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The technique of processing the results of factory experts’ reports has been developed to interpret the origin of non-
metallic inclusions (NMlIs) detected in the defects of a welded pipe joints made of J55 API 5L (22GYu) steel. Ther-
modynamic simulation was performed to assess the possibility of the indigenous origin of these inclusions. The results
of such a simulation were summarized using radar diagrams of four clusters uniting NMIs with similar composition
of deoxidation and modification products. More than 130 compositions of actual inclusions detected on dozens of
welded joints samples were processed and combined into four clusters in the same way. After a comparative analysis
of these two types of radar diagrams, the origin of all clusters of actual inclusions was established, three of which are
predominantly exogenous inclusions and the fourth is predominantly indigenous. None of the clusters contains only
indigenous inclusions or only exogenous ones. The main source of inclusions in the discontinuities of welded joints
is inclusions conglomerates, sorbed on the refractories surface, contacted with molten steel during its ladle treatment
and pouring. These sintered conglomerates of indigenous and exogenous inclusions, that form three clusters of four
ones, were out washed by the flow of steel melt into the crystallizer during steel pouring. The reasons for the formation
of the fourth cluster are related to “cold welding”. The technique is implemented as a plug-in of Thixomet Pro image
analysis system and allows to automate the process of metallographic conclusions generation in factory practice, as
well as to accumulate all information in a database for its subsequent processing and analysis.
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Introduction

For various reasons defects are formed as discontinuities,
which are identified by methods of nondestructive testing
used by industry to evaluate the properties of materials in the
conditions of mass industrial production. To determine the
origin of their formation, investigations using light optical
and scanning electron microscopy methods have to be made.
The results of these studies are used to improve the technol-
ogy at all stages of industrial production of metal products
from the steelmaking process to the finished product [1—3].

Frequently, non-metallic inclusions (NMIs), including
those inherited from the continuous cast billet, are the cause
of the formation of discontinuities [1—2]. These inclusions
can be exogenous, indigenous or mixed in origin. As a rule,
the conclusion about the origin of inclusions is performed
by a researcher of the testing laboratory, relying on his per-
sonal experience; therefore, all formulations of such reports
reflect the individual approach of each engineer and are not
universal. Such reports can only be processed manually, so
they often go unclaimed, since they are not suitable for auto-
mated processing, for example, for finding patterns of defect
formation and the ways to eliminate them.

An objective judgment about the belonging of inclusions
to the indigenous products of deoxidation and modification
can be given on the basis of thermodynamic simulation of
their composition [4—6]. Specialized commercial software
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Thermo-Calc Software, FactSage, etc. [7—9] have been used
in universities, research institutes and industrial enterprises
for decades. Such software allows to find the equilibrium
composition of non-metallic inclusions with the known steel
composition, but they do not solve the inverse problem, which
arises in the metallurgical examination: from the steel of what
composition did the inclusions found in the vicinity of the de-
fect form? Finally, such software applications are not designed
to process the databases of compositions of actual inclusions
found in the study of defects and accumulated over many
years, which is necessary to establish general patterns of their
formation and to develop methods to control them.

The aim of the present work is to develop a method of
processing the compositions of inclusions found in the vicin-
ity of metal products defects, as well as compositions of in-
digenous non-metallic inclusions, calculated by thermody-
namic modeling methods, the comparative results of which
in the factory practice can be used to explain the origin of
NMIs during expert examination.

Materials and research methods

Metal defects in welded joints obtained by high-frequency
welding of pipes made from rolled coils of J55 API 5L (22GYu)
steel with the average chemical composition given in Table 1
were investigated. Hereinafter in the text, in the tables and in
the figures the concentrations of elements are given in weight
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percent. The defects were detected by ultrasonic inspection
of the weld and examined using Axio Observer D1m inverted 80 0,009
microscope equipped with the Thixomet Pro image analysis e e
system, after appropriate grinding and polishing on Buehler ’ e
equipment and subsequent etching with Nital.

