DEPPHUTO-MAPTEHCUTHOTO KOMIIO3UTA BBISBUIIO XapaKTEPHYIO CTPOUEHHYIO CTPYKTYPY, COCTOSIIYIO U3
cBerioil ¢asel (peppura) m Temuol Qaspr (MapreHcuta). OOpaboTKa M300paKEHHUH, BKIIIOYas MaclITaOMpOBaHUE U
CErMEHTAINIO, TTPHBEJIa K IPeoOpa30BaHMIO B UepHO-0ebIi (hOpMAaT, YTO IMO3BOJIMIIO YETKO BH3YaJIM3UPOBATh IPaHUIIBI
Mexnay (azamm U reoMerpudeckne Gopmbl dacTull. YeTwhIpexmapameTprudeckas kaauOpoBouHas ¢QyHkIws Pomdapma
obecrieymia TOTONHATENbHBIE TaHHBIE O IO, CTAHAAPTHOM OTKIOHEHHH, aCHMMETPHH U 3KCIIECCe, YTO 3aTPyA-
HSET aHaNW3 CTPYKTYpHl. B pesymprare otmeueno 40,8 % mmomanu, 3aHATHIH (epputom, u 59,2 % — MapTEHCUTOM.
[Ipodwmre MOBEepXHOCTH MOKA3BIBACT UEPEIOBAHUE CIOEB M3 Pa30OpHUEHTHPOBAHHBIX KPUCTAJUIOB, a KOJMYCCTBEHHAs
nH(pOpMaIUS MO3BOJIMIIA CO3/1aTh YeTKoe 3D-n300pakeHre MOBEPXHOCTH KOMITO3UTA.

Obcyscoenue. VamepsieMas B MUKCEISIX TOJNIIMHA TPAHUIL 36PCH OKA3bIBACTCSI TOHBIIIE, YeM B IPYTUX IpaMYecKux perak-
TOpax, 3a CYET Yero M3MEHSETCS IUIOIaJb U COOTBETCTBEHHO KOJIMYECTBO CBETJIOW (ha3bl. M3MeHeHHe KOJINYEeCTBEHHOTO
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cooTHOIeHUs (a3 «HeppUT-MaAPTEHCUT» CBSI3aHO C TEM, YTO B MPOrpaMMe MOJAABIISETCS «IIyM» H300payKeHHsI U Hepacro-
3HaHHas cepast (paza MpoUNTHIBACTCS OOJIee YETKO: YaCTh €€ OTHOCHUTCS K CBETIION (hasze, U 4acTh — K TEMHO.
B ycroBHsIX COBPEMEHHBIX TEXHOJIOTUH M BBICOKHX TPCOOBAHHN K MPOYHOCTH U U3HOCOCTOMKOCTH, MOHUMAHUE MUKPO-

CTPYKTYPBI CTAHOBUTCS KIJIFOUEBBIM I ONITHMH3ALMU CBOWCTB MaTepHalIoB. BBIOOp MOAXOAAIIMX METOOB BU3yasIn3a-
LIMH, TAKKX KaK IPUMEHEHHE NMPOrpaMMHOro odecriedenust ImageJ, He TOJIBKO MO3BOJISIET MMOJMYYHUTh TOUHBIE JaHHbBIE O
pactpeneneHnn (a3, HO TaKKe CIIOCOOCTBYeET Oolee TIIy00KOMY aHaIH3y MEXaHMYECKUX CBOWCTB, TAKUX KaK TBEPIOCTh
U YCTOHYMBOCTH K KOPPO3UH. DTH aCHEKThl Ba)KHbI B KOHTEKCTE POCTA MHHOBALMOHHBIX TEXHOJIOTHH, TJIe HAaJIEKHOCTh
U JJOJITOBEYHOCTH MAaTEPUAJIOB UIPAIOT LIEHTPAIBHYIO POJIb.

