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Abstract. As part of the study, a method was proposed for assessing the metal purity for non-metallic inclusions using optical emission spec-
trometry. To assess the content of non-metallic inclusions in the slabs, two columns of metal were selected from two slabs of low-alloy metal
deoxidized with aluminum. Each column was divided into seven samples in the direction from the small radius of the continuously cast ingot
to the large one. We studied these samples to assess metal contamination with non-metallic inclusions using quantitative optical metallography
according to ASTM E1245-03, fractional gas analysis (FGA) and optical emission spectral analysis PDA. Analysis of the samples according
to ASTM E1245-03 standard showed that in all samples the percentage of oxides and sulfides is on average 10 and 90 %, respectively.
According to the results of FGA, it was concluded that such non-metallic oxide inclusions as aluminates predominate in the metal samples of
both ingots. A comparison was made between the results of the determination of oxygen in non-metallic inclusions obtained by FGA method
and the number of sparks in inclusions at the analysis by PDA method; analysis of the dependencies showed that there are two clearly defined
point distributions. To carry out PDA analysis, a program was developed that allows determining the number of inclusions of various types and
calculate their volume fraction.
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AHHOmMayus. B paMkax ucCIeIOBaHUs MPeNIoKeHa METOINKA OIEHKH YHCTOTHI METajula Mo HeMeTanieckuM BiimroueHussM (HB) ¢ ucmons-
30BaHUEM OINTHUKO-IMHUCCHOHHOMN crnekrpomerpuu. s oueHku coxepxkanust HB B cisibax oroOpaHbl MO JiBa CTOJNOMKAa MeTajula OT JIBYX
CI1100B HU3KOJIETHPOBAHHOTO METaIJIa, PACKUCICHHOTO aTfoMUHueM. Kax /bl CTOJIOMK Moje/ieH Ha ceMb 00pa3I0B B HAIIPABICHUH OT MAJIOTO
pazaunyca HENpPEepbIBHOIUTOMN 3aroTOBKM K 0ojbinoMy. Ha maHHBIX 00pa3iax nmpoBeIeHbI UCCIICAOBAHMS 10 OLEHKE 3arps3HEHHOCTH MeTajuia
HB metomamu KonmvecTBeHHOW omThueckoit Mertamnorpaduu mo cranaapry ASTM E1245-03, ¢pakuuonnoro rasosoro anamuza (PIA)
U OINTHUKO-DMHUCCUOHHOTO cnekTpainbHoro PDA ananuza. HccnenoBanust no crangapry ASTM E1245-03 nokasanu, 4to BO Bcex oOpasnax
MPOILIEHTHOE COOTHOIICHHE COEPKAHUS OKCHAOB M Cyab(uaoB B cpeanem cocraisier 10 u 90 % coorBercTBenHo. [lo pesynsraram ®I'A
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c/leslaH BBIBOJ] O TOM, YTO B Ipo0ax MeTajuia 000MX CIMTKOB IpeobnajaroT Takue okcujausle HB, kak amomunarsl. IIposesieHo cpaBHEHHE
pe3yabpTaToB ONpeAeIeHns coaepxkanns kuciaopoaa B HB, momydennoro metogom ®I'A, n konmyecTBa monaganuii UCKp (CIApPKOB) BO BKIIO-
YyeHus mpu aHanuze MetogoM PDA. Ananu3 3aBUCMMOCTEH TOKa3aj, 4TO €CTh [Ba YETKO BBIPAKEHHBIX pacrpeeneHus: Touek. Jis npose-
IeHust aHanu3a MetogoM PDA paspaborana mporpaMma, IO3BOJISIONIAs ONPeaeNuTs konndecTBo HB pa3nnuHbIX THIOB B 00pa3nax MeTasIa

1 PAaCCYUTATh UX OOBEMHYIO JIOJIIO.
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[ INTRODUCTION

The quality of steel is significantly influenced by non-
metallic inclusions (NMI). The presence of NMI in
the finished metal disrupts its homogeneity, degrades sur-
face properties, fatigue strength, and plastic characteris-
tics of the metal [1 — 3]. NMIs act as stress concentrators
during deformation, rolling, and stamping of the steel
sheet, which subsequently leads to the formation of sur-
face defects [4 — 7]. A negative effect of increased NMI
content in molten steel is also the clogging of steel cast-
ing nozzles, which drastically reduces casting speed and
impairs production efficiency [8].

