S BERSHE TS WUHM
ﬂ-@ﬁ PUTONG GAODENG JIAOYU “135" GUIHUA JIAOCAI

S AR 0

Kk 1N

Specialized English in Metallurgical Engineering
Steelmaking Section

FNSIHR 4R

R DO A IO
WWWw.cnmip.com.cn




sELRESWRE
W

Specialized English in Metallurgical Engineering

Steelmaking Section

£ Yy FhLAR
BlEswm FEE K 14 ks

1ll'.'
rH
L&]

ll,!") il ’A,“ Rr '_: v}
NS
=f. N e
;}ﬁ 4 EL

=[N
B4 T b WO

2017



nERE

AEHS T, TEAFGHBAMBRERZRNE, WEKE 200
W BOKBUAEBE T Z | EEP R TR PR AR

ABUBBRAEYOK A BENOEN T2 0 E, FNA8ET7THEESE,
RN I S i SE e, AR R AR 2 S T2,

ABafE R RS TREL WL EEHM (BABEERF) ,
Fr i 28 N A RESS T LA BHAE FIBT ST AL O B 20K, IR doa] e A SE %l iy
TEEARAZHERAGSE

BB RS B ( CIP) £

A TR WIEE . RN/ IR g . —t: el
AL, 2017.8

Tl S EHE = BRIEA

ISBN 978-7-5024-7568-0

I.O%F- 0.0 WM ORETI—HEE—EFER—
## N.QOTF

i RS B 50 CIP B (2017) 55 136436 =

R A R
Hh e U AR K S HEEIEEE 39 5 Wk 100009 HLEE  (010)64027926
) HE - www.enmip.comoen B vjebs@ cnmip. com. en

TR AEE AR o rH BOUB PR
TR A GE SLERH AEmeik
ISBN 978-7-5024-7568-0
BT AL A T SHUBH B I 28 ;s il DUVRER RIS T4 PFRZN S ED R
2017 4 8 A4 1 Ji, 2017 4F 8 HEE 1 vk Pk
787mmx1092mm 17165 12.5 61K 301 T"7: 189 i
36. 00 T
ABEIWHEH EFEEBEIE  (010)64027932 iEF{S48  tougao@ cnmip. com. cn
BETWHRHENP O BIE  (010)64044283 f£H (010)64027893
BEPE it JERTHRETE AL 46 £(100010) HBiF  (010)65289081( HIfEH)
BETWHRMXIEEAE  yjgycbs.tmall.com

(AF A BN B i o) 8, Atb B8 O TR k)



HEG &

RN EROE SRR L —, LAZFRRALSIRE L FAL
MEHEGFIRT T, MAKBEARZF G RELEFERUAT KGR, &
Y REFCOCRAFARFHNREF L IRF IO ELARIANS, 2B AT F L EEH
MR HE, B, BEARKEBERERFRAN, ESFHRALLIES
b R EREAREAFBREG A L, AEELFE, HFTAP,

Afh (eI RELEE) RIFEMZ—, TEFKT QIEKKTAL
BENGHENLIE, BEEHMT N EEL, HFAZHEMART F R K
o KRPTUARFHFARZZA L LELLKGEEAE, FEFRAF
ASESRAFERRAHRARANRERALLARKE Y,

ARESTF, BIFARERNEARL A, ELHERRELUHKMTE
MR, 2 FMEALHAMBEL, TENBTHERET FRAOELRS
BRBRE, FIFHAALBELY, TENBTHKARRLIE, F4F4
AEPHEATYL, BREFBRE. B PRRAEFEETE. BHESHIEH
ABRHEA I FRATT #m ML, B 5 FLPHRER, KePEeHEILHA,
BT o RAt, EH. B RERERABN T L F Y EHRGXERT,

EARRBEIET, BHmB AR, MM, AEMFRTLLEFEAL
W ER A B BRM T KT, AR TS S,

APBREHFRHEEZTELL T L ERAER (http: //www. cnmip.
com. cn) WMAPLEEFTRFTH,

B THEERFAR, HPRE24, BRigiEgmiriEeEe,

e &
2017 4E5 A



Preface

\

Steelmaking is one of the core modules for iron and steelmaking process, and it is
also the key knowledge which must be mastered by the metallurgical engineering
students in colleges and universities. With the rapid development of China’ s national
economy and the big pace of international exchanges, the specialized English has be-
come an important part of the professional knowledge for university students, but at
present, the development of specialized English textbooks is lagging behind relatively.
According to the course syllabus, referring to the classical English references, and
based on the abundant teaching experiences of metallurgical engineering English cour-
ses and other related courses, the author team redacted this textbook.

As one of the series of “specialized English in metallurgical engineering” textbooks,
the steelmaking technology which is also included the pre-treatment of hot me-tal, and
the fundamentals for steelmaking had been focused on in this book. This book can ef-
fectively help students improve the reading efficiency of professional English re-
ferences, and is also helpful to enhance the ability of students to communicate with fo-
reign counterparts.

