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Abstract. The experience of using coal flotation waste as a weakly exothermic insulating backfill for 

insulating the head part of forging dead-melted steel ingots is presented. It has been shown that when using 

weakly exothermic fills based on single-component fills in the form of coal flotation waste, it is possible to reduce 

the chemical heterogeneity of the ingot by producing a closed shrinkage cavity, which allows halving heat loss 

and depth of penetration of shrinkage looseness into the body of the ingot, reducing the segregation of impurities, 

compacting the head part of the ingot and increasing the yield; moreover, the profitable part of the ingot is more 

dense and less contaminated with nonmetallic inclusions. The studied patterns of the formation of a closed 

shrinkage cavity with a dense “bridge” in the head part of a dead-melted steel ingot made it possible to develop 

and implement a technology for casting large forging ingots of sufficiently high quality using weakly exothermic 

heat-insulating materials based on metallurgical waste (coke screenings, coal flotation waste). 
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1. Introduction  

During the production of large forging ingots made from calm steels, special attention is given to the 

selection of effective thermal insulation materials to insulate the head part. This is critically important to 

ensure a high level of yield and the quality of the final product. Especially its head part. The shape of the 

shell and choice of thermal insulation materials play a key role in this process. These materials need to meet 

requirements to ensure macro- and micro-structural uniformity of the metal, as well as environmental safety 

throughout all stages of metal production and use. The main requirements for thermal insulation materials 

include: high thermal insulation capacity, lack of metal contamination during insulation of ingots in mills, 

good environmental performance. However, not all materials meet these criteria. For example, asbestos has 

been previously widely used in some plants, although it is a naturally occurring aquatic mineral with an 

affinity for fiber structure that can lead to cancerous diseases due to significant dust release when used. 

A large number of exothermic thermal insulation mixtures have been developed, consisting of hot 

oxidizers and inert fillers. Most of these mixtures are characterized by a significant heat release but low heat 

utilization due to excessive formation of ash with high thermal conductivity. This leads to an increase in heat 

loss in profitable parts of the ingot and head trimming, as well as increased costs and explosion risks during 

operation and storage. 

To increase the efficiency of exothermic reactions, it is required to combine a high thermal capacity 

with the ability to retain heat. It is more effective to use weakly exothermic filler materials based on waste 

materials from metallurgical production. These materials have a slow burning rate and form a porous 
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structure, which can retain heat over a long period of time and create an airtight, dense layer at the top of the 

ingot. In addition to achieving maximum thermal insulation, it is essential to develop efficient insulation 

techniques. 

The purpose of this research is to examine the impact of different weakly exothermic metallurgical 

waste materials on the yield, loss, and macro- and microstructural heterogeneity of metal. It is crucial to 

assess the environmental consequences of using these substances and techniques for insulating the top of an 

ingot. 

2. Lite ra ture  re vie w 

Whe n he a t-insula ting boa rds a re  use d, the  he a t loss structure  from the  he a d pa rt of the  ingot 

cha nge s, a nd the  he a t re mova l through the  side  surfa ce  in the  uppe r pa rt of the  ingots de cre a se s. 

More ove r, the  re la tive  a mount of he a t re move d from the  me ta l surfa ce  of the  ingot incre a se s, which ca n 

re duce  the  e ffe ct of using he a t-insula ting boa rds. The re fore , the  tra nsition to ca sting ingots with he a t-

insula ting boa rds re quire s the  use  of more  e ffe ctive  insula tion from the  me ta l mirror tha n ca sting ingots 

with profita ble  e xte nsions line d with a lum inosilica te  re fra ctorie s. The  e xpe rie nce  of individua l pla nts 

shows tha t the  diffe re nce  in the  size  of the  he a d trim whe n tra nsfe rring the  insula tion of the  he a d pa rt of 

the  ingot from one  he a t-insula ting ba ckfill ma te ria l to a nothe r ca n re a ch 3-5% [1-4]. 

The  ge ne ra l re quire me nts for he a t-insula ting ma te ria ls a re  a s follows: high he a t-insula ting a bility, 

no me ta l conta mina tion whe n insula ting ingots in me lds, a nd good e nvironme nta l pe rforma nce . Not a ll 

ma te ria ls use d for the rma l insula tion me e t the se  re quire me nts. For e xa mple , a sbe stos, which is a  group of 

na tura l a que ous mine ra ls of the  silica te  cla ss with a  fine -fibre  structure , ca use s ca rcinoge nic dise a se s; 

whe n a  pe rlite -gra phite  mixture  is use d, significa nt dust e mission is obse rve d. 

The  a uthors [5,6] note d tha t a n incre a se  in yie ld is a chie ve d, in pa rticula r, by rolling ingots ca st with 

insula tion of the  profita ble  pa rt with e xothe rmic mixture s. The re  a re  known de ve lopme nts to cre a te  

mixture s ba se d on hot, oxidizing a nd ine rt fille rs [5-8]. Most of the se  mixture s a re  cha ra cte rize d by a  

significa nt le ve l of he a t re le a se  but a  low he a t utiliza tion coe fficie nt of e xothe rmic re a ctions due  to the  

production of cinde r with e xce ssive ly high the rma l conductivity during combustion. This ca use s a n 

incre a se  in he a t loss from the  profita ble  pa rt of the  ingot a nd the  he a d trim. 

