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The Lecture  t r aces  the development of the Linde Argon-Oxygen P r oc e s s  f rom its conception 
in 1955 to its full scale  and widespread  uti l ization in the specia l ty  s tee l  industry on a wor ld -  
wide bas i s  a t  the p resen t  t ime.  The basic invention was der ived from f i r s t  p r inc ip les  of phys-  
ical  chemis t ry  known to a l l  third year  college chemis t ry  students.  Its long saga of development 
over a f i f teen-year  per iod required a g rea t  deal  more;  namely,  a corporat ion with tremendous 
r e s o u r c e s  and, more important ly ,  a lmos t  boundless faith to continue in spite of some devas t -  
ating r e v e r s a l s ,  a smal l  company with grea t  vision and engineering ingenuity to evolve a 
nontradit ional  p rocess  for the manufacture of s ta in less  s tee l  which many l a rge r  companies 
had despa i red  of, and a market ing effort  which was able to do the a lmos t  imposs ib le  which was 
to convince a basic industry such as  s tee l  of the mer i t s  of a revolut ionary new p roces s  s i g -  
nificantly different  in method of operat ion and capi ta l  requ i rements  without being a par t  of 
that industry i t se l f  and without means of proving the p rocess  in-house.  The development of 
the Linde Argon-Oxygen P r o c e s s  is  a mass ive  tr ibute to Amer ican  industry,  the dedication of 
many of i ts member s ,  and the tremendous abi l i ty  of different  indust r ies  to work together in 
a major  development.  The Lecture  a t tempts ,  as  any good case  h is tory  should, to genera l ize  
f rom this specific case  the lessons to be learned by industry,  by individual engineers  and 
sc ien t i s t s ,  by government,  and the academic community in major  p rocess  innovation in a 
bas ic  industry.  Such an increased  understanding leading to improved implementation of new 
knowledge into major  industry is  c r i t i ca l ly  important  if the United States is  to improve its 
standing in internat ional  marke t s .  Since the Linde Argon-Oxygen P r o c e s s  is  an a l l - A m e r -  
ican development,  i ts  study should lead us to fuller  understanding of both the unique advant-  
ages our sys tem provides  for such innovation and means by which we may acce le ra t e  such 
badly-needed developments in the future. 
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A 
2%- great  deal  has been writ ten and spoken about the 
effect iveness of bas ic  indust r ies  in the United States 
in applying advanced technology to la rge  scale  meta l -  
lurgical  p r o c e s s e s .  Arguments have been put forth 
about the amount and type of fundamental r e s e a r c h  that 
should be done, the methodology of t rans la t ing  bas ic  r e -  
sea rch  in economical  new p roces se s ,  the role  of the 
Fede ra l  government in this  endeavor,  the educational 
p roce s s  which resu l t s  in individuals who can accom-  
pl ish this  objective,  and the var ious  fo rms  of o rgani -  
zat ional  al ignments within corpora t ions  that s t imulate  
and make effective such effort .  In spite  of many d i f fe r -  
ing views on these subjects ,  genera l  agreement  ex is t s  
on the fundamental pr inc ip le  which gives such grea t  
importance to the subject;  namely, the corporat ion,  the 
industry,  or the nation which makes most  effective use 
of technology will be the most  competi t ive,  the most  
p rosperous ,  and will thereby be capable of supporting 
the highest s tandard of living for i ts  members .  

In reaching general  conclusions on such a complex 
and vital  issue,  it  has been useful in many fields to ex-  
amine,  in detai l ,  many case h i s to r ies  of specific in-  
s tances .  We have avai lable  to us in the s teelmaking 
industry the recen t  example of the Linde A-O2 Decarbu-  
r iza t ion P rocess .  Let us examine i ts  origin,  i ts  devel -  
opment, and its commerc ia l iza t ion  and de termine  what 
genera l  lessons  it teaches  which will pe rmi t  us to more 
effectively exploit  our knowledge and technology in the 
future.  

THE LINDE AOD PROCESS TODAY 

First of all, let us discuss the process itself. A 
charge containing essentially all of the important al- 
loying elements of the stainless steel composition to 
be produced in their entirety is melted down in an 
electric arc furnace. Fig. 1 shows such a heat being 
poured from a furnace after slag-off. The molten steel 
is then transferred by ladle to a separate refining ves- 
sel which is similar to a Bessemer converter with two 
or more tuyeres in the bottom, Fig. 2. Oxygen is blown 
through the molten bath admixed with varying amounts 
of argon, with the ratio of argon to oxygen increasing 
with time during the blow and finishing with pure argon 
in many cases, Fig. 3. Very small final additions of 
alloying elements and deoxidizing elements are made 
to the melt, Fig. 4, and the finished steel is tapped 
directly from the vessel, Fig. 5. 

This new duplex process replaces conventional stain- 
less steelmaking which used only a single melting and 
refining vessel; namely, the electric furnace. The sig- 
nificant changes in practice brought about may be seen 
by the comparison of the older conventional practice 
and the AOD Process shown in Table I. In the conven- 
tional practice the charge melted down in the electric 
furnace in the production of a typical 18 pct Cr-8 pct 
Ni grade could only contain about 4 pct Cr. If the extra 
low carbon (ELC) product was sought, even less chro- 
mium could be included in the charge. With the new 
practice all the chromium required in the final product 
(~ 18 pct) is charged into the furnace. In the conven- 
tional prac t ice ,  the molten furnace charge was lanced 
with pure oxygen to the end point of 3300~ and a c a r -  
bon content of 0.02 pct.  During this step approximate ly  
one-half  of the or iginal  chromium charged (4 pct) was 
oxidized into the slag, leaving the metal  with about a 
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Fig. 1--Tapping an electric furnace after melting of charge 
only. 