The chemical composition of non-metallic inclusions
detected without etching on the cross sections taken in the
vicinity of defects in pipe welds was investigated by SEM-EDS
analysis on an microscope JSM-6380LA. In total more than
130 inclusions detected in 73 welded joints were investigated.

For thermodynamic modeling the commercial software
FactSage 8.0 complete with the FSstel and FToxid databases
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Fig. 2. Compositions of actual non-metallic inclusions
detected in discontinuities of welded joints
and their descriptive statistics

of the wire, while the concentration of magnesium changes
depending on the depth of its reduction from the slag or re-
fractory [10—11].

At all studied magnesium contents, the greatest change in
the composition of deoxidation and modification products was
found when the calcium content was increased from 0.0005 %
t00.004—0.005 % (Fig. 1). In this range, the fractions of Al,O;
and MgO in the composition of liquid non-metallic inclusions
(LNMIs) decrease, and the fraction of SiO, slightly increases,
reaching maximum values at [Ca] =0.0015—0.0020 %. These
maximum values are the greater the less magnesium in the
liquid steel. At [Ca] 2 0.006 % SiO, is not formed in the com-
position of liquid inclusions.

Spinel MgO-AL O, is formed in a narrow concentration
range only at [Mg]<0.0005 % and [Ca]<0.0015 % in steel
(Fig. 1a). CaS, as an independent compound, forms in the
range of 0.0005 % <[Ca]<0.004 %, 0.0015 % <[Ca] <0.0046 %
and 0.0025 % <[Ca] <0.005 % at [Mg]=0.006 %, 0.002 % and
0.0005 % respectively (Fig. 1). If [Ca]>0.005 %, only liquid
inclusions on the basis of CaO-CaS are formed at any content
of magnesium in the steel.

Additionally, at the same variation of calcium content the
compositions of inclusions equilibrium with [Mg]=0.001 %
and 0.004 % were calculated. A total of one hundred compo-
sitions of indigenous inclusions formed at 1550 °C were cal-
culated at different combinations of calcium and magnesium
in the liquid steel. The compositions of these LNMIs were
estimated by the concentrations of their constituent elements
to further compare them conveniently with the composition
of actual inclusions found in the vicinity of defects and ob-
tained by SEM-EDS analysis.

The results of the study of NMIs compositions, detected in the
vicinity of defects of a welded pipe joints made
of J55 API 5L (22GYu) steel
Fig. 2 shows elemental constituents of NMIs detected
inside discontinuities of welded joints and descriptive sta-
tistics for these inclusions, from which the range of element

concentrations changes detected in NMIs during the exami-
nation of metal products defects is clear.

Outliers marked with red dots on the descriptive statis-
tics can be associated with “non-systematic” or acciden-
tally introduced into the melt from the outside exogenous
inclusions. Thus, iron outliers in the NMIs composition
would add arguments in favor of their exogenous origin
associated, for example, with secondary oxidation during
pouring or “cold welding”. If the small iron content in fine
inclusions can be “written off as background” of the metal
matrix, the (Fe)>5—7 % content cannot be attributed to
a hardware error of composition measurement. The same
remark applies to the content of manganese Mn>2 %.
The presence of alkaline earth metals in inclusions indi-
cates their interaction with the slag in the tundish or in the
crystallizer, and the silicon outliers in combination with
alkaline earth metals lead to the final conclusion about this
interaction. Magnesium outliers are indicative of periclase
or magnesite particles and aluminum outliers are indicative
of corundum. All these inclusions have to be associated with
the refractory materials contacted with steel melt during
ladle treatment and pouring.

The above outlier analysis is useful for detecting indi-
vidual elements in the inclusions, which can serve as a sign
of their exogenous origin, but neither this analysis, nor the
analysis of other descriptive statistics solves the problem of
complete identification of NMIs. Moreover, when regularly
penetrating into the steel melt, exogenous inclusions can also
turn out to be “systematic” and then they fall within the in-
terquartile range [12].