There are 5 chapters in this book. Chapter 1 is the historical development of mo-
dern steelmaking, and focus on the development of different types of steelmaking
process. Chapter 2 is the fundamentals of iron and steelmaking, and focus on the basic
metallurgical reaction principle involved in steelmaking. Chapter 3 is the pre-treatment
of hot metal, and focus on the pre-desulphurization process of molten iron. Chapter 4
is the oxygen steelmaking processes, and focus on the converter operation, raw mate-
rial, reaction in the furnace and energy conservation, smelting parameter control and
emissions control. Chapter 5 is the electric furnace steelmaking, and focus on the e-
lectric furnace smelting technology, including raw materials, slagging materials, elec-

tric furnace operation and scrap melting process.
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In the preparation of this book, beside the author team, the graduate students Hao
Jiangiao, Liu Yunsong etc. had done a lot of work for chart finishing and editing in
this book, authors would like to express our sincere thanks to them.

The teaching courseware affiliated to this book could be downloaded from the Metal-
lurgical Industry Press official website ( http: //www. cnmip. com. cn) .

For the author’s limited knowledgé, if there are inappropriate contents in the book,

please tell us to correct, thanks.

The authors
May 2017



Contents

1 Historical Development of Modern Steelmaking ««-------+-«++eeesreessmmesnmiminiini 1
1.1 Bottom-Blown Acid or Bessemer Process «««««seetesererseeareemmmimmmiiiemteera 1
1.2 Basic Bessemer or Thotoms: IPronmes  »s ssses « 5esss s wosss s S5eoss neevi s yees § 266es § uews s Less 2 o 3
1.3 Open Hearth Process -««-««+s«sesessssessssessseessasemnessnesnnsessasssasonsiosssssanssssonsisss 4
1.4 Oxygen Steelmaking «««-+=se«r=srsrsmrmmesemintie e T
1.5 Electric Furnace Steelmaking —««««««esesesssemmmmmmmmmmmmmmmiiii s )
ERGICIGEE o5 Fooues ians Ko 5 Fus S bessss K6siy KESHOS LORAINE Tusahs PIWSHE LAOAAE EECITEN RUTENY ERRURS NESRsY 11

Fundamentals of Tron and Steelmaking --««+--«««-+=sreeessrrreerrtirmnireeniiieanieans 12
2.1 Fundamentals of Steelmaking Reactions ««-+--+-seseoeeeurssiminnisinmnnsintnnnenneen, 12
~ 2.1.1 Slag-Metal Equilibrium in Steelmaking «+-ssseseereseremmmmminii. 12

2.1.2 State of Reactions in Steelmaking -« -«+=srrersrerssmresnrermemiesesassnnesssanes 16
2.2 Fundamentals of Reactions in Electric Furnace Steelmaking «--«oeeeeeeeeeeereiaanne. 26
2.2.1 Slag Chemistry and the Carbon, Manganese, Sulfur and Phosphorus
Renotions o the BAF ecves sasmas nanss sasmas sdemis sisuss Fssan ssah s 65555 885088 SHsssnanns 26
2.2.2 Control of Residuals in EAF Steelmaking --+=ssssessesssssnnsmmnmmnmmmsinninenn. 28
2.2.3 Nitrogen Control in EAF Steelmaking <+« -resveeeeremeesmonmumiiirinniiiiiiiie. 29
2.3 Fundamentals of Stainless Steel Production — «errereesrsecieriniirincrrcieieciciecinieeee. 30
23 1 TDecatbirization of Staiiless SHEEL e aewsss e s usiss svens sowsn § Ry §5555 STRE3 1558 30
2.3.2  Nitrogen Control in the AQD ++++eesreersressrsssrsoreesinsnsnaresssessesssonsnsses 32
2.3.3  Reduction of Cr from Slag ««+«==+sesssrmrmemmnamimiiniinii st 33
2.4 Fundamentals of Ladle Metallurgical Reactions «+r«sseereesrmeaiieaniineniinneiiieeees 34
2.4.1 Deoxidation Equilibrium and Kinetics ««««+-«+seessreeessreesimssmsiminsime . 34
2 4.2  Ladle DeSulfurization ««+««es-sssseeeesssareneeseesasnnnssnnenssenassusesnesesensasnssons 41
3 A3 Coloium TroatmenT of Stee] s«onurs sesis suoms vermes Srmys wuems byoss seages vegnes s oo 43
2.5 Fundamentals of Degassing «++++-+- fus sates amaas abaed 1 anses s rEes § o SeN T e s S A e nn sne 44
2.5.1 Fundamental Thermodynamics «+«««-«++ressecresemseeruesmeensrronensnennssnsssssnanines 44
2.5.2  Vacuum Degassing Kinetics «««««««seeeeremremmmmmrmimmimmiii e 45
FXOToiges . oo woseis s esues aisess s SEEaes §Ssamy s Hnenanem s SHEARE CROAPE FEEUET EEVAES THEETT KoL SERENY Briexe o we 47
Pre-treatment of Hot Metal  --cc-rererrreeremaerenrieerateasetrasncecasstssaassnsasanasans 48

