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Digital measurements of non-metallic inclusions in steel
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Abstract: The experience of many-year research has shown that optimizing the steel chemical composition and micro-
structural characteristics, as well as reducing its contamination with non-metallic inclusions (NMI), it is possible to signifi-
cantly increase the corrosion resistance of oilfield pipeline steels and increase the time of their trouble-free operation.
The influence of complex NMIs on the steel corrosion resistance is determined by both the chemical composition of NMIs
and their quantitative ratios. Therefore, obtaining metal products of the required quality is possible only when using
the “control by structure” principle. In the work, based on the analysis of brightness fields of images (on a sample scale) in
256 shades of gray, the authors proposed digital, metrologically supported procedures for measuring the NMI heterogenei-
ty of low-carbon oilfield steels: eliminating the heterogeneity of field illumination, justifying the criteria for binarization
and noise filtering. For low-carbon steels of various types of melting, the authors identified the key role of dispersed non-
metallic inclusions ranging in size from 5-10 um? to 2 nm? in the formation of the corrosion resistance of steels. This may
explain why, in some cases, there is no interrelation between the corrosion rate and the fracture resistance of steels,
the formation of which is determined by larger particles. When representing the NMI as a set of random points on
the plane, the distribution of distances between the nearest ones is estimated based on Voronoi polyhedra statistics.
The study shows that an increase in the kurtosis coefficient of distributions of polyhedra areas is accompanied by an in-
crease in the corrosion rate of the steels under study. This indicates the negative impact of heterogeneity in the arrange-
ment of dispersed NMIs on the corrosion resistance of steels.

Keywords: digital measurements of structures; quality management by structure; non-metallic inclusions in steel; cor-
rosion resistance of oilfield pipes.
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INTRODUCTION

Producing high-quality steel is possible only when con-
trolling the non-metallic inclusions (NMI) present in it,
which are an inevitable product of the technological process
[1; 2]. The size of inclusions in steel depends on their origin
and can vary from 0.01 microns to 10 mm. Due to their
small volume fraction, NMls primarily affect the destruc-
tion processes, but each size group affects in its own way
[1]. Large inclusions visible to an unaided eye contribute to
the formation of areas of destruction or corrosion. Small
inclusions (less than 1 mm) can lead to the formation of
fatigue failure sites. Dispersed inclusions can affect
the plastic properties, and susceptibility to the austenite
grain growth [3]. The quality of the metal is determined
both by the NMI volume fraction, and size and by their

shape and heterogeneity of location. In turn, analysis of
the NMI chemical and phase composition, makes it possible
to diagnose their origin for further elimination of the nega-
tive impact. The works [4-6] reflect the peculiarities of
the influence of the size, shape and type of inclusions, on
the mechanical properties of structural steels. NMI conta-
mination is one of the main reasons for the rapid failure of
oil pipes [7]. The corrosion activity of complex Nis, present
in modern steels, depends on their chemical and phase
composition, the optimization of which can prevent the ne-
gative impact of NMls on the corrosion resistance of steels,
under service conditions of oilfield pipelines [8].

Due to the significant influence of NMls on the proper-
ties of steel, various methods are used to analyze them.
To study the chemical composition of single NMls, scan-
ning electron microscopy, with the possibility of performing
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X-ray spectral microanalysis is used. To determine the size
and shape of inclusions, and estimate the distance between
them, the extreme value method, Spark-DAT, thermody-
namic calculations, etc. are used [9-11]. However, the rank-
ing of structures based on comparison of their images, ob-
tained by the light microscopy methods with reference
scales is the most common. The GOST 1778, 5639 and
3443 reference scales have an empirical nature; this indi-
cator is complex, and difficult to formalize. The statistical
nature of images of “score” structures is often not taken
into account; therefore, there are difficulties when deter-
mining a one-to-one correspondence between GOST
“scores” and the quantitative characteristics of the geo-
metric elements of their images. Digitalization makes it
possible to document quickly measurements of structures,
which allows collecting measurement statistics, and for-
mulating recommendations on product quality manage-
ment based on it [12].

