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Based on the analysis of foreign experience, it is shown that hook cracks are the most common defect of pipe joints
obtained by high-frequency induction welding (HFIW). Particular attention is paid to the non-metallic inclusions
(NMIs) that caused this defect. Their composition, origin and ways of elimination are considered. It was found that
in the foreign literature the nature of certain oxides found in the vicinity of defects is often declared without objec-
tive evidence of their origin.

The interpretation technique of NMIs composition, which caused the formation of defects of pipe joints obtained
by HFIW, is presented. This technique is a part of the "Metal products quality system", implemented on the basis of
Thixomet image analyzer, working in the laboratories of Vyksa Steel Works JSC.

The compositions of NMIs found in the discontinuities of welded joint defects of 09G2S steel grade were inter-
preted using thermodynamic simulation of primary NMIs and generalized for two sets of 65 and 70 defects in each
set. These compositions differ significantly from each other and correspond to the following indigenous inclusions:
Al,O5, MgO-AlLO;, calcium aluminates, CaO and CaS. The same compounds can form exo-indigenous NMIs con-
glomerates after the interaction between liquid calcium aluminates and refractories based on MgO or ZrO,, and/or
mould powder. The unique ranges of concentration changes of the main elements included in individual phases and
their combinations in NMIs conglomerates are used for automated determination of their origin when conducting
metallographic examination of defects using the Thixomet image analyzer. Examples of using the origin of NMIs to
find the exact place in the secondary steelmaking and steel casting technologies for their improvement and on this
basis to improve the quality of HFIW pipe joints are also presented.
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Introduction

It is known that several types of defects are found in
pipe joints obtained by high-frequency induction welding
(HFIW), the most complete list of which is given in the
“Technician ERW Weld Discontinuity Characterization
Guide” [1]. With reference to API 5T1 [2], it specifies all
possible types of discontinuities that are typical for this weld-
ing method: on bondline, lamination, crack, hook cracks
etc. A detailed description is given for each of these defects,
including: origination, advantageous location, parameters
and unique properties, most possible way and driving forces
of crack propagation, possibility of reveal, location scheme
in welded joint and examples of defects images. However,
despite such specification, there is absolutely no information
about the origin of non-metallic inclusions, which caused the
formation of the defects of HFIW pipe joints, that are actual
for modern production.

There are descriptions of hook-shaped defects in few for-
eign publications [3-15]. National standards GOST 31447-
2012 [16] and GOST 59496-2021 [17] provide only the
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most common defects of welded joints without description
of specific types typical for HFIW pipe joints. Meanwhile,
as hydrostatic tests of such pipes have shown [3], the largest
discontinuities of the base metal reduce their tensile strength
by less than 25 %, while any defects in the welded joint reduce
this strength by up to 50 %.

The authors of paper [4] investigated defects of more
than 250,000 pipes detected by automated ultrasonic inspec-
tion system with sensitivity of 0.1 mm under conditions of
POSCO operating production. They showed that the fraction
of hook cracks reached 81%, and the rest were surface (16 %)
and other (3 %) defects.

According to API 5T1 hook cracks are formed during
metal separation along strings of non-metallic inclusions
or segregation at the sheet edge. These defects are initially
located parallel to the surface of the sheet, but during the
upsetting of its edges in the process of pipe manufacturing
they turn to the inner or more often to the outer diameter
of the pipe [2]. Non-metallic inclusions as the root cause of
these defects are listed not only in API documents [1-2], but
also in all other literature [3-13].
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The authors of [6, 7] and, following them, other re-
searchers of nonmetallic inclusions inside hook cracks [8, 9]
give the following descriptions of their origin. The presence
of CaO and Al,O; in inclusions is associated with exogenous
slag particles. If, along with CaO and Al,O;, inclusions ad-
ditionally contain MgQO, they are attributed to the products of
interaction of slag and tundish refractories, and if addition-
ally found CaS, they are attributed to the products of steel
modification by calcium. The inclusions of the CaO-Al,O;-
CaS system, which caused the formation of hook cracks, are
located at the edges of the sheets, while the cracks formed
in the center along the pipe thickness are associated with
MnS and Al, O, [10]. Secondary oxidation of steel is associ-
ated with an increased content of Al,O;. The mechanism of
steel contamination by exogenous inclusions is the result of
a combination of chemical interaction and mechanical ero-
sion of the refractories of the metal wiring [7]. Depending
on the position of the rolls for edge upsetting, the depth and
thickness of hook cracks can vary [11]. Hook cracks can be
eliminated with optimal calcium treatment of the steel, im-
proved argon stirring conditions in the ladle furnace, control
of melt flows in the tundish and better quality of refractories
for its fabrication [6].

In [11] the most complete description of all possible vari-
eties of hook defects was made. We shall consider only those
of them, which are caused by presence of non-metallic in-
clusions and are actual for modern HFIW pipe production.

