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This study investigates the root courses of surface blistering and explores
methods to minimise it in hot-rolled coil steels containing 0.1-0.2 C, 0.4-1.6
Mn, 0.05Si (wt.%). Surface voids are believed to form during continuous
casting, to develop into surface cracks during hot rolling, and to result in
product rejection. These defects are found in the central part of the coils on
the side corresponding to the small radius of the continuous casting machine
(CCM). Metallographic analysis of samples reveals the defect-prolifiration
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depth ranging from 100 to 300 um, decarburisation around the defected
zones, and grain coarsening of ferrite to ASTM No. 7 (32—45 um) from ASTM
No.9-10 (11-16 pm) in the non-defected microstructure. In addition to de-
carburisation, chemical analysis reveals oxidation and presence of non-
metallic inclusions in the defected zones. Oxidation indicates moisture in-
gress during casting, which is linked to a loss of seal integrity at the CCM,
particularly, following a leak between the steel and copper water-cooled plate
of the mould. Indentation traces observed on the coils’ surface indicate the
formation of a so-called ‘metallic skull’ due to the seal damage. The analysis
of slag-forming mixtures reveals the maximum allowable limit of moisture
content approaching 0.50%, although the moisture content in the coal used
for carburisation of steel is ranging from 1% to 1.2% that is well below the
limit of 9% . Based on the obtained results, a set of measures is developed to
reduce the defect formation; this set includes: strict control of the moisture
content in the mould powders, slag-forming mixtures, and ferroalloys; man-
datory testing of mould seal integrity before casting; additional monitoring
of tundish drying and the prevention of casting without a protective pipe.

Key words: continuous casting, mild steel, surface blister, microstructure
characterisation, moisture control, mould powder.

IIe nociimskeHHA CIPAMOBAHO Ha aHAJI3Y IPUYUH i MIAXIB ycyHeHHA Hedek-
TiB TUIIYy «pPO3KaTaHUI ra30BUY NyXup» Ha rapgdyeKaTaHUX PYJIOHAX HU3BKO-
ByrieneBoi Kpuili mapoxk SAE 1008 i S235, 110 BuUsgBUBCA BIPOLOBIK IIIiCTHOX
nHiB BupoOuuiTea Ha ctaHi 1700 ogHOrO 3 MeTadypriiHUX MiAIIPUEMCTB I'PY-
nu «MetiaBecT». Ilpoaykiiiss, Ha AKi# Oyso BusABIEHO nedeKTH, cKJagaja
3327 roH, 3 axux 88,3% mpunagaau Ha caA01, PO3JIUTI Ha MaIlInHi 6Ge3mepep-
BHOTO JIUTTs 3arotiBok (MHJI3) Ne 3, i smume 11,7% — ma caabu 3 MHJI3-2.
Oco06smBO HedeKTH 30cepelKyBaics B IIeHTPAJIbHIN YaCTUHI PYJIOHIB 3 GOKY,
1o BigmoBizae masomy pagirocy MHJI3, a Tako:x Ha pyJIOHAX, PO3JIUTUX i3
3aCTOCYBaHHAM KpucTagizaTopa Ne 2 yIpomos:x I ATboxX AHiB. Mertasorpadi-
YHA aHaJlida 3pas3KiB MOKasaJia, M0 IMIMOMHA HommpeHHsS AedeKTiB carajia
100—-300 MKM, a CTPYKTypa MeTaay IIo0au3y JeeKTHUX 30H XapaKTepus3yBa-
Jacs IMOBHUM 3HEBYIJIEIbOBYBAHHAM i YKPYIHEHHAM 3epHa ¢depury mo 6—7
HOMepa 3a mikasoio ASTM (32—45 MKM), Toai SK HOpMAaJbHE 3€PHO y HEIO-
ITKOI)KEHNX 30HaX MaJjo po3mip 9—10 momepa (11-16 mxm). Ha ocHOBi xemiu-
HOTO CKJIAAy, BUBHAUEHOro BigmoBigmo mo craggapty ISO 4967:2013, 6y0 mi-
ITBEPKeHO HASIBHICTh OKMCHEHUX 30H y BUIJIAL CKYIUeHb HeMeTaJeBUX
BKJIIOYEHDb B 30Hi gedekTiB. Ile BKasye Ha OKMCHEHHsS MeTaJly uepes IOTpall-
JIAHHS BOJIOT'M y IIPOIeci pO3JIMBaHHH, 110 OYJIO IIOB g3aHe 3 IMOLIKOKEeHHAM
repMeTHYHOCTH Kpucraiisdaropa Ne 2 ma MHJI3-3, sokpema BHACTiIOK BUAB-
JIEHOI Teui MisK KPUIIeBOIO Ta MiTHOIO BOZOOXOJIOAKYBAHOIO MJINTOI0 KPUCTAJII-
3aTopa. ¥ TeXHOJIOTIUHOMY KYpPHAaJIi TaKoXK 0yJj0 3adgiKkcoBaHO CIigU BTHUCKY-
BaHb, SKi BKa3yOTh HA YTBOPEHHSA TAaK 3BAHOI'O «METAJEBOTO KOPOJBLKA» SK
MPUYUHY IOITKOMKEeHHA repMeTUYHOCTH. AHajisza CKIaqy ILIaKOyTBOPIOBA-
JBbHUX CYMiIlleil moKasaJja, 0o HiJ Yac pO3JUBAHHSA BMICT BOJIOTH y IIJIAKO-
YTBOPIOBAIBHUX cyMimax cranosus Bix 0,20% mo 0,50% , mio Bigmosigae ma-
KcuMaJIbHO gomyctuMiii mexi y 0,50% . KoHTpoab TaKo BUABUB, II[O0 BOJIO-
ricte Byrinmma mapxu AC, AKe BUKOPHCTOBYBAJIOCA MAJA HABYTJIEIIOBAHHSA
Kpuiii, BapitoBasaca Big 1% mo 1,2% , 110 He nepesuriye rpaanusi 9% . Ilpore
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00 €IHAHHS BOJIOIMX MATepPiAIiB i HOpPYIIeHHA IepMEeTHYHOCTHA CTBOPIOBAJIO
YMOBH AJI OKMCHEeHHA MeTaay. Ha ocHOBI ofiep:KkaHux JaHUX 0YJI0 PO3PO6IEHO
KOMILJIEKC 3aXOJiB IJIA MOHMKEeHHA Ne(eKTHOCTU MPOKATy, BKJIIOUAIOUU: CY-
BOpPUI KOHTPOJIb BOJIOTOCTHU IIJIaKOYTBOPIOBAJIBHUX cyMile#l i ¢epocToIris,
06OB'IBKOBE TECTYBAHHSA TNePMETUUYHOCTHM KPUCTAIi3aTOPiB Iepen PO3JIHBOM,
IONATKOBUM KOHTPOJIb HPOCYIITYBAHHS IIPOMiKHMX KOBIIIB i HEJOMYINEeHHS
PO3IUBY 0€3 3aXMCHOI TPYOH.