Through digitalization, it became possible to provide
mass measurements and obtain statistical estimates of
the geometric parameters of structural elements, which was
previously difficult to achieve due to the large amount of
manual work. The obtained representative volume of measu-
rement results, allows evaluating the influence of structural
heterogeneity on the properties of steels, taking into ac-
count their different scales. An assessment of the variation
in contamination of the 38KhN3MFA steel (from large
forgings) with NMls, showed that the scale of observation
is of great importance, and affects the reproducibility of
the measurement results of the NMI geometry [13].

Segmentation, i. e., dividing an image into its constitu-
ent areas or objects, is one of the important stages of quan-
titative analysis. Non-trivial image segmentation is one of
the most challenging image processing problems. Most
existing image segmentation algorithms are based on one of
two basic properties of the luminance signal: discontinuity
and uniformity. In the first case, the approach consists in
the image partition based on sudden changes in the signal,
such as luminance differences in the image. The second
category of methods uses dividing the image into areas that
are homogeneous in terms of pre-selected criteria. Thresh-
old processing (binarization) is an example of such methods
[14]. In the standards existing today (ASTM E45-18a and
DIN EN 10247:2017-09), it is recommended to use the
flicker method as a binarization method for quantitative
assessment of NMIs, but it is manual, and as a conse-
guence, subjective. In turn, most image analyzers have
built-in global methods. The use of global binarization
methods when processing panoramas of NMI images, can
lead to the binary image distortion. The reasons for this are
the small size, and number of objects to study, and the fea-
ture of automatic “stitching” of image panoramas, leading
to illumination heterogeneity. Therefore, it remains relevant
to develop physically justified binarization methods that
allow identifying objectively the informative objects in
images of structures.

The practice of developing digital procedures for mea-
suring structures and fractures shows that considering
the physical laws of the formation of the brightness field of
their images, when identifying binarization and filtering
criteria, and a reasonable choice of the measurement object
representative volumes. Taking into account their statistical

nature, can provide virtually the only trajectory for prepar-
ing images for their subsequent measurement. Conse-
quently, one cannot expect significant differences from the
results of measurements of the geometry of structural
elements, obtained in different laboratories, on the same
metallographic specimens [15]. It is obvious that digital
metallography using image analyzers that have undergone
interlaboratory round-robin comparisons, will significantly
simplify acceptance tests, between the supplier and con-
sumer of metal products [16].

The purpose of this study is to develop a methodology
for quantitative analysis of non-metallic inclusions on a thin
section scale, to identify patterns of their influence on the
corrosion resistance of oilfield pipe metal.

METHODS

Sheets of five low-carbon steels of various melts
were the objects of the study. The sheets intended for
oilfield pipes were produced using standard technology.
Table 1 presents the chemical composition of the steels
under study.

The chemical composition of steels was determined us-
ing an OBLF QSN 750 automatic analyzer and complied
with the requirements of regulatory documents. The micro-
structure was studied on longitudinal samples cut from
sheets in the as-delivered condition. The cut samples were
hot pressed into resin using a CitoPress-5 automatic electro-
hydraulic press. Grinding and polishing were carried out on
an AutoMet 250 Buehler machine. For the structure metal-
lographic examination, the authors used an Axio Observer
D1m Carl Zeiss optical microscope.

To assess the steel contamination with NMIs in our
study, panoramas were obtained on the scale of a metallo-
graphic specimen (the studied area for all samples was at
least 170 mm?). Image panoramas of non-metallic inclu-
sions were obtained on unetched metallographic specimens,
using Thixomet software at a magnification of x50.
The chemical composition of complex NMIs was deter-
mined using a JSM-6610LV scanning electron micro-
scope at a magnification of X500 (the analyzed area was
at least 3.5 mm? on the sample scale). Nanosized precipi-
tates of carbide (carbonitride) excess phases were stu-
died by transmission electron microscopy using a JEM-
200CX microscope.