Defects formed by non-metallic inclusions of steelmak-
ing origin are detected on both diameters of the pipe if they
are related to general steel contamination or only on its outer
diameter if they were delivered to this area by flotation on
argon bubbles or surfacing during slab solidification in a
curved-type continuous caster.

The origin of cracks formed by entrapped mould powder
is similar: only mould powder inclusions delivered by argon
bubbles are detected on the outer side of the pipe, or on both
pipe diameters if they have filled microcracks formed by the
mould oscillation marks during formation of the solid shell
of the ingot [8]. Narrow slab edges are under the maximum
thermal stresses and are susceptible to the formation of mi-
cro-cracks at the edge of coils by oscillation marks. After cold
forming of the sheets, small microcracks at the coil edges
may open, then they are detected by ultrasonic inspection
along the bondline. Some of them look like hook cracks.
Cleaning the narrow edges of the slab to remove the micro-
cracks from the mould oscillation marks results in a reduc-
tion of the associated defects in pipes obtained by HFIW [8].

Refractory materials of metal wiring are affected by a
steel melt deoxidized with aluminum, which reacts with the
easily reducible oxides FeO, MnO, TiO, and SiO,. On the
refractory surface, impregnated with the products of this
interaction, complex non-metallic inclusions are formed,
which are separated from it together with the refractory parti-
cles and are captured by the melt. A similar reaction can take
place with tundish slag containing reducible oxides. The ex-
cessive consumption of argon used to prevent clogging of the
entry nozzle intensifies the processes of capturing all these
inclusions and their consumption by the melt.

From the above analysis it follows that hook cracks are
formed in the place of the weld joint where the most intensive
metal upsetting occurs, and only in the presence of coarse clus-
ters of non-metallic inclusions at the sheet edges in these very
places. These two circumstances are necessary and sufficient
conditions for the formation of discontinuities or lamina-
tions, which, following the lines of metal flow, deviate from
the rolling direction to the outer or less often to the inner
diameter of the pipe. In this way a hook or J-shaped form of
the defect is formed. Therefore, the absence of non-metallic
inclusions in the zone of intensive edge upsetting can guarantee
the formation of a defect-free welded joint.

In the technical literature [3-15] the nature of certain
oxides in the composition of NMIs found in the vicinity of
defects is often stated without evidence of their origin, and
these studies are based on single measurements of separate
inclusions. For example, in [ 18] an attempt was made to find
the source of the magnesia spinel, the composition of which
was determined at one point of one of the inclusions found
in the hook crack discontinuity. To determine the origin of
MgO-ALO;, the authors thoroughly studied hundreds of
NMIs in each of the samples taken at all stages of second-
ary steelmaking and in finished coiled metal. To do so, they
used the SEM-EDS method with automatic particle analysis
(AFA). Among these hundreds of NMIs not a single inclu-
sion of pure magnesia spinel was found: all of them were in
a mixture with calcium aluminates, and the vast majority
of deoxidation and modification products remaining in the
finished coiled metal, after the steel treatment with calcium,
were CaO-CaS in a mixture with calcium aluminates [18].

Earlier, we developed a "cluster” technique for interpreta-
tion of composition of nonmetallic inclusions found in dis-
continuities of HFIW welds, which allowed us 7o summarize
many years of factory experience in studying these defects in
steels 09G2S [19] and 22GYu [20]. Compositions of NMIs
calculated by thermodynamic simulation were combined
into the first type of clusters of indigenous deoxidation and
modification products. Hundreds of compositions of real
conglomerates of inclusions revealed in discontinuities of
welded joints were combined into the second type of clus-
ters. Comparing these two types of indigenous and real NMIs
clusters, all real inclusions were divided into indi-exogenous
and exo-indigenous depending on the dominated fraction
of exogenous and indigenous NMlIs in their composition,
respectively.

Summarizing more than 400 compositions of inclu-
sions found mainly in the hook cracks of welded joints, it is
proved that they are conglomerates consisting of deoxida-
tion products absorbed on the surface of the refractories
of metal wiring. These conglomerates, separated by the
onset flow of steel melt from the surface of refractories
together with the particles of these refractories, get into
the mould, also after the interaction with its slag [ 19-20].
Such coarse conglomerates cannot penetrate deeply into
the solidifying slab, so after its rolling they all find them-
selves at the edges of the sheet. This explains the fact why
at the edges of the sheet and exactly at close to the bondline
the hook cracks form.
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Results of investigations and discussion

To interpretate chemical composition of NMIs detected
in the discontinuities of welded joint defects, we shall con-
sider the possible sources of these inclusions’ formation.