KaiouoBi cioBa: GesnepepBHe JUTTS, HU3LKOBYIJIEIEBA KPUIlS, PO3KATAHUH
ra3oBUHM NIyXUp, XapakTepusallid MiKpOCTPYKTYpPH, KOHTDPOJIb BOJIOTOCTH,
IIJIaKOYTBOPIOBaJIbHA CyMilIl.

(Received 14 May, 2025; in final version, 25 August, 2025)

1. INTRODUCTION

Intense commercial competition stimulates metallurgical companies to
further improve the technological processes and implement the quality
management system [1]. Surface appearance is one of the key quality
parameters for many steel grades, such as structural and automotive;
therefore, defect monitoring and prevention become a critical part of
the whole production process. Various processing factors throughout
the production cycle may influence the formation of surface defects,
such as rolled-in scale or oxide layers, with processing routes playing a
crucial role in determining both surface quality and mechanical prop-
erties [2]. In spite of the measures undertaken, the rolled-steel surface
may suffer from a number of defects, such as foreign matter (rolled-in
scale), roll marks (patches), scratches (long marks), crazing (short
multiple marks), pitted surface, and inclusions. These defects are
closely related to a steelmaking technology, continuous casting and hot
rolling parameters, and the condition of equipment [3, 4].

Surface defects result from multiple causes such as incorrect set-up
of the ladle—tundish—mould system, heat transfer within the mould,
cooling water sprays, friction between strand and mould, misalign-
ment of the casting machine, straightening strains, and phase trans-
formations [5]. Effective hydrodynamic optimization of tundish flow,
including control of turbulence zones and metal receiver design, en-
hances inclusion removal efficiency, homogenizes the melt, and re-
duces the risk of gas-bubble entrapment during solidification [6].
Meanwhile, the hydrodynamic conditions in the mould, particularly,
the submerged entry nozzle (SEN) design, are essential for maintain-
ing uniform metal flow and minimizing defects during continuous
casting [7]. To minimize the defect formation, several measures have
been undertaken:

— improvement of the ladle-shroud designs to optimise the molten-
metal flow during casting [8, 9];
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— correction of the mould oscillation frequency and heat-flux distribu-
tion to the slab geometry and steel grade [10—13];

— selection of the casting speed with respect to the high-temperature
mechanical properties of a steel grade to minimise temperature fluc-
tuations[14, 15];

