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Abstract. Aluminum is one of the most common deoxidizers; when it is used in the melt, refractory inclusions of alumina are formed. The presence
of these non-metallic inclusions negatively affects the purity of liquid steel, mechanical properties, makes casting difficult due to tightening
of the steel-pouring fittings. The modification of alumina inclusions with calcium promotes the formation of liquid calcium aluminates, which leads
to an acceleration of their removal from the metal due to a higher ascent rate. Having a high affinity for sulfur, calcium reduces its harmful effect by
binding it with the formation of calcium sulfides, reducing the anisotropy of steel properties during further rolling. For steel treatment with calcium,
injection wires with a calcium-containing filler are used. As a filler can be used: electrolytic calcium, silicocalcium, aluminum-tremic calcium, or
ferrocalcium. The paper describes results of the tests carried out on a calcium-containing wire filled with electrolytic calcium and silicocalcium. It is
shown that the consumption of calcium when using silicocalcium wire is on average 35 % higher in comparison with calcium injection wire filled with
electrolytic calcium. The calcium recovery rate for different steel grades was evaluated using calcium-containing wires of different designs and filler.
In this work, the steel pourability was analyzed. As a determining parameter, dependence of change in position of the tundish stopper rod on calcium
content in the metal was considered in the sample from CCM. It was established that a wire filled with electrolytic calcium shows a more effective
result in comparison with a silicocalcium wire.
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AHHOmMayus. ANIOMUHHI SIBIISIETCSl OZHMM M3 HanOojee pacrpOCTPAaHEHHBIX PACKUCIUTENEH, IPU ero UCIONB30BAaHUM B paciuiaBe o0pasyroTcs
TYTOIIABKHE BKJIFOYCHUS TIIMHO3eMa. [IpHCyTCTBHE NaHHBIX HEMETAJUIMYECKUX BKIFOYCHUH HEraTHBHO BIIMSET HA YHCTOTY JKHJIKOHM cTanu,

© A.D. Khoroshilov, S. A. Somov, V. D. Katolikov, V. A. Muryseyv, R. E. Bocherikov, M. R. Yarmukhametov, 2023 337


https://doi.org/10.17073/0368-0797-2023-3-337-343
mailto:vdkatolikov@yandex.ru
mailto:vdkatolikov%40yandex.ru?subject=
mailto:vdkatolikov%40yandex.ru?subject=
mailto:vdkatolikov@yandex.ru
https://fermet.misis.ru/index.php/jour/search/?subject=steel ladle treatment
https://fermet.misis.ru/index.php/jour/search/?subject=calcium-containing injection wire calcium
https://fermet.misis.ru/index.php/jour/search/?subject=electrolytic calcium
https://fermet.misis.ru/index.php/jour/search/?subject=silicocalcium
https://doi.org/10.17073/0368-0797-2023-3-337-343

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(3):337-343.
Xopowusnos A./].,, Comos C.A. u dp. OnbIT NpUMEHEHNs KalbLUHCO/iepKallell MHXXEKLHOHHON MPOBOJIOKH C HATIOJHUTEJIEM ...

MEXaHMYeCKHEe CBOWCTBA, 3aTPy/AHSIET Pa3IMBKY BCIEACTBHE 3aTATBAHMS CTAIEPa3IMBOYHON GypHUTYpbL. MonuduinpoBanue BKIIOUCHUH OKCHIA
AIIIOMHHHS KaJIbIIEM CIIOCOOCTBYET 00PA30BAHMIO KUAKUX AIIOMHHATOB KaJIbIUs, YTO IPHBOIUT K YCKOPEHUIO UX YAAJICHHS U3 METajlla BBULY
Oosiee BBICOKOH cKopocTH BeruibiThs. OOaiasi BBICOKUM CPOZICTBOM K Cepe, KallbLUil CBSI3bIBACT ee, 00pasys CyJIb(QH/Ibl, TEM CaMbIM YMEHbILAs!
BPCIHOC BIMSHUE CEPHl U CHIDKAs aHM30TPOIMIO CBOMCTB CTalW IPH AailbHelmeil mpokarke. [ oOpaOOTKH CTallM KaJbIHEM UCIOIB3YIOT
UHKEKI[MOHHBIEC IIPOBOJIOKH C KalbLIUHCOAEP)KAIIUM HATIONHUTENEM. B KadecTBe HAIOIHHUTENA MOTYT OBITh HCIOIb30BAHbI MEKTPOIUTUYESCKUH
KaJIbLIMH, CHIMKOKAJIbLMH, alloMOTepMUUECKUil Kanblui, Geppokansuuil. B nanHoit pabore omnmcaHbl pe3ynbTaTbl MPOBEJEHHBIX MCIBITAHUH
Kaspliuiicoiepkaliell POBOJOKK C HANOJHUTENEM M3 DJIEKTPOJIMTHYECKOro Kajiblusd M cuiukokaneius. IlokasaHo, 4to pacxon Kaiablus
IIPH UCIOJIB30BAHMN CHIIMKOKAJIbLIMEBON MPOBOJIOKU B cpeaHeM Ha 35 % BbllIe B CPAaBHEHHMH C KaJIbLIUEBOH HMHXKEKIIMOHHOH IPOBOJIOKOH ¢
HAIOJIHHUTEIEM M3 IEKTPOIUTUYECKOro Kanpius. [IpoBenena oneHka koabduuuenTa ycBOGHU Kanblus UL Pa3IMYHBIX COPTAMEHTOB CTalel
P MCIOJIb30BaHUH KaJIbLMHCOAEPKAIIUX HPOBOJIOK PA3HBIX AM3aHHOB U HATIOIHUTEIS. BHINONHEH aHAIN3 pa3IMBaeMOCTH CTAIH, I/Ie B KaUuecTBe
OIIpeIENSIOIEr0 NapaMeTpa pacCMOTPEHA 3aBUCUMOCTb U3MEHEHHUS IOJI0KEHH S IITOKA CTONOPA IPOMEKYTOUHOTO KOBIIA OT COAEPKAHMS KabIHs
B MeTaJUIe 110 po0e ¢ yCTAHOBKH HENPEPHIBHOM PAa3IMBKH CTAIN. YCTAHOBJIEHO, YTO POBOJIOKA C HAIOJIHUTEIIEM U3 AIEKTPOIUTHIECKOTO KabIHs