Sources of exogenous non-metallic inclusions

Approximate compositions of slags and refractory mate-
rials, that can be in contact with steel melt during secondary
steelmaking and casting, are known from the Table 1, which
includes elementary composition of these materials in %
(wt.) for simplicity of their further comparison with com-
positions determined in inclusions via SEM-EDS analysis
method.

It follows from the Table 1, that slags and refractory
materials do not serve as a source of sulfur in non-metallic
inclusions, so CaS in their composition should be defi-
nitely related to products of steel modification by calcium.
The authors of publications [5-10, 18-20] have the same
opinion, however, several of them [6-9] have wrongly asso-
ciated the origin of CaO and Al,O; in the inclusions found
in discontinuities of defects, with exogenous particles of
slag. It is impossible to agree with this, since all the slags
used during secondary steelmaking and casting still include

Si0,, especially in the tundish and mould, where its con-
centration, calculated on the silicon content, reaches 30%
(Table 1).

Thereby only joint presence of CaO, Al,O; and SiO,,
as well as MgO and especially alkaline-earth metals can
be an identification feature of the origin of these oxides of
slags from the tundish and mould. Difference in composi-
tions of these slags can be used for further specification
of inclusions. For example, mould powder has 5-10 times
more sodium and twice as much potassium than the slag
from the tundish. Moreover, mould powder also contains
fluorine, and its content of magnesium and aluminum
is noticeably lower than in the slag from the tundish
(Table 1).

Materials of metal wiring, containing MgO, can be a
source of magnesium in exogenous component of non-me-
tallic inclusions (Table 1).

Thus, we considered all possible sources of exogenous
component in inclusions that caused the formation of dis-
continuities in pipe welds, and described their unique iden-
tification features by element composition. This approach
does not take into account products of secondary oxidation,
their presence in composition of inclusions is connected with
increased content of Al,O, [6-9].

Table 1. Composition of slags and refractory materials, that are in contact with melt during secondary steelmaking
and casting
Slags and refractories (S) | (S0 | Al | (Ma) o, | (La) | Other elements”
% (wt.)
Steel ladle
Slag 0.1-25| 1.4-9.8 9.5-18 2.4-13.8 27-44 -
Slag area - 0.6 0.2 58 0.7 -
Steel area - 0.6 0.2 58 0.9 -
Bottom - 0.4 0.2 58 1 -
Impact zone - 0.8 46.3 4.8 0.3 Ti=1.3
Metal flow from steel ladle into tundish
Ladle zone - - 48.7 3.3 1.6 -
(contact area with metal) - | eS| <4l 3.5 : 2=5.9
Protective pipe - 2.3 >32 C>20
Tundish
Slag 0.1-03 | 11.7-27.1 | 26-132 | 1.8-42 |107-15.7 Ay
Walls and bottom - <2.6 0.2 >51 <2.1 -
Metal receiver - 2.3 0.2 >48 1.8 -
Metal flow from tundish into mould
Stopper
Body - 9.3 37.6 0.7 0.2 Ti=0.7; Zr=2.2
Nose - 0.9 2.6 53 0.6 -
Pouring nozzle
Internal surface - 3.3 43.4 0.1 0.1 Ti=0.7; Zr=4.3
Surface in slag area - 3.1 0.4 0.1 2.6 Ti=0.1; Zr=64.4
Seat - 2 5.2 49 0.6 Zr=0.3
Mould
Mould powder (MP) 005 |126-29.9| 26-7.9 | 0.3-0.7 | 2.9-27.9 R

*) Oxygen — balance
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Fig. 1. Results of thermodynamic simulation of primary NMIs formation for 09G2S steel grade at the temperature 1550 °C.

Steel composition: 0.057 % C, 1.33 %Mn, 0,53% Si, 0.026 % Al, 0.002 % 0, 0 % Mg (f), 0.0005 % Mg (a-c, e), 0.001 % S
(a, c-f) and 0.0028 % S (b, c), 0.002 % Ce (e).

Symbols of the Fig. 1: Sp — magnesia spinel; CA — calcium aluminates; AICeO; — rare earth metal oxides; (1), (2), (3-1),
(3-2), (4), (5), (6), (6+7), (7) and (8) — 10 possible combination of phases in composition of indigenous NMIs, which are
formed depending on calcium (a-e) and sulfur (a-c¢) concentrations for low-alloyed steel modification, or magnesium,
oxygen and aluminium (f) during its deoxidation; (1-Ce), (2-Ce), (3-Ce), (5-Ce) and (5) — the same in low-alloyed steel,
which was additionally modified by 0.002 % Ce (e)



Metal Science and Metallography

CIS Iron and Steel Review — Vol. 24 (2022), pp. 49-59

Sources of indigenous non-metallic inclusions

Possible combinations of elements in the composition
of indigenous NMIs — products of steel deoxidation and
modification, formed under the conditions of secondary
steelmaking at 1550 °C, can be obtained from the results
of thermodynamic simulation. These calculations for low-
carbon steels are carried out on the example of 09G2S steel
grade, using FactSage 8.0 software, which operates the FSstel
and FToxid databases (Fig. 1).