Various production factors affect the quantity, shape,
size, and type of oxide NMlIs in steel:

— chemical composition, oxidation state, temperature
of the steel and slag;

— chemical and fractional composition of deoxidizers,
slag-forming and alloying materials, and their introduc-
tion regime;

— inert gas blowing regime of the melt;
— vacuum treatment technology;
— chemical composition of the lining.

Inclusions larger than 50 um are unevenly distributed
and are significantly fewer in number. However, they
substantially impact the quality of the finished product,
as fatigue failure always occurs in the vicinity of large
NMIs regardless of their composition [4; 9 — 11].

Most researchers consider NMIs as initiation
sites for hydrogen cracking [12 — 14]. There is a cor-
relation between CaO-Al,O;, MgO-AlO, inclu-
sions and internal and external irregularity defects in
the metal [15; 16].

The aim of this study is to compare methods for
determining the contamination of metal by NMIs. One
of the most common methods for quantitatively assessing
NMI content in steel is metallographic analysis — com-
paring the sizes and shapes of NMIs found in the metal
with standard scales using point-counting scales and
quantitative optical microscopy as per ASTM E1245-03
standard, determining the volume fraction and size distri-
bution of inclusions [17 — 20].
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The fractional gas analysis (FGA) method allows
determining the total oxygen content in various types
of oxide NMIs and their volume fraction, providing
a more comprehensive picture of the various types
of NMIs present in the steel [21 — 23].

[ ASSESSING METAL CONTAMINATION BY NMis
USING OPTICAL MICROSCOPY AS PER
ASTM E1245-03

The assessment of metal contamination by NMIs
using optical microscopy according to ASTM E1245-03
standard was conducted with an optical microscope on
a properly prepared polished specimen. Images were
captured with a camera. The recognition and identifi-
cation of inclusions were based on differences in grey
level intensity when compared with each other and with
the unetched matrix. The measurements and classifica-
tion of NMIs depended on the nature (oxides, sulfides)
of the identified elements in the image. These measure-
ments were performed in each selected field of view.
The polished specimen surface needed to be sufficiently
large (at least 160 mm?) to measure at least 100 fields
of view at the required magnification.

For the study of NMI content, two columns from two
continuously cast billets were selected. One column was
taken from the middle of the continuously cast billet,
and the other from the 1/4 width zone of the ingot. Each
column was divided into seven samples. The sampling
scheme is shown in Fig. 1. Table 1 presents the sample
labeling.

Samples 1, 2, 4, 6, and 7 from each column were ana-
lyzed. Samples 3 and 5 were not examined.

To prepare samples for evaluating metal con-
tamination by NMIs using optical microscopy as per
ASTM E1245-03 standard, metal samples were ground
and polished to achieve the required surface quality.
The analysis per ASTM E1245-03 standard was con-
ducted on a 200 mm? surface area for each sample. As
a result of the analysis, two main types of NMIs were
identified: oxides and sulfides. Oxide-sulfide compounds
were also observed as oxysulfides. These oxysulfide
inclusions were divided into two parts based on grey
shades: oxide and sulfide. Table 2 presents the results
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Fig. 1. Sampling scheme

Puc. 1. Cxema oT60pa 00pa3ion

Table 1. Sample labeling

Tabauya 1. MapkupoBKa 06pa3ioB

Figs. 2 — 5 show that the metal purity by NMIs in
the second slab was slightly higher than in the first slab.
The total volume fraction of NMIs in the metal of the sec-
ond slab did not exceed 0.035 %, whereas in the first slab
it varied from 0.020 to 0.055 %. It can be concluded that
the second slab was more homogeneous in NMI content
throughout its height and contained fewer inclusions than
the first slab.