Tensile tests to determine strength and plastic characte-
ristics were carried out in accordance with GOST 1497-84.
Electrochemical studies to determine corrosion characteris-
tics and subsequent calculations were carried out in accord-
ance with ASTM G3, G5, G59, G102, ISO 17475:2005, and
GOST 9.912-89 standards.

Image panoramas were processed in prepared software
using C#. The color image was converted to shades of gray
(from 0 to 255) using the formula:

1=0.299-R+0.587-G+0.114-B,

where R, G and B are the intensity values of red, green and
blue colors, respectively [17].

To process image panoramas, a complex algorithm was
developed, which includes the elimination of illumination
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Table 1. Chemical composition of the steels under study
Taonuua 1. Xumuueckuii cocmas ucciedyemvix cmanetl

Element content, mass fraction, %
Steel
C Mn Si S P Cr Ni Mo \Y/ Nb N
1 0.052 0.466 0.150 0.002 0.005 0.054 0.091 0.009 0.099 0.002 0.022
2 0.054 0.653 0.214 0.001 0.005 0.067 0.104 0.009 0.044 0.024 0.007
3 0.049 1.090 0.248 0.001 0.005 0.244 0.076 0.095 0.002 0.033 0.008
4 0.049 0.920 0.230 0.001 0.004 0.651 0.071 0.008 0.004 0.040 0.007
5 0.044 0.635 0.258 0.001 0.003 0.538 0.070 0.009 0.044 0.025 0.007

heterogeneity of various natures and subsequent analysis of
the brightness field to determine the binarization threshold.
Illumination heterogeneity was eliminated using a method
based on subtracting the 1%t or 2" degree surface from
the original 3D distribution of image luminance intensities.
The binarization algorithm included the construction of
distribution histograms of intensities of the halftone image
pixels f(x,y). Dark objects were identified against a light
background by determining the value of T threshold, which
delimits the brightness distribution modes. Any point in
the image with coordinates x; and y;, at which f(x;,yi)>T, was
called the background, points with lower brightness were
called the object. Geometric parameters were calculated
according to the four-connection principle; boundary ob-
jects were not taken into account.

The authors calculated the following NMI parameters:
density, volume fraction and average area, as well as
the skewness and kurtosis coefficients of area distribution.
To identify the “object — noise” threshold value, the authors
relied on the parameters of the equipment used, and
the nature of the object. For this purpose, in particular,
the filtering threshold was varied, sequentially removing
from the primary image the inclusions with an area of less
than 5, 10, 25, 50, 75, and 100 pm?, respectively. To assess
the NMI location heterogeneity, the construction of Voronoi
polyhedra [18] based on the method of perpendicular bisec-
tors was proposed. After constructing the polyhedra and
determining the nearest neighbors, the distances between
the centers of objects (NMI), the areas of the polyhedra and
the number of their nearest neighbors, as well as the kurto-
sis and skewness coefficients, of the distributions of
the obtained values were calculated.

RESULTS

The variation of the threshold filter led to the following
changes in the values of the NMI geometry parameters:
a natural decrease in the density and volume fraction of
particles, an increase in the average values of their area for
the five steels under study (Fig. 1). It was identified that at
high filter values, the difference in the density of the NMls
of the studied samples is leveled out. The difference in
the density of large inclusions (from 100 um? and above)

for all samples was minimal — 29 pcs/mm?, and for all in-
clusions (without filtering) — 218 pcs/mm?.

The results of the NMI quantitative analysis were
compared to the acceptance properties of steels. The re-
sults of tensile and corrosion resistance tests are given in
Table 2.

The sheets studied corresponded to K52 and K55
strength classes, the scatter of strength and plastic parame-
ters was insignificant. However, the corrosion resistance of
the samples differed by a factor of 3. Fig. 2 shows the rela-
tionship between the NMI density, and the corrosion re-
sistance of the steels under study, taking into account dif-
ferent levels of noise filtration.