T T Ty T 48



Contents

3.2 Desiliconization and Dephosphorization Technologies =+« +«=esrererereereriiuniiiiniinin. 49
3.3 Desulfurization TeCBOlGRY ---cr-=--s=eocctmmrassasssmtmsssssmnmssmsnsssessaonsassssasiasmsss 52
B3] TOUOADBEER weverssumservansssenssssumsteensonsn s can e YA SR YA NSNS 52
3.3.2 Process ChemiStry -e+ctesssssesessscessssunseesssstnssossanessanasssssssnsessonnunssanes 53
3.3.3 Transport Sysiems  ssscomsssessmmisicessossenvsssssasersssmsavmsssiessunsousnsssmssessnise 57

B B Proceny VErilles =saoemsnesssss sissss.smssns s avsssn ot s 55 ehs Sam ks oamin s sauss saovs s 58

I - P SRR ————— 59
3.3.6 LAKCE SYSEEIE »=»+oreresssnssnmirossmaes coveserssnamessersss summs suosasamtmre sevsavasssses 59

3. 5.7 Cyele Thne  1osevenwmees susssussomssssnn s mmssssiassmsasass sreassamssh anssan spiuses 61
3.3,8 Hot Metal Sampling and Analysis s susssmansosesnnsnssosasansssonssesssssnsansspanss 61
3.3.9 Reagent CONSUMPLON +«ssssesssssnronsossunerssssnssssssassosssssnssssssanassssnnesssnanes 62

B, B T TE OIS, #5555 55005 505 .50 SN 5005 s i o S B S 6 A 62
T I L 62
3,4 Hot Motal Thenmial Adjustment »«vises sussrs suussuseorsegoneas sosees symans sanass sosexs s sonss s 63
TCkoiiang o wssmsm s s e n e s s SO SEaN 39 ST A SRR RN RINS EFER A KSR R s 64
4  Oxygen Steelmaking Processes «+---s--sseessesseessssississearesisiesssesseassensessesnssassens 65
A1 TREOQUBHDI sornssoroes rosors neonnn crsans susnns s sasmes KErPss FOrE s eE e TV esEraenen b e 65
4.1.1 Process Description and Events «-++-seeeeeesesssrunmereniinnnuiirsiiiena, 65
4,1.2 Types of Oxygen Steelmaking Processes «s»ssssssscssssvasusssussnssnsnsarnassassnsnss 67
4. 1.3 Ervironmenial Taaes s siosssvasss s imnsobass sy aisms sy 68
4.2 Sequence of Operations—Top Blown «+-s-seeesssrereesssumerrmmmmineniisininceenianeens 68
5.9 7 PEUELRGEEL  rmswerosesmossveseninesyennsssnesy pusbiey vuwssexmoiornmosmsnrmusrsmamsns’ 68
4.2.2 Sequence of OPerations «-:++-sssseeerssserssisiursmisstinssiinsiinnseesianesssraees 70
49,5 Shop Manning s+esssnsvessuossnmssusssssasssns snsnssesss iusssss s0essa essvsssnasosssssins 76
4.3 RAW MALEHALS +++veverserrerrnneersnneeesssasesssneesnsnssssssssssssssneesnnasesnsesesssnsesnns 80
A B 1 Trlrtla sasiessevss sotesnsinsss waes sHATARSS 54358 Toida s SHRR SRR SRR RB S SRR AR 30
B B0 Hof Wikl 55 s coms T B 5 BT RTE - g i s oo AR 5 T8 AL A9 503 80
4.3.3 SCIAp e++ereessessserseesseesseitestestaeae e sttt ettt et 82
4.3.4 High Metallic Alternative Feeds «+-=-ssceeseesesnnmmrerimmiiniiniininien e, 83
8.8.5 Onide Additions: wsswss o suesis et s somss S6a0s RS 3R A AH RS 84
AL 5 Do v e i AN R Y R A R SR AR ST 9 85
4.3.7  OXYEON -evveetrressrarrressaacsontonsrossonstaes sssanasstatssssrsestnissssssashar st sessnans 87
4.4 Process Reactions and Energy Balance «««se+esssseriremmniniiniiniiiiii i, 88
4.4.1 Reactions in BOF Steelmaking «-+««+++ssseessssnessemsiumesmnnnsiinisss e, 88
4.4.2 Slag Formation in BOF Steelmaking «++e++eeseeessessisumimminiieiisiniininiiimn, 91
4.4.3 Mass and Energy Balances ««:---seeeeeueessemiumsmniisiniinneiintis s 92
4.4.4 Tapping Practices and Ladle Additions «+++++se+eeseessssssnsnnmmmiinienieiieiinninins 96
B.5  Priroens VBEEROHE w0 5uerosuseonnssnssemmessisdnananss sy o msssiasesmnessss 655 5mh dwssn Ens 97