Only primary indigenous NMIs were calculated at the
temperature of secondary steelmaking, since these inclu-
sions, formed after deoxidation and modification of steel
melt, form conglomerates of NMIs responsible for the for-
mation of defects of welded joints. Secondary NMIs are only
5% of the weight fraction of all products of deoxidation and
modification of steel, so they can be ignored. The composi-
tion and number of primary inclusions are calculated over
a wide range of calcium concentration changes, which is
realized in the local dissolution volume of the modifier. If
in the melt there is magnesium reduced, for example, from
deoxidized steel-ladle slag [18, 21], then with increasing [Ca]
in the melt non-metallic inclusions are consequently formed
consisting of the following phases: Sp+CA, CA, CA+CaO
(at [S]=0.001 % (Fig.1a)) or CA+CaS (at [S]=0.0028 %
(Fig.1b)), CA+CaO+CaS and CaO+CaS. If magnesium is
absent in the melt, then the first pair of phases is formed
in the composition Al,0,+CA (Fig.1d) at [Ca]<0.0006 %,
and the rest regions of phase rotation at increasing [Ca] will
remain the same as in steel with magnesium (Fig. 1aand Fig. 15).
It should be noted that CA composition in the pair with Sp
or with AL, O, (Fig. l¢ — 1d) is characterized by higher con-
tent of aluminum than calcium, and in the pair CA+CaO or
CA+CaS isthe contrary: the calcium content in CA is higher
than aluminum (Fig. 1¢).

When modifying low-carbon corrosion-resistant steels,
not only calcium, but also rare-earth metals are used.

The conditions of forming the products of such modifica-
tion are presented on the Fig. 1e. AICeO, oxides are involved
in the following areas: (1-Ce), (2-Ce), (3-Ce) and (5-Ce),
while the pair CaO+CaS without AlCeO; at [Ca]>0.006 %
is formed in the area (5).

Figure 1fshows the formation conditions of deoxidation
products at different aluminum content added into steel with
different oxygen concentrations. Absence of magnesium
leads to forming of Al,O,, when [Mg]<0.0005 % or when
[Mg]>0.0005 % - the mixture of Al,O;+MgO-Al,O; orsingle
spinel MgO-Al, O, are formed respectively.

Thereby, from the thermodynamic point of view, forming
of ten different combinations of phases — deoxidation and
modification products — is possible in secondary steelmak-
ing of low-alloyed steel without rare earth metals. All these
combinations were revealed in discontinuities of real defects
of welded joint of 09G?2S steel grade.

Analysis of NMIs origin in welded joints

Metal discontinuities in welded joint, which was
manufactured via high-frequency induction welding from
coiled sheet made of 09G?2S steel grade and other low-
carbon pipe steels, were revealed using ultrasonic control.
Polished samples prepared from this metal after etching
with a 4% nitric acid solution were examined with Axio
Observer D1m inverted microscope equipped with the
Thixomet Pro image analysis system. Typical examples
of hook cracks in a pipe welded joint after HFIW process
are presented on the Fig. 2.

The chemical composition of non-metallic inclusions
was determined on unetched cross sections by SEM/EDS
analysis methods on JSM-6380LA microscope with the help
of X-ray microanalyzer "Analysis Station". The concentra-
tions of all elements contained in the NMIs detected in this
way are given in wt. %, where oxygen is the balance up to
100 %.

a

Fig. 2. Example of hook crack defect with exit («) and without exit (b) on the surface of external pipe diameter
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Let us consider the origin of NMIs which were found in
discontinuities of hook cracks. Relative part of these cracks
in welded joints of pipes manufactured via HFIW technol-
ogy exceeds 80 %, according to domestic [26] and foreign
[4] sources.

Indigenous NMIs — products of steel deoxidation and
modification

This section includes the examples of hook cracks, whose
formation was caused by non-metallic inclusions, such as
products of steel deoxidation and modification, not contain-
ing exogenous component. The examples of such NMIs,
which caused the creation of hook-shaped defects, are pre-
sented on the Fig. 3.

The pair Sp+CA is formed in aluminum-killed and
calcium-modified steel after the interaction of aluminum
dissolved in the steel melt with well deoxidized ladle slag
[18, 21]. Magnesium reduced from slag participates in the

L 120 pm

C

formation of MgO-Al, O, (Fig. 1a or Fig. 1b); at the same
time calcium aluminates in pair with magnesia spinel contain
much more Al than Ca (Fig. 3a). The same Al and Ca rela-
tionship in CA, as well as the conditions of formation of the
pair Sp+CA at [Ca]<0.0013 % are followed from the results
of thermodynamic simulations (Fig. la — I¢).