[l DETERMINING METAL CONTAMINATION BY NMls
USING FRACTIONAL GAS ANALYSIS (FGA)

To determine the content of oxide NMIs formed in
the steel, fractional gas analysis (FGA) was conducted
on the selected metal samples. The FGA method allows
the determination of total oxygen and nitrogen content,
the amount of oxygen in various types of oxide NMIs, and
the calculation of the volume fraction of different types
of oxide NMIs. The main advantage of the FGA method
is that it provides rapid information on the total oxygen
and nitrogen content in the metal, as well as the oxygen
distributed in different types of oxide NMIs.

Table 2. Total volume fraction of non-metallic inclusions
in the samples and volume fraction of oxide
and sulfide inclusions, %

Tabauya 2. O6bemuasi nosst Becex HB B 06pa3nax
U 00beMHAas1 10J151 OKCUAHBIX U CYJIb(GUAHBIX BKIOYeHHil, Yo

Sample label Sample description
1% Column from 1/2 width of slab 7,
X — sample number in the column
19X Column from 1/4 width of slab 7,
X — sample number in the column
21X Column from 1/2 width of slab 2,
X — sample number in the column
99X Column from 1/4 width of slab 2,
X — sample number in the column

of the calculation of the total volume fraction of NMIs
and separately the volume fractions of oxide and sulfide
inclusions.

The study results indicated that the average percent-
age content of oxides and sulfides in the metal across all
samples was 10 and 90 %, respectively. However, in sam-
ples 111 and 121, the relative oxide content was higher
(31 and 17 % sulfides, respectively), indicating uneven
distribution of NMIs. Uneven distribution of NMIs was
also observed in samples located closer to the small
radius (111, 121). The upper zone of the samples showed
minimal NMI content, with their size not exceeding
10 um, and the majority of inclusions located below 1/3
of the sample height. Thus, the upper 1/3 of the samples
were cleaner in terms of inclusions than the lower 2/3.
Samples (111, 112, 121, 122, 211, 212, 221, 222) clo-
sest to the small radius had a higher total volume frac-
tion of NMIs compared to other samples. Figs.2 -5
compare the results of total volume fraction calculations
of NMIs obtained from the same samples in the laborato-
ries of PJSC “Novolipetsk Metallurgical Plant” (PCL and
R&D) and Laboratory No. 17 of IMET RAS.

Sample Voﬁlr\n/lisf;z::at}on Oxide NMIs | Sulfide NMIs
111 0.0444 0.0139 0.0305
112 0.0447 0.0047 0.0400
114 0.0230 0.0020 0.0210
116 0.0220 0.0020 0.0200
117 0.0104 0.0007 0.0097
121 0.0553 0.0093 0.0460
122 0.0391 0.0031 0.0360
124 0.0379 0.0029 0.0350
126 0.0286 0.0026 0.0260
127 0.0219 0.0019 0.0200
211 0.0274 0.0024 0.0250
212 0.0298 0.0018 0.0280
214 0.0215 0.0025 0.0190
216 0.0265 0.0025 0.0240
217 0.0200 0.0020 0.0180
221 0.0250 0.0020 0.0230
222 0.0264 0.0014 0.0250
224 0.0292 0.0022 0.0270
226 0.0204 0.0024 0.0180
227 0.0186 0.0016 0.0170
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Fig. 2. Comparison of the results of calculating the volume fractions
of non-metallic inclusions for the samples from the central column
of / ingot:

[ - PCL; [l - R&D; [l - Laboratory No. 17

Puc. 2. CpaBHeHHS pe3y/bTaToB pacuera 00beMHBIX noneit HB
JUist 00pas3IioB, OTOOPAHHBIX OT LIEHTPAIBHOTO CTOIOMKA CIIUTKA /:
B - LJIK; [l - R&D; [l - /TaGoparopust Ne 17
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Fig. 3. Comparison of the results of calculating the volume fractions
of non-metallic inclusions for the samples from the outer column
of / ingot:

[l - PCL; ] - R&D; ] - Laboratory No. 17

Puc. 3. CpaBHeHusI pe3y/IbTaTtoB pacdera o0beMHbIX jojeit HB
JUT 00pa3IoB, OTOOPAHHBIX OT KpaiHEro CTOJI0MKA CIIUTKA /:
- WIK; [l - R&D; ] - TaGoparopust Ne 17

FGA is a modification of the reduction melting method
in a graphite crucible under a stream of carrier gas
at a specified linear heating rate of the sample. The analy-
sis method is based on the difference in the temperature
dependence of the thermodynamic stability of oxides,
which contain the majority of the bound oxygen in
the metal. As the melt temperature increases, oxides are
reduced by carbon, and oxygen is extracted from the melt
as carbon monoxide according to the reaction

ZXOL(k) + yC(graph.) = x[Z](Fe — C(sat.)) + yCO(g).