To solve the problem of reasonable separation of indig-
enous and exogenous inclusions, we should analyze not the
individual elements in their composition, but their combina-
tions with each other and in comparison with the composi-
tions of indigenous inclusions known from thermodynamic
simulation. For such a systematic analysis of the different
compositions of indigenous inclusions found by simula-
tions and the compositions of NMIs found in the vicinity of
defects, we used clustering of these two types of inclusions
and subsequent pairwise joint analysis of the found clusters
using radar diagrams.

Cluster analysis and interpretation
of non-metallic inclusions

To summarize the chemical compositions of the non-
metallic inclusions found in the vicinity of the defects, on
the one hand, and the indigenous inclusions found by ther-
modynamic simulation, on the other hand, we calculated
clusters combining similar compositions in each of these two
groups of NMIs [13].

The number and composition of individual clusters
were found by the k-means method [14]. The number of
clusters was chosen by analyzing the behavior of “distor-
tions”, which were calculated as the sum of the squares of
the Euclidean distances between the points corresponding
to the composition of individual NMIs and the center of
the cluster to which these NMIs belong (distortion 1) and
as the mean square of the distances from the center of one
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cluster to the centers of other clusters (distortion 2). As
the number of clusters increases, distortion 1 decreases and
distortion 2 increases (Fig. 3).

The optimal number of clusters was chosen based on the
analysis of these two distortions versus the number of clusters:
the separation of inclusions into groups was completed when
the change in these curves stabilized and did not lead to the
appearance of clusters with markedly different compositions.
Based on these considerations, for inclusions found in the
vicinity of defects and for indigenous NMIs found by ther-
modynamic simulation, the number of clusters was chosen
to four for each type of inclusions (Fig. 3).

The compositions of clusters — products of deoxidation and
modification in J55 API 5L (22GYu) steel are given in Table 2.
As follows from Table 2, three clusters out of four (No. 2, No. 3
and No. 4) contain compounds of the Ca-O-S system.

More over the cluster No. 4 consists almost only of
CaO-CaS with approximately equal concentrations of oxy-
gen and sulfur. Indeed, as follows from Fig. 1, at 1550 °C
and [Ca]>0.005 % almost only CaO-CaS inclusions are
formed.

Using the same clustering technique, all compositions
of inclusions found in defects of welded joints were pro-
cessed (Table 3).

Note that the first three clusters do not contain sulfur, or
its content does not exceed 0.23 %. Only the fourth cluster
contains 3.41 % of sulfur (Table 3), which is 2—6 times less
than the concentrations that should be in any of the clus-
ters of indigenous inclusions-products of deoxidation and
modification (Table 2). On the basis of this analysis, we can
already state that the contribution of indigenous inclusions
to the formation of defects in welded joints is insignificant.

For illustrative purposes, we use radar diagrams to com-
pare the compositions of the clusters of actual inclusions
found in defects of welded joints with the compositions of
indigenous NMIs clusters (Fig. 4a to Fig. 7a). The composi-
tions of all studied actual inclusions for each cluster and their
descriptive statistics are given in Fig. 4b — Fig. 7b.
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Fig. 3. Distortions to choose the optimal number
of clusters of actual and indigenous NMIs
in J55 API 5L (22GYu) steel

As follows from Table 3 and Fig. 4, more than 50 % of
all inclusions found in the vicinity of the studied defects
belong to cluster No. 1 and are pure magnesia spinel or
Al,0;-MgO with a small content of calcium aluminates.
These NMIs are erosion products, which can be pure re-
fractory particles or the same particles but impregnated
with deoxidation and modification products. The presence
of alkaline earth metals indicates the interaction of these
NMIs with the slag in the tundish or in the crystallizer.
As a rule, these inclusions are located on the welded edge
near the fusion line in a discontinuity extended along the
lines of metal flow.