Contents

4.5.1 The Bottom-Blown Oxygen Steelmaking or OBM ( Q-BOP) Process =+++seereeeesss 97
4.5.2 Mixed-Blowing Processes «:weereeeeserreesonsinnuninnenes st A T T 102
4.5.3 Oxygen Steelmaking Practice Variations «++=ssesseeeersesseinieniennininiiiiii, 105
4.6 Process Control Strategies ««««««-++ssssssssemsrarimiiumintrttiittin ittt 108
4.6.1 IDhoduchion sessseeomsonsmmnsesssiessavaamssamasseevsinssassnsnissraenspsaasm e soes 108
A5 [Siatie Mollahs =osnonmmmaiums st i e SR ST IS SR SR s ey 109
4.6.9 Sratistical and Netital Netwaik Modelg «»e=snsoves commes sovasnsonmmanonahswesis sonwes 111
4.6.4 Dynamic Control Schemes «««++«x+-ssssesesssririuniriitieiie i 112
4.6.5 Lance Height Control «+-+ssssssesesssusisissiisiniiinissiininsiinisinrisninnmseiisienes 114
4.7 Envirshimental Taaues ss+vssssmnseisassaisssesonmmssasismissimssomysstsns sorivaissesi 114
A NT  Baslor Comaerii] rrommsmrmim- S R G T S S ST S S P S e s 114
& 9% Siens o Ai Pallilion - swoeennersonmmstins SEsneaamnansdss SyTaas vs e A TS 115
47.% Helative Amontits of Fiites Cenertad «c-—e rseromvmnbarsinssists ot i s 117
4.7.4 Other Pollution Sources s=ssssessssssseess spwan sxumsy sossanspussosusesssnssanesasasnsssas 118
4.7.5 SUMAIY ceeeeeeesessnnnnesetemimntetts ettt s 119
ERUPCIGED #0955 ws v A S e S A S S B H S B SRR SR S AP H SN NSRSV S R S VO 119
5 Electric Furnace Steelmaking «-------vesseresserssiisiiiiniiiiiniisiisiisiniiiinnsees 121
5.1 Electric Furnace Technology ««+-+==sssssereessrinerisrmiiiiininsiiiiiieecn e 121
5.1.1 Oxygen Use in the EAF  coocecerssssssnmummiumimienisiiniisinummmmmstasseessssssnanns 122
5.1.2 Oxy-Fuel Burner Application in the EAF ««eereeereemreriimminiiiiiiiinns 122
5.1.3 Application of Oxygen Lancing in the EAF «+-eeeeeeuiiniiiiiiiiiiiiin, 125
5.1.4 Foamy Slag Practice ««-+e--eseeeeesesssrsmmimmnminiiiiiiiniisiie e 128
E L5 0 Poat-loinBiathon soesrees =secmrermss s yssmens aoses st wiions o5 caisms s 130
5.1.6 EAF Bottom SHITIRE «+vrereersressesssssnsrnmmuniminietiisiisiniiirinessssinmnansne 140
5 1.7 Tuinace THECIIGE  sbsssssissss s somas s s mss Sums o swsi s smsms o vasns s siss 140
5.1.8 High Voltage AC Operations =«++sssssssesseesssessissisinminieeisesinsnmiimmmminn 142
5.1.9 DC EAF Operations ««--++seseesssssussesumermeminiiminiiiiiaieiise e 143
5.1.10 Use of Alternative Iron Sources in the EAF  cceceeemveniinniiininiiiii. 146
Bl Tl ol [ s b sa sy e ars s vy A I AR S8 ST S SIS 147

9 Raw Matetidls dssvssosmmsmsmmmsmsnnsns oosss@s s sssmy sumoss 5sus § SBawss S50 8uan e 148

3 Tliines aiid AOT s, wass s s s s s ey e S WSS e S SV s A e 149
4 Furnace Operations «++ss+seeesssssssmusisisssimiiiiiiiniiiiinieriistiineteaeesenenaeeaasaenes 151
5.4.1 EAF Operating Cycle ««««+--sssssursuresesenmirire i 151
5.4.2 Furnace Charging «+-«cttessresssessessssummnmcscitisinesssssssssmesneresansassssssnsnes 152
5.4.3  Melting «eeeeeeeesesssnesesmmminte st e 153
5.4.4 Refining -«coevsssesssosorsssnssinmnsnosssassessnsusssssssssssasssnassssnssnssnanssssenanans 154
5.4.5 Deslagging ««eeeeeeererrereesmenntntetmi 156
BLdB Thapping, s e s e TR SRS S5 S~ N S AR saaswas 157