HOKa3bIBaeT Ooree 3()(pEeKTUBHBIN Pe3yIbTaT B CPABHCHHUN C CHIIMKOKAIBIHEBON IPOBOIOKOI.

Kawueswle cno06a: BHeneUHas 06pa60TKa CTaliu, Kanbunﬁconepmamasl MHXCKIMOHHAs IIPOBOJIOKA, KaHLHHﬁ, 3JI€KTp0HI/ITI/I‘ICCKHﬁ KaJII:I.IPIfI, CHUIIUKO-

KaJbLHH
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[ INTRODUCTION

The properties of rolled steel products largely are sig-
nificantly influenced by the presence of impurities such
as sulfur, phosphorus, nitrogen, hydrogen, and others,
as well as the content of non-metallic inclusions (NMI)
that enter the metal during melting process. The chemical
composition, quantity, distribution pattern, and morphol-
ogy of MNIs have a profound inpact on the quality and
properties of steel.

In contemporary practice, aluminum is commonly
added to steel for the purpose of final deoxidation. How-
ever, the deoxidation product (Al,O,), known as alumina,
can form irregular shaped inclusions that tend to cluster
together, as reported by Wasai K. et al. [1]. These inclu-
sions have the potential to cause surface defects in rolled
steel (Zaitsev A. et al. [2]) and adhere to casting equip-
ment [3 —5].

In order to mitigate these negative effects, the com-
position of NMI can be efficiently modified. Calcium
is extensively employed as an additive through the use
of calcium-containing cored wires [6 —9]. The addi-
tion of calcium to steel enables control over the chemi-
cal and phase composition of NMI, making the steel
more suitable for deep drawing operations and reducing
the occurrence of hydrogen-induced cracking [10 — 13].

When calcium is added to the liquid metal, it dis-
solves throughout the entire volume. This leads to a reac-
tion with A1 O, inclusions [14; 15], resulting in their con-
vertion to a liquid phase [16]. As a result, the refining rate
is accelerated, with the liquid inclusions rising to the sur-
face more rapidly. Lind M. [17] and Yang J. et al. [18]
have documented the reaction responsible for the forma-
tion of calcium aluminates

(x + gyjAlz(%(S) +y[Ca] = (ALO;)_ (Cao)y * %y[Al].
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Calcium, known for its strong affinity for sulfur,
forms sulfide and oxysulfide NMI (also at the crystalliza-
tion front). Insufficient level of calcium accumulation along
the centerline of the continuous casting billet can result in
the elongated manganese sulfide inclusions. This center-
line region may contain NMI and micro-discontinuities,
leading to the rejection of rolled sheets during ultrasonic
inspection or an increased susceptibility to hydrogen-
induced cracking in corrosive environments [19].

Themodification of NMI with calciumis acomplex pro-
cess. One key challenge involves maintaining the optimal
range of calcium concentration within the melt, as well as
ensuring the stable assimilation of calcium. Calcium has
a high vapor pressure and its addition can induce intense
boiling, which may cause liquid metal ejection from
the ladle. Therefore, the method by which calcium is
added to the liquid metal is crucial. Calcium should be
introduced to the depth of the melt, where the ferrostatic
pressure balances the pressure of the calcium vapor [20].
The effectiveness of a calcium-containing wire depends
on multiple factors, including the steel and slag composi-
tion, steel temperature [21] weight, wire insertion rate, as
well as wire design and a filler composition.