Other indigenous NMIs — products of steel modifica-
tion, which were revealed in discontinuities of hook cracks,
are shown on the Fig. 36 — 3d. Figure 3b shows an example
where indigenous inclusions liquid CA and solid CaS consist
of approximately equal volume fractions at the temperature
of secondary steelmaking. As follows from the results of the
calculations (Fig. 1), such a ratio of these phases is formed
at higher calcium content in steel (up to 0.0047 %) and
[S]>0.0028 %. At the same time, unlike the pair Sp+CA,
Ca concentration in calcium aluminates is rather higher than
Al concentration (Fig. 3b), what is confirmed by thermody-
namic simulations (Fig. 1¢).

120 um

Fig. 3. Indigenous NMIs— products of deoxidation and modification:
a) CA (point 1: 33.5 % Al, 19.4% Ca, 5.2 % Mg), Sp (point 2: 39 % Al, 17.4% Mg);
b) CaS (point 1: 55 % Ca, 44 % S), CA (point 2: 18 % Al, 41 % Ca, 0.9 % Mg, 4 % S, 2 % Si);
¢) CaO (point 1: 63 % Ca, 0.7 % Mg, 3.6 % S), CaS (point 2: 54.7 % Ca, 36 % S, 1.2 % Al);
d) CA (point 1: 46.5 % Ca, 12.6 % S, 7 % Al, 1.1% Mg, 0.4 Si, 5 % Ce, 0.7 % La), and CaO (point 2: 52 % Ca, 1 % S).
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The example of CaO+CaS pair is presented on the
Fig. 3c. As follows from the results of calculations (Fig.1a
and Fig.1b), depending on the concentration of sulfur in
the steel melt, this pair is formed at [Ca]>0.0045-0.0065 %,
respectively for [S]=0.001-0.0028 %. At the same concentra-
tion of [Ca], the ratio of phases in the area (5) in Fig. la and
Fig. 1b depends on the concentration of sulfur in the melt:

the more of'it, the more CaS and less CaO is formed. At fixed
sulfur concentration with increasing calcium content in the
melt the fractions of CaO and, especially, CaS increase up to
[Ca]=0.0063-0.0085 %, respectively at [S]=0.001-0.0028 %,
and with further increasing of calcium content in the steel
melt the fractions of these inclusions do not change. Taking
into account the ratio of the CaO and CaS phases (Fig. 3¢),

Fig. 4. NMIs conglomerates from exogenous MgO and steel
modification products:
a) CaS (point 1: 54 % Ca, 40 % S, 1.2 % Mg, 1.8 %
Al), MgO (point 2), CA (point 3: 35 % Ca, 21.7 % Al,
3.6% Mg, 3.2% S, 0.7% Si; b) CaS (point 1: 54 % Ca,
44.4 % S), CA (point 2: 33 % Ca, 20 % Al, 6.3 % Mg,
1.2 % S, 2 % Si), MgO (point 3: 62 % Mg); ¢) MgO
(point 1: 64 % Mg), CaO-CaS (point 2: 63.5 % Ca,
0.8 % Mg, 6.7 % S); d) CA (point 1: 36 % Ca, 17 % Al,
1.2% Mg, 1.2% S, 3.8 % Si), MgO (touka 2: 60 % Mg);
¢) MgO (point 2: 61 % Mg).
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the conditions of their formation are described by the area (5)
on the Fig. 15, where these phases coexist in approximately
equal fractions. Under the same conditions, but after rare
earth metals additives, complex inclusions of oxides of rare
earth metals, CA, CaS (point 1 in Fig. 3d) and practically
pure CaO (point 2 in Fig. 3d) are formed. As follows from the
thermodynamic simulations (Fig. 1e), the formation condi-
tions of these compounds are described by the boundary of
adjacent areas (3-Ce) and (5-Ce) in Fig. le.

Exo-indigenous NMIs after interaction with MgO

This section includes the examples of hook cracks
formed by exo-indigenous inclusions, which involve MgO-
containing refractory particles along with modification prod-
ucts (Fig. 4). These modification products are sorbed on the
surface of MgO-containing refractories and react with it,
penetrating inside, and then under the influence of onset
melt flows in the metal wiring are separated from this surface
together with MgO particles.

Attention should be paid to globular form of MgO par-
ticles surrounded by calcium aluminates (Fig. 4). The same
MgO morphology was observed by the authors of [25], where
the impregnation of industrial magnesite refractories with
slags of CaO-Al, O, system was examined. Their results ob-
tained by the sessile drop method displayed that such slags
actively penetrate into the open porosity of refractories at
the temperature of secondary steelmaking; in this case their
surface is destroyed under the action of capillary pressure,
while broken off MgO particles are absorbed by slag melt.
The paper [25] did not discuss the reasons for the forma-
tion of the globular morphology of MgO particles, but it is
obvious that after these angular particles are absorbed by the
liquid slag, they will begin to spheroidize by the mechanism
of Ostwald ripening by recrystallization through liquid phase.