As follows from Fig. 5, cluster No. 2 is practically pure
magnesium oxide MgO, of which refractories (periclase or
magnesite) are made, less often it is impregnated with small
amounts of liquid calcium aluminates — products of deoxi-
dation and modification of steel. Along with these inclusions,
NMIs from cluster No. 4 (calcium aluminates with magnesia
spinel) occur. A discontinuity with such inclusions is located
near the fusion line along the metal flow lines, usually with-
out reaching the external surface.

As follows from Fig. 6, cluster No. 3 is almost pure iron
oxide with admixtures of calcium aluminates and/or mag-
nesia spinel.

The defects are mainly located on the fusion line, related
to “cold welding” and are formed due to the low temperature
of the welded edges during pipe upsetting.

Asfollows from Fig. 7, exo-indigenous inclusions consist-
ing mainly of deoxidation and modification products (calcium

Table 2. The compositions of clusters — products of deoxidation

and modification in J55 API 5L (22GYu) steel

1 2 8 4
Clusters | o.ca-a-Mg | ©O0MI" | cas0mg| ca-0-
Al-S-Si
Elements Elemental composition of NMls clusters, %
Ca 24.42 36.75 49.09 63.61
0 39.57 31.97 18.79 17.82
S 0.07 6.65 20.53 17.27
Mg 8.78 10.96 6.11 0.67
Al 22.27 6.69 2.48 0.35
Si 2.33 6.07 2.66 0.24

Table 3. Composition of clusters of actual inclusions found

in defects of welded joints

1 2 & 4
Clusters 0-Ca-Al-
O-Al-Mg-Fe | Mg-O-Fe | Fe-O-Al-Mg Fe-Mg
Fraction in 50.38 12.98 11.45 25.19

defects, %

Elemental composition of NMls clusters, %

Ca 4.86 1.48 4.17 20.43
) 41.74 36.62 25.42 36.90
S 0.00 0.12 0.23 3.41
Mg 11.17 51.02 7.02 5.58
Al 35.21 1.40 9.69 10.53
Si 0.60 0.03 1.78 4.54
Fe 5.34 9.14 47.82 10.02
K+Na 0.54 0.16 0.65 1.51
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Fig. 4. Compositions of actual inclusions cluster No. 1 and indigenous NMIs in steel (a); compositions of all studied actual
inclusions of cluster No. 1 and their descriptive statistics (b)
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Fig. 5. Compositions of actual inclusions cluster No. 2 and indigenous NMIs in steel (a); compositions of all studied actual
inclusions of cluster No. 2 and their descriptive statistics (5)
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Fig. 7. Compositions of actual inclusions cluster No. 4 and indigenous NMIs in steel (a); compositions of all studied actual
inclusions of cluster No. 4 and their descriptive statistics (b)

aluminates and less often with calcium sulfides) with admix-
tures of exogenous inclusions of magnesia spinel are cluster
No. 4. Indigenous inclusions from cluster No. 1 are closest
in composition to actual inclusions (Fig. 7a). Some defects
contain a lot of iron oxides (Fig. 7b), which indicates welding
problems and/or the presence of secondary oxidation products
of steel in the defect vicinity.

Examples of inclusion conglomerates found
in weld metal discontinuities

Let us give just one example of inclusions found in the
vicinity of defects and belonging to each of the four clusters
(Table 4, Fig. 8).

From the analysis of the composition (Table 4) and ap-
pearance of inclusion conglomerates found
in the weld metal (Fig. 8), it follows that they
collected in a local area of the liquid melt with
the size of several hundred microns. Moreover,
the composition of inclusions is often not lim-
ited to a single cluster. In actual metallurgical
technology it is impossible to collect in a local
volume of molten steel a conglomerate con-
sisting of such a large number and such differ-
ent compositions of inclusions.