2 pct Cr content. In the Linde AOD Process ,  blowing 
the heat with varying A-O2 mixtures  in a separa te  v e s -  
se l  is done to an end point of 3100~ and 0.03 pct C. It 
should be noted that the t empera tu re  is  about 200~ 
lower than at the conventional p rac t i ce  end point. Dur-  
ing this step the chromium content in the bath is  about 
16.5 pct Cr.  In the conventional p rac t i ce  following blow- 
ing, reducing agent in the form of FeSi or FeCrSi  was 
added to the s lag to reduce about one-half  of the chro-  
mium in the s lag back into the bath (1 pct). This was 
followed by a ve ry  large  addition of low carbon f e r r o -  
chrome (15 to 17 pct) to the bath to reach final compo- 
sit ion. In the Linde AOD Process ,  FeSi or FeCrSi is  
added to the slag to recover  about one-half  of the oxi-  
dized chromium (0.75 pct). General ly  no additions of 
low carbon fe r rochromium are  n e c e s s a r y  and it should 
be evident at this point that a major  economic advantage 
of the p roces s  is in the substitution of low cost  high 
carbon f e r rochrome  in the charge for the re la t ive ly  
high cost low carbon f e r rochrome  in the heat finishing. 
Graphically,  the p r o g r e s s  of the chromium and carbon 
during the two different  p rac t i ce s  is  shown in Fig.  6 for 
the production of 304L s ta in less  s teel .  It can be seen 
f rom this f igure that there  is roughly one order  of mag-  
nitude difference in the Cr -C re la t ionship  when blown 
with A-O2 mixtures  ra ther  than with pure oxygen. This 
is the r ea l  crux of the invention and the successful  ap-  
pl icat ion of high t empera tu re  physical  chemis t ry  to 
s teelmaking innovation. 
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Fig. 2--Transferring hot metal to separate refining vessel.  Fig. 3--Argon-oxygen decarburization in refining vessel. 

ORIGIN OF THE PROCESS 

How did it  a l l  begin ? What was the o r ig in  of the in-  
vent ion  and how was it deve loped  into the c o m m e r c i a l  
p r a c t i c e  we have  today ? 

It a l l  s t a r t e d  in 1954 at the Meta ls  R e s e a r c h  L abo ra -  
t o r i e s  of the Union Carb ide  Corpora t ion  in Niagara  
Fa l l s ,  New York, in quite  an innocent  manner  and wi th-  
out spec i f i ca l l y  a t t empt ing  to develop a new s t e e l m a k -  
trig p r o c e s s .  Jus t  p r i o r  to that  t ime ,  Richardson  in 
England had publ ished a t h e r m o d y n a m i c  study of the 
r e l a t ionsh ip  of c h r o m i u m  to carbon  in s t a in l e s s  s t ee l  
re f in ing  in which he had c l a s s i c a l l y  equ i l i b ra t ed  ca rbon  
m onox ide - ca rbon  dioxide gas m i x t u r e s  with F e - C r - C  
m e l t s .  His r e s u l t s  w e r e  somewha t  d i f fe ren t  than those  
of  Hllty and Craf t s  publ i shed  e a r l i e r .  The e x p e r i m e n t a l  
method of Hilty and Cra f t s  was subs tan t ia l ly  d i f fe ren t  
f r o m  that  of R ichardson  in that  they had blown s m a l l  
induct ion fu rnace  heats  of F e - C r - C  with oxygen, a t -  
t empt ing  to e s t ab l i sh  equ i l i b r ium va lues  for  c h r o m i u m  
and ca rbon  by approaching  such  v a l u e s  f r o m  both high 
and low carbon  contents .  The p r e s e n t  author  se t  out to 
r e s o l v e  the d i f f e rence  in the two s tud ies  by extending 
the range  of C r - C  re la t ionsh ip  studied following the 
g e n e r a l  e x p e r i m e n t a l  method of Hil ty and Cra f t s .  The 
in i t ia l  work  was  done in a 100-pound induction furnace ;  
and i t  b e c a m e  rap id ly  evident  that,  in a t tempt ing  to e s t -  
ab l i sh  equ i l i b r ium Cr-42 r e l a t i o n s h i p s ,  i t  was e s s e n t i a l l y  
im poss ib l e  to ach ieve  the i s o t h e r m a l  condit ions n e c e s -  
s a r y  because  of the highly exo the rmic  na ture  of the C r - O  
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reac t ion .  Some tenta t ive  a t t empts  w e r e  made to cont ro l  
the e x o t h e r m i c i t y  of the r e a c t i o n  by di lut ing the oxygen 
with a rgon  in the s m a l l  fu rnace ,  and It was i m m e d i a t e l y  
noted that  for  any given c h r o m i u m  l e v e l  and t e m p e r a -  
t u r e ,  the carbon  l e v e l  was a p p r o x i m a t e l y  an o r d e r  of 
magni tude lower  than those p r e d i c t e d  by the e a r l i e r  
work of e i t he r  R icha rdson  or  Hilty and Cra f t s !  

At this  point  a r e v i e w  of the bas i c  phys ica l  c h e m i s -  
t r y  of the s y s t e m  r e v e a l e d  what was taking p lace  and 
began to l ead  us in the p r o p e r  d i r ec t ion  for  the inven-  

Table I. Stainless Staelmaking Conventional vs Argon-Oxygen 

Conventional A-O2 

1.) Melt charge in electric furnace 
a) 4 pet Cr charge normal;less 

Cr charged for ELC grades 

2.) Lance with oxygen; end point 
3300~ 
2 pet Cr 
0.02 pet C 

3.) Recover ~ of Cr (1 pct) in slag 
with FeCrSi or FeSi add'n. 

4.) Add 15 to 17 pct Cr as low 
carbon FeCr to final specifica- 
tion 
Final Composition: 
Cr-18.5 pet 
C-0.02 pet 

Melt charge in electric furnace 
a) 18 pct Cr charged even for ELC grades 
b) deslag melted charge transfer charge; to 

AOD vessel 

Blow with oxygen-argon mixture; end point 
3100~ 
17 pet Cr 
0.03 pet C 

Recover 0.75 pct Cr from slag. Pure argon 
injection 

Nolow carbon FeCr addition necessary 

Final Compositon: 
Cr-18.5 pct 
C-0.OI pet 
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Fig. 4--Adding final additions to ref ining vesse l  a f ter  blowing. 