A n incre a se  in the  e fficie ncy of e xothe rmic mixture s is a chie ve d whe n the  the rma l prope rtie s a re  

combine d with the  a bility to re ta in the  ge ne ra te d he a t, which is e nsure d by obta ining a  highly porous, 

lightwe ight powde re d cinde r [8-10]. The re  is no doubt tha t whe n he a t is supplie d to the  profit me ta l of the  

ingot during solidifica tion, the  shrinka ge  ca vity ca n be  loca lize d, a nd the  volume  of me ta l in the  profit is 

brought to the  the ore tica l limit. This is e vide nce d by the  e xpe rie nce  of using a n e le ctric a rc a nd e le ctro 

sla g he a ting of ingots, which a re  curre ntly use d only on a  limite d sca le  in the  production of spe cia l a lloys 

or high-a lloy ste e ls [11, 12]. The  use  of e ffe ctive  mixture s conta ining nitra te  le a ds to una cce pta ble  

pollution of the  a tmosphe re  of the  ca sting ba y with nitroge n oxide s, a nd this proce ss is possible  only in 

workshops in which ve ntila tion e nsure s the  re mova l of ha rmful e missions [13].  

Mixture s with silicone  a re  ve ry e xpe nsive , a nd the ir use  ca n only be  use d for the  production of 

spe cia l a nd a lloy ste e ls. In a ddition, the y a re  e xplosive  a nd ca n be  ma nufa cture d only in spe cia lly built 

workshops de signe d to be  e xplosion-proof. [14-16]. It is a lso ve ry difficult to obta in silicone  powde r due  to 

its e xplosive ne ss. A nothe r disa dva nta ge  of the  mixture s note d in [15], which re duce  the ir 

ma nufa ctura bility, is tha t a s a  re sult of the ir combustion, he a t-conducting combustion products a re  forme d, 

which re quire  the  a dditiona l introduction of a  he a t-insula ting la ye r of ma te ria ls. 

Howe ve r, the  pre pa ra tion of multicompone nt e xothe rmic mixture s re quire s spe cia l e quipme nt, 

which, a s a  rule , is ca rrie d out in the  de pa rtme nts of sla g-forming mixture s,  me lds incre a sing the  cost of 

mild a nd low-a lloy ste e ls. The  choice  of compositions of e xothe rmic ba ckfills is still ma de  by the  “tria l 

a nd e rror” me thod, which is due  to the  la ck of a  sufficie ntly substa ntia te d scie ntific a na lysis of the  

influe nce  of such importa nt cha ra cte ristics. The  loca tion a nd configura tion of the  shrinka ge  ca vity in the  

uppe r ha lf of the  ingot we re  de te rmine d, a ll e lse  be ing e qua l (the  ma ss of the  ingot, its tra nsve rse  

dime nsions, ste e l composition, e tc.) by the  cooling inte nsity of the  ingot a nd e spe cia lly its he a d, which in 

turn wa s de te rmine d by the  e fficie ncy of the  insula tion of the  me ta l surfa ce  a nd side  surfa ce s. The  use  of 

e xothe rmic mixture s to he a t the  he a d pa rt of ingots [6-12] is e ve n more  e ffe ctive  for bringing the  

shrinka ge  ca vity upwa rds, e spe cia lly if the  dura tion of combustion of the  mixture  corre sponds to the  time  

re quire d to re move  ove rhe a ting of the  me ta l in the  e ntire  volume  of the  ingot a bove  the  crysta lliza tion 

te mpe ra ture . 
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If the  uppe rmost bridge  consists of de nse  me ta l without fistula s, cra cks or te a rs, the n this contribute s 

to the  we lding of the  shrinka ge  ca vity during hot pla stic de forma tion be ca use  the  she ll itse lf a ppe a rs to be  

divide d into pa rts. If the  “bridge s” ha ve  ga ps or discontinuitie s through which a tmosphe ric oxyge n ca n 

e nte r the  volume  of the  shrinka ge  ca vity, the n such ingots, whe n rolle d, be ha ve  simila rly to ingots with a n 

ope n shrinka ge  ca vity. The  re a son for the  forma tion of “bridge s” is the  insufficie nt e ffe ctive  insula tion of 

the  mirror a nd the  side  surfa ce  of the  ingot. 

The  te mpe ra ture  of the  liquid core  in the  he a d pa rt of the  ingot is in the  crysta lliza tion ra nge  