The reduction of oxide NMIs contained in the metal is
a complex process involving several stages, such as:

—melting of the sample and spreading of the melt over
the graphite crucible;
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Fig. 4. Comparison of the results of calculating the volume fractions
of non-metallic inclusions for the samples from the central column
of 2 ingot:

[ - PCL; |l - R&D; [l - Laboratory No. 17

Puc. 4. CpaBHeHus pe3ynbTaToB pacueTa 00beMHbIX goneil HB
Ut 00pasIoB, OTOOPAHHBIX OT LIEHTPAIBHOTO CTONOMKA CIIUTKA 2:
I - LJIK; [l - R&D; [l - TaGoparopust Ne 17
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Fig. 5. Comparison of the results of calculating the volume fractions
of non-metallic inclusions for the samples from the outer column
of 2 ingot:

[ - PCL; ] - R&D; ] - Laboratory No. 17

Puc. 5. CpaBHeHusI pe3ysbpTaToB pacuera 00beMHbIX qoneit HB
JUIst 00pasIoB, OTOOPaHHBIX OT KpalHEero CTOIOMKA CIUTKA 2:
I - LUIK; [l - R&D; [l - JTaGoparopust Ne 17

— diffusion of carbon from the graphite crucible
into the sample material;

—dissociation and reduction of oxide inclusions
by carbon in the melt with the formation of CO molecules
and bubbles;

—internal mass transfer

to the sample surface;

of reaction products

— removal of reaction products from the reaction sur-
face and mass transfer in the gas phase.

A typical curve of carbon dioxide emission intensity
from a metal sample depending on the melt temperature
is shown in Fig. 6. The FGA results, processed using
the proprietary software “Oxide Separation Pro” are
shown in Fig. 7.
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Fig. 6. Gas emission curve from the sample (evologram)

Puc. 6. KpuBas razoBblienieHns 13 00pasia (3BojorpaMma)

For the FGA studies, three samples weighing 1.0 — 1.5 g
were cut from each metal sample. Their surface was
cleaned with a file to remove the oxide film and con-
taminants. After mechanical cleaning, the samples were
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Fig. 8. FGA results of the samples from the central column
of ingot /:
[ —silicates; ] — aluminates; [J] — spinel;
1 — oxygen; 2 — nitrogen
Puc. 8. Pesynbrarst ®I'A 00pa3siioB OT LEHTPATBHOTO CTOIONKA
cimTKa 1:
B - cunukarsr; [JJ] — amomunarsy; ] - mnunens;
1 —xucnopon; 2 — azor
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Fig. 9. FGA results of the samples from the outer column (1/4 width)
of ingot /:
B —silicates; [l — aluminates; [J] - spinel;
1 — oxygen; 2 — nitrogen

Puc. 9. Pesynsratsl ®I'A 00pa3ioB kpaitnero cronbuka (1/4 mupuHbr)
cimuTKa /:
B - cunukarsr; [ - amomunarsy; [ — mnnaens,
1 — xkucnopop; 2 — a3ot

Fig. 7. Processing PGA results
in Oxide Separation Pro program

Puc. 7. O6pabotka pesynsratoB @TA
B nporpamme Oxide Separation Pro

washed with alcohol and dried. The FGA results are pre-
sented in Figs. 8 — 11.

