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T | ABSTRACT
:The;pressure'dépendency of the.reactiqn

C + 0 = Co(g)

o

" in molten iron was investigated by the induction melting of 15 1b.

charges containing initially 0.21 wt, pct.:carbon;énd 0.0162 wt. pct.

oxygen under various reduced pressures of carbon monoxide. The charges

kJ

'were contained in high purity alumina crucibles. Each charge was melted,

;equilibrated fof.3Qiminw"aﬁdfsamplea at. 600 mm Hg. of €O before the

pressure was reduced to that desired for investigation. Pressures
investigated were 200, 100, 50, 20, 10, 5, 2, 0.5, and 0.05 mm Hg.
The results of this investigation showed that no significant

removal of oxygen occurred at pressures less than 100 mm Hg. of CO.

The constant oxygen values obtained at the lower treatment pressures:

were thought to be the result of a balance between the oxygen removed
from the melt as carbon monoxide and the oxygen fed into the melt by
means of aimelt-qrucible;reaCtion. Attempts to determine the extent

of the melt-crucible reaction were made by -ahalyzing the melts for

dissolved aluminum content. This approach yielded no meaningful infor-
B .

mation. Theréfdre5 several types of melt-crucible reactions Whigh

could account for the observed experimental results were discussed.

e
?.

The carbon contents for all melts were found to decrease with treat-

.ment time. The amount of decrease was Found to BEiindépendent of the

experimental conditions prevailing for each individual melt. It was
postulated that the carbon consumed in excess of that required for
the observed oxygen removal represented a measuré of the overall re-

activity of the refractory material in contact with the melt.
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The experimental results of this.ihveétigation’were.COmparedﬁwith
?valges calculated fromlthermoaynamic‘relationSBiszf It was found that-
_the ﬁgsults 6btained at 600 mm ﬁg. of CO~WBIE'iﬁ‘;xéeilent agreemeﬁt
'iﬁiﬁhQYalues:calculated fromuthe»theqfetical§onSiderationsof the
,"carbon-oxygen reaction. Below chamber pressures of 600. mm Hg., the
o - experimental values sowed consideréble deviafion from the@retiég} values.

4

The amount of deviation did not appear to be pressure dePenaEnt; ' These

;

results were interpreted as an?indiCatfbnvthat the reaction isgéverned
. ; e~ ) ‘

3
¥

. | - | P -
by thermodynamic considerations above 600 mm Hg. and By kinetic con-

siderations at the lower pressures.

b ]
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- * INTRODUCTTON
" The reéctigﬁ QE oxygenhwith carbon disso1vedvin moltgn-irqn‘is one

of the most important. if not the most igportant reaction in steelmaking.
technology. This-feaCtion'must'be“coﬂsidered'in the refining of pig iron.
to steel and in the éolidification.procesap fIhe}theQretical and operating
aspeéts of the-carbgniqugéﬁ feéo?ion héve been the Sﬁbject‘of'many ex-
tensive invesfigations'whichahaVé’beeﬁpcarriedibug-ovér the past twenty-
five years. Whiléﬁthe-resultsqu'thesevinveStigations§haVe led to a-
 better understandingﬂof the'varigﬁs saeelméking proeésses and ingot
belidifiCation, %he problems encouﬁtEred with the utiiization»of the
carbon-oxygen reaction in steelmaking are far from being completely
solved, | —

. One problem of extreme importance is associated with the use of the

carbon-oxygen reaction in the refining of pig iron to steel.. As the

~

the dissolved carbon, the solubility’ of Qxygéniin‘thefmolten.iron in-
creases. Thus while some impurity elements are being removed by the
process .of oxidation, the process itself is adding another impurity, i,e,

dissolved oxygen. This dissolved oxyg?n-may'be aProblemfin-the'so-

. lidification process and very definitely influences the~qﬁality of

finished steel produc ts. "T&he?pe fore, molten steel is gener al 1}’ tre at ed
with additions of strong oxide forming elements such as silicon or
aluminum to remove or control the oxygen. Unfortunately, the product of
the reaction bEtWéen‘dissolvedogyggn,andathe.deoxidizer is generally a

solid at steelmaking temperatures. While some of the. reaction product

b

P

EJ "N _-I_.KI—-_ o




will float out of the steel prior to solidification, much of-the material

—

will be Entrapped in thé finished steel as nonmetallic in;lusions. These

inclusions plus those which are formed during solidificatjon are detri-
méntél‘tothe quality and mechanica{ prpperties of finished steel
products.