“liquidus – solidus”, i.e ., in the  te mpe ra ture  ra nge  a t which the  liquid me ta l lose s its fluidity. A s the  me ta l 

le ve l de cre a se s unde r the  la ye r of he a t-insula ting ba ckfill a nd cools, a  ha rd crust pe riodica lly forms, 

which ca n be nd in the  ce ntra l pa rt, te a r off a long the  pe riphe ry, e tc. Ra pid crysta lliza tion from the  side  

surfa ce  he lps to obta in stronge r “bridge s.” Typica lly, the  conditions of the  ingots a re  such tha t 1 to 4 

bridge s a re  fixe d in the  he a d. The re fore , one  of the  ma in crite ria  for e va lua ting ingots with bridge s in the  

he a d pa rt is the  qua lity of the  “bridge s” the mse lve s. For re lia ble , gua ra nte e d we lding of a  shrinka ge  

ca vity se pa ra te d by bridge s, it is ne ce ssa ry to ha ve  strong, de fe ct-fre e  “bridge s” (e spe cia lly the  top one ), 

which pre ve nt a tmosphe ric a ir from e nte ring the  volume  of the  shrinka ge  ca vity. Some wha t se pa ra te  

from the  proble m of ca sting ingots with “bridge s,” but still close  to it, the re  is the  proble m of producing 

ingots with a  we lde d shrinka ge  ca vity. The  me thods for producing such ingots ca n be  diffe re nt, but a n 

importa nt ge ne ra l re quire me nt is re lia ble  isola tion of the  shrinka ge  ca vity from the  a tmosphe re . 

In [16], two type s of we lde d shrinka ge  ca vitie s we re  obta ine d-one  by the  usua l turning of the  ingot 

with a  still liquid core  a nd the  othe r by dispe rsing the  ca vity offse t re la tive  to the  ingot a xis-some time s by 

la ying the  ingot on the  side  surfa ce  a fte r ca sting. The  te chnology for producing ingots with inve rsion ha s 

be e n known for a  long time ; it is use d to produce  ingots with a  close d she ll a nd, during rolling, a  we lde d 

she ll. Filling me ta l with wa te r is a lso use d for the  sa me  purpose . The  use  of bottle  me lds for ca sting mild 

ste e ls a lso yie lde d simila r re sults. In the  la tte r ca se , the  shrinka ge  ca vity is divide d into two pa rts-one  

ope n, in which the  cinde r from the  he a t insula tor a ccumula te s, a nd the  othe r close d, with sma ll tra nsve rse  

dime nsions, which a re  we lde d during rolling. Me ta l from the  uppe r, ope n she ll goe s into the  he a d trim, 

while  the  yie ld incre a se s. 

3. Re se a rch me thodology 

Ste e l is poure d from a bove  through a  colle ctor nozzle  with a  dia me te r of 80 mm a t a  te mpe ra ture  of 

1540-1550 °C into me lds of type  I6H with he a t-insula ting line rs (ingot we ight 16.9 tons). The rma l 

insula ting ma te ria l wa s a pplie d to the  he a d surfa ce  of the  me ta l in the  me ld a fte r the  me ld wa s fille d. 

Ca rbon-conta ining ma te ria l in the  form of coa l flota tion wa ste  (CFL) wa s use d a s a  the rma l insula tion 

ma te ria l. The  che mica l a nd fra ctiona l compositions a re  give n in Ta ble s 1 a nd 2. 

 
Ta ble  1. Che mica l composition of the  sta rting ma te ria ls. 

Ma te ria l 

 

Сt Са О Са Оa ct SiO2 Fe 2O3 МgO А l2O3 S P2O5 ppp 

Flota tion 

wa ste  
41.23 1.83 - 55.95 8.89 1.23 19.06 0.66 0.119 53.18 

 

Whe n rolling on a  sla b, he a d trimming on the  e xpe rime nta l me lts occurs a t a  le ve l of 10-11% from 

the  be ginning of rolling a nd, if ne ce ssa ry, until shrinka ge  de fe cts a re  comple te ly re move d. The  he a t-

insula ting prope rtie s of va rious mixture s of known a nd propose d options for insula ting a  me ta l mirror a re  

a sse sse d by the  de pth of the  shrinka ge  ca vity, i.e ., a ccording to the  le ngth of suita ble  sla bs. The  

ma crostructure  a nd che mica l he te roge ne ity of the  me ta l a re  studie d on tra nsve rse  te mpla te s ta ke n from 

the  he a d pa rt of the  ingot a nd sla b. 
 

Ta ble  2. A ve ra ge  pa rticle  size  distribution of flota tion wa ste . 

Size  sie ve s,  

mm 
>1.6 1.0-1.6 0.63-1.0 0.4-0.63 0.315-0.4 0.2-0.315 < 0.2 

Yie ld of 

fra ctions, % 
1.91 15.56 23.55 24.28 9.94 11.28 13.48 
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To study che mica l he te roge ne ity a nd conta mina tion with nonme ta llic inclusions, cha ra cte ristic ingots 

of mild ste e l we re  isola te d a nd de posite d in the  composition pre pa ra tion workshop. A fte r cooling, oxyge n 

cutte rs cut the  sla bs pa ra lle l to the  wide  e dge  120-150 mm a bove  the  a xia l pla ne  (Figure  1, a ); the n, in 

the  ma chine  shop, the y we re  pla ne d to the  a xia l pla ne  a nd ground to re move  the  sulfure t imprint.  

To study che mica l he te roge ne ity a nd conta mina tion with nonme ta llic inclusions, me ta l sa mple s we re  

ta ke n a ccording to the  sche me  (Figure  1, b). Chips we re  colle cte d for che mica l a na lysis using a  drill with 

a  dia me te r of 12 mm. The  conte nts of the  e le me nts [C], [Mn], [Si], [S], [P], [A L], a nd [N] we re  

de te rmine d by che mica l me thods. Me ta l conta mina tion with nonme ta llic inclusions wa s de te rmine d by 

e le ctrolytic de position a nd the  LT me ta llogra phic me thod. 