t ion of the Linde AOD P r o c e s s .  Table  II s u m m a r i z e s  
the b a s i c  p h y s i c a l  c h e m i s t r y  of the Linde AOD P r o c e s s  
and b r i n g s  us to a ful l  unde r s t and ing  of the d i f f e r e n c e s  
be tween  convent ional  p r a c t i c e  and the new p r o c e s s .  It 
i s  c l e a r  f r o m  th i s  Table  that  in convent ional  s t e e l m a k -  
ing the  p r e s s u r e  of c a rbon  monoxide  i s  1 a tm,  s ince  
a l l  the oxygen blown into the bath  is  conve r t ed  to e s -  
s e n t i a l l y  ca rbon  monoxide  a s  i t  ex i t s  the s y s t e m  and 
t h e r e f o r e ,  fo r  a g iven  t e m p e r a t u r e ,  the e q u i l i b r i u m  
ca rbon  content  wi l l  be p r o p o r t i o n a l  to the t h r e e - f o u r t h s  
power  of the c h r o m i u m  content .  In the Linde AOD P r o -  
c e s s  the ca rbon  content  wi l l  be a funct ion of both the 
t h r e e - f o u r t h s  power  of the c h r o m i u m  leve l  and  the r e -  
su l t ing  p a r t i a l  p r e s s u r e  of c a rbon  monoxide  after d i lu -  
t ion with a rgon  which p a s s e s  through the ba th  unchanged.  
Table  III i l l u s t r a t e s  the  ef fec t  of the r a t i o  of a rgon  to 
oxygen in the input  gas  s t r e a m  on the ca rbon  content  
r educ t ion  r e l a t i v e  to convent ional  p r a c t i c e .  The r e -  
su l t ing  ca rbon  monoxide  p r e s s u r e ,  which c o n t r o l s  the 
ca rbon  content ,  i s  d e r i v e d  f r o m  the c o n s i d e r a t i o n  that  
while  a mol  of a rgon  goes  through the ba th  unchanged,  
a c o r r e s p o n d i n g  mol  of oxygen r e s u l t s  in the f o r m a t i o n  
of 2 m o l e s  of c a rbon  monoxide .  T h e s e  t h e o r e t i c a l  c o n -  
s i d e r a t i o n s  a r e  now borne  out in p r a c t i c e  l i t e r a l l y  
hundreds  of t i m e s  da i ly  a round  the wor ld .  It should 
not  be  ove r looked  at  th is  point  that  the P r o c e s s  has  
an a l t e r n a t i v e  method  of u t i l i za t ion ;  name ly ,  that  the 
s a m e  C r - C  r e l a t i o n s h i p  can be  ach ieved  at  s i g n i f i -  
can t ly  lower  t e m p e r a t u r e s  than in convent ional  p r a c -  
t i c e .  

F u r t h e r  work  in the l a b o r a t o r y  was then cont inued 
to fu l ly  v e r i f y  what  had been  found i n i t i a l l y  and, fo r  
the  f i r s t  t i m e ,  c o n s c i o u s l y  d i r e c t e d  to the p o s s i b l e  
deve lopmen t  of a new s t e e l m a k i n g  p r a c t i c e .  The re  
we re  s e v e r a l  economic  f a c t o r s  that  gave impe tus  to 
the  c o m m e r c i a l  exp lo i ta t ion  of t he se  l a b o r a t o r y  f ind-  
ings  at  the t ime .  It had been  known for  s o m e  t ime  that  
the d e c a r b u r i z a t i o n  of expens ive ,  n i c k e l - b a s e  a l l oys  
could be enhanced by  the use  of a vacuum.  Extending 
such a p r a c t i c e  to s t a i n l e s s  s t e e l  was c o n s i d e r e d  
t o t a l l y  i m p r a c t i c a l  b e c a u s e  of the low cos t  of the p r o d -  
uct and i t s  s c a l e  of manufac tu re .  The effect  of the 
p r e s e n t  p r o c e s s  was  to deve lop  a c rude  vacuum wi th-  
out the  usual  equ ipment ;  i t  was a f f ec t iona te ly  l abe l ed  
"a poor  m a n ' s  v a c u u m . "  S imul t aneous ly  t h e r e  was a 
growing m a r k e t  demand  for  the e x t r a  low ca rbon  (ELC) 
g r a d e s  of s t a i n l e s s  s t e e l s ,  but  the p roduc t ion  cos t s  

@ 

Fig. 5--Tapping finished steel from refining vessel .  
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Fig. 6--Conventional vs Argon-oxygen prac t ice  for  302L. 

were  n e a r l y  p roh ib i t i ve  b e c a u s e  of the ef fec t  of the 
high f in i sh ing  t e m p e r a t u r e s  on r e f r a c t o r y  l i fe  a s  wel l  
a s  the poor  r e p r o d u c i b i l i t y  of the convent iona l  p r o -  
c e s s .  The a r g o n  di lu t ion p r i n c i p l e  a p p e a r e d  to a f ford  

1442-VOLUME 4, JUNE 1973 METALLURGICAL TRANSACTIONS 



Table II. Chemistry of Argon-Oxygen Stainless Steelmaking 

Cr304(s) + 4C # 3Cr + 4C0  (g) 
- a  3 . 4 a 4. 

Kt  - Cr Poa / _c acrsO, 

K~ = (~ C_0~P'r I(~ CD ~ 
Conventional steelmaking 
%C = I/Ka(% Cr) 314 

A-Oa steelmaking 
% C_ = 1/Ka(% C_r) 3/4p 

Table III. 
Carbon Content as a Function of Argon-Oxygen Ratio v$ Conventional Practice 

Constant Chromium Level;Constant Temperature 

Reduction in 
A/O2 Input Pco Atm Carbon Level, pct 

1 2 33-~ 

2 1 50 

4 -~ 66 2 

8 -~ 8o 
18 ~ 90 

an idea l  method for  the manufac tu re  of such g r a d e s .  
Another  s imu l t aneous  deve lopmen t  of the t ime  was  
the  r i s i n g  use  o f  the BOF p r o c e s s  in the  United Sta tes  
which was  l ead ing  to s ign i f i can t  i n c r e a s e s  in oxygen 
p roduc ing  c a p a c i t y  which, for  r e l a t i v e l y  minor  a d d i -  
t ional  c ap i t a l  i nves tmen t ,  could p roduce  v a s t  quan t i t i e s  
of a rgon  a t  lower  c o s t  than p r e v i o u s l y .  Al l  these  con -  
s i d e r a t i o n s  led  us  to pu r sue  the deve lopmen t  of the 
Linde AOD P r o c e s s .  The o r ig ina l  work  to r e s o l v e  
the minor  d i f f e r e n c e s  be tween the r e s u l t s  of R i c h a r d -  
son and those  of Hi l ty  and C r a f t s  was  neve r  c o m p l e t e d .  
Those  d i f f e r e n c e s  had a d m i r a b l y  s e r v e d  the i r  pu rpose !  