The filler is enclosed in a steel outer layer [22; 23],
which serves the following functions:

— protecting the filler during shipping and storage
by preventing contact with air and moisture;

— preventing the filler oxidation by acting as a barrier
as the wire passes through the slag layer on the metal’s
surface;

— providing rigidity to the wire, enabling it to pass
the slag layer;

— facilitating controlled wire introduction depth
by preventing direct contact between the core and liquid
metal; this can be achieved by adjusting the wire feed rate
and the thickness of the outer layer;
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— the key design features of the wire include the outer
diameter, calcium-containing filler diameter, steel outer
layer thickness, outer layer joint type.

In current practice, calcium can be used as a filler
material in both powdered and solid forms. The different
types of calcium fillers include:

— electrolytic calcium;

— aluminothermic calcium,;

— ferrocalcium,;

— silicocalcium.

Each of these fillers possesses distinct characte-
ristics, such as variations in the content of metallic cal-
cium, impurity elements, and consequently, the assimila-
tion rate. These differences in wire properties contribute
to inconsistencies in the calcium addition process.

The objective of this study is to compare the perfor-
mance of different calcium-containing wires using pure
electrolytic calcium filler and silicocalcium filler.

[l MATERIALS AND METHODS

We conducted tests on a ladle-furnace line using cal-
cium-containing wires. The filler material used was pure
electrolytic calcium. The wire designs were as follows:

— outer diameter: 10 mm; outer layer thickness: 0.8 mm
(10x0.8);

— outer diameter: 11 mm; outer layer thickness: 0.8 mm
(11x0.8);

— outer diameter: 10 mm; outer layer thickness: 1.0 mm
(10x1.0).

For each wire design, the wire feed rate was adjusted
accordingly, ranging from 120 to 180 m/min.

The composition of the wire filler is listed below
(in %):

Ca Al Si Mg K+Na
99.300 <0.001 <0.010 0.010 <0.010

The table presents the physical characteristics

of the calcium-containing wire.

Physical characteristics of the wire

Du3nyecKue XapaKTepUuCTUKU
HCMOJIb3YeMOii MPOBOJIOKH

Property Wire design, mm
10x0.8 | 11x0.8 | 10x1.0
Weight of the filler, kg 675 666 598
Fill factor, % 25 27 21
‘l)lveil;[z’dgﬁller content per 1 m of 74 04 67
Rated weight of 1 m of wire, g 295 342 323
Calcium consumption, g/ton 95 99 113

The wire was utilized in 43 melts, comprising 51 %
medium-carbon (0.14 to 0.22 % carbon content), 37 %
low-carbon (carbon content <0.14 %) and 12 % low-car-
bon, low-silicon steel products. A wire-feeding machine
introduces the wire into the ladle with the molten metal.
No instance of wire breakage were observed. We con-
ducted a comparative analusis of the results obtained
from this wire and the CK40 powder-cored wire.

[ ResuLTS AND DISCUSSION

Initially, we compared the average consumption per
melt and the calcium consumption (Fig. 1, 2). It is evident
that the CK40 wire demonstrate a higher average con-
sumption compared to the calcium-containing wire with
an electrolytic calcium filler, ranging from 30 to 45 %.
The calcium consumption is higher by 30 to 40 %.

In addition, we conducted an analysis of the steel
pourability to evaluate the impact of introducing cal-
cium wire on pourability, while avoiding any obstruc-
tion to the casting equipment with with NMI). In order
to achieve this, we recorded the positions of the interme-
diate tundish stopper rod during the steel casting process
(Fig. 3). Positive values of this property may indicate
the initiation of the NMI deposition, while negative val-
ues suggest erosion of refractory steel components. Our
findings revealed that the stopper rod positions for cal-
cium-containing wire sizes 10x1.0 and 11x0.8 are nega-
tive. This implies that the consumption of these wire sizes
can be reduced in comparison to wires sizes 10x0.8 and
CK40.

Fig. 4 illustrates the relationship between steel pour-
ability and calcium content for the calcium-containing
wire designs tested. It is evident that wire grades 10x1.0
and 11x0.8 exhibit the following trend: as the calcium
content increases, the displacement of the intermedi-
ate tundish stopper rod shifts towards negative values.
The obtained result aligns perfectly with Fig. 3. Howe-
ver, it is important to acknowledge that the variance in
the displacement of the stopper rod is relatively high,
indicating the presence of additional factors.