— a thorough descaling to prevent rolling of the scale into the surface
[16];

—reduction of the sources for formation of non-metallic inclusions and
optimisation of the inclusion removal from the liquid steel into the
slag before continuous casting [17, 18];

— argon protection of the liquid steel melt during transfer from the la-
dle to the tundish and to the mould [19, 20];

— optimisation of the caster geometry (nozzle port angle, size, and
shape, mould width and thickness), casting speed, argon gas injection,
nozzle submergence depth [21];

— improvement of the roll-surface quality and control of their wear
[22];

— application of increased cooling rates during strip coiling [23];

— application of various defect detection methods, like electromagnetic
sensors, radiography, magnetic particle inspection, and artificial in-
telligence [24—-2T7].

During ladle treatment and continuous casting, oxygen, nitrogen,
and hydrogen can dissolve in the melt. When the melt solidifies, the
solubility of gases decreases and CO, H,, N, containing bubbles may
form. The addition of aluminium and calcium facilitates steel deoxida-
tion, reducing the risk of gas-bubble formation, while the introduction
of yttrium after aluminium may lead to increased losses due to the
oxidation and the formation of complex-oxide inclusions [28]. If the
steel is pre-oxidized or contains a high oxygen level, this increases the
likelihood of reoxidation during casting, negatively affecting the qual-
ity of the cast product. The gas-bubble formation depends on the pres-
sure: under low pressure, the gas formation is easier. The lowest pres-
sure in the liquid pool is at the meniscus. Therefore, gas bubbles can
form most easily in the mould near the strand surface. The bubbles
may be engulfed by the solidifying shell, so, that pores appear near the
surface. Nucleation of gases can take place also in the solid strand due
to the solubility decrease with temperature or presence of microporos-
ity and cracks [29]. The phase structure influences the bubble forma-
tion. For example, the solubility in ferrite is lower than in austenite
due to the more close-packed b.c.c. crystal structure (ferrite) compared
to the f.c.c. crystal structure (austenite). In medium carbon steel with
ferrite—pearlite microstructure, the pearlite colony boundaries and the
prior austenite grain boundaries may act as the void nucleation sites
[30]. In case of an increased P concentration, Fe(PO) may form around
980°C; then, it will melt and vaporize under high temperature to result
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in blistering of scale. Gas holes and cracks can be found in scales at a
temperature of > 1050°C due to formation of CO [31]. Subsurface bub-
bles may develop into surface cracks, especially, in presence of inter-
metallic inclusions [32]. Cracks and gas bubbles may close via solid-
state diffusion, if their surfaces are not oxidised [33—38]. This re-
quires increased compressive strains and stresses. For example, in
work [39], during 50% reduction of a 150 mm thick slab, the 10—
25 mm diameter voids closed after the fourth pass for a seven-pass roll-
ing schedule and after the second pass for the five-pass rolling sched-
ule. This means that a larger strain per pass provides a stronger void
closer. The extent of void closure was observed, increasing toward the
slab centre line from the slab edge. During void closure, the local com-
pressive stresses around voids may reach significant values of
> 2500 MPa; this drives the void healing process [40]. Effective closure
of internal cavities using the shape of the tool and compression modes
can reduce the number of subsurface voids, which are potential precur-
sors to surface defects after hot deformation [41].

The reoxidation of liquid steel, that may prevent the void closure,
can occur through contact with gaseous atmosphere, slag with high
oxygen potential, ferroalloys, refractory phases during secondary
steel refinement, cracks in the refractory walls, and during transfer of
liquid steel from a ladle to a tundish and to a mould [42—-47]. Oxygen
pickup increases precipitation of non-metallic inclusions [48, 49] and
scale growth, weakens the austenite grain boundaries, and facilitates
crack nucleation during hot rolling and cooling [28, 50—52]. Decreas-
ing the oxygen/gas ratio during slab reheating was shown to reduce
oxidation and defect formation [53]. If not prevented on the stages of
steel making and hot rolling, defects remain on the cold rolled steel
[54, 55].

This paper is concerned with investigation and prevention of defects
at one of the leading strip mills in Ukraine, namely, 1700 Hot Rolling
Mill (HRM) of the Metinvest Group. ‘Rolled-out gas voids’ observed on
SAE 1008 and S235 steel coils were believed to originate from continu-
ous casting. These defects were located in the central part of the coils,
primarily, on the side corresponding to the small radius of the con-
tinuous casting machine. ‘Rolled-out gas void’ defects can be com-
pletely removed by surface grinding; however, this slows down the
product despatch. As a result of defect removal, the thickness of the
finished product may fall below the minimum permissible tolerances,
leading to the rejection of the product as scrap and economic losses.
The occurrence of such defects not only affects production efficiency,
but also introduces significant financial and operational risks, empha-
sizing the need for predictive modelling and risk assessment in metal-
lurgical enterprises [66, 57]. Investigations conducted in this paper
aimed to identify the causes of the ‘rolled-out gas void’ defects on the
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surface of hot-rolled products, determine technological parameters
that might contribute to its formation, and propose processing tech-
nology optimization that would guarantee elimination of these defects
in the future.