The average values and standard deviations (SD)
of the results for total oxygen and nitrogen, as well as
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Fig. 10. FGA results of the samples from the central column
of ingot 2:
B —silicates; ] — aluminates; [J] — spinel;
1 — oxygen; 2 — nitrogen
Puc. 10. Pesynbrarst ®I'A 00pasioB HEHTPAILHOTO CTOIOMKA
CIIUTKa 2:
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Fig. 11. FGA results of the samples from the outer column (1/4 width)
of ingot 2:
B —silicates; [l — aluminates; [J] — spinel;
1 — oxygen; 2 — nitrogen

Puc. 11. Pesynbsrarsl ®I'A 00pa3ios kpaitnero cronbuka (1/4 mmpuHbn)

ciuTKa 2:
B - cunukarsr; ] — amomunatsy; ] — wnnaens;
1 — xucnopox; 2 — a3or
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Table 3. Average values and SD of total oxygen and nitrogen, oxygen in non-metallic inclusions for ingots 7 and 2, %

Ta6auya 3. Cpennue 3nauennsi 1 CKO oduero kucjiopoaa u a3ora, kucjaopona B HB nas caurkos 1 u 2, %

Ingot 0 O (SD) N N (SD) | Oin NMIs | O in NMIs (SD)
1 0.0034 | 0.0005 | 0.0041 | 0.0004 | 0.0028 0.0004
2 0.0020 | 0.0004 | 0.0021 | 0.0002 | 0.0016 0.0002

oxygen in NMIs, for samples from ingots / and 2 are pre-
sented in Table 3.

The FGA results indicate that the metal samples from
both ingots predominantly contain oxide NMIs such as
aluminates (Figs. 8 — 11). Fig. 8 and 9 for ingot / show
an increasing trend in spinel content from the central part
of the columns (samples 114, 124) to the large radius
of the ingot (samples 116, 117, 126, 127). In the samples
of ingot 2 (Figs. 10, 11), unlike ingot /, spinel-type inclu-
sions are virtually absent. The average total oxygen con-
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= Ingot /

£ =

52 0003
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s ~

&5 0.002

82 0001}

> Q

X2 Ingot 2

o 0 1 1
250 500 750 1000

Number of sparks in non-metallic
inclusions by PDA (R&D)

Fig. 12. Correlation between the oxygen content in non-metallic
inclusions obtained by FGA method and number of sparks in inclusions
by PDA (R&D) method for the samples of different ingots

Puc. 12. Koppensuust MeXay conepkanueM kuciopoaa B HB,
nosny4eHHoro Mmetonom ®I'A, ¥ KOIMYECTBOM MONAJaHHH CIIAPKOB
B0 BKJIro4YeHust MeTozioMm PDA (R&D) st 00pa3iioB pa3HbIX CIMTKOB
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Number of sparks in non-metallic
inclusions by PDA (R&D)

Fig. 13. Correlation between oxygen content in non-metallic inclusions
obtained by FGA method and number of sparks in inclusions
by PDA method (Plant Central Laboratory — PCL)

Puc. 13. Koppensus Mexay conepkanneM kuciopona B HB,
roxydeHHoro MmerosioM ®I'A, 1 KoIM4ecTBOM NONaJaHNui ClIapKOB
BO BkIroueHUst MeTooM PDA (LIJIK) st 06pa3ioB pa3HbIX CIIUTKOB
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tent in ingot 1 is 0.0036 % for samples 11X and 0.0033 %
for samples 12X. The average nitrogen content is 0.0041
and 0.0040 %, respectively. In ingot 2, the average
total oxygen content is 0.0021 % for samples 21X and
0.0020 % for samples 22X. The average nitrogen content
is 0.0020 and 0.0022 %, respectively.

Based on the average oxygen, nitrogen, and oxygen
in NMls, it can be concluded that ingot 2 is cleaner than
ingot /. This corresponds to the results obtained when
calculating the volume fractions of inclusions using
the metallographic method. Fig. 12 and 13 present cor-
relations between the oxygen content in NMIs obtained
by the FGA method in the studied samples and the number
of sparks in inclusions during optical-emission spectro-
metric PDA analysis for identical samples on two different
spectrometers (R&D and PCL). Fig. 14 shows the correla-
tion between the total oxygen content in NMIs and the oxy-
gen content in aluminates obtained by the FGA method.
Fig. 15 shows the correlation between the oxygen content
in NMIs obtained by the FGA method and the oxide con-
tent obtained from polished specimens analyzed by opti-
cal microscopy according to ASTM E1245-03 standard in
Laboratory No. 17.