 

   

a) b) 

 

Fig.1. Sche me  of cutting out the  a xia l pla te  (a ) a nd sa mpling for che mica l a nd me ta llogra phic a na lysis (b): 

1- pla ce  of me ta l sa mpling for che mica l a na lysis; 2- se le ction site  for me ta llogra phic studie s. 

 

Whe n rolling on a  sla b, he a d trimming on the  e xpe rime nta l me lts occurs a t a  le ve l of 10-11% from 

the  be ginning of rolling a nd, if ne ce ssa ry, until shrinka ge  de fe cts a re  comple te ly re move d. The  he a t-

insula ting prope rtie s of va rious mixture s of known a nd propose d options for insula ting a  me ta l mirror a re  

a sse sse d by the  de pth of the  shrinka ge  ca vity, i.e ., a ccording to the  le ngth of suita ble  sla bs. The  

ma crostructure  a nd che mica l he te roge ne ity of the  me ta l a re  studie d on tra nsve rse  te mpla te s ta ke n from 

the  he a d pa rt of the  sla bs.  Me ta l te sting for de la mina tion in sla bs wa s ca rrie d out using a n ultra sonic 

me thod with a  UDM-1 M fla w de te ctor a t a  fre que ncy of 1.8 MHz with a  stra ight probe . The  insta lla tion 

dia gra m for ultra sonic te sting of the  sla bs is shown in Figure  2. 

 

 
 

Fig.2. Insta lla tion dia gra m for ultra sonic te sting of sla bs a nd she e ts: 

1 – sla b; 2 - te xtua lity he a d; 3 - se nsor; 4 - hole  for a ir outle t;  

5 - tube  for supplying wa te r to the  he a d; 6 – re cording de vice. 
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Be fore  ultra sonic te sting, the  surfa ce  of the  sla b wa s cle a ne d of sca le . The  conta ct of the  me ta l with 

the  probe  wa s ca rrie d out with both te chnica l pe trole um je lly a nd wa te r. The  de pth of occurre nce  a nd the  

bounda rie s of the  distribution of discontinuitie s in the  sla bs we re  me a sure d using the  de pth ga uge  sca le  of 

a  fla w de te ctor pre viously ca libra te d on re fe re nce  sa mple s. To study the  microstructure  a nd 

conta mina tion of ste e l with nonme ta llic inclusions, me ta l sa mple s we re  ta ke n a long the  bounda rie s of the  

shrinka ge  loose ne ss de fe ct a ccording to the  sche me  (Figure  3). Thin se ctions we re  cut from the  se le cte d 

sa mple s to de te rmine  the  nonme ta llic inclusions a nd che mica l composition. 

 

 
 

Fig.3. Sche me  for sa mpling from de fe ctive  a re a s:  

1 – sla b; 2, 4 - de la mina tion; 3 - te mpla te . 

 

 

4. Re se a rch re sults 
 

Coa l flota tion wa ste s (CFW) the mse lve s ha ve  high he a t-insula ting prope rtie s since , mine ra logica lly; 

the y consist of a n orga nic pa rt (ca rbona ce ous substa nce s) a nd mine ra l impuritie s (cla y mine ra ls, 

ca rbona te s, sulpha te s, e tc.). The  ma in cla y compone nt is ka olinite . Inorga nic substa nce s a re  re pre se nte d 

ma inly by the  cla ye y-hydro mica  comple x, the  sha re  of which is 55-65%. The  de nsity va rie s wide ly from 

1400 to 1800 kg/m2, the  bulk de nsity by dry we ight is 0.65-0.85 kg/m3, a nd the  ca lorific va lue  is 2500-

4200 kca l/kg.  

Whe n de ve loping a n industria l te chnology for ca sting mild a nd low-a lloy ste e ls using ma n-ma de  

wa ste  from me ta llurgica l production, CFW, a s he a t-insula ting fills, it wa s ne ce ssa ry to e sta blish the  

conditions for obta ining a  close d shrinka ge  ca vity in the  he a d pa rt of the  ingot. A ccording to the  propose d 

me thod, CFW is a pplie d to a  ha rde ne d me ta l mirror with a  la ye r of 20-40 mm. The  optima l holding time  

be fore  a pplying it to the  he a d surfa ce  ha s be e n e sta blishe d to be  10-30 s, which ma ke s it possible  to 

incre a se  the  te mpe ra ture  sta te  of the  me ta l-ba ckfill syste m a nd re duce  the  pe riod of he a ting of the  

flota tion wa ste  to the  ignition te mpe ra ture . 