Fig. 3 shows the dependences of Voronoi polyhedra pa-
rameters on the corrosion resistance values of the samples
under study, from which it follows that these characteristics
significantly correlate with each other.

Steels 4 and 5 have the lowest density and more uniform
distribution of NMls, and as a consequence, the best corro-
sion resistance. In turn, for steels 1, 2 and 3, the statistics of
\oronoi polyhedra do not differ, but for steels 2 and 3, a cor-
relation with the NMI density was revealed. For steel 1, no
significant relationship was found between the NMI density
and corrosion resistance.

Table 3 presents the results of the quantitative assess-
ment and chemical composition of NMI using scanning
microscopy.

Fig. 4 shows images of nanosized particles obtained us-
ing transmission microscopy.

DISCUSSION

The change in the characteristics of steel contamination
with inclusions with increasing filtration threshold (Fig. 1),
is associated with the removal of small objects, the number
of which prevails over large ones. Fig. 2 shows that the
greatest strength of the relationship between corrosion re-
sistance and NMI density (correlation coefficient is 0.95),
is observed in the absence of their filtration. Increasing
the filtration threshold and the accompanying screening out
of small inclusions leads to a decrease in the correlation
coefficient. This indicates that corrosion resistance is main-
ly affected by small inclusions (<10 pm?). One should
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Fig. 1. Statistical parameters of NMlIs of the steels under study at different filtration levels:
a — density; b — volume fraction; ¢ — average area
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Table 2. Mechanical and corrosive properties of the steels under study
Taonuya 2. Mexanuueckue u KOppO3UOHHbBLE CEOUCMEA UCCAEIYeMbIX CIalell

Steel Yield strength, Tensile strength, Ultimate elongation, Corrosion rate,
MPa MPa % mm/year
1 441.0 510.9 24.9 1.67
2 413.8 504.4 25.9 1.35
3 469.8 547.4 215 1.57
4 454.0 556.2 215 0.59
5 445.7 524.7 26.3 0.75
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Fig. 2. Correlation of NMI density and corrosion rate in the steels under study
when varying the inclusion filtration level (by their area)
Puc. 2. Coomnowenue niomuocmu HB u ckopocmu Koppo3uu 8 ucciedyemvlx cmanix
npu sapuayuu yposHsa puibmpayuy 6Ka0YeHUll (o erudune ux niowaou)

consider this fact during “noise — object” filtering, since an
incorrect choice of threshold can lead to the loss of a signi-
ficant part of the information. Despite the fact that the vo-
lume fraction of small NMls is low, they have a higher den-
sity compared to large ones. In this regard, there is an in-
creased likelihood that small inclusions will form clusters,
which, in turn, will contribute to a decrease in the corrosion
resistance of steels.

It is unlikely that the absence of a significant relation-
ship between the NMI density and corrosion resistance for
steel 1 may be associated with the chemical composition
of inclusions and the release of nanosized particles. There-
fore, further analysis of the contamination of steels with
NMIs was carried out using scanning and transmission
microscopy. Microanalysis of inclusions using SEM
showed that, unlike other steels under study, steel 1 is dis-
tinguished by a high density of complex NMls based on
aluminum-magnesium spinel and a high Al/(Mg+Ca) ra-
tio. It is known [19] that with an increase in the proportion
of the Al,O3; phase in a complex NMI, the tendency to
the appearance of microfractures around the NMIs in-
creases, which leads to a decrease in the corrosion re-
sistance of steel. In turn, modifying steel with calcium
allows giving a globular shape to such inclusions and
thereby reduce their negative impact [20].

Transmission electron microscopy showed that steel 1
contains a large number of nanosized carbonitride particles.
The belonging of particles to one type or another was as-
sessed by the nature of the mutual arrangement of the parti-
cles, the presence of a regular orientation correspondence
between the particles, and the ferrite matrix, and by
the shape of reflections of the particles in the micro-
diffraction patterns. Nanoparticles were detected in almost
all areas of the sample tested for their presence. Particles
of all known types were observed, most of all particles
were of the interphase/mixed type; their volume density
was high (Fig. 4). Thus, the presence in steel 1 of nanopar-

ticles of a different (than in steels 2-5) nature, determined
the deviation from the found general patterns reflecting
the relationship between the NMI density and corrosion
resistance.