Fig. 12 and 13 highlight two regions of data points.
The first region corresponds to the results from ingot 2,
and the second to ingot /.

A clear correlation is observed between the oxygen
content in NMIs and the oxygen content in aluminates
obtained by FGA (Fig. 14).
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Fig. 14. Correlation between oxygen content in non-metallic inclusions
and amount of oxygen in aluminates obtained by FGA method

Puc. 14. Koppernsiust Mek1y 0OIIAM COAEPKAHUEM KUCIOPOIa
B HB 1 KonmuecTBOM KHCII0pOAa, COACPIKAILErocs B aIIOMHHATaX,
monyueHHbIX MeTomoM OTA
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Fig. 15. Correlation between oxygen content in non-metallic inclusions
obtained by FGA method and content of oxides obtained
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Puc. 15. Koppensiyst Mex1y 00IIUM COIepKaHUEM
kucnopoza B HB, nonyyennoro meronom @I'A
U COJIepIKaHUEM OKCHJIOB, MIOJTydeHHOTro MeTojjoM ASTM
B naboparopuu Ne 17

An analysis of the spectral data array of metal sam-
ples on spectrometers was conducted. The files display
the emission intensities of spectral wavelengths of various
elements for each spark (7).

Based on the results of metal contamination assess-
ment by NMIs according to ASTM E1245-03 standard,
a correlation equation was found linking the area of NMIs
with 1.

Using the obtained equation, the volume fractions
of NMIs for the studied samples were calculated.

0.10

All calculation variants were compared with the results
of determining the volume fraction of NMIs using optical
microscopy (VD-NMI — total volume fraction of NMIs
based on spectral analysis data from two spectrometers at
the plant) (Fig. 16).

Fig. 16 shows that the results of determining the vol-
ume fraction of NMIs in metal samples according
to ASTM E1245-03 standard and the PDA method are
consistent. The metal sample analyses show significant
differences in NMI content in different parts of the slabs.

- CONCLUSIONS

Studies of samples using quantitative optical metal-
lography methods according to ASTM E1245-03 stan-
dard showed that in all samples, the percentage ratio
of oxides to sulfides in the total volume fraction averaged
10 and 90 %, respectively. However, in samples 111 and
121, the oxide content was higher at 31 and 17 %, respec-
tively, and these samples also exhibited uneven NMI dis-
tribution. In samples located closer to the small radius
(111, 121), uneven NMI distribution was also observed.
The upper zone of the samples showed minimal NMI
content, with their size not exceeding 10 pm, and most
inclusions were located below 1/3 of the sample height.
Thus, the upper 1/3 of the samples were cleaner in terms
of inclusions than the lower 2/3.

Samples (111, 112, 121, 122, 211, 212, 221, 222)
closest to the small casting radius had the highest volume
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Fig. 16. Comparison of the results of determining the volume fraction of non-metallic inclusions according to ASTM E1245-03 standard
(PCL — Laboratory No. 17, R&D) and by PDA method (total volume fraction of non-metallic inclusions, %):
[ - VF of NMI ] - PCL; ] — Laboratory No. 17; i - R&D

Puc. 16. CpaBHeHnue pe3ynnbraToB onpe/eacHus: oobemuoit gomu HB mo crangapry ASTM E1245-03 (LJIK, na6oparopust Ne 17, R&D)
n metorom PDA (O/I-HB, %):
- O/1 HB; |l - LUIK; Jii] — na6opatopust Ne 17; ]l - R&D
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fraction of NMIs compared to other samples. The total
volume fractions of NMIs in the samples and the sepa-
rate volume fractions of oxide and sulfide inclusions were
determined.

Comparison of the results of volume NMI fraction deter-
mination by quantitative optical metallography according
to ASTM E1245-03 standard by PCL, R&D, and Labora-
tory No. 17 staff showed good measurement consistency.

To determine the content of major types of oxide NMIs
in different parts of the slabs, fractional gas analysis was
conducted on the selected metal samples. The analysis
concluded that oxide NMIs, such as aluminates, predomi-
nantly occur in the metal samples from both ingots.