Contents

Vi
S 4T FiiFnace TUINSTOULL #65555 756w aseneni s eamsmsoimesaers s eswass e s s6vEss soenesinvess 157
5 A8 Fartiace Hoat BaliiGe e cssss memmmss usamonmarnsn s siss e Sass s soacss seemens s smes 158
5.5 New Scrap Melting Processes —=+++s+ssseessseeressisiiiiiniistiniin s 159
5.5.1 Scrap Preheating «e+ssesereesseeeessastinimii 159
5.5.2 Preheating with Offgas «++essevesssmseeimireniinniii 160
5.5.3 Natural Gas Scrap Preheating «««-«-«+«sssrressesmsenseisensiiniiee e 161
S %nd! RaliS o s L T D smssmpiers wageisee e o Y TR PR R TR 161
5.5 5 Danarc Process ssscessesees seveesonnasssyrsoneinvssonassessssvessssosvssosases vanres iweres 164
£ BUE  Ticlhs Shaft Firnaes wessswasmsessssevmsssssmshbobibos SRATIMb o nmsesdnisany 165
5 8 Gonsiac] PROGESE 4 vevsss ssemi s vsss sHen A s A S RS SO eSS SA 173
5. & % Tiin Shell Electtie Ave FUDMaee oo smesmssesss e samms s wewe s s s 176
5.5.9 Processes under Development —«+««s«ssssssssssssseseinseneeeienietiiiit s 179
FXerciges «ssenssssonssssvanssssasssansnsns srnsen srpnrassnsnanseapesssnsesss svaveyossas srnesnsasseasrrare 187
REFCLRIICES, o5+ esus sasste s s v suisists HHaEIRs SEE IS HETE RGPS WERERe SEEn § EE S TN ST TS 6 o 189



1 Historical Development of
Modern Steelmaking

1.1 Bottom-Blown Acid or Bessemer Process

This process, developed independently by William Kelly of Eddyville, Kentucky and Henry Besse-
mer of England, involved blowing air through a bath of molten pig iron contained in a bottom-blown
vessel lined with acid ( siliceous) refractories. The process was the first to provide a large scale
method whereby pig iron could rapidly and cheaply be refined and converted into liquid steel. Bes-
semer’ s American patent was issued in 1856; although Kelly did not apply for a patent until
1857, he was able to prove that he had worked on the idea as early as 1847. Thus, both men held
rights to the process in this country; this led to considerable litigation and delay, as discussed lat-
er. Lacking financial means, Kelly was unable to perfect his invention and Bessemer, in the face of
great difficulties and many failures, developed the process to a high degree of perfection and it
came to be known as the acid Bessemer process.

The fundamental principle proposed by Bessemer
and Kelly was that the oxidation of the major impurities
in liquid blast furnace iron ( silicon, manganese and
carbon) was preferential and occurred before the major
oxidation of iron, and the actual mechanism differs
from this simple explanation. Further, they discovered

that sufficient heat was generated in the vessel by the

chemical oxidation of the above elements in most types
of pig iron to permit the simple blowing of cold air

through molten pig iron to produce liquid steel without

the need for an external source of heat. Because the

process converted pig iron to steel, the vessel in which air—=—

the operation was carried out came to be known as a  Fig 1.1 Principle of the bottom blown
converter. The principle of the bottom blown converter  converter. The blast enters the wind box
is shown schematically in Fig. 1. 1. beneath the vessel through the pipe indicated

At first, Bessemer produced satisfactory steel in a by the arrow and passes into the vessel through
converter lined with siliceous (acid) refractories by re- tuyeres set in the bottom of the converter
fining pig iron that, smelted from Swedish ores, was low in phosphorus, high in manganese, and

contained enough silicon to meet the thermal needs of the process. But, when applied to irons
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which were higher in phosphorus and low in silicon and manganese, the process did not produce
satisfactory steel. In order to save his process in the face of opposition among steelmakers, Besse-
mer built a steel works at Sheffield, England, and began to operate in 1860. Even when low phos-
phorus Swedish pig iron was employed, the steels first produced there contained much more than
the admissible amounts of oxygen, which made the steel “wild” in the molds. Difficulty also was
experienced with sulfur, introduced from the coke used as the fuel for melting the iron in cupolas,

b

which contributed to “hot shortness” of the steel. These objections finally were overcome by the
addition of manganese in the form of spiegeleisen to the steel after blowing as completed.

The beneficial effects of manganese were disclosed in a patent by R. Mushet in 1856. The car-
bon and manganese in the spiegeleisen served the purpose of partially deoxidizing the steel, which
part of the manganese combined chemically with some of the sulfur to form compounds that either
floated out of the metal into the slag, or were comparatively harmless if they remained in the steel.

As stated earlier, Bessemer had obtained patents in England and in this country previous to Ke-
lly’ s application. Therefore, both men held rights to the process in the United States.