2. EXPERIMENT PROCEDURE

Chemical composition of the studied steels is presented in Table 1. The
masses of heats, from which samples No.1 and No. 2 were subse-
quently cut, were of 130.04 tonnes each. They were treated by CaO—
CaMg(CO;),—CaF,—Si0,—Al,O refining slag in the amount of 0.6 ton-
nes. The finishing treatment of the heats was made by argon blowing:
bottom blowing for 9 min at a rate of 30 m?®/h, refining blowing for 5
min at a rate of 30 m®/h. Based on the heats’ certificates, it was estab-
lished that slabs used in rolling were cast at speeds of 0.7-0.8 m/min.
Slab dimensions were of 250x1.550 mm. The heating of slabs before
rolling ranged from 7 hours 25 minutes to 11 hours, depending on the
slab weight. The heating temperature according to the regulations was
of 1.340°C; no violations were found. The soaking temperature accord-
ing to the regulations was of 1.320-1.340°C, the soaking time accord-
ing to the regulations ranged from 1 hour to 1 hour 30 minutes.

Two samples of SAE 1008 steel and one sample of S235 steel were
taken for investigation from hot-rolled coils: sample No. 1 (Fig. 1)—
steel grade SAE 1008, dimensions of 2.75x1.265 mm; sample No. 2
(Fig. 2)—steel grade SAE 1008, dimensions of 3.0x1.265 mm; sample
No. 3 (Fig. 3)—steel grade S235, dimensions of 2.55x1.265 mm. The
surface defects on these samples were classified as ‘rolled blisters’.

On sample No. 1, a rolled-out gas blister is located near the edge cov-

TABLE 1. Chemical composition of SAE 1008 and S235 steel samples (wt.%).

Sample | C [Mn]| Si [ S | P [Cr[Ni[Cu] V [Mo| Ti [ Nb | Al
SAE 1008
0.06 0.27 0.01 0.0140.0130.020,010,010.0020.0010.0020.003 0.030

No.1 0.06 0.30 0,01 0.0130.0170.020.010.010.0020.0020.0010.002 0.027

N 2 0.06 0.27 0.01 0.0160.0160.020,010,010.0020.0010.0020.003 0.029

0.06 0.027 0.02 0.0180.0170.020.010.010.0020.0010.0020.002 0.028

Standard re- 0,05—0.20— No more than 0.015—

quirements 0.08 0.40 0.03 0.0200.0200.060.060.08 0.01 0.02 0.0050.005 0.05

S235

No. 3 0.15 0.47 0.03 0.0260.020 - - - - - - - 0.034

0.16 0.47 0.03 0.0240.020 - - - - - - - 0.033

Standard re- 0.13-0.40-_ oo Nomore than 0.0
quirements 0.17 0.62 0.0250.020 - - — - — — — :
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Fig. 1. Photoimage of sample No. 1 (SAE 1008 steel) with a blister (1) defect
on the edge (a) and its enlarged view, revealing delamination (b).

Fig. 2. Photoimage of sample No. 2 (SAE 1008 steel) with blister (1) defects
(a), affected area (enlarged) (b), and delamination (enlarged) (c).

ering a 10 mm wide zone (Fig. 1). Directly along the edge, two small
10-15 mm long delamination were found. On sample No. 2 (Fig. 2, a),
the entire surface of the rolled product is affected by blisters (Fig. 2,
b). Small delamination has also been found extending along the rolling
direction up to 20 mm long, accompanied by a dark haze (Fig. 2, ¢). On
sample No. 3, the entire surface is affected by small delamination ac-
companied by a dark haze (Fig. 3). On this sample, the defects are lo-
cated on one rolled surface.

Sampling for metallographic investigations was carried out in ac-
cordance with the ISO 377:2017 standard ‘Steel and steel products—
Location and preparation of samples and test pieces for mechanical
testing’. The metallographic study of defect was made in accordance
with the ISO 4967:2013 standard ‘Steel—Determination of content of
non-metallic inclusions—Micrographic method using standard dia-
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Fig. 3. Photoimage of sample No. 3 (steel S235) with a blister (1) defect (a) and
delamination (enlarged) (b).

grams’. The study included determination of the chemical composition
of the samples, microstructural analysis of defects, using microsec-
tions made in the longitudinal and transverse directions. The micro-
structure of the rolled products was determined both in the defected
areas and for the sound material. The sample etching was carried out
using 4% alcohol solution of HNO,. The grain size was measured, us-
ing optical imaging on a MIM-7 metallographic microscope (optical
magnification up to x2000, bright-field and dark-field observation)
following the ASTM E112 ‘Standard Test Methods for Determining
Average Grain Size’.