Insula tion of the  he a d pa rt of a  mild ste e l ingot using the  de ve lope d me thod e limina te s ca rburiza tion 

of the  me ta l a nd ma ke s it possible  to e ffe ctive ly use  the  he a t of a  we a kly e xothe rmic combustion re a ction 

for the rma l insula tion of the  me ta l surfa ce . Ca rbon-conta ining ma te ria l, which is use d a s coa l flota tion 

wa ste , is a pplie d to the  ha rde ne d he a d surfa ce  of the  ingot, which pre ve nts ca rburiza tion of the  me ta l a nd 

ma ke s it possible  to obta in a n ingot with a  close d shrinka ge  ca vity (Figure  4.b). Whe n ca rbon from coa l 

flota tion wa ste  burns for a  longe r time  (more  tha n 1.5 hours), the  high te mpe ra ture  of the  he a d of the  

ingot a nd, a s a  conse que nce , the  me ta l in a  liquid sta te  unde r the  solidifie d “bridge ”  a re  ma inta ine d. A  

ga s ca vity forme d be twe e n the  solidifie d “bridge ” a nd the  liquid me ta l, pre ve nting he a t re mova l in the  

ve rtica l dire ction. In a ddition, the  close d shrinka ge  ca vity pre ve nts me ta l spla she s from occurring during 

the  tra nsporta tion a nd proce ssing of ingots a nd during the ir pla ce me nt in he a ting de vice s. 

The  re se a rch re sults showe d tha t slight cooling be fore  a dding CFW, promote d the  forma tion of a  

de nse  ga s-tight bridge . The  ga s ca vity be twe e n the  solidifie d bridge  a nd the  liquid me ta l pre ve nts he a t 

re mova l like  in double  window fra me s; the  high te mpe ra ture  of the  he a d surfa ce  of the  ingot is 

ma inta ine d, a nd a s a  re sult, a  la rge  proportion of the  me ta l is in a  liquid sta te  unde r the  solidifie d bridge . 

A s studie s ha ve  shown, whe n a n OFC is a dde d to a  me ta l mirror, e a rlie r tha n 10 s a fte r ca sting the  

ingots, the  forma tion of a n ope n shrinka ge  ca vity is obse rve d, a nd a s a  conse que nce , ca rburiza tion of the  

me ta l occurs in the  sub gross pa rt of the  ingot. In a ddition, oxida tion of the  inne r surfa ce  of the  shrinka ge  

ca vity occurs during the  he a ting of the  ingots in the  furna ce , which ultima te ly le a ds to incre a se d he a d 

trimming (Ta ble  3, e xa mple s 1-3). 
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a) b) 

Fig.4. Ma crostructure  of ingots insula te d with a sbe stos (a ) a nd OFU (b). 

 

Che cking the  influe nce  of the  ca rbon insula tion ba ckfill on the  de gre e  of ca rburiza tion of the  he a d 

pa rt of the  ingot with me ta l sa mpling a long the  le ngth of the  roll a t 4%, 6%, a nd 10% from the  top a nd a t 

two points a long the  width (e dge  a nd ce ntre ) showe d tha t whe n insula ting the  he a d surfa ce  of the  ingot, in 

the  ste e l scre e nings of coke  a nd OFU, the re  is a  slight incre a se  in the  ca rbon conce ntra tion, which is 

typica l only for the  a re a  up to 4% of the  le ngth of the  roll, but this cha nge  doe s not a ffe ct the  qua lity since  

it goe s with the  he a d trim. The re fore , the  type  of insula ting ba ckfill ha s no e ffe ct on the  de gre e  of ca rbon 

se gre ga tion. This wa s confirme d by the  distribution of ca rbon a long the  le ngth a nd width of the  cold-rolle d 

strips (Ta ble  3). 

Whe n «OFF» is a pplie d to the  me ta l mirror a fte r 30 s a fte r the  he a d pa rt of the  ingot is fille d, the  

fla mma ble  compone nts of the  flota tion wa ste  slowly ignite , which worse ns the  the rma l pe rforma nce  a nd 

le a ds to a  de cre a se  in yie ld in the  first sta ge  (Ta ble  4, e xa mple s 7-9).  

Da ta  from e xpe rime nta l me lts showe d tha t the  use  of the  propose d me thod a llows not only the  

ca rburiza tion of the  me ta l but a lso the  improve me nt of the  structure  of the  he a d pa rt of the  ingots a nd, a s 

a  re sult, the  incre a se  in the  yie ld of sla bs (e xa mple s 4-6).  

Whe n a pplying coa l flota tion wa ste  to a n a lre a dy ha rde ne d me ta l mirror, the  following positive  

proce sse s occur: During the  holding proce ss, flota tion wa ste  is he a te d to a  te mpe ra ture  a t which the  

combustion re a ction of a ctive  ca rbon a nd hydroge n be gins due  to a tmosphe ric oxyge n, re le a sing he a t a nd 

ga se ous re a ction products, i.e ., ca rbon dioxide  a nd wa te r va pour, to obta in a  solid re sidue  in the  form of 

a sh. The  pre se nce  of pa rticle s of diffe re nt size s in the  wa ste  a nd the  pre se nce  of a n ine rt fille r in the  form 

of a sh contribute  to the  dispe rsa l of combustion ove r time . More ove r, the  combustion proce ss la sts 30-50 

minute s. More ove r, in the  proce ss of re le a sing vola tile s conta ine d in flota tion wa ste  a nd ga se ous re a ction 

products of ca rbon a nd hydroge n, the  ba ckfill la ye r is loose ne d with the  forma tion of a  porous cinde r 

during a ging, which ha s a  volume  2-2.5 time s gre a te r tha n tha t of the  origina l la ye r of flota tion wa ste  a nd 

good the rma l insula tion prope rtie s. This he lps to re duce  the  ra te  of he a t re mova l from the  he a d of the  

crysta llizing ingot. 