The Kelly Pneumatic Process Company had been formed in 1863 in an arrangement with
William Kelly for the commercial production of steel by the new process. This association included
the Cambria Iron Company, E. B. Ward, Park Brothers and Company, Lyon, Shord and Company,
Z.S. Durfee and , later, Chouteau, Harrison and Vale. This company, in 1864, built the first co-
mmercial Bessemer plant in this country, consisting of a 2. 25 metric tons (2. 50 net tons) acid
lined vessel erected at the Wyandotte Iron Works, Wyandotte, Michigan, owned by Captain E. B.
Ward. It may be mentioned that a Kelly converter was used experimentally at the Cambria Works,
Johnstown, Pennsylvania as early as 1861.

As a result of the dual rights to the process a second group consisting of Messrs. John
A. Griswold and John F. Winslow of Troy, New York and A. L. Holley formed another company
under an arrangement with Bessemer in 1864. This group erected an experimental 2. 25 metric
tons (2.50 net tons) vessel in Troy, New York which commenced operations on February 16,
1865. After much litigation had failed to gain for either sole control of the patents for the pneuma-
tic process in America, the rival organizations decided to combine their respective interests early in
1866. This larger organization was then able to combine the best features covered by the Kelly and
Bessemer patents, and the application of the process advanced rapidly.

By 1871, annual Bessemer steel production in the United States had increased to approximately
40, 800 metric tons (45, 000 net tons), about 55% of the total steel production, which was
produced by seven Bessemer plants.

Bessemer steel production in the United States over an extended period of years remained signifi-
cant. However, raw steel is no longer being produced by the acid Bessemer process in the United
States. The last completely new plant for the production of acid Bessemer steel ingots in the United
States was built in 1949.

As already stated, the bottom blown acid process known generally as the Bessemer Process was

the original pneumatic steelmaking process. Many millions of tons of steel were produced by this
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method.

From 1870 to 1910, the acid Bessemer process produced the majority of the world’ s supply of
steel.

The success of acid Bessemer steelmaking was dependent upon the quality of pig iron available
which, in turn, demanded reliable supplies of iron ore and metallurgical coke of relatively high pu-
rity. At the time of the invention of the process, large quantities of suitable ores were available,
both abroad and in the United States. With the gradual depletion of high quality ores abroad ( par-
ticularly low phosphorus ores) and the rapid expansion of the use of the bottom blown basic pneu-
matic, basic open hearth and basic oxygen steelmaking processes over the years, acid Bessemer
steel production has essentially ceased in the United Kingdom and Europe.

In the United States, the Mesabi Range provided a source of relatively high grade ore for making
iron for the acid Bessemer process for many years. In spite of this, the acid Bessemer process de-
clined from a major to a minor steelmaking method in the United States and eventually was aban-
doned.

The early use of acid Bessemer steel in this country involved production of a considerable quan-
tity of rail steel, and for many years ( from its introduction in 1864 until 1908) this process was the
principal steelmaking process. Until relatively recently, the acid Bessemer process was used princi-
pally in the production of steel for buttwelded pipe, seamless pipe, free machining bars, flat rolled
products, wire, steel castings, and blown metal for the duplex process.

Fully killed acid Bessemer steel was used for the first time commercially by United States Steel
Corporation in the production of seamless pipe. In addition, dephosphorized acid Bessemer steel

was used extensively in the production of welded pipe and galvanized sheets.

1.2 Basic Bessemer or Thomas Process

The bottom blown basic pneumatic process, known by several names including Thomas, Thomas-
Gilchrist or basic Bessemer process, was patented in 1879 by Sidney G. Thomas in England. The
process, involving the use of the basic lining and a basic flux in the converter, made it possible to
use the pneumatic method for refining pig irons smelted from the high phosphorus ores common to
many sections of Europe. The process ( never adopted in the United States) developed much more
rapidly in Europe than in Great Britain and, in 1890, European production was over 1. 8 million
metric tons (2 million net tons) as compared with 0. 36 million metric tons (400, 000 net tons)
made in Great Britain.

The simultaneous development of the basic open hearth process resulted in a decline of produc-
tion of steel by the bottom blown basic pneumatic process in Europe and, by 1904, production of
basic open hearth steel there exceeded that of basic pneumatic steel. From 1910 on, the bottom
blown basic pneumatic process declined more or less continuously percentage-wise except for the

period covering World War II, after which the decline resumed.
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1.3 Open Hearth Process