The ideal deoxidizer would bé one which would produce a gaseous
reaction product.  From this standpoint Cgrboﬁ could be used as a de-
.oxidizerisindeﬁthe-prbduct.ofthe gérboneoxygenwréaction;is gaseous.
Unfortunately,,at.atﬁbSpherié,pressuxﬁ'theLCarbonfbxygeﬁtreaction is not
aSicpmpLete nor as efficient as:thewreactions:iﬂVolVing.métallic de-
oxidizers., Thermodyrniamics indicate ‘that the Qarbon~QXygEn reacti0niis
pressure dependent. 'Therefofé; if steel is.iubjectedfto ﬁfeSSureS'iegs-
than}atmospheric, carboni can be utilized as .an effective deoxidizer.

Large tonnage vacuum treatment of'{iquid steel was inﬁrédudéd by
the steel iﬁdustrypasraxmeans:Qf-préVénting‘hydrogen flaking iﬁ:flaké
sensitive grades without the use of long~time hydrogen diff&éionfheat

treatments. ﬁEhis‘partiEular.applicagion~ofivacuumﬁtreatn@ntx-dbmmqﬁly

d vacuum degassing, has -proven §Q'be highly successful and has been
“fnto use throughout the steel industry. Some deoxidation is also
accomplished during treatment fpr hyﬂrogen;;however, the flake sensitive
grades of steel are alloy-steels-which are generally deoxidized prior to
vacuum treatment. Thus,'this type of steel does.nat represent a-go§d
test for the potential of vacuum carbon deoxidation. Experimentﬁl work
gbn steel grades mbre»COnducrveto.deoxidation by carbon has been under-

i
s

- ‘taken; however, the experimental results are generally not in good agree-

’

"lment with those predicted from theoretical considerations.

\.
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< " LITERATURE REVIEW
,A:considerable amount of 1iterature has been ?ublished concerning
f ’&‘ '_\ N

the utilization of vacuum degassing for the removal of dissolved hydro-

gen. An excellent review paper on industrial practices and results has
been prepared by Mund . It is interesting to note that various industrial

users have déveloped their own designs for the physical equipment and that
the final hydrogen contents and the treatment pressures vary from instal-

lation to installation.. The-endﬁresult, however, has been that regard-

less of the molten metal configuration which is exposed to pressures -

ranging from 0.3 to 8 mm Hg., the processes have been capable of elimi-

nating the hydrogen flaking problem.

The differences in pressure, findl hydrogen contents, &nd yet the

elimination of flaking are at first puzzling as the removal of hydrogen

»

from molten steel is governed by Sievert's law. This law states that the

solubility of diatomic gases, which dissolve in the monoatomic state, is

proportional to the square root of the partial pressure of that particular
M

gas over the melt surface. In other words, as the partial pressure is

lowered, the dissolved gas content will &lso be lowered. In this respect;

the experimentally obtained final hydrogen contents are in gocd agreement

with those predicted from theory.

‘A possible explanation for the difference in equipment ‘and operating

procedures and yet the elimination of the flake problem has recently been:
; 2 |
X

.published by Hornak who, in describing the results of a United States

SEEEI'feSearch program on hydrogen removal, states:
"As expected the flaking sensitivity of the steels studied
varied with the éaﬁhosition, with ‘the rate -of cooling and with

5 ; wd

£
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ﬁhéwhydrogenwcontent of the steel.. This study cleaniy demon-

< :
o i i T o ettt S Ty 2] S T

o

- i strated that if flaking is to be avoided, the vacuum facility -

‘must be capable of decreasing the hydrogen content ‘of the most

§
L
)
i
§
N

flake sensitive steel produced to a level that will prevent .

flaking under the steel'handling practices being used. Thus

the final hydrogen requirement of oné melt shop can differ

‘Q,

from that of othets which explains why some melt shops are
Jhtisfied with higher hydrogen levels after vacuum degassing

than others."
A tecent article concerned with the latest developments in the evo=

lution of vacuum degassing in;tﬁé?étaélfiﬁdustry;presents'a=gpod:reVIeWmof

the current work Qn.vatuum:béqun_decxidatian In most cases, equipment
and;préssures»identiCal‘to those utiliZed.for'hydrogen‘remﬁval are being
used f0r.deogidationo.detablefexceptions are two units, designed ex-
pressly for deoxidatiom, which operate at pressu#és.faﬁgiﬁg'frﬁm-50 to
100 microns. IhefpresSUrés for these unitsfﬁeré=apparently'¢hosen by
theﬁtheoreticéi»considerationithatfthe 1QWEf¢the~pféSSUre@'theﬁm0fe ef-
;figient‘the carbonéoxygen'rEaétion becomes.