The results of the work showed the importance of an in-
tegrated approach to the study of the morphology of non-
metallic inclusions. This involves the combination of
a physically supported image-processing algorithm to get
ideas about the geometry of inclusions, and the patterns of
their arrangement in the volume of metal with an analysis
of their composition using transmission and scanning mi-
croscopy, including submicroscopic and nanoscale observa-
tions. It appears to be essential for understanding the diffe-
rences in corrosion resistance of oilfield steels.

CONCLUSIONS

1. The authors proposed a method for processing pano-
ramic images of NMIs (on a metallographic specimen)
based on an analysis of the patterns of their brightness
fields (in 256 shades of gray) to compile reasonable algo-
rithms for illumination, equalization and binarization of
images, which is necessary to obtain metrologically assured
results. The study shows the importance of justifying
the choice of filtering threshold for objects of noise nature,
to obtain significant results.

2. The study shows the effectiveness of using the statis-
tics of Voronoi polyhedra to assess the heterogeneity of
NMIs location, which includes obtaining statistical esti-
mates of the type of distribution of parameter values.

3. Comparing the results of corrosion tests, and quanti-
tative assessment of the NMIs of samples of the steels un-
der study, the influence of density, values of the polyhedron
area distribution kurtosis coefficient, and the average dis-
tance between the centers of inclusions (in the size range
from 2 nm? to 10 um?) on corrosion resistance was discovered.
The coefficients of determination of linear dependencies
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Fig. 3. Correlation of the results of determining the NMI geometry
(according to the Voronoi polyhedra statistics) and the corrosion rate:
a — average distance between centers; b — average area of polyhedra;

¢ — kurtosis coefficient of the distribution of polyhedra areas
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Table 3. The results of NMI analysis using scanning microscopy

Taonuua 3. Pezynomamel ananuza HB memodom ckanupyroujett MUKpoCKonuu

Area of analyzed _ Chemical element average content in inclusions, wt. %
Steel ofa mzl':z:rﬁ)cgerap?ic N'\ggs;jrirr]rilzty’ Mg Al S Ca All(Mg+Ca)
specimen, mm
1 3.79 51 3.75 10.60 2.95 6.04 1.18
2 4.54 37 6.73 6.95 2.73 7.14 0.53
3 3.57 48 3.40 311 1.32 8.38 0.32
4 3.90 35 4.03 7.92 5.48 4.60 0.97
5 3.82 43 417 3.00 311 9.19 0.35

b

Fig. 4. Nanosize particles of carbonitrides in the steel 1:
a — formed according to the interphase mechanism; b — formed in ferrite
Puc. 4. Hanopazmepnvie yacmuywl kKapoorumpuoos ¢ cmanu 1:
a — cpopmuposasuiuecs no medxcghasnomy mexanusmy, b — obpaszosasuuecs ¢ peppume

were 0.91, 0.74, and 0.74, respectively. At the same time,
the influence of inclusions on the fracture resistance was
not revealed, which can be explained by the absence of
differences in the contamination of steels with larger NMls
playing a decisive role in fracture.