Scale up of the p r o c e s s  was s u c c e s s f u l l y  a c c o m -  
p l i s h e d  f r o m  the 100-pound furnace  to a one- ton  a r c  f u r -  
nace .  V e r i f i c a t i o n  of the s m a l l e r  s c a l e  hea t s  was e x -  
ce l l en t  and fu r the r  work  on s c a l e - u p  p r o c e e d e d  with 
g r e a t  conf idence .  It should  be  c l e a r l y  unde r s tood  that  
th i s  in i t i a l  work  was be ing  done fol lowing the conven-  
t ional  p r a c t i c e  r i gh t  in the  e l e c t r i c  a r c  fu rnace  but  
m e r e l y  subs t i tu t ing  A-02  m i x t u r e s  for  the p u r e  oxy -  
gen n o r m a l l y  in jec ted .  Va r ious  t r o u b l e s  we re  e x p e r i -  
enced  with sp l a sh ing  of the bath  and r e f r a c t o r y  e r o -  
s ion  even in the one - ton  t e s t s  but ,  g e n e r a l l y  speaking ,  
i t  was expec t ed  that  such p r o b l e m s  would be o v e r c o m e  
with i m p r o v e d  and mul t ip le  l ances  a s  hea t  s i ze  in -  
c r e a s e d .  The next  s t ep  in deve lopmen t  u t i l i zed  the 
3 ton and 5 ton f u r n a c e s  of the Haynes Ste l l i te  Company,  
then ye t  a d iv i s ion  of Union Ca rb ide .  Success  was aga in  
d e m o n s t r a t e d  but  a g r e a t  dea l  of d i f f i cu l ty  was e x p e r i -  
enced  in making  the l anc ing  p r a c t i c e  e f fec t ive .  Lances  
we re  e x p e r i m e n t a l l y  coa ted  with jus t  about  e v e r y  known 
r e f r a c t o r y ,  and s ing le  and mul t i headed  l a n c e s  we re  a t -  
t e m p t e d  pos i t i oned  above  the ba th .  It was  found tha t  the 
a rgon ,  a t  l e a s t ,  had to be in jec ted  into the ba th  and was 
not  e f fec t ive  when blown on the s u r f a c e .  F u r t h e r ,  the 
r e s u l t s  showed the i m p o r t a n c e  of get t ing gas  d i s p e r s a l  
th roughout  the bath  for  if the bene f i c i a l  d i lu t ion p r i n -  
c ip le  funct ioned only  l oca l l y ,  the  ef fec t  on the to ta l  
ba th  was  m i n i m a l .  

FAILURE O F  THE FIRST PRODUCTION 
A T T E M P T S  

Union Ca rb ide ,  not  be ing  a s t a i n l e s s  s t e e l  p r o d u c e r ,  
had gone about  a s  fa r  a s  i t  could  go a lone  in the s c a l e -  
up e f fo r t s .  I t  obv ious ly  needed  a p a r t n e r  with l a r g e r  
f u r n a c e s  in o r d e r  to b r i n g  the p r o c e s s  to ful l  c o m m e r -  
c i a l  s c a l e .  A long s e a r c h  of a l l  the s t a i n l e s s  s t e e l  p r o -  
d u c e r s  fol lowed,  with v e r y  d i s c o u r a g i n g  r e s u l t s  in gen-  
e r a l .  F o r  v a r i o u s  r e a s o n s ,  n e a r l y  e v e r y  company  d e -  
c l ined  to p a r t i c i p a t e  in the fu r the r  deve lopmen t  unti l  
the  J o s l y n  S ta in l e s s  Steel  Company  was a p p r o a c h e d .  
Here ,  in sp i te  of the fac t  that  they  were  one of the 
s m a l l e r  p r o d u c e r s  without  the t echn ica l  and f inanc ia l  
r e s e r v e s  of s o m e  of t he i r  l a r g e r  c o m p e t i t o r s ,  they  
n e v e r t h e l e s s  had the c ou ra ge  and f o r e s i g h t  to p r o c e e d .  
In 1960 Union Carb ide  and Jos lyn  s igned  a jo in t  d e v e l -  
opmen t  a g r e e m e n t .  

The f i r s t  t e s t s  conducted  at  Jo s lyn  on a 15 ton s c a l e  
t u rned  out  to be  n e a r l y  abso lu te ,  d i s m a l  f a i l u r e s .  A l -  
though a g r e a t  dea l  of a t ten t ion  had been  pa id  to the 
lance  p r o b l e m  and v a r i o u s  methods ,  inc luding the use  
of t h r e e  f i r e c l a y - s l e e v e d  l a n c e s  pos i t i oned  above the 
ba th ,  we re  t r i e d ,  no s u c c e s s f u l  h e a t s  w e r e  p roduced .  
V e r y  c a r e fu l  and de t a i l ed  a n a l y s i s  of the r e s u l t s  ind i -  
ca ted  that  whi le  loca l  ac t ion  of the a rgon  di lu t ion p r i n -  
c ip le  n e a r  the point  of in jec t ion  was e f fec t ive ,  the net  
e f fec t  on the e n t i r e  ba th ,  a f t e r  i t  had homogen ized  fo l -  
lowing the blow ,was  inconsequen t ia l .  L a r g e  s c a l e  
t e s t i ng  was r e g r e t f u l l y  abandoned  but  work  was  con-  
t inued on a l a b o r a t o r y  s c a l e .  This  work  aga in  c l e a r l y  
ind ica t ed  the f e a s i b i l i t y  of the p r o c e s s  if the a rgon  
could be d i s t r i b u t e d  throughout  the e n t i r e  bath .  The 
p r o c e s s  n e v e r  f a i l ed  to p e r f o r m  under  such c i r c u m -  
s t a n c e s .  C o n v e r s e l y ,  whenever  the ba th  d i a m e t e r  was 
l a r g e  r e l a t i v e  to s u r f a c e  in jec t ion  d e v i c e s ,  no d i s c e r n -  
ib le  benef i t  was ach ieved  in the ba th  a s  a whole.  