3akntouenue. Ilpumenenne nporpaMMHoOro koMiuiekca ImagelJ miis Buzyanusanuu B 2D u 3D rpaduke n kauecTBEHHO-
T'0 M KOJIMYECTBEHHOT'O aHAJIN3a MOP(OJIOTHH IIOBEPXHOCTH T€TEPOTeHHBIX CTPYKTYPHBIX COCTOSIHUI MaTepHalOB SBIIS-
ercsi ynoOHbIM, 3(p(eKTHBHBIM M MH(GOPMATHBHBIM CIIOCOOOM IOJYYEHHS I'€OMETPUYECKHX XapaKTEePUCTHUK YaCTHI]
CTPYKTYPHBIX COCTaBISIONIMX. Tarke BOSMOXKHO NPOBEICHHS KapTUPOBaHUS (HOPMBI H pa3MEpOB YacTHL. ABTOMATH-
3alys Ipolecca MPUBOJUT K SKOHOMHHM 3aTpaT BPEMEHH M PECYypPCOB, MUHUMU3UPYET BIHUsSHHE CyOBbEKTUBHBIX (akTo-
POB Ha pe3yJbTaT Ha pa3HbIX dTanax npoBeieHus aHanusza. Mnentudukanus 3D-cTpyKTyphl OBEPXHOCTH KOMITO3UTA
MIOMOTAeT YITyOUTh 3HAaHHS O ero SKCIUIYaTAlMOHHBIX XapaKTePHCTHKaX, YTO KpallHe aKTyallbHO B YCJOBHSAX COBpE-
MEHHBIX TEXHOJIOTMYECKUX TpeOOBaHMH. DTO MOHMMaHHE MMO3BOJISIET pa3padaThiBaTh HOBbIE MaTepuallbl, YIydllaTh UX
XapaKTePUCTUKH, TAKAE KaK IPOYHOCTH, H3HOCOCTOMKOCTh M YCTOMYMBOCTh K KOPPO3UH, a TaKXKe NMPEACKa3bIBaTh, KaK
MaTepHalibl OyAyT BECTH ce0sl B PealibHBIX YCIOBHUSX.

KaioueBnie cioBa: Imagel, KOMIIO3UT, MapTEHCUT, TPOGIIIb TIOBEPXHOCTH, MUKCEIh, MUKPOCTPYKTYypa, MaciuTad

BaarogapHocTH. ABTOPBI BBIPQKAIOT OJ1aroJapHOCTh PEAAKIUH M PEIICH3CHTAM 3a BHHUMATEIbHOE OTHOIICHHE K
cTaTbe M yKa3aHHBIC 3aMEYaHHsI, KOTOPBIC TIO3BOJIIIIH MOBBICHTE €€ KaueCTBO.

Jost murupoBanms. lyka B.B., Apedrena JLII. Unentudukanus MopQoiorny NOBEpXHOCTH CTAILHOTO €CTECTBEHHOTO
(eppUTO-MapTEeHCUTHOTO KOMIIO3UTA C HCIOJB30BAaHWEM HporpamMMHoro obecnedenus Imagel. Besonacrnocme
MexHO2eHHbIX U nPupooHsbix cucmenm. 2025;9(3):221-229. https://doi.org/10.23947/2541-9129-2025-9-3-221-229

Introduction. Currently, many techniques and specialized computer programs are actively used in the field of
materials science, allowing for the expansion of visualization capabilities for material structures through increased
resolution. This, in turn, increases the likelihood of predicting operational properties. The morphology of the surface, its
chemical composition, and structural components are key indicators in the study of the structure of materials, as they
directly influence material properties, behavior, and performance characteristics. Traditional methods for determining
surface morphology include several techniques that allow for assessing topography, roughness, structure and defects of
the surface. These include optical microscopy, scanning electron microscopy, transmission electron microscopy,
profilometry, and others. However, all these methods, despite their widespread use, only allow for the acquisition of
two-dimensional images. This limits the information that can be obtained about the surface relief formed by the phase
composition of the material. Additionally, these methods are typically destructive in nature. At the same time, the use of
software algorithms based on modern digital technologies allows for the extraction of three-dimensional (3D)
information from two-dimensional images of structures without losing resolution. This also enables efficient storage
and quick interpretation of 3D images at both micro- and nano-levels. Electronic 3D structural images enhance the
reliability of morphological organization of the material due to precision detail. This allows for precise estimation of
geometric dimensions of structural components and local determination of their physical and mechanical properties,
minimizing errors. When selecting programs for visualizing 3D images, it is essential to consider the goals and
objectives of the study, as well as the convenience of working with the interface and its functionality. Currently, there is
a wide range of image processing applications with a diverse set of capabilities. Among the available software packages
such as Adobe Photoshop [1], Gimp [2], CellProfiler [3], Huygen [4], Leica QWin [5], Gwyddion, ImageJ stands out
for its versatility, support for multiple formats, flexibility, performance and automation capabilities. These qualities
make it especially in demand when working with images [6]. The digital image processing method for analyzing the
surface relief using the ImageJ program allows extracting 3D information from 2D images obtained through optical
microscopy without losing resolution [7]. This is particularly important for identifying the morphology of composite
structural components and then interpreting its properties as a whole. In this study, we use the ImageJ software for the
first time to study a natural ferrite-martensitic composite [8]. The aim of the work is to identify the surface morphology
of natural steel ferrite-martensitic composite using ImageJ software.
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Materials and Methods. The object of the study was an image of the microstructure of a natural ferrite-martensitic
composite obtained using a Metam PB—22 optical microscope [9].