3. RESULTS AND DISCUSSION
3.1. Structure of the Defects

The macrostructure of a delamination in steel SAE 1008 is shown in
Fig. 4, a. A coarse cluster of iron oxides was revealed in the delamina-
tion cavity. The thickness of delamination was of 80—200 pum. The de-
laminated metal is diffusively oxidized, completely decarburized; the
ferrite grain is enlarged to number 6—7 (32—45 um). The depth of the
decarburized layer at the defect site was measured to be of 100-300 pum
(Fig. 4, b). The delamination walls with a haze had a thickness of 26—
70 um. The delamination cavity was oxidized, accompanied by oxide
accumulations. The exfoliated metal was diffusively oxidized, com-
pletely decarburized; the ferrite grain was enlarged to number 67
(32—45 yum). The depth of the decarburized layer was of 100—234 nm.
Blisters revealed on samples Nos. 1 and 2 had a structure similar to
delamination (Figs.4 and 5). In line with oxide accumulations, the
metal was decarburized in sample No. 1 to a depth of 275 yum, and in
sample No. 2—to 296 um (Fig. 5, b). The ferrite-grain size increased to
the number 6—7 (32—45 yum). In areas not affected by defects, the de-
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e : Mogre. = 1200 pm
a b

Fig. 4. The macrostructure of the walls of delamination (a) and blisters (b) in
sample No. 1 (magnification x50).

3 IS
200 pum = ; 200 pm
a b

Fig. 5. The macrostructure of the blister walls in sample No. 2 (magnification
x50).

carburized surface of the rolled product was absent on both samples
(Figs. 6 and 7). The ferrite-grain number was 9-10 (11-16 pum).

The results of the study indicate that blisters and metal delamina-
tion in the rolled products of SAE 1008 steel grade (samples Nos. 1, 2)
were associated with defects formed during continuous casting. The
absence of decarburization and grain coarsening on the rolled-product
surface away from the defects indicates the absence of metal overheat-
ing.

The macrostructure of the delamination walls with a haze in steel
S235 is shown in Fig. 8. There are no clusters of non-metallic inclu-
sions along the walls of the delamination. Clusters of iron oxides were
found in the root of the delamination and along its length. The thick-
ness of the delamination was of 11-50 uym. The delaminated metal was
diffusively oxidized, partially decarburized; the ferrite-grain size was
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Fig. 6. Microstructure of sample No. 1 through rolled-metal thickness (mag-
nification x100).

SAMEREEN100 um #2100 um
a b

Fig. 7. Microstructure of sample No. 2 through rolled-metal thickness (mag-
nification x100).

slightly coarsened to the number 8 (22 1m). The depth of the decarbur-
ized layer at the defect site was up to 20 pm (Fig. 9). In areas not af-
fected by defects, there is no decarburization of the rolled-product sur-
face. The ferrite-grain size number was of 9-10 (11-16 pm). The re-
sults of the study indicate that defects in the rolled products of steel
S235 (sample No. 3) were formed during the rolling of oxidized subcu-
taneous blowholes in continuously cast slab. As for samples Nos. 1 and
2, the absence of decarburization and grain coarsening on the surface
of the rolled products away from the defects indicates the absence of
metal overheating.

As a result of metallographic investigation, the following prelimi-
nary conclusions can be made: the chemical composition of the samples
corresponds to the heat composition and the company regulations for
steel grades S235 and SAE 1008; defects on the surface of rolled steels
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= 100 um \ 200 pm
a b

Fig. 8. Microstructure of delamination walls in sample No. 3 (magnification
x100 (a), magnification x200 (b)).

P —
50 um

Fig. 9. Microstructure of delamination walls in sample No. 3 (magnification
x200).

S235 and SAE 1008 were formed following opening of oxidized subcu-
taneous blowholes, which appeared during continuous casting; no
signs of metal overheating were detected.

3.2. Root Cause of Blisters

Table 2 summarizes the main known reasons for the formation of sub-
cutaneous blowholes in continuously cast slabs.

The analysis of the process documentation and heats’ certificates,
performed for those heats, where the blisters were detected, and veri-
fication of the processing parameters’ correspondence to the required
values have shown the following.