A ccording to a ctua l da ta , the  porosity of the  cinde r ra nge s from 60 - 75%. The  e ntire  volume  of the  

cinde r ha s a  high the rma l re sista nce , which le a ds to a n incre a se  in the  a mount of he a t tra nsfe rre d to the  

he a d of the  ingot. The  ma in he a t flow is dire cte d to the  profita ble  (he a d) pa rt of the  ingot, which slows its 

crysta lliza tion. During the  crysta lliza tion proce ss, liquid me ta l is supplie d to the  a xia l zone  of the  ingot, 

loca te d be low the  profit. This he lps to re duce  the  volume  of the  shrinka ge  ca vity, which is the  source  of 

la ye r forma tion during the  rolling proce ss.  

The  re se a rch re sults showe d tha t the  ma ximum yie ld, minimum wa ste  a nd dust re mova l a re  

a chie ve d whe n CFW is a pplie d a t a  flow ra te  of 1.5-2.0 kg/t, which corre sponds to a  la ye r thickne ss of 20-

40 mm. 
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Ta ble  3. Cha nge s in the  ca rbon conte nt of cold-rolle d rolle d products with re spe ct to the  le ngth a nd width of 

strips obta ine d from ingots insula te d with OFU a nd duste d a sbe stos. 

Vie w the rma l 

insula tion ba ckfill 

Ca rbon conte nt in 

the  la dle  sa mple , % 

Loca tion se le ction 

by le ngth stripe s 
Ca rbon conte nt, % 

e dge  stripe s middle   stripe s 

Coa l flota tion 

wa ste  

0.03 

be ginning 0.034 0.030 

middle  0.033 0.025 

e nd 0.028 0.030 

0.04 

be ginning 0.037 0.040 

middle  0.027 0.032 

e nd 0.34 - 

0.05 

be ginning 0.046 0.040 

middle  0.047 0.046 

e nd 0.044 0.040 

A sbe stos 

0.03 

be ginning 0.039 0.038 

middle  0.038 0.038 

e nd 0.044 0.036 

0.04 

be ginning 0.034 0.031 

middle  0.036 0.037 

e nd 0.026 0.031 

0.05 

be ginning 0.050 0.049 

middle  0.056 0.050 

e nd 0.050 0.050 

 

Ta ble  4. Me ta llic logica l indica tors 

Insula tion 

me thod 

Type  of insula ting 

ba ckfill 

E xposure  

be fore  

insula tion, s 

Type  of 

shrinka ge  

ca vity 

A ve ra ge  

le ngth of 

roll, m 

Consumption 

coe fficie nt, t/t 

Na ugle r-living 

me ta l 

Propose d 

flota tion wa ste  

     

1 0 ope n 8.9 1.236 occurs 

2 3 ope n 9.0 1.201 occurs 

3 7 ope n 9.1 1.198 doe s not occur 

4 10 close d 9.3 1.176 doe s not occur 

5 20 close d 9.35 1.175 doe s not occur 

6 30 close d 9.38 1.171 doe s not occur 

7 40 close d 9.2 1.189 doe s not occur 

8 50 close d 9.15 1.191 doe s not occur 

9 60 close d 8.95 1.197 doe s not occur 

10 
e limina tion 

coke  

10 ope n 8.86 1.223 occurs 

11 30 close d 9.35 1.175 doe s not occur 

12 90 close d 9.30 1.179 doe s not occur 

Fa mous a sbe stos 0 ope n 8.89 1.201 doe s not occur 

 

Whe n the  thickne ss of the  la ye r of ca rbon-conta ining ma te ria l is le ss tha n 20 mm, the  combustion 

dura tion de cre a se s, the  he a ting e fficie ncy of the  he a d of the  ingot de cre a se s, a nd whe n the  la ye r 

thickne ss is more  tha n 40 mm, the re  is a n ove rconsumption of ma te ria l without improving the  qua lity 

cha ra cte ristics of the  me ta l in the  first sta ge .  The  nove lty of this me thod lie s in the  use  of he a t insula tion 

a nd e xothe rmic prope rtie s of flota tion wa ste  to insula te  the  he a d pa rt of the  ingot, which solve s the  

proble m of re cycling production wa ste  a nd pre ve nts conta mina tion of la nd a lloca te d for the  stora ge  of 

liquid wa ste  sludge  from coke  a nd coa l pre pa ra tion production. 

In a ddition, whe n using the  propose d me thod with coa l flota tion wa ste  a s a  we a kly e xothe rmic he a t-

insula ting ba ckfill, no ha rmful e missions a re  obse rve d in the  a tmosphe re . Re se a rch ha s shown tha t the  

dust conte nt on ca sting ba lconie s is le ss tha n 4 mg/m3 (1.5-2.5 mg/m3); i.e ., in e cologica l te rms, the se  

a re a s ha ve  significa ntly be tte r cha ra cte ristics (Ta ble  5). The  mome nt a t which the  insula ting fill is 

introduce d into the  me ld to insula te  the  he a d surfa ce  of the  ingot a lso a ffe cts the  e nvironme nta l 

pe rforma nce  of the  ca sting proce ss. A n e nvironme nta l a sse ssme nt of the  use  of ca rbon-conta ining ba ckfill 

showe d tha t the  highe st inte nsity of polluta nt re le a se  is obse rve d whe n the  ma te ria l is a pplie d to a  liquid 
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“mirror” of me ta l. Thus, the  conce ntra tions of sulfuric dioxide  a nd ca rbon monoxide  in the  a ir of the  

poure rs in the  working a re a  incre a se  to 24.1-29.8 a nd 30-60 mg/m3, re spe ctive ly (Ta ble  5). 