To obtain additional information about the structural state of NFMC, the ImageJ program was used. It was adapted
to various formats of electron microscopic and metallographic images [10]. The program allows you to calculate the
area, length, volume, perimeter, and angular dimensions of the surface of structural components, including statistical
indicators both in pixel values and in the SI system [11]. In this case, the geometric characteristics were determined as a
result of sequential mapping of the structure (Fig. 1) with subsequent integration of the entire image area [12].

e
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Fig. 1. Sequential mapping of the NFMC structure

The “Set Measurements” option of the program allows users to calculate both total and relative area of particles in
structural components, as well as their average size [9—12, 13]. The four-parameter Rodbard calibration function,
according to Equation 1, accurately identifies the shades of black and white by analyzing the pixel intensity along a line
inside the image and converts a 2D surface into a 3D image [13, 14].

(1)

where y — function value; x — independent variable; d — maximum function value (upper asymptote); a — minimum
function value (lower asymptote); b — parameter that determines the slope (steepness) of the curve; ¢ — value at which
the function takes a value equal to the midpoint between a and d.

NFMC is a composite material based on hot-rolled pre-eutectoid 14G2 structural steel with an initial ferrite-pearlite
lineage structure. After quenching from the inter-critical temperature range (ITR), the structure of such a composite
consists of alternating layers of ferrite and martensite, which act as a reinforcing component. This structure makes it
possible to obtain an unusual ratio of high plasticity, viscosity, and strength.

It is known that in NFMC, the main indicators of mechanical, physical and operational properties are determined by
the chemical composition and the quantitative phase ratio. The ratio of the volume fractions of ferrite and martensite as
well as the microhardness of the hardening phase depend on the ITR tempering temperature. It was found that when
quenched at a temperature of 730°C the volume fraction of the martensitic component did not exceed 25-30%, and its
microhardness was 735-740 MPa. When quenched at a higher temperature of 780°C, a martensite structure was formed
with a higher volume fraction of 55-60%, but with a lower microhardness of 450—455 MPa. The decrease in
microhardness was due to the fact that with an increase in the quenching temperature in the ITR, the amount of carbon
in martensite decreased [15].

Results. Figure 2 a, obtained using a Metam PB—22 optical microscope, shows the characteristic lineage structure of
NFMC, which consists of layers of a light phase — ferrite, and a dark phase — martensite. However, it was difficult to
detail the structural components. After preprocessing the image by sequentially scaling, segmentation, and extraction of
geometric characteristics, ImageJ converted the image to a black-and-white 8-bit format (Fig. 2 b), where each pixel
was a single byte value in the range from 0 to 255, indicating brightness. This increased the contrast of the image,
making the geometric shapes of the particles and boundaries between phase layers more visible. This significantly
expanded the possibilities for structural analysis of 2D images of the heterogeneous morphology of natural ferrite-
martensitic composite [16].
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Fig. 2. NFMC microstructure after hardening from ITR (light area — ferrite, dark area — martensite):
a — NFMC microstructure before processing in the ImageJ program;
b — NFMC microstructure after conversion to black-and-white graphics using the ImageJ computer program