On that basis, we can formulate the following
hypothese of the origin of large single conglom-
erates of inclusions. Deoxidation and modifi-
cation products were sorbed on the surfaces of
refractories, contacting with the molten steel
during its ladle treatment and pouring. These
mainly primary inclusions, accumulated on the
surface of refractories, are out washed by the
advancing flow of the melt into the crystallizer
during steel pouring. Part of such conglome-
rates gets into the crystallizer after interac-
tion with slag in the tundish or in the crystal-
lizer, as evidenced by the alkaline earth met-

als particles found in their composition. Most of clusters
have mixed exo- and indigenous origin, as their compo-
sition in different combinations includes particles of re-
fractory oxides, and/or products of secondary oxidation,
and/or products of interaction with slag in the tundish or in
the crystallizer, as well as indigenous inclusions of deoxidation
and modification products.

Implementation of the technique as the plug-in of Thixomet
PRO image analyzer
The interpretation technique of the composition of
non-metallic inclusions found in metal products develo-
ped in the present investigation is an integral part of the
Thixomet PRO image analyzer plug-in, that provides, based

——

c) d)

20 um 1 100pum

Fig. 8. Conglomerates of inclusions found in discontinuities of weld metal and
belonging to clusters (Table 4): No. 1 (a), No. 2 (b), No. 3 (¢), No. 4 (d)
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Table 4. Examples of inclusion conglomerates found in welded

joints

Composition of non-metallic inclusions in the conglome-
Clusters rates, %
Al Ca Fe Mg (¢}
1 34.2 12.5 0 11.5
2 0 0 0 57.6 balance
8 14.4 2.2 46.9 6.8
4 27.1 4.97 17.5 12.2

on the analysis of external and microstructural features in
accordance with GOST 21014-88 [15], to classify surface
defects as defects of steelmaking origin due to the quality
of a continuous cast billet or as defects of rolling origin,
formed during the deformation process. Each such defect has
its own unique set of external and microstructural features,
so the user definitely classifies it by selecting these features
in the Thixomet PRO interface.

In factory practice, when generating a metallographic
report by the specialized Thixomet Pro plug-in for an inclu-
sion found in weld metal discontinuities, the cluster of actual
NMIs that is closest to the composition of this inclusion will
be automatically selected, and its above-mentioned descrip-
tion will be used in the corresponding section of the report.

Summary

1. Using an example of the quality assessment of welded
pipe joints made of J55 API 5L (22GYu) steel, the method
of processing the results of factory experts' reports has been
developed to interpret the origin of non-metallic inclusions
(NMIs) detected in the defects of a welded joints.

2. To estimate the possible indigenous origin of these in-
clusions, thermodynamic calculations were performed. The
results of these calculations are summarized in the form of
radar diagrams of four clusters uniting similar composition of
deoxidation and modification products. According to the same
method, more than a hundred compositions of actual inclu-
sions found in the vicinity of dozens of welded joints and caus-
ing the formation of defects were combined into four clusters.

3. From the joint analysis of the compositions of actual
NMIs found in the defects during factory examination and
possible compositions of indigenous NMIs as deoxidation
and modification products, it follows that none of the four
clusters of actual NMIs compositions can be the products
of steel deoxidation and modification, at least in pure form.

4. The composition of any of the clusters of indigenous
NMIs is not similar to the composition of the first three clus-
ters of actual NMIs compositions found in the vicinity of
the defects. Therefore, all these inclusions are definitely of
predominantly exogenous origin. The first and second clus-
ters are based on refractory materials of magnesia spinel and
magnesium oxide, respectively. The third cluster is based on
iron oxide.

5. The fourth cluster consists mainly of liquid deoxida-
tion and modification products similar to the indigenous
inclusions of cluster No. 1, which are sorbed on the surface
of refractories in contact with the molten steel.

6. Sintered conglomerates of inclusions and refractory
particles of the first two and fourth clusters were out washed
by the flow of steel melt into the crystallizer during steel
pouring. The reasons for the formation of the third cluster
are related to “cold welding”.

7. The technique is implemented as a plug-in of image
analyzer Thixomet PRO and allows to automate the process
of generation of expertise conclusions, as well as to accu-
mulate all the information in the database for its subsequent
automated processing and analysis. ds
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