RECOVERY FROM FAILURE 

A r m e d  with th i s  m o r e  c l e a r  unde r s t and ing ,  Union 
Carb ide  and Jos lyn  made  the h i s t o r i c  d e c i s i o n  to bu i ld  
a r e f in ing  v e s s e l  a p a r t  f r o m  the e l e c t r i c  a r c  fu rnace .  
This  f i r s t  such v e s s e l  was  only -~ ton in c a p a c i t y  and 
p r o v i d e d  for  the  top blowing of oxygen and the bo t tom 
in jec t ion  of a rgon  through a t uye re .  The r e s u l t s  we re  
d r a m a t i c a l l y  f a v o r a b l e  and suppo r t ed  a l l  the l a b o r a t o r y  
s c a l e  work  p r e v i o u s l y  done.  

However ,  the idea  of apply ing  the a rgon  d i lu t ion  p r i n -  
c ip le  d i r e c t l y  in the e l e c t r i c  fu rnace  d ied  v e r y  s lowly .  
T h e r e  was obvious r e l u c t a n c e  to develop  a p r o c e s s  
that  would c r e a t e  ano ther  s tep  in the manufac tu r ing  
p r o c e s s  and tha t  would r e q u i r e  an add i t iona l  cap i t a l  
i nves tmen t .  What was not r e a l i z e d  at  th i s  poin t  in 
t i m e ,  was  that  the s e p a r a t e  r e f in ing  v e s s e l  would 
double the s t e e l  output of a given fu rnace .  Since i ts  
co s t  was  only  a s m a l l  f r ac t i on  of the cos t  of an a d d i -  
t iona l  e l e c t r i c  fu rnace ,  i t  r e p r e s e n t e d  a v e r y  inexpen-  
s ive  m e a n s  of i n c r e a s i n g  s t e e l m a k i n g  capac i ty .  N e v e r -  
t h e l e s s ,  f o r t y - f i v e  addi t iona l  15-ton h e a t s  we re  t r i e d  in 
the a r c  fu rnace ,  which, in sp i te  of v a r i o u s  con f igu ra -  
t ions  of l ances ,  t o t a l l y  f a i l ed  to give any bene f i c i a l  r e -  
su l t s  c o m p a r e d  to the  -~ ton s e p a r a t e  v e s s e l .  

As a r e s u l t  of t he se  e f fo r t s ,  the two compan ie s  p r o -  
ceeded  with the  de s ign  of a 15- ton  s e p a r a t e  r e f in ing  
v e s s e l .  Af te r  much e x p e r i m e n t a t i o n  with top and bo t -  
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tom in jec t ion  of one or  both gases ,  use of porous  bo t -  
toms ,  and with va r ious  tuyere  des igns ,  there  f ina l ly  
emerged  in 1967 a s imple  mul t ip le  tuyere  which com-  
b ined both gases  in the inject ion.  Fig. 7 is  a photo- 
graph of this  e a r l y  unit  which on October 24, 1967 p r o -  
duced the f i r s t  full  heat  of s t a in l e s s  s tee l  ever  com-  
ple te ly  ref ined ,  f inished,  and poured d i rec t ly  into 
molds  u t i l iz ing  the Linde AOD P r o c e s s .  This  was a 
heat  of type 304 ELC and i ts  log of manufac tu re  is  
shown in Table IV. Two addi t ional  heats  were p r o -  
duced in this  unit  with equal success .  The tide in the 
for tunes  of development  were  s imu l t aneous ly  tu rn ing  
for  an o v e r s e a s  company,  a lso working with Linde, 
which r epor t ed  s i m i l a r  succe s s  working in an 8- ton 
separa te  re f in ing  ve s se l .  Noting the addi t ional  be ne -  
f ic ia l  effect of the Ltnde AOD P r o c e s s  as  a means  to 
low-cos t  capi ta l  i nves tmen t  for  addi t ional  s t ee lmak ing  
capaci ty as well  as a lower opera t ing  cos t  p rac t ice ,  
Jos lyn  made the dec is ion  to bui ld  a full  c o m m e r c i a l  
ins ta l l a t ion  based  on the a rgon  di lut ion pr inc ip le  and 
separa te  mel t ing  and re f in ing  v e s s e l s .  This unit  was 
bui l t  e a r l y  in 1968 and is  shown in Fig. 8. It fea tured  
two tuye res  ins ta l l ed  on the bottom back s ide of the 
v e s s e l  which emerged  above the bath when the v e s s e l  
was ro ta ted  for  charging,  sampl ing ,  holding or  tapping.  
The v e s s e l  was 9 ft in d i ame te r  and 13�89 ft high. Dur ing  
1968 some one hundred  heats  were made in this  unit  
f rom which the following genera l  conc lus ions  were  
reached :  

1) P r o c e s s  economies  were es tab l i shed  beyond any 
quest ion.  

2) The charge to the e l ec t r i c  fu rnace  could be made 
up of the lowest cost ch romium and nickel  uni ts  with-  
out any r e s t r i c t i o n  on s t a r t ing  ca rbon  or  s i l i con  levels .  

3) Recovery  of ch romium was v e r y  h igh- -approx i -  
mate ly  97 pct as  was total  me ta l l i c s .  

4) Silicon usage to r ecove r  oxidized me ta l s  was r e -  
duced by 40 pct.  

Following this  campaign,  Jos lyn  modified this  f i r s t  
product ion  ves se l ,  Fig. 9, and conver ted  i ts  en t i r e  
mel t  shop to 100 pct  AOD P r a c t i c e  in July 1969. By 
December  of that year  they were  able to r e p o r t  the 
r e s u l t s  of 1300 heats  to the E lec t r i c  Furnace  Confer -  
ence.  The des ign  p r inc ip l e s  used in this  Jos lyn  p r o -  
duct ion unit  a re  the ba s i s  of every  AOD ins ta l la t ion  
c u r r e n t l y  in use throughout the world,  ranging  in s ize  
f rom 5 to 100 ton. Table V s u m m a r i z e s  the major  eco-  
nomic  advantages  of the fully c o m m e r c i a l i z e d  p roces s .  
In addit ion to the a l r e a d y - d i s c u s s e d  ab i l i ty  to ut i l ize  
v e r y  la rge  quant i t ies  of the lowest cost  raw m a t e r i a l s  
in the charge a lmos t  without l imi ta t ion  and with v e r y  
high yields,  thereby  m i n i m i z i n g  the use of expensive  
f in ishing addi t ions ,  the p r o c e s s  g rea t ly  i n c r e a s e s  the 
product iv i ty  of an e l ec t r i c  furnace .  One a rc  furnace  
p lus  an AOD v e s s e l  has the product iv i ty  of two a rc  
fu rnaces  opera ted  convent ional ly .  Since an AOD v e s s e l  
is  s ign i f ican t ly  l e s s  expensive  cap i t a l -wise  than a s e c -  
ond a rc  furnace ,  the combina t ion  is  the most  economi -  
cal  method to i n c r e a s e  capaci ty.  Operat ing cost  com-  
pa r i sons  with convent ional  p rac t i ce  v a r y  in detai l  f rom 