The use of a four-parameter Rodbard calibration function (Fig. 3) made it possible to extract additional information
on the structural components parameters set in the “Set Measurements” option — the total study area, standard
deviation, asymmetry, and kurtosis of the pixel image, the fraction of the area and the perimeter of the analyzed phases.
The values of these parameters, after scaling, are presented in Table 1.
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Fig. 3. Rodbard's four-parameter calibration function, g

on the X-axis — distance along the line, on the Y-axis — pixel intensity %

Table 1 §

The results of the specified measurements in the “Set Mesurements” dialog box %
Parameter Meaning :E;

Area (px1)/(um?) 313,908 / 66,789 §

Standard deviation 124.7 %

Skewness 0.4 gﬁ

Area fraction of the light phase — ferrite (%) 40.8 S
Area fraction of the dark phase — martensite (%) 59.2 f‘;
Mean gray value 101.0 ;,
Perimeter(px1)/(pm) 2,248 / 478.3 é

Kurtosis -1.8 %’
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Based on the data obtained, a two-dimensional graph of the profile was constructed (Fig. 4). From this graph, it was
concluded that a lineage structure was formed on the NFMC surface, the distinctive feature of which was the presence
of alternating layers of martensite and ferrite consisting of crystals disoriented in space. This could be seen by the local
maxima and minima in the profile.

140
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80+ W

Value of gray color

60+

40t

Distance, um
Fig. 4. NFMC surface profile

The use of the “Analyze Particles” function, which was built into the “Set Measurements” option, allowed objects to
be filtered by size and shape. This made it possible to determine the total and relative areas of the structural components
in question, as well as their average size. Thus, the total number of dark and light phase particles over the entire image
area was 1,088, of which 27,316 um? or 40.8% of the total area of 66,789 um? was occupied by a light ferritic
component with an average size of 4.72 um, and the remaining proportion of 39,473 um? or 59.2% was occupied by a
dark martensite phase with an average size of 5.29 um. Quantitative information about the location and intensity of
pixels allowed us to obtain a clear 3D image of the NFMC surface profile (Fig. 5)

i Tﬂ i
W

Fig. 5. 3D image of the NFMC surface profile


https://bps-journal.ru/

Safety of Technogenic and Natural Systems. 2025;9(3):221-229. eISSN 2541-9129

Discussion. It is known from [17, 18] that the percentage ratio of ferrite and martensite phases after quenching at
790-800°C averages 35/65-30/70. The quantitative ratio of ferrite and martensite in the image studied in the Imagel
program turned out to be, respectively, ~ 40/60. The deviation of the data obtained from the results of [17, 18] is
explained by the fact that the ImageJ program processes images based on peak intensity, which makes it possible to
view grain boundaries more accurately. The thickness of the grain boundaries, measured in pixels, turns out to be
thinner than in other graphic editors, which, in turn, changes the area and the corresponding amount of light phase.
The change in the quantitative ratio of the ferrite-martensite phases is due to the fact that the “noise” of the image is
suppressed in the program, and the unrecognized gray phase is read more clearly: part of it belongs to the light phase,
and part to the dark one. The results obtained make it possible to more accurately quantify the degree of
heterogeneity and the location of ferrite and martensite in the studied image. The results are in good agreement with
the work data and generally correspond to the visual images obtained.

Conclusion. The ImageJ program offers convenient tools for visualizing and documenting the results of studies on
heterogeneous structural states of materials with various functional purposes. It allows users to create reports with
visual illustrations in 2D and 3D graphics formats. A wide range of built-in options enables users to evaluate various
geometric parameters of particle morphology and, based on this, analyze shape, size, location, quantity, and even
perform mapping. The use of this software package to study the NFMC surface morphology by processing photographs
of the microstructure significantly increases the efficiency, accuracy and objectivity of the study. Automating the
process significantly saves time and human resources, as well as minimizes data variability associated with manual
processing. The use of such tools is especially beneficial when combined with traditional data collection methods, as it
allows for a more comprehensive and reliable understanding of the properties and structure of materials.
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