(i) Insufficient killing of steel. The average content of total and acid-
soluble Al in the steel was of 0.033% and 0.030%, respectively (the
standard requirement is at least of 0.02% ). The oxygen concentration
in the steel before being transported to continuous casting machine
(CCM) No. 3 (measured, using an electrochemical oxygen probe, which



726 V. V.KUKHAR, O. M. SMIRNOV, A. G. KOSTRYZHEYV et al.

TABLE 2. Subcutaneous blowholes, reasons for their formation and methods
of prevention.

Key issues Information on methodology, origins and effects
are revealed on sulphur prints (according to Bauman),
Detection of the de- after etching or peeling,
fects subcutaneous blowholes are clearly visible on the first

slabs and usually disappear after the third slab

insufficient steel killing,
high gas content in steel (O,, N,, H,),
wet mould powder
metal blow-off by oxygen in the tundish or casting with-
out a ladle shroud,
Additional causes overheated metal,
undried tundish,
use of wet ferroalloys

improvement of steel killing technology,
Suggested methods vacuum treatment of steel,
of prevention use of dry materials for the tundish lining,
use of dry ferroalloys

Impact on the rolled blowholes and shells can roll out and cause surface
product quality cracks during rolling

Key reasons for for-
mation

determines electromotive force proportional to oxygen activity and
provides results within 1 minute with accuracy in ppm) is on average
of 2.94 ppm, according to the technological instructions of the enter-
prise, which allow no more than 3 ppm. Thus, no violations of the ‘in-
sufficient metal killing’ criterion were observed.

(ii) Overheated metal. The steel temperature during continuous cast-
ing was measured, using an Optris CT Laser pyrometer. This device
determines temperature by analysing the infrared radiation emitted by
the molten metal. It provides immediate and accurate readings (tem-
perature range: 250-1600°C, accuracy: +0.75%, response time: <1
second). The measured temperature corresponded to the technological
instructions. No ‘hot’ heats were noted. Thus, no violations of the
‘overheated metal’ criterion were observed.

(iii) Wet mould powder. In CCM No. 1 and CCM No. 2, the heats were
cast using the mould powder T-4-2(i); in CCM No. 3, the heats were
cast using the mould powder ATST-SP627, GS-MC22MA, STSP285-
22. The composition of the mould powders is given in Table 3. The ac-
tual water content in the mould powder was of 0.20—-0.49% (according
to the technical instructions, the water content in the mould powder
should not exceed 0.5%). Thus, no violations of the ‘wet mould pow-
der’ criterion were observed.

(iv) Metal blow-off by oxygen in the tundish or casting without ladle
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shroud. No metal blow-off by oxygen in the tundish was detected; ar-
gon consumption in the stopper corresponded to the standardized indi-
cators (the standard for CCM Nos. 1 and 2 is of 0.32-0.51 m®/h, and
for CCM No. 3, it is of 0.72 m?/h). During one of the heats, casting a
9 m long slab without a ladle shroud was noted (according to the tech-
nical instructions, slabs no longer than 2.5 m can be cast without a la-
dle shroud). Thus, a local violation of the requirement was detected
due to the presence of the reason ‘casting without a ladle shroud’.

(v) Insufficiently dried lining of the tundishes. Drying and heating of
tundishes at CCM No. 3 were carried out in accordance with the speci-
fied temperature conditions, which were maintained automatically by
changing the consumption of natural gas and air. The total drying and
preheating time was of 2 hours 45 minutes. Heating to 1100°C took 45
min, after which the temperature was held for 2 hours. During the six-
day period under study, six tundishes were dried and heated for CCM
No. 3. For all tundishes, the drying and heating time has been in-
creased. Therefore, no inconsistencies were detected for the criterion
‘insufficient drying of lining’.

(vi) Increased gas content (N, H, O) in liquid steel. The steel chemical-
composition adjustment, degassing, killing, and reduction of the im-
purity content in it were performed in the ladle-refining unit (LRU).
The hydrogen content in the metal was not measured. Metal oxidation
in the LRU before delivery to the continuous casting machine was on
average of 2.94 ppm and did not exceed 3 ppm; this is recommended by
the technological instructions of the enterprise. At the same time, in
Ref.[59], the authors recommended the values of liquid steel oxidation
to be within 3—5 ppm. In liquid steel studied in Ref. [45], a fluctuation
in the oxygen activity was of 0.6—3.2 ppm, mass fraction of Al was of
0.01-0.1 wt.%, and the CaO/Al,O; ratio was of 60/40-65/35 in the
temperature range of 1.520—-1.560°C. The average nitrogen content in
the steel was of 60 ppm (ranging from 40 to 80 ppm) that also corre-
sponded to the ‘Technological Instruction’ (TI) and is within the known
standards [60].