�9 ins ta l la t ion  to ins ta l la t ion  but gene ra l ly  speaking it 
may be said that the cost  of opera t ing  the re f in ing  v e s -  
se l  is  more  than offset by the savings  in raw m a t e r i a l s  
and the e l imina t ion  of the re f in ing  and f in ish ing  s teps  
f rom the e l ec t r i c  a rc  fu rnace .  Desul fur iza t ion  is a c -  
compl ished rap id ly  and effect ively with a desu l fur iz ing  
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Fig. 7 --First  15 -ton refining vessel. 

Table IV. Log of First Complete Stainless AOD Heat October 24, 1967 

304L Time, min Pet C Pct Cr ppm 02 ~ 

B/4tap -4 0.290 18.08 600 3140 
B/402 6 0.259 18.02 230 2990 
~ep 1 28 0.084 16.99 560 3160 
~ep 2 46 0.033 16.46 800 3130 
argon 51 0.027 16.46 660 3100 
addns. 58 0.021 17.60 390 2980 
product - 0.008 18.62 170 - 

Fig. 8--Original Joslyn production unit. 

Fig. 9--Final Joslyn production unit. 
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TaMs V. C~mme~clal Advantages M the AOD Process 

1.) Lower Cost Materials 

-No practical limitations on starting carbon contents 
-Almost completely eliminates expensive low carbon chromium units 
-Readily adaptable to new materials 

2.) Sigoificanfly increased yield of metallic elements 

3.) Greater Productivity 

-One arc furnace plus AOD vessel equals two times arc furnace output 
-AOD vessel significantly less expensive than a second arc furnace 

4.) Operating Costs 

-Savings of eliminating the tel'ruing and finishing stages from the arc furnace 
more than offset the operating cost of the AOD 

5.) Desnlfurization 

-7 to 10 rain to slag off, add desulfurizing slag and stir 

6.) Lead Residuals 

-Routine removal of lead to below 0.007 pct 

7.) Quality 

-Cleaner, more reproducible, more easily machined steel 

TaMe VI. AOD Installations in the U. S. 

Vessel 
Capacity 

Company Startup Date Tons 

Armco Steel Corp./Advanced Materials Div. 1/71 35 
Baltimore, Maryland 

Baldwin-l.Jma-Hamihon Corp. 8171 18 
Standard Steel Division 
Burnham, Pennsylvania 

Babcock and Wilcox Mid. 1973 25 
Beaver Falls, Pennsylvania 

Cabot Corporation/Stellite Division 1170 5 
Kokomo, Indiana 

Carpenter Technology Corp. 1172 15 
Reading, Pennsylvania 

Colt Industries, Inc./Crucible Stainless Steel Div. 3/72 100 
Midland, Pennsylvania 

Eastern Stainless Steel Co. 11/70 50 
A Division of EASCO Corp. 
Baltimore, Maryland 

Eleetralloy Corporation 9/70 17 
Off City, Pennsylvania 

International Nickel Co., Inc. 10/71 38 
Huntington Alloy Products Div. 
Huntington, West Virginia 

Jessop Steel Co. 10/71 20 
Washington, Pennsylvania 

Jones and Laughlin Steel Corp. 12/71 70 
Stainless and Strip Division 
Detroit, Michigan 

Joslyn Mfg. and Supply Co. 4/68 17 
Joflyn Stainless Steels Div. 
Fort Wayne, Indiana 

United States Steel Corp./South Works 12171 100 
South Chicago, Illinois 

slag and argon agitation. Lead is routinely removed to 
below the 0.007 pct level .  Quality of the stee l  produced 
is  far more  reproducible than in conventional practice,  
espec ia l ly  in the ELC grades and is  substantially 
c leaner and more  free ly  machining. 

EXPLOITATION OF THE JOSLYN 
SUCCESS 

It must be remembered that Union Carbide Corpor- 
ation is not a stainless steel producer and the out- 
standing success at Joslyn needed to be repeated many 
more times before the project would be a commercial 
success  for Union Carbide.  P rac t i ca l ly  every  major  
s ta in less  s tee l  producer  in the world was contacted. 
With the cooperat ion of Joslyn, demonstra t ions  were 
a r r anged  for var ious  companies at For t  Wayne. Sav- 
ings calculat ions were made for every  potential  l icen-  
see under l i t e r a l ly  thousands of local  conditions and 
p r oc e s s  a l te rna t ives .  Questions of fur ther  sca le -up  
and product  quality had to be answered.  Prospects  
were enabled to take Jos lyn-produced AOD ingots, 
f inish them in their  own mi l l s ,  evaluate,  and test  
marke t  them. In cer ta in  cases  Union Carbide even 
a r ranged  to have the 15-ton tes t  ves se l  at Joslyn 
shipped to var ious  p rospec t s  so that they might ac-  
tual ly c a r r y  out thei r  own tes ts .  In spite of local  dif-  
f icul t ies  in accommodating the vesse l ,  this p rog ram 
was highly developed and ex t remely  successful  in 
convincing prospec t s  to obtain l icenses  to the p rocess .  
The second l icensee  to the p roces s  in the United States 
was Elec t ra l loy  in September of 1970; the f i r s t  foreign 
l icensee  was I l lsa  Viola in Italy in July of 1970. The 
final t r ibutes  to Llnde and Union Carbide market ing 
efforts  may be seen in Table VI and Table VII which 
r e spec t ive ly  l i s t s  U. S. and foreign l icensees .  During 
1973 Union Carbide expects  50 pct of the s ta in less  

TaMe VII. Oversees AOD Instellatiom 

Vessel 
Capacity 

Company Startup Date Tous 

Avesta Jemwerks AB/Axel Johnson and Co. 6/73 60 
Avesta, Sweden 

Boschgotthardshutte 10173 18 
Siegen, W. Germany 

British Steel Corp./Panteg Works 11/71 60 
Pontypool, Wales, U. K. 