Karl Wilhelm Siemens, by 1868, proved that it was possible to oxidize the carbon in liquid pig iron
using iron ore, the process was initially known as the “pig and ore process”. Briefly, the method of
Siemens was as follows. A rectangular covered hearth was used to contain the charge of pig iron or
pig iron and scrap ( Fig. 1.2). Most of the heat required to promote the chemical reactions neces-
sary for purification of the charge was provided by passing burning fuel gas over the top of the ma-
terials. The fuel gas, with a quantity of air more than sufficient to burn it, was introduced through
ports at each end of the furnace, alternately at one end and then the other. The products of com-
bustion passed out of the port temporarily not used for entrance of gas and air, and entered cham-
bers partly filled with brick checkerwork. This checkerwork, commonly called checkers, provided a
multitude of passageways for the exit of the gases to the stack. During their passage through the
checkers, the gases gave up a large part of their heat to the brickwork. After a short time, the gas
and air were shut off at the one end and introduced into the furnace through the preheated check-

ers, absorbing some of the heat stored in these checkers. The gas and air were thus preheated to a
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Fig. 1.2 Schematic arrangement of an early type of Siemens furnace with
about a 4. 5 metric tons (5 net tons) capacity
The roof of this design ( which was soon abandoned) dipped from the ends toward the center of the furnace to
force the flame downward on the bath. Various different arrangements of gas and air ports were used in later furnaces.
Note that in this design, the furnace proper was supported on the regenerator arches. Flow of gas, air and waste
gases were reversed by changing the position of the two reversing valves. The inset at the upper left compares the

size of one of these early furnaces with that of a late generation 180 metric tons ( 200 net tons) open hearth.
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somewhat elevated temperature, and consequently developed to a higher temperature in combustion
than could be obtained without preheating. In about 20 minutes, the flow of the gas and air was a-
gain reversed so that they entered the furnace through the checkers and port used first; and a se-
ries of such reversals, occurring every fifteen or twenty minutes was continued until the heat was
finished. The elements in the bath which were oxidized both by the oxygen of the air in the furnace
atmosphere and that contained in the iron ore fed to the bath, were carbon, silicon and manganese,
all three of which could be reduced to as low a limit as was possible in the Bessemer process. Of
course, a small amount of iron remains or is oxidized and enters the slag.

Thus, as in all other processes for purifying pig iron, the basic principle of the Siemens process
was that of oxidation. However, in other respects, it was unlike any other process. True, it resem-
bled the puddling process in both the method and the agencies employed, but the high temperatures
attainable in the Siemens furnace made it possible to keep the final product molten and free of en-
trapped slag. The same primary result was obtained as in the Bessemer process, but by a different
method and through different agencies, both of which imparted to steel made by the new process
properties somewhat different from Bessemer steel, and gave the process itself certain metallurgical
advantages over the older pneumatic process, as discussed later in this section.

As would be expected, many variations of the process, both mechanical and metallurgical, have
been worked out since its original conception. Along mechanical lines, various improvements in the
design, the size and the arrangement of the parts of the furnace have been made. Early furnaces
had capacities of only about 3. 5-4.5 metric tons (4-5 net tons), which modern furnaces range
from about 35-544 metric tons (40-600 net tons) in capacity, with the majority having capacities
between about 180-270 metric tons (200-300 net tons) .

The Siemens process became known more generally, as least in the United States, as the open
hearth process. The name “open hearth” was derived, probably, from the fact that the steel, while
melted on a hearth under a roof, was accessible through the furnace doors for inspection, sampling
and testing.

The hearth of Siemens’ furnace was of acid brick construction, on top of which the bottom was
made up of sand, essentially as in the acid process of today. Later, to permit the charging of lime-
stone and use of a basic slag for removal of phosphorus, the hearth was constructed with a lining of
magnesite brick, covered with a layer of burned dolomite or magnesite, replacing the siliceous bot-
tom of the acid furnace. These furnaces, therefore, were designated as basic furnaces, and the
process carried out in them was called the basic process. The pig and scrap process was originated
by the Martin brothers, in France, who, by substituting scrap for the ore in Siemens’ pig and ore
process, found it possible to dilute the change with steel scrap to such an extent that less oxidation
was necessary.

The advantages offered by the Siemens process may be summarized briefly as follows:

1. By the use of iron ore as an oxidizing agent and by the external application of heat, the tem-
perature of the bath was made independent of the purifying reactions, and the elimination of impu-

rities could be made to take place gradually, so that both the temperature and composition of the
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bath were under much better control than in the Bessemer process.

2. For the same reasons, a greater variety of raw materials could be used ( particularly scrap, not
greatly consumable in the Bessemer converter) and a greater variety of products could be made by
the open hearth process than by the Bessemer process.

3. A very important advantage was the increased yield of finished steel from a given quantity of
pig iron as compared to the Bessemer process, because of lower inherent sources of iron loss in the
former, as well as because of recovery of the iron content of the ore used for oxidation in the open
hearth.