Ta ble  5. E nvironme nta l a sse ssme nt of va rious mode s of a pplying insula ting ba ckfill to a  me ta l “mirror”. 

Ingre die nt, mg/m3 A sbe stos 
Coa l flota tion wa ste  

0 -10 s 10 – 30 s 

Sulfur dioxide  3.2 29.4 6.6 

A mmonia  0 7.3 3.6 

Ca rbon monoxide  0 30.3 15.3 

Dust 401.7 15.3 14.62 

Nitroge n dioxide  0 0 0 

Phe nol 0 0.010 0.16 

Be nze ne  0 0 0 

A luminium 0 0 0 

 

The  positive  a spe ct of the  me thod using flota tion wa ste  a s a  we a kly e xothe rmic he a t-insula ting 

ma te ria l in the  form of a  monocomposition e limina te s the  ne e d for pre limina ry pre pa ra tion-cla ssifica tion 

by size  cla sse s a nd mixing of compone nts—ra the r tha n whe n using known e xothe rmic mixture s. The  ma in 

de fe cts ide ntifie d in the  ma crostructure , a xia l loose ne ss a nd nonme ta llic inclusions, do not e xce e d 1 point, 

a nd ca rbon se gre ga tion is pra ctica lly a bse nt; i.e ., ca rbon se gre ga tion ca n be  conside re d na tura l without 

the  influe nce  of insula ting ba ckfill. 

5. Discussion of the  re se a rch re sults 

Whe n the  shrinka ge  ca vity is close d, whe n pa rt of the  me ta l is consume d to form a  “bridge ,” one  ca n 

e xpe ct its de e pe r pe ne tra tion into the  body of the  ingot. Howe ve r, in pra ctice , this is not obse rve d 

be ca use  whe n the  shrinka ge  ca vity is close d, the  surfa ce  a re a  of the  profit through which he a t is lost is 

consta nt; whe n the  shrinka ge  ca vity is ope n, this surfa ce  incre a se s a s the  le ve l of me ta l in the  profit 

de cre a se s due  to the  ha rde ne d la ye rs of me ta l a t the  wa lls of the  profita ble  e xte nsion. Whe n a  close d 

shrinka ge  ca vity is forme d, its solidifica tion a ngle  de cre a se s (the  a ngle  forme d by the  inte rse ction of the  

ta nge nts to the  oute r surfa ce  of the  profit a nd the  side  surfa ce  of the  ca vity of the  she ll), which is 

a ccompa nie d by a  de cre a se  in the  de pth of the  shrinka ge  ca vity. This circumsta nce  in which the  

shrinka ge  ca vity forme d unde r the  “bridge ” be come s a  he a t insula tor le d to the  conclusion a bout the  ne e d 

to a cce le ra te  the  forma tion of the  “bridge ”. The  re sults of the  study (Ta ble  6) show tha t he a t loss through 

the  surfa ce  of the  profit with a  close d shrinka ge  ca vity de cre a se s by ha lf, a nd the  pe ne tra tion de pth of the  

shrinka ge  ca vity de cre a se s from 360 to 260 mm. The  qua lity of the  10 SP ste e ls wa s studie d a fte r the  

he a d sla bs we re  rolle d onto a  12 mm thick hot-rolle d she e t using sa mple s ta ke n a t horizons of 12, 14, 16, 

a nd 18% (Ta ble  7, 8).  

Ta ble  6. He a t loss through the  surfa ce  of the  ope n (A ) a nd close d (B) ca vitie s a nd the  na ture  of the  shrinka ge  

ca vity. 

Indica tors Unit me a sure me nts А  B 

He a t flow MJ/m2 25.6 21.0 

Ra dia tion a re a  m2 0.8 0.43 

He a t loss MJ/h 20 9 

He a t loss during the  crysta lliza tion proce ss of the  ingot  

(2.5 hours / % of the  tota l a mount of he a t in profit) 
% 7.0 3.2 

She ll de pth a long the  ingot a xis mm 
340-380 230-275 

360 260 

Pe e l thickne ss mm - 
5-25 

15 

Solidifica tion a ngle  de g. 
20-35 8-15 

25 10 

Sink bottom a re a  a t the  le ve l of the  curve d wa lls m2 0.13 0.18 

Sink volume  m3 0.06 0.06 
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Ta ble  7.  A sse ssme nt of the  qua lity of the  me ta l ma crostructure  (to the  le ft a nd right of the  sla sh: sa tisfa ctory 

a nd unsa tisfa ctory, re spe ctive ly, (%) with ope n (A ) a nd close d (B) profits. 