The composition of indigenous component in such con-
glomerates (Fig. 4a — 4d) is almost the same as in the above-
considered defects with modification products (Fig. 3).
For example, Fig. 4a shows the same as in Fig. 3b, solid
CaS and liquid at temperatures of secondary steelmaking
calcium aluminates, which penetrate the refractory surface
and assimilate MgO particles. Relative fraction of exogenous
MgO in the NMIs conglomerate is at least 50 %, and all of
them have globular shape and are uniformly distributed in
calcium aluminates. This means that the separation of modi-
fication products accumulated on the refractories occurred
after their deep infiltration and long holding of this semi-
solid material. The contact time of modification products
with refractory particles was sufficient for almost complete
globularization of MgO particles, and the sufficiently low
magnesium content of calcium aluminates corresponds to
thermodynamic simulations. On the contrary, incomplete
globularization and blurred boundary of MgO particles as
well as increased Mg concentrations in calcium aluminates
(Fig. 4b) testify to the incomplete process of Ostwald ripen-
ing of MgO particles.

Fig. 4¢ shows inclusions which are similar to the previ-
ously discussed CaO+CaS indigenous inclusions (Fig. 3c¢).
Difference of exo-indigenous inclusions (Fig. 4¢) consists

not only in presence of MgO particles, but also in composi-
tion of the indigenous component based on CaO. Thereby
the formation conditions of indigenous component of the
conglomerate in Fig. 4c correspond to the beginning of the
area (5) in Fig. la.

It should be noted that a sufficiently large number of
globular and uniformly distributed MgO particles indicates
a deep infiltration of refractory surface by modification
products, while relatively low magnesium content in them
indicates the end of the Ostwald ripening processes of these
particles.

Calcium aluminates are revealed in the conglomerates
in Fig. 4d. The formation conditions of such modifica-
tion products belong to the area (2) in Fig. 1a or Fig. 1b.
The absence of CaO or CaS in the indigenous fraction of
conglomerate does not allow us to make a conclusion about
the sulfur content in metallic melt from which these alumi-
nates were formed.

Defects, whose source of formation was practically pure
exogenous MgO particles, are found in the absence of a
liquid phase environment for their Ostwald ripening, their
shape leaves angular (fig. 4e).

Exo-indigenous NMIs after interaction with Zr O, and
mould powder (MP)

The formation of this group of defects was caused by de-
oxidation and modification products after interaction with
the surface of ZrO, - containing refractory and/or mould
powder (Fig. 5).

In contrast to conglomerates of inclusions based on
MgO (Fig. 4) in conglomerates of inclusions containing Zr
(Fig. 5a-b), pure oxides of this element were not detected,
which means the lack of deep infiltration of the ZrO,-
containing refractory surface by the modification products.
However, traces of dissolution of ZrO, in the form of separate
light bands of Zr-containing phase formed at the end of the
oxide melt solidification were found in the products of inter-
action of CA with refractory. Note that zirconium is localized
only in these bands and is not contained in the rest volume of
calcium aluminates. Two examples of conglomerates of the
same composition, but with different relative fraction of ZrO,
particles in the composition of NMIs detected in the discon-
tinuities of defects are shown in Fig. 5a and 5b. The longer
liquid indigenous inclusions contacted with this refractory,
the more ZrO, is dissolved in them and the more light bands
enriched with this oxide are formed at the end of melt solidi-
fication (Fig. 5b). Exactly the same combination, but purely
indigenous deoxidation products of Sp+CA, we observed in
Fig. 3a, but in contrast to them, in calcium aluminates sorbed
on the surface of ZrO,-containing refractories, magnesium is
not detected (Fig. Sa and 5b). Apparently, Sp is not soluble in
calcium aluminates saturated with zirconium oxides.

In the next group of defects, deoxidation or modification
products have been in contact with mould powder, includ-
ing after interaction with ZrO, - containing refractory.