(vii) Leaks in cooling systems. In the heat certificates, a leak in the
boiler of BOF No. 2 was noted on the heat dates. During the retraining
period, namely, when replacing the mould and the accompanying man-
datory inspection of the connection cable and the mould cross-sectional
change system, a water leak at CCM No. 3 was discovered in the upper
part of mould No. 2 on the narrow wall. No water leaks occurred dur-
ing the operation. This was noted in the technological casting log, and
an inspection report was drawn up for the narrow wall of the mould
No. 2 after disassembling and disconnecting the copper working walls
from the steel part. The following was revealed during the inspection:
(a) the fastening bolts were tightened according to the instructions
(force 60 Nm); they did not have visible defects; their length was main-
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Fig. 10. Photo of the mould wall (a) and the skull (b, ¢).

tained as required;

(b) on the narrow wall between the steel and water-cooled copper wall
on the narrow side (far end), where a water leak was detected, a metal
skull was found, and a dent corresponding in shape to the skull was
also found (Fig. 10);

(c) on the date of acceptance of mould No. 2, there were no comments
about the hydraulic test of the copper plates.

Therefore, it can be concluded that the leak in the cooling system
was caused by the presence of a metal skull between the steel and wa-
ter-cooled copper walls of the mould that led to the damage of the seal.
Pressure testing (10 atmospheres, 15 minutes) of the copper plates be-
fore commissioning did not reveal any defects, but, during the opera-
tion of the mould, this defect appeared. This is confirmed by the detec-
tion of a dent and a water leak and corresponds to previously obtained
results.

Analysing this case allows us to conclude that leaks or ruptures in
the cooling system of the continuous casting mould can lead to the
formation of subsurface gas bubbles in the solidified slab. When cool-
ing water accidentally enters the molten metal, it instantly vaporizes,
generating high-pressure steam that may become trapped in the solidi-
fying shell and form gas inclusions. Moreover, sudden contact between
water and the hot surface of the strand can cause localized uneven cool-
ing, which may lead to microcracks and destabilization of the solidifi-
cation front. These conditions promote the entrapment of gases and
the development of internal voids or blister-like defects in the cast
product (slab).

The manuscript [61] states that the cooling systems have a critical
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impact on the formation of defects. In CCM steelmaking industry prac-
tice, verifying the tightness of mould cooling systems by conducting
hydraulic pressure tests is a mandatory procedure. However, excessive
pressure during such tests can lead to deformation of copper walls,
coating damage, and potential leakage in sealing zones [62]. Reference
[62] also notes that failure to adhere to recommended testing parame-
ters may alter the mould geometry and affect the formation of the ini-
tial solid shell. Therefore, water leaks such as those described in the
carried-out study may be an indirect consequence of improper pre-
commissioning pressure-testing procedures. Although the problem of
cooling water leakage in continuous casting systems is well known and
poses a serious threat to process stability, it remains insufficiently
covered in scientific literature. The relevance of this issue is further
supported by patent US4182397A [63], which proposed an engineering
solution to minimize leakage risks through the use of dovetail-shaped
channels and corrosion-resistant fastening elements. Thus, received
findings not only confirm the potential link between the cooling water
leakage and the formation of subsurface gas bubbles (blisters), but also
expand the current scientific knowledge by emphasizing the critical
role of mould tightness control as a key factor in preventing defects in
continuously cast slabs.

3.3. Root Cause of Gas Saturation

During the study period, scheduled measurements of hydrogen content
were undertaken in the tundish, during casting of steel grade S235 on
continuous casting machine CCM No. 3. The measurements were taken
on five heats, using the Hydris electrochemical probe, in accordance
with the plant’s standard practice for hydrogen-sensitive grades. The
results of hydrogen-content measurements, oxidation wvalues, and
comments on the rolling quality of these heats in HRM-1700 are pre-
sented in Table 3.

Table 3 shows that the actual hydrogen content in steel at the con-
tinuous casting machine was of 3.2—4.9 ppm, while the oxidation of
the metal in the ladle-refining unit did not exceed 3 ppm. A number of
measures were taken to identify the causes and prevent increased gas
saturation of the metal.

(i) CCM No. 3 control sampling was made of argon for water content
in the gas. The water content in argon was determined to be of
0.0023% that complies with the required < 0.0070% .

(ii) Three samples of AM-grade coal (used for the carbon-restoration
treatment during tapping from the BOF) were taken to determine their
water content. The water content in AM-grade coal was within the
range of 1-1.2% (with a requirement of no more than 9%).

(iii) The duration of thermostatic treatment of slabs has been in-
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TABLE 3. Gas saturation measurements and characteristics of the rolled
product quality.