British Steel Corp./Stuckshridge Works 7/72 15 
Stucksbridge, U. K. 

FIAT, Sp. A. 1175 70 
Torino, Italy 

llssa Viola 7/70 22 
Pont St. Martin, Italy 

IMI Alloy Steels Ltd. 3/71 8 
Somercotes, U. K. 

Nippon Metal Industry Co. 7/72 75 
Kinuura, Japan 

Nippon Metal Industry Co. 11/71 55 
Sagamihara, Japan 

Olarra S.A. 10172 14 
Bilbao, Spain 7173 10 

Rotherham Stainless and Nickel Alloys, Ltd. 11171 8 
Rotherham, U. K. 

Southern Cross Steel 9172 25 
Middelburg, South Africa 

Spartan Steel and Alloys Ltd. 10/71 8 
Birmingham, U. K. 

Temi/Fmisider Group 8172 60 
Temi, Italy 
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s tee l  produced in the U. S. will be by means of AOD 
and that addi t ional ly  625,000 ton will  be produced 
ove r seas .  

THE PURSUIT OF PATENT 
PROTECTION 

Obviously, the market ing effort  had to be based  on a 
ve ry  s trong patent s t ruc ture  and p roce s s  know-how. 
The s t ruggle for patent coverage was near ly  as  epical  
as  was the p roce s s  development his tory.  The author 
or ig inal ly  f i led patent appl icat ions on behalf of Union 
Carbide on June 27, 1956. There followed a t en -yea r  
campaign with the U.S. Patent Office which finally cul-  
minated on May 24, 1966 in the issuance of the bas ic  
patent af ter  s eve ra l  in ter ference  and appeal  p roce -  
dures  were successful ly  overcome.  The tenaci ty  of 
the Union Carb ide ' s  patent counsel was ex t reme  but 
tu rned  out to be highly rewarding since the bas ic  patent 
has now ten more  yea r s  to run, whereas  had it been un- 
contested and issued quickly it could well be expir ing in 
the next year  or  two, jus t  about the t ime the p roces s  i t -  
self  had been commerc ia l ly  fully substant iated.  Fur ther ,  
an improvement  patent was granted in 1962 which b a s i c -  
a l ly  re la ted  to the sequencing of var ious  gas mixtures  
for optimum re su l t s  during the refining p rocess .  

LESSONS FROM THIS DEVELOPMENT 

It is a grea t  p leasure  to able to recount the long and 
arduous saga of an ul t imately overwhelming success  
s tory ,  espec ia l ly  when one has had a par t  in it. This, 
however, is not the main purpose;  far  more important  
at  this  point is  what we can lea rn  f rom this exper ience  
for our future mutual benefit .  It is bel ieved that there  
a re  many lessons  to be learned  here  concerning tech-  
nical  innovation which affect many c l a s se s  of individ- 
uals.  

For  the Individual Resea rche r  

1) The lesson taught here  is that of the ex t reme im-  
por tance of looking for the unexpected or the unusual 
in any r e s e a r c h  work and the total  acceptance of the 
r e s e a r c h  data.  This may sound e lementa ry  but it  is  
not always easy  to do as a young, unknown r e s e a r c h e r  
when faced with apparent  contradict ions with the pub- 
l ished word of fa r  more well-known and respec ted  in- 
ves t iga to rs .  In this  case,  the markedly  different  r e -  
sul ts  obtained in the ve ry  f i r s t  argon tes ts  f rom those 
of the ea r ly  Hilty and Crafts  and Richardson studies 
could have been asc r ibed  to some mys te r ious  and un- 
known exper imenta l  e r r o r  and the total development 
could have been lost  r ight  at that point. 

2) All unexpected r e su l t s  can be understood ul t i -  
mate ly  in t e r m s  of bas ic  theory  if a sufficient effort  
is  made. This ex t remely  important  step is highly p ro -  
ductive of inventions and must be thoroughly pursued.  
In this  pa r t i cu l a r  case,  going back to fundamental 
physical  chemis t ry  led to a highly important  new p ro -  
cess  which would have not been reached had not this 
step been complete ly  executed. 

3) Regard less  of the scient i f ic  nature of r e s e a r c h  
work, the r e s e a r c h e r  must s t r ive  to understand the 
p rac t i ca l  and commerc ia l  environment of the sys tem 
he is studying. In the p resen t  case it was not the o r tg -  

inal intent of the work to invent a be t te r  p r oc e s s  to 
produce s ta in less  s t e e l - - a s  has a l r eady  been said  the 
work was p r i m a r i l y  intended to ra t ional ize  d i s ag ree -  
ing data between two separa te  invest igat ions.  For tu-  
nately sufficient information had been learned  about 
s ta in less  s tee l  melt ing prob lems  and the impact  of 
large  scale  oxygen plants to p e r m i t  recognit ion of the 
potential  importance of the p rocess .  Without this  
knowledge, the development of a commerc ia l  p roces s  
could have been total ly missed  at a ve ry  ea r ly  stage. 

4) Abiding pe r s i s t ence  and tenaci ty  is  absolutely 
requ i red  if one is going to evolve abs t rac t  r e s e a r c h  
r e su l t s  into commerc ia l  development.  There is a t ime 
during this per iod  when the individual r e s e a r c h e r ,  and 
only the individual r e s e a r c h e r ,  has any idea at a l l  of 
the commerc ia l  significance of that which has been 
d iscovered .  He must be able to convince others  for 
the neces sa ry  support  and r e j ec t  any discouragement  
until the work is complete.  

For  the Educators  in the Metal lurgical  
Profess ion  

1) Tradi t ional ly ,  pa r t i cu l a r ly  in recen t  yea r s ,  it  is 
bel ieved that an excel lent  job has been done in our 
meta l lu rg ica l  cu r r i cu la  of teaching fundamental p r in -  
c iples  of physics ,  chemis t ry ,  and mathemat ics  and 
thei r  appl icat ions to metal lurgy.  It is definitely be-  
l ieved that this type of t ra ining is the bes t  suited to 
p repa re  a student for making a contribution to his 
profess ion.  