4. Finally, with the development of the basic open hearth process, the greatest advantage of Sie-
mens’ over the acid Bessemer process was made apparent, as the basic open hearth process is ca-
pable of eliminating phosphorus from the bath. While this element can be removed also in the ba-
sic Bessemer ( Thomas- Gilchrist) process, it is to be noted that, due to the different temperature
conditions, phosphorus is eliminated before carbon in the basic open hearth process, whereas the
major proportion of phosphorus is not oxidized in the basic Bessemer process until after carbon in
the period termed the afterblow. Hence, while the basic Bessemer process requires a pig iron with
a phosphorus content of 2. 0% or more in order to maintain the temperature high enough for the af-
terblow, the basic open hearth process permits the economical use of iron of any phosphorus content
up to 1. 0%. In the United States, this fact was of importance since it made available immense iron
ore deposits which could not be utilized otherwise because of their phosphorus eontent, which was
too high to permit their use in the acid Bessemer or acid open hearth process and too low to use in
the basic Bessemer process.

The open hearth process became the dominant process in the United States. As early as 1868, a
small open hearth furnace was built at Trenton, New Jersey, but satisfactory steel at a reasonable
cost did not result and the furnace was abandoned. Later, at Boston, Massachusetts, a successful
furnace was designed and operated, beginning in 1870. Following this success, similar furnaces
were built at Nashua, New Hampshire and in Pittsburgh, Pennsylvania, the latter by Singer, Nimick
and Company, in 1871. The Otis Iron and Steel Company constructed two 6. 3 metric tons (7 net
tons) furnaces at their Lakeside plant at Cleveland, Ohio in 1874. Two 13. 5 metric tons ( 15 net
tons) furnaces were added to this plant in 1878, two more of the same size in 1881, and two more
in 1887. All of these furnaces had acid linings, using a sand bottom for the hearths.

The commercial production of steel by the basic process was achieved first at Homestead, Penn-
sylvania. The initial heat was tapped March 28, 1888. By the close of 1890, there were 16 basic
open hearth furnaces operating. From 1890 to 1900, magnesite for the bottom began to be imported
regularly and the manufacture of silica refractories for the roof was begun in American plants. For
these last two reasons, the construction of basic furnaces advanced rapidly and, by 1900, furnaces
larger than 45 metric tons (50 net tons) were being planned.

While the Bessemer process could produce steel at a possibly lower cost above the cost of mate-
rials, it was restricted to ores of a limited phosphorus content and its use of scrap was also limited.

The open hearth was not subject to these restrictions, so that the annual production of steel by



1.4  Oxygen Steelmaking

7

the open hearth process increased rapidly, and in 1908, passed the total tonnage produced yearly
by the Bessemer process. Total annual production of Bessemer steel ingots decreased rather
steadily after 1908, and has ceased entirely in the United States. In addition to the ability of the
basic open hearth furnace to utilize irons made from American ores, as discussed earlier, the main
reasons for proliferation of the open hearth process were its ability to produce steels of many com-
positions and its ability to use a large proportion of iron and steel scrap, if necessary. Also steels
made by any of the pneumatic processes that utilize air for blowing contain more nitrogen than open
hearth steels; this higher nitrogen content made Bessemer steel less desirable than open hearth
steel in some important applications. -

With the advent of oxygen steelmaking which could produce steel in a fraction of the time re-
quired by the open hearth process, open hearth steelmaking has been completely phased out in the
United States. The last open hearth meltshop closed at Geneva Steel Corporation at Provo, Utah in

1991. Worldwide there are only a relative few open hearths still producing steel.
1.4 Oxygen Steelmaking

Oxygen steelmaking has become the dominant method of producing steel from blast furnace hot
metal. Although the use of gaseous oxygen ( rather than air) as the agent for refining molten pig i-
ron and scrap mixtures to produce steel by pneumatic processes received the attention of numerous
investigators from Bessemer onward, it was not until after World War II that commercial success
was attained.

Blowing with oxygen was investigated by R. Durrer and C. V. Schwarz in Germany and by
Durrer and Hellbrugge in Switzerland. Bottom-blown basic lined vessels of the designs they used
proved unsuitable because the high temperature attained caused rapid deterioration of the refractory
tuyere bottom; blowing pressurized oxygen downwardly against the top surface of the molten metal
bath, however, was found to convert the charge to steel with a high degree of thermal and chemical
efficiency.

Plants utilizing top blowing with oxygen have been in operation since 1952- 1953 at Linz and
Donawitz in Austria. These operations, sometimes referred to as the Linz-Donawitz or L-D process
were designed to employ pig iron produced from local ores that are high in manganese and low in
phosphorus; such iron is not suitable for either the acid or basic bottom blown pneumatic process
utilizing air for blowing. The top blown process, however, is adapted readily to the processing of
blast furnace metal of medium and high phosphorus contents and is particularly attractive where it
is desirable to employ a steelmaking process requiring large amounts of hot metal as the principal
source of metallics. This adaptability has led to the development of numerous variations in applica-
tion of the top-blown principle. In its most widely used form, which also is the form used in the U-
nited States, the top blown oxygen process is called the basic oxygen steelmaking process ( BOF for
short) or in some companies the basic oxygen process ( BOP for short).

The basic oxygen process consists essentially of blowing oxygen of high purity onto the surface of