CK40
10%1.0 size
11x0.8 size
10x0.8 size

All wire sizes

60 70 80 90 100 110 120 130

Wire consumption, kg/melt

Fig. 1. Consumption of calcium-containing wire for melting

Puc. 1. Pacxon xanbuiiconepskaiieil NpoBOJIOKH Ha IIABKY
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CK40
10x1.0 size
11x0.8 size
10x0.8 size

All wire sizes

60 80 100 120 140 160 180 200

Calcium consumption, g/ton

Fig. 2. Calcium consumption for melting

Puc. 2. Pacxon Kayblys Ha TUIABKY

We thoroughly examined Fig.3 and 4 and deter-
mined the optimal calcium content in the liquid metal
that ensures consistent steel pourability for the tested
wire grades. The results are depicted in Fig. 5.

Fig. 6 displays the estimated calcium assimila-
tion factors for each wire size tested, categorized by steel
grade. The findings indicate that the 11x0.8 wire exhib-
its the highest assimilation factor for low-carbon and
carbon steel grades, whereas the 10x1.0 wire yields
the best results for low-silicon steel grades. On aver-
age, wires with electrolytic calcium cores demonstrate
assimilation factors that are 35 to 45 % higher compared
to the CK40 wire.

Furthermore, it is important to emphasize that the pri-
mary objective of adding calcium to steel is to enhance
the pourability and quality of rolled products. The cal-
cium assimilation factor serves as a valuable tool for

5 80
a4 70
160
- 50
40
- 30
-4 20
410
0

60
- 50
440
30
420
- 10
0

A stopper rod, mm
Calcium content, %

A stopper rod, mm
Calcium content, %

<10 [10; 15) [15;20) [20;25) [25;30)
[Ca] CCM, ppm

CK40

10x1.0 size

11x0.8 size

10x0.8 size

All wire sizes

—4.0 -2.0 0 2.0 4.0 6.0

A stopper rod, mm

Fig. 3. Changing the tundish stopper position

Puc. 3. VI3ameHeHue MMOJIOKEHHMS IITOKA CTOIIopa IMPOMENKYTOYHOI'O KOBIIA

estimating the process variables required to achieve
the desired calcium content in the melt under specific
casting conditions.

- CONCLUSIONS

We conducted a performance comparison between
calcium injection wire filled with electrolytic calcium and
the calcium-containing CK40 wire. Our findings reveal
that, on average, the former wire exhibits a 30 to 45 %
lower consumption (depending on the wire design) com-
pared to the CK40 wire. To assess the steel pourability, we
measured the position of the intermediate tundish stopper
rod. Through our analysis, we determined that a minimum
calcium content of 10 to 12 ppm in the metal guarantees
consistent steel pourability. It is evident that expressing
steel pourability in terms of the position of the interme-

60
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=) 40 2
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5 30 o
& 20 5
2 S
<4 10 8

0

70
g 60 =X
g 50 &
< 2
<] 40 €
5 o
g 20 2
< 10 O

0

<10 [10;15) [15;20) [20;25) [25;30)
[Ca] CCM, ppm

Fig. 4. Dependence of the tundish stopper rod from calcium according to the certification piece:

a — all calcium injection wires (CIW); b — 11.5%0.8; ¢ — 10x0.8; d — 10x1.0; [l — A ram, mm;

— data, %

Puc. 4. 3aBUCUMOCTbD TOJIOKEHHMSI IITOKA CTOIIOpa MPOMEKYTOUHOI'O KOBIIA OT COACPIKAHUS KaJIbIUs 110 JaHHBIM aTrTecTalMOHHON HpO6LIZ

a —Bce KUIT; b — 11,5%0,8; ¢ — 10%x0,8; d — 10x1,0; [l — A mrToka, MM;
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A stopper rod, mm

[Ca] CCM, ppm

250

5 10 15 20 25
[Ca] CCM, ppm

Fig. 5. Optimal calcium content in the metal:
- CIW 10%0.8, ¢ — CIW 10x1.0, A — CIW 11x0.8 (a); @ — all CIWs (b)

Puc. 5. OnrumansHoe COZICpIKaHUEC KaJIbLlMs B METaJlJIC:
W KUIT 10x0,8, 4 — KUIIT 10x1,0, A — KHII 11x0,8 (a); @ — Bee KU (b)

30

25

20

15

K, Ca, %

10

Low-carbon steel

Carbon steel

Low-silicon steel

Fig. 6. Calcium recovery rate for various calcium-containing wires:
- 10x0.8; - 11x0.8; |l — 10x1.0; [l — SK40

Puc. 6. KoaddunmeHt ycBOCHHS KaIbIys T PA3TUYHBIX KaJIbIUICOACPKAIIMX TPOBOJIOK:

- 10x0,8; [l — 11x0,8; [l — 10x1,0; [l — CK40

diate tundish stopper rod serves as a convenient metric
for evaluating the calcium-containing wire performance.
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