For ingot /, there was an increasing trend in spinel
content from the central part of the columns (samples 114,
124) to the large radius of the ingot (samples 116, 117,
126, 127). In the samples from ingot 2, unlike ingot 7,
spinel-type inclusions were practically absent. The aver-
age total oxygen content in ingot / was 0.0036 % for
samples 11X and 0.0033 % for samples 12X. The aver-
age nitrogen content was 0.0041 and 0.0040 %, respec-
tively. In ingot 2, the average total oxygen content was
0.0021 % for samples 21X and 0.0020 % for samples
22X. The average nitrogen content was 0.0020 and
0.0022 %, respectively. Based on the average results for
oxygen, nitrogen, and oxygen in NMIs content data, it
can be concluded that ingot 2 is significantly cleaner in
terms of oxide NMIs than ingot /.

A comparison of the results of oxygen in NMIs deter-
mined by FGA and the number of spark hits in inclusions
during PDA optical-emission spectral analysis (data
from PJSC “NLMK” R&D and PCL) was conducted.
The analysis showed two distinct distributions of data
points. The first distribution corresponds to ingot 2, and
the second to ingot /. The research results also showed
a clear correlation between the oxygen content in NMIs
and the oxygen content in aluminates obtained by FGA.

An analysis of the spectral data array of selected metal
samples, obtained on the workshop spectrometer, was con-
ducted. For the analysis, software was developed to deter-
mine the number of inclusions of various types and cal-
culate their volume NMI fractions. The analysis showed
good consistency between the results of the PDA optical-
emission spectral analysis and the quantitative optical
metallography methods according to ASTM E1245-03
standard.
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A. 0. Morozov - conducting research by optical microscopy according
to ASTM E1245-03 standard, preparing text, forming conclusions.

0. A. Komolova - development of an algorithm and software for pro-
cessing the radiation intensities of elements, text correction.

A. Yu. Em - conducting research by fractional gas analysis.
A. A. Zhemkov - conducting research by fractional gas analysis.

K. V. Grigorovich - scientific guidance, analysis of research results, text
revision, correction of conclusions.

E. V. Yakubenko - conducting research using optical emission spectral
analysis.

T I Cherkashina - conducting research using optical emission spec-
tral analysis.

A. I. Dagman - work organization, analysis of research results.

A. 0. Mopo3oe - npoBeJieHue HUCCAe[J0BaHUSI METOAOM ONTHYECKON
MuKpockonuu no crangapty ASTM E1245-03, noaroroBka TeKcCTa,
dbopMHUpoBaHUE BHIBOJOB.

0. A. Komos08a - pazpaboTka aJropuTMa U NporpaMMHOTo obecre-
YeHUs1 06pabOTKH UHTEHCUBHOCTEH HU3J1y4yeHus 3J1eMEHTOB, KOPpeK-
THUPOBKA TEKCTa.

A. 0. Em - npoBejieHHe HCC/IeJOBAaHUS MeTOJ0M (PaKIMOHHOIO
ra3oBOro aHa/u3a.

A. A. ’KemKoeg - ipoBeJieHUe UCCIe0BaHUs METO/I0M GPAKIIMOHHOTO
ra3oBOro aHa/u3a.

K. B. I'puzoposuu - HayyHOe PYKOBOJCTBO, aHA/JHU3 pe3yJbTaTOB
vcceJoBaHUM, 0paboTKa TeKCTa, KOPPEKTHPOBKA BBIBO/IOB.

E. B. IKy6eHKo - IpoBe/ieHHe UCCIel0BAHUN METO/,0M ONITUKO-3MHUC-
CHOHHOTI'0 CIIEKTPaAJbHOT0 aHa/IN3a.

T H. YepkawuHa - TipoBeJieHUe HCCAeJOBAaHUN METOAOM ONTHUKO-
3MHCCHOHHOTO CHEKTPAIbHOTO aHA/IN3a.

A. H. lazmaH - opraHusanus paboT, aHaJIU3 pe3y/bTaTOB UCCIe/0-
BaHU.
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