2) It is bel ieved that meta l lu rg ica l  education would 
benefit  f rom g r e a t e r  depth in teaching of the engineer -  
ing pr inc ip les  involved in meta l lu rg ica l  process ing .  
This development nea r ly  floundered on the design of 
the re f in ingvesse l ;  and had individuals had s t ronger  
backgrounds in heat and fluid flow assoc ia ted  with 
high t empera tu re  p r o c e s s e s ,  it  is  bel ieved that design 
solutions would have been reached more d i rec t ly .  This 
is  in no way meant to mit igate  the significant ingenuity 
that was demonst ra ted  in the final design solution. It 
is  only to say that teaching engineering technology ap-  
pl ied to high t empera tu re  p r o c e s s e s  would be highly 
productive and has not been done in meta l lu rg ica l  edu- 
cation to the same extent as  has been done in the case 
of physical  chemis t ry .  

3) In teaching pr inc ip les  and thei r  application,  the 
simultaneous teaching of so -ca l l ed  descr ip t ive  courses  
concerning the h i s to r i ca l  production of the var ious  
meta ls  has n e c e s s a r i l y  been signif icant ly reduced.  
Yet to make a contribution in the r ea l  world one must 
know and understand the cur ren t  s ta tus;  some means 
mus tbe  provided to f ami l i a r i ze  the student with the 
current  s ta te  of the ar t .  It must  be r e m e m bered  that 
there  is  a t ime in the development sequence when only 
the individual r e s e a r c h e r  can know what he r ea l ly  has. 
Unless he can re la te  it r ead i ly  to the r ea l  world, he 
will have an a lmost  impossible  task of convincing 
others  as well as  himself  that he should pe r s i s t .  He 
cannot exis t  in a vacuum of knowledge concerning 
p resen t  p rac t ice .  

4) A very  s i m i l a r  comment may be made re la t ive  
to p roces s  economics.  The most difficult task for a 
young r e s e a r c h e r  is to convince himself  of the ul t i -  
mate economies of his  new p r o c e s s  vs exis t ing p r a c -  
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tice. He must be taught to make process  economic 
studies at least to be able to highlight major differ- 
ences in cost. This important aspect of an engineering 
education requires considerable strengthening in most 
metallurgical curr icula as they exist today. Courses 
taken in other departments simply do not sufficiently 
relate;  they must be made specific to the metallurgical 
industry to be of maximum benefit. 

For the Metallurgical Industry 

1) Those of us in the metallurgical industry--be it 
ferrous or nonferrous--who are more or less respon- 
sible for technical innovation in order  to stay competi- 
tive in world markets can learn much from Union Car-  
bide 's  example. In this case, 15 years  persistence on 
all fronts including technological, marketing, and legal 
areas  was maintained. The faith and absolute convic- 
tion to invest millions of dollars without return for 
many years  is absolutely necessary  for significant in- 
novation in a basic industry. 

2) It is absolutely necessary  to have top technical 
talent in several  disciplines in order  to develop the 
full conviction to pers is t  or to change direction. 

3) Discouragements enroute to a major development 
will be legion, but they must be viewed for what they 
real ly are,  and effort cannot be discontinued just be- 
cause a specific timetable, written in ignorance of 
later-developed facts, is violated. We, in business, 
tend to live by schedules and timetables. Too rigorous 
application of this discipline in the area of technical 
innovation can prematurely terminate potentially prof-  
itable inventions. 

4) Industry needs to understand that there is far 
more scientific knowledge available today than has 
been brought to bear on the profit problem. To fully 
bring it to bear requires a complex harnessing of 
many different scientific and engineering disciplines 
together with knowledgeable and, to a degree, imagi- 
native economic analysis. The pay bachs on technical 
innovation in basic indushries are longer in maturing 
than generally expected but, compensatingly, are lar- 
ger  in magnitude than anticipated. In the present  case,  
while the lower raw material  cost and the lower r e -  
f rac tory  costs were envisioned from the beginning, 
the decreased cost  of installed capacity and the sig- 
nificant improvements in quality were late develop- 
ments and were really not added to the benefits until 
the process  was well along into its advanced engineer- 
ing form. 

For the Government 

1) We hear a great  deal currently about the des i ra-  
bility of breaking industry into smaller  competing 
units. It should be clear from the present case that 
only a corporation with similar  resources  to Union 
Carbide could have proceeded for 15 years  without 
compensation for its efforts. It should be also clear 
that without significant staffs in research,  engineering, 
marketing, and patent development, a successful con- 
clusion would not have been attained. Bigness, per se, 
is not bad. 

2) It should be noted that the successful co-par tner  
in this development was Joslyn Stainless Steel, one of 
the smallest  producers in the United States. While 
superficially this might seem to enhance some of the 
arguments of the advocates for a larger  number of 
smaller  competitors,  size, per  se, had very little to 
do with it. What was significant was the courage and 
vision of the individuals involved and this type individ- 
ual, however rare ,  can be found in any size organiza- 
tion. 

3) What was uniquely American about this develop- 
ment, and what needs to be preserved and enhanced, 
is that one of the largest  corporations in the world 
sought out and found in one of the smaller  corpora-  
tions the right partner for this part icular development. 
This is free choice and true natural selection. No 
amount of outside legislated cooperation would have 
produced the same result  because the natural selec-  
tion process  would have been violated. Cooperation 
on the scale demonstrated here can only be obtained 
from two partners  freely convinced of a common goal 
that individually benefits each partner to a degree that 
justifies the expense and the risk. That freedom to 
search and select the most appropriate partner is one 
of the precious heritages of the American free enter-  
prise system. 

C ONC LUSION 

It has been both an honor and a pleasure to recount 
the development of the Linde AOD Process  and to at- 
tempt to generalize from the teachings of this part icu-  
lar development, concepts which may accelerate other 
basic developments in the future. It is part icularly in- 
teresting that this Extractive Metallurgy Division Lec- 
ture of 1973 bears  on a subject of interest to the Iron 
and Steel Division. Possibly that fact, more than all 
others, testifies to the relevantness of the AIME where 
special interests stem from common basic knowledge 
and the resulting cross-fer t i l izat ion of concepts is 
one of the great strengths of the Institute. 

METALLURGICAL TRANSACTIONS VOLUME 4, JUNE 1973-1447  