Horizon, % А  B 

12 66.7/33.3 83.3/16.7 

14 66.7/33.3 91.7/8.3 

16 100.0/0 100.0/0 

18 100.0/0 100.0/0 

 

Whe n the  he a d of the  ingot is insula te d to obta in a  close d shrinka ge  ca vity, the  profita ble  pa rt of the  

ingot is more  de nse  a nd le ss conta mina te d with nonme ta llic inclusions. This is e xpla ine d by the  forma tion 

of a  close d shrinka ge  ca vity, which is cle a rly visible  on the  ma crostructure  of the  ingot insula te d with 

CFW (Ta ble  8). 
 

Ta ble  8. Conta mina tion of ste e l with nonme ta llic inclusions (score ) whe n insula ting the  he a d pa rt of the  OFU 

(A ) a nd a sbe stos (B) 

Inclusions А  B 

Sulfide s 
1 - 3.5 1 - 4 

2.1 2.6 

Oxide s  
0.5 - 2.5 0.5 - 2.5 

0.7 0.9 

Silica te s  
0 - 5 1 - 5 

2.7 3.7 

 

6. Conclusion 

A na lysis of the  te chnica l lite ra ture  a nd the  re sults of our re se a rch show tha t to re duce  the  le ve l of 

he a d trimming a nd incre a se  the  yie ld of forging ingots, it is not ne ce ssa ry to a chie ve  comple te  re mova l of 

shrinka ge  loose ne ss into the  profita ble  pa rt, which is a chie ve d by using high-te mpe ra ture  insula ting fills. 

Sa tisfa ctory re sults a re  a chie ve d by using we a kly e xothe rmic insula ting ba ckfill ma te ria ls ba se d on 

industria l wa ste  (coa l flota tion wa ste , coke  scre e nings a nd a luminium sha ving scre e nings) to obta in a  

close d shrinka ge  loose ne ss with a  de nse  “bridge ”, which he lps re duce  production costs a nd a ir dust during 

ca sting a nd solve s the  proble m of re cycling production wa ste .  

A na lysis of the  ma crostructure  of ca st me ta l ha s shown tha t a dditiona l he a t supply through the  me ta l 

mirror is possible  by using we a kly e xothe rmic ba ckfills in the  form of coa l flota tion wa ste  a nd coke  

scre e nings, which not only re duce  the  volume  of liquid me ta l while  e nsuring the  re quire d re se rve  of me ta l 

de nsity but a lso a ffe ct the  loca tion a nd size  of se conda ry shrinka ge  de fe cts.  

Whe n burning CFW  ca rbon, the  high te mpe ra ture  of the  he a d of the  ingot is ma inta ine d for a  longe r 

time  (more  tha n 1.5 hours). A  ga s ca vity forme d be twe e n the  solidifie d “bridge ” a nd the  liquid me ta l, 

pre ve nting he a t re mova l in the  ve rtica l dire ction. In a ddition, a  close d shrinka ge  ca vity pre ve nts me ta l 

spla she s during the  tra nsporta tion a nd proce ssing of ingots, which ma ke s it possible  to re duce  the  dura tion 

of holding the  ingot in the  mould a nd re duce  the  time  be fore  it is se a te d in the  he a ting de vice , i.e ., 

incre a se  its he a t conte nt a nd the re by re duce  fue l or e le ctricity consumption for subse que nt he a ting be fore  

pre ssure  tre a tme nt (forging, rolling). 

To e limina te  ca rburiza tion of the  me ta l a nd e nsure  a  de nse  “bridge ” in the  he a d pa rt of the  ingot, a  

me thod ha s be e n de ve lope d for introducing a  he a t-insula ting ba ckfill onto the  “mirror” of the  me ta l, i.e ., 

cooling for 10-30 se conds, to form a  dura ble ,  no me lting “bridge ”, which a dditiona lly pla ys the  role  of a  

he a t shie ld. A  ne w me cha nism, ca use  a nd te chnologica l fa ctor influe ncing the  sha pe  a nd de pth of 

pe ne tra tion of the  inte rna l “shrinka ge  loose ne ss” hidde n in the  body of the  ingot ha ve  be e n e sta blishe d, 

a nd ca sting me thods a nd te chnology for insula ting mild ste e l ingots using ma n-ma de  wa ste  from 

me ta llurgica l production ha ve  be e n de ve lope d to he lp re duce  de la mina tion. 

The  studie d pa tte rns of the  forma tion of a  close d shrinka ge  ca vity with a  de nse  “bridge ” in the  he a d 

pa rt of a  quie t ste e l ingot ma de  it possible  to de ve lop a nd imple me nt a  te chnology for ca sting la rge  

forging ingots of sufficie ntly high qua lity using we a kly e xothe rmic he a t-insula ting ma te ria ls ba se d on 

me ta llurgica l wa ste  (coke  scre e nings, coa l flota tion wa ste ) a t JSC "A rce lorMitta l Te mirta u".  
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A  we a kly e xothe rmic one -compone nt he a t-insula ting mixture  ha s be e n de ve lope d ba se d on wa ste  

from me ta llurgica l production (ca rbon-conta ining sludge  from coa l pre pa ra tion), which combine s the  

prope rtie s of fa irly high the rma l prope rtie s a nd good he a t-insula ting prope rtie s due  to the  production of 

highly porous, lightwe ight powde re d cinde r. 
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