Exo-indigenous Al,O;—based NMIs after interaction
with mould powder are shown in Fig. 5c¢. If we suppose
that Al,O; inclusions have exogenous nature, it is difficult to
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understand how a refractory particle of 10 microns could be
absorbed by the melt and remain in its volume during sec-
ondary steelmaking and casting of steel, if corundum is not
wetted by steel melt. Therefore, Al,O, inclusions are indig-
enous products of steel deoxidation by aluminum (area (6)
in Fig. 1f). These products have been in contact with mould
powder, so they contain Na, Ca and Mg.

c———————30um

Fig. 5. Conglomerates of exo-indigenous NMIs, found in the
discontinuities of hook defects:
after interaction with ZrO, — containing refractory (light
bands: 24 % Zr): a) AK (point 1: 35 % Al, 26 % Ca),
Sp (point 2: 39 % Al, 17 % Mg); b) Sp (point 1: 39 %
Al, 17 % Mg), AK (point 2: 34 % Al, 25 % Ca); after
interaction with mould powder: ¢) Al,O;+MP (point
1-2: 48-50 % Al, 5-6 % Ca, 0.4-2 % Mg, 0-1.5 % Na);
d) AK+MP (point 1: 37.5 % Al, 20.8 % Ca, 0.64 % Na),
AlL,O;+MP (point 2: 46.5 % Al, 6.3 % Ca, 2.9 % Mg, 2.7
% Na); e) Sp (point 1: 17.8 % Mg, 38.6 % Al), CA (Zr)
(point 2: 22.4 % Ca, 16.6 % Al, 24.9 % Zr), CA+MP
(point 3: 32 % Al, 23 % Ca, 0.7 % Si, 0.66 % Na) .

Exo-indigenous NMIs, which are formed by the pair
Al,O;+CA after interaction with mould powder, are shown
on the Fig. 5d. It should be noted that, similar to the case
with MgO-AL O, (Fig. 3a, Fig. Saand 5b), in the contact with
Al O, (Fig. 5d), aluminum concentration in CA is higher
than calcium concentration. The same conclusion and con-
ditions of formation of the pair Al,O,+CA at [Ca]<0,0006 % is

57



CIS Iron and Steel Review — Vol. 24 (2022), pp. 49-59

Metal Science and Metallography

58

followed from the results of thermodynamic simulations
(Fig. 1d). Traces of exogenous component after interaction with
mould powder (0.64-2.7 % Na) were found in both phases.

The conglomerate of inclusions shown in Fig. Se in-
volves exogenous components from two sources: one is from
Zr0, - containing refractory in combination with deoxida-
tion and modification products, and the other is from slag
in the mould, in contact with which these exo-endogenous
NMIs conglomerates have been in contact.

In this way, 65 and 70 hook cracks were investigated, re-
spectively, in the first and second set of welded joints which
obtained in different years. In the discontinuities of these
cracks, four main types of NMIs were found, including all
ten combinations of indigenous phases predicted by thermo-
dynamic simulation (Fig.1):

1. Indigenous NMIs (24.3 % / 70 %) — only products of
deoxidation (Sp and Al,O5) and/or modification (Sp, CA,
CaO, CaS), including: Sp+CA (10.0 %); CaS+CA (7.1 %);
CaO-CaS (2.9 %) and Sp, Al,O;+CA, CaO+CA — 1.4 %
of each.

2. Exo-indigenous NMIs — deoxidation and modification
products (DMPs), which were sorbed on the surface of MgO-
containing refractories (40 % / 26 %), including: MgO+CA+CaS
(15.7 %); MgO+CA (14.3 %); MgO-CaO-CaS-CA (5.7 %);
MgO+Sp+CA+ZrO, (1.4 %) and MgO (1.4 %).

3. Exo-indigenous NMIs — DMPs, which were sorbed
on the surface of ZrO,-containing refractories (20 % / 0 %),
including: Sp+CA+Zr0O, (18.6 %) and Sp+CA+MP+ZrO,
(1.4 %).

4. Exo-indigenous NMIs — DMPs and other NMIs after
interaction with mould powder (15,7 % / 4 %), including:
CA+MP (10.0 %); Al,O;+MP (2.9 %); MgO+CA+MP
(2,9 %) and Sp+CA+MP (1.4 %).

The fraction of each of the four main types of NMIs for
the second (numerator) and first (denominator) sets is shown
in round brackets here. The fractions of different combina-
tions of phases, which are included in composition of the
main NMIs types, are noted in round brackets only for the
second set.

The above-mentioned statistics were obtained in the
analytical module during complex automated analysis of
metallographic reports in the Thixomet software [26]. These
results are useful for analyzing the current state of production
in order to adjust and improve it, as well as to assess trends
in its changes in different periods of time. Here are some
observations during comparison of defects in the second set
with previously examined defects in the first set [26].