Oxidation and hydrogen con-

tent for S235 (1.305) CCM . .
No. 3 for different heats Notes Total, Valid, Rejected,

on the mill tonnes tonnes tonnes

Oxidation on| Hydrogen at
LRU, ppm CCM, ppm

2.9 3.6 - Heats didn’t rolled on HRM-1700

2.7 3.2 Widthdiver- 1353 1393 0
gence (+)

2.8 4.4 Indentations 141.75 141.75 0

2.8 3.7 - C1

2.9 4.9 B Heats didn’t rolled on HRM-1700

creased for heats cast on CCM No. 2 and CCM No. 3 for orders from
HRM-1700 (at least 48 hours in the BOF shop warehouse). Slabs in
standby mode were stored in the BOF shop slab warehouse.

(iv) Nine control samples of mould powder were taken, which were
used for casting (ATST-SP627, GS-MC22MA, STSP285-22, except for
the T-4-2(i), since the entire batch was produced) at all continuous
casting machines to determine the water content. The actual water
content was of 0.20-0.50% .

(v) In HRM-1700, selective peeling of slabs of current heats of simi-
lar grades was carried out. The amount of metal rolled with the blister
defect was of 3 312.5 tonnes. From this amount, 42.4 tonnes (1.2% ) of
rolled steel were additionally rejected due to the defects ‘telescope’ and
‘protruding coils’. These imperfections are not related to the presence
of blisters, but depend on the condition and settings of the mechanical
equipment of the rolling shop [64].

(vi) The analysis of several heats cast and rolled in the same period
did not detect the blister defect. Dependences of the defect formation
on the processing parameters (liquid steel treatment, casting, and roll-
ing)in adjacent heats and heats with the defect were not detected.

Considering the sufficient killing of the steel, absence of overheat-
ing before rolling and the secondary oxidation in the continuous cast-
ing machine, and the nitrogen content being in the required range of
40-80 ppm, the reason for the formation of the largest number of blis-
ter defects was the ingress of water from the mould cooling system to
the slab surface.

3.4. Development of Methods for Blistering Prevention

The analysis of results obtained in this work suggested the following
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methods for prevention of blisters on the rolled steel surface: perform
tests of incoming AM- and AF-coals, which are used for carbon-
restoration treatment of steel, for water, ash and volatile contents,
eliminate the possibility of mixing coals of the AM- and AF-grades
with non-coking energy coal during storage, drying and other techno-
logical operations, eliminate the possibility of using solid-slag mix-
tures during steel tapping from the BOF with a shelf life of more than
24 hours, eliminate the production of steel grades, which are going by
‘warm’ charge to HRM-1700, on BOFs with leaking boiler, use wet fer-
roalloys only after calcination, conduct mandatory oxidation meas-
urements on the LRU for low-silicon (semi-killed) steel grades cast on
continuous casting machines, perform moulds’ monitoring for leaks
during acceptance and installation on the continuous casting machine,
test each batch of mould powder for water content with an increased
number of samples (2 or more), conduct weekly monitoring of argon
supplied to the continuous casting machine for water content, elimi-
nate using tundishes with violation of the heating and drying sched-
ule.

Following implementation of these measures and prior to publica-
tion of this paper, 2.692 tonnes of hot rolled coils have been produced
without defects. All this steel was supplied to the electric-resistance
welding (ERW) pipe mill that produced pipes fully complying with the
standard requirements, demonstrating the effectiveness of the meas-
ures undertaken to minimise the defect formation. To further ensure
the defect-free production, hot-rolled coils were shipped to the ERW
mill with recommendations to maintain a lower manufacturing speed,
thereby, eliminating the probability for blister-defects’ formation. In
addition, the experiments involving etching and galvanizing of hot-
rolled steel coils were carried out in the cold-rolling shop. The results
confirmed that the galvanized coils met all regulatory quality re-
quirements, showcasing the effectiveness of the implemented meas-
ures in mitigating the defects.

4. CONCLUSIONS

The analysis of steel making, casting, and hot-rolling technology at
HRM-1700 mill of the Metinvest established the primary cause of the
blister defects being the ingress of water during steel casting following
a loss of seal integrity in the moulds of continuous casting machines.

The water content in the mould powders was measured to be of 0.20—
0.50% that is approaching maximum permissible limit of 0.50%.
Therefore, stricter quality control of the mould powders was recom-
mended to prevent formation of defects.

A comprehensive set of preventive methods was developed, includ-
ing enhanced control of ferroalloy humidity, thorough checks of the
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casting machines mould seals, and additional requirements for tun-
dishes’ heating. Following implementation of the developed methods,
98.8% of the hot-rolled 2.692 tonnes of steel met quality standards.
This confirms the effectives of the measures undertaken to reduce the
defects’ formation.
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