4. Using SEM methods, the composition of the NMls
was revealed — predominantly aluminum-magnesium spi-
nel; using TEM methods, the authors identified the pre-
sence of a large number of nanosized particles having
a significant impact on the development of the corrosion
rate of the steels under study.
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Annomayua: ONBIT MHOTOJIETHUX HCCIEJOBAaHUI MOKa3aj, 4TO CYHIECTBEHHO MOBBICUTb KOPPO3HOHHYIO CTOMKOCTB
cTanel He(TEIPOMBICIOBBIX TPYOOIIPOBOIOB M YBEIHMUHUTH CPOKH MX O€3aBapHIHON IKCIUTyaTallui MOXKHO, ONTHMHU3HUPYS
XMUMHYECKUI COCTaB M MUKPOCTPYKTYPHBIE OCOOCHHOCTH CTaJIH, & TAK)KE MOHIKAs €€ 3arpsI3HEHHOCTh HEMETATHUCCKH-
mu BkmoueHUsiME (HB). Bimsiane xommiekcHpix HB Ha KOppO3HOHHYIO CTOHKOCTE CTamu 00YCIOBIEHO KaK XUMHUYECKUM
cocraBoM HB, Tak M nx KONMYECTBEHHBIX COOTHOIIEHHEM. [103TOMY TOJydeHHE METaIONPOAYKIUU TpeOyeMoro Kaue-
CTBa BO3MOYKHO TOJBKO C IIPUMEHEHHEM MPHHIINIA «yTIPaBICHHs 10 CTPyKType». B paboTe Ha ocHOBe aHamnm3a MONeH sp-
KOCTH H300pakeHuil (B MaciiTabe 0o0pasiioB) B 256 OTTEHKAX CEPOro MPEIOKEeHbBI HU(GPOBBIC METPOIOTHYCCKU obecIie-
YEeHHBIE MPOLEIYPbl U3MEpEeHHs HeoqHOpoAHOoCcTH HB HHU3KOymepoaucThIX cTajell HeTenpOMBICIIOBOTO Ha3HA4YEHHS,
TaKue KaK yCTpaHEHHEe HEOJHOPOIHOCTH OCBEIIEHHMS MOJIs 3peHNs], 000CHOBaHHE KpUTEpUeB OMHApH3aiy U QUIBTPALN
IIyMOB. [[nd HU3KOYINIEpOAUCTHIX CTajed pa3IMYHON BBIIUIABKM BBISABIICHA KIIOYEBas POJb JUCIEPCHBIX HEMETaJuInye-
CKMX BKJIIOYEHUM pasmepoM oT 5—10 Mkm? 10 2 HM? B (JOPMUPOBAHNH KOPPO3HOHHOM CTOMKOCTH CTaleil. ITO MOKET 00b-
SICHUTb, TIOYEMY B Psifie CIy4aeB OTCYTCTBYET B3aMMOCBSI3b MEXKIY CKOPOCTBIO KOPPO3HH M CONPOTHBIECHUEM CTalled pas-
pyiIeHuo, B HGOPMHUPOBAHUH KOTOPOTO OTPEEIAIONIEE BIMSIHNE OKa3bIBAIOT YaCTHIEI OONbIIero pasmepa. B mpencrasie-
HuM HB Kak MHOXECTBa CIy4aiHBIX TOYEK Ha TIOCKOCTH paclpeleieHue PacCTOSHUN MEXITy OMMKAWIINMH U3 HUX OIle-
HEHO Ha OCHOBE CTaTHUCTHKH MOIMdapoB Bopoworo. ITokazaHo, 4T0 MOBBIIIEHNTO KO3 (GHUINEHTA SKCIIECCa pacipeaeIeHIH
IUTOIIAJICH MOJM3IPOB COIMYTCTBYET yBEIHUEHHE CKOPOCTH KOPPO3UH HCCIEAYEMBIX CTajied. JTo yKa3plBaeT Ha OTpHUIla-
TEJIBHOE BIUSHUE HEONHOPOIHOCTH B pa3MelieHUH JucnepcHbix HB Ha KOppO3HOHHYIO CTOMKOCTD CTaJIEH.

Knrouegwie cnosa: nudpoBeie H3MEPEHHS CTPYKTYp; yIPABIECHHE KaY€CTBOM II0 CTPYKTYPE; HEMETAIMUECKHUE BKIIIO-
YCHHUS B CTAJIH; KOPPO3UOHHAS CTOMKOCTh HE(PTEIIPOMBICIIOBBIX TPYO.
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