The high steel cleanliness in the second set by indigenous
NMIs should be noted: the number of defects with only de-
oxidation and modification products found in their discon-
tinuities, decreased almost three times: from 70 % [26] to
24.3 %. This means that secondary steelmaking in the pro-
duction of pipes from the second set provided three times
more effective elimination of indigenous non-metallic in-
clusions from liquid steel during argon melt blowing after
additives of deoxidizers and modifiers. However, it is known
that in the process of argon blowing of steel deoxidized with
aluminum, spinel MgO-Al, O, is formed due to the interac-

tion of steel melt with well deoxidized ladle slag. Indeed,
if indigenous deoxidation products on the base of spinel
caused the formation of only 8 % of all examined defects
in the first set [26], number of defects in the second set with
MgO-Al,O; tripled to 34.2 %, including Sp+CA (10 %) and
Sp+CA+ZrO, (18.6 %). With any combination of phases,
spinel has always been surrounded by calcium aluminates,
so, as we know from the literature, the mechanism of its for-
mation is associated with the reduction of magnesium from
the deoxidized ladle slag. Therefore, intensification of mass-
exchange processes at the slag-melt boundary during second-
ary steelmaking, along with the positive effect of removing
liquid calcium aluminates into slag, has a negative effect as-
sociated with the reduction of magnesium from deoxidized
slag and formation of magnesia spinel.

Only one from 65 examined defects in the first set [26]
was associated with conglomerates sorbed on the surface of
ZrO,-containing refractory. The second set had 20 % of such
defects, and almost all of them are caused by MgO-Al, O,
inclusions with calcium aluminates, which fraction in the
second set of defects has increased significantly for the rea-
sons discussed above.

If the number of defects with indigenous products of
modification (CA), which contacted with mould powder,
was 4 % in the first set, the second set had 15.7 % of such de-
fects; at the same time, deoxidation products (Al,O; and Sp)
or Sp+CA combination, as well as CA washed from MgO-
containing refractory, were added to modification products.
This may indicate a change in assimilating slag abilities in
the mould during steelmaking of pipes for the second set.

Thus, the analysis of metallographic reports can be useful
for monitoring the current state of production and evalua-
tion of trends in its development, as well as to assess the ef-
fectiveness of efforts to improve the technology of secondary
steelmaking and steel casting.

The same detailed interpretation was carried out for all
kinds of indigenous NMIs in corrosion-resistant, medium-
carbon and carbon steel grades, while database “Quality
systems of metal products” is equipped with compositions
of deoxidation and modification products of steel, formed
during their industrial production. It is shown that the same
ten combinations of phases, which were predicted by ther-
modynamic simulation, are formed in the composition of in-
digenous NMIs that were revealed in discontinuities of pipe
welded joints under the existing technological routes of steel
deoxidation and modification, independent of steel grade.

Conclusions

1. On the basis of analysis of foreign experience it is shown
that hook cracks are the most common defect of pipe joints
obtained by high-frequency induction welding. Especial
attention is paid to non-metallic inclusions, which caused
the formation of this defect. Their composition, origin and
methods of elimination are considered. It is established that
the nature of various oxides in NMIs composition revealed
in the vicinity of defects is often stated without objective evi-
dence of their origin.
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2. Detailed interpretation is given of those NMIs that
caused the formation of weld defects, using the data on possi-
ble sources of exo- and indigenous inclusions for low-carbon
steel grades. All ten combinations of indigenous NMIs re-
vealed in the defects of welded joints of low-carbon steels for
the last years, are definitely interpreted by the results of ther-
modynamic simulations of formation conditions of primary
NMiIsat 1550 °C. The same detailed interpretation is carried
out for all types of indigenous NMlIs in corrosion-resistant,
medium-carbon and carbon steel grades.

3. New knowledge was established using the data on
NMIs composition obtained in industrial reports:

3.1. mechanisms of formation of coarse NMIs conglom-
erates, consisting of deoxidation and modification products
(DMP) mixed with exogenous components from refractories
or mould powder. These conglomerates are formed on the
surface of refractories of metal wiring and then washed by
onset melt flow into the mould during steel casting, in some
cases after interaction with mould powder;

3.2. mechanisms of interaction between liquid calcium
aluminates with the surface of MgO- and ZrO,-containing
refractories, which allowed to explain the morphology of
exogenous component in conglomerates of these exo-in-
digenous NMlIs;

3.3. regularities of changes in the composition of calcium
aluminates, with more aluminum than calcium, if they were
formed together with magnesia spinel at [Ca]<0.0013 %, or
more calcium than aluminum, if only CA or CA+CaS or
CA+CaO or CA+CaO+CaS were formed at [Ca]>0.0013 %;

3.4. regularities of formation of magnesia spinel during
secondary steelmaking of the melt modified by calcium; the
more calcium aluminates will be removed into the slag dur-
ing argon melt blowing, the more magnesia spinel will be
formed in steel melt.

4. The “Metal products quality system” was developed
and implemented on the basis of Thixomet image analyzer,
which operates in the laboratories of Vyksa Steel Works.
This system enables: to automate the process of generation
of metallographic reports; to provide storage of digital infor-
mation in the database; to process this information to reveal
the origin of NMIs, which caused the defects, and to improve
the secondary steelmaking and steel casting technologies.
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