. An indication of the effectiveness of the various bath configurations
and treatment pressures is shown in Figure 1, which was. taken from Hsnak’s
2 | |

article . While the exact bath configuration (i.e., physical equipment)

is not stated, the use of the pressures;and'referéﬁcel3fare sufficient

to indicate that most types of vacuum treatment are tepresented. An-
. ' | - :

other_point;bffpautibn

i

in the use of Figure 1 is that the exact steel:

grade and steelmaking practices are not a¢know1edg§d; - Regardless: of

qt'd;\‘

these'féctqrs,,Figure,l shows .that the okygen,content;afteﬁ vacuum treat-

-
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o

éméht is not a function of the treétment pressure in the range of, 0.1
to 8 mm Hg. A comparison of~these experimental values with values calcu-
lated f;om theory shows that the experimental values lie considerably
above the theoretical valies calculated for-the-higheét operating 
p're'SSur-ef In fact, the ekperimmnfal oxygen values differ from the
theoreticai ones by a factor of approximately 20.

The thermodynamic aspects of the carbon-oxygen reaction in molfén

iron-carbon-oxygen alloys were first extensively investigated by Marshall
4 I N .

and Chipman . The results of this work include a value for the thermo-

k3

dynamic equilibrium constant of the reaction

C+ 0 =Co(g) | (1)

‘Snﬁ?thﬁ.praﬁsunezdependency*Of‘this reaction for pressures ranging. from

1 to 20 atmospheres. Marshiall and Chipman's results have been confirmed
e

by other investigators. The most recent work on this subject is that of

) - 5 ¥

Ban-ya and Matoba . ~From these equilibrium studies have come the pre-

dictions for equilibrium carbon and oxygen contents in molten iron baths
subjected to pré;sures;lessthan_one atmosphere.

Thomas and Moreau6in 1946 experiméntally-studied the.abave:pre»
.dictiéns by the VaCuum'inductiqngfeméltiﬁg of sméll’Steelfsamples con-
taining known amounts ofﬂcarbqntand dxygén:' The?rémeltiﬁg;was carried
out in magnesia crucibles at various pressures of nitrogen for short
Periods of time. The pgeésuQes,considered in;thié study were 760, 260,
60, 26, 6, and 0.01 mm Hg. The results of this. study showed that the
reaction 6ffcarbon and oxygeﬁ was indeed pressﬁre dependent below one
atmosphere. However, the values dbéained.dié not agreé with those pre-

“

dicted from Chipman's work. Another interesting,ﬁeatufé of’this.eariy
o . - |
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work was that a considerablé amount of carbon was lost during a run.

Thesealarge carbon drops were attributed to a melt-crucible reaction

>

which proceeds simultaneously with the deoxidation reaction.

The widespread use of vacuum induction melting brought about a’

N 5

t ' o\ | o : L
A a deoxidation. The results of these studies indicated that there exists ; |

humber of investigations into the production of pure iron by carbon S L

a minimum oxygen content below which it is impossible to remove oxygen
A . @

to a greater degree. Comparison of these types of data with values

“¢alculated from Chipman's work led Samarin to conclude that there was

[ i

e

little reason to deoxidize in vacuum}at»pnessures‘below3umymy Samarin

further justifies-his statement by stating that the ferrostatic head

of the melt is an inherent limitation inuthemépproach_to équilibrium: L
8 |

conditions by a melt. Moore - proposed that under VaCuum-thEGminimum
oxygen content is not -determined by equilibrium considerations for the
carbon-oxygen reaction, but rather by .a balance between two competing o

reactions, i.e., deoxidation of the melt and contamination of the melt
R e

by a,reaction~with‘the crucible. 1' a

9 . _1 | .

Machlin has developed a model' which considers vacuum refining to

be controlled by kinetic rather than thermodynamic considerations. A
| | 10
confifmafiohrqflthgfthécryfhasbeen,Published by Turillon and Machlin

who conducted experiments on the carbon deoxidation of pure iron by

. ) ) : ) i > ) LR . . " 2 [}
vacuum induction melting. This work clearly showed that the deoxidatien

of pure iron is limited byﬁthe reaction of the melt with the crucible.

-;* . The influence of a crucible reaction upon the final oxygen content
of various iron-carbon alloys has been reported by Bennett, Protheroe, R

- 11 . | .
and Ward . This particular study, conducted at 2 microns pressure,

\ o 8 -
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| involved. the melting of a series of iroq-carbon-oxygen';iloys ranging

from~0.10.to 0.85 pct. carbon in magnesia crucibles in order to study
the influence of carbon content, time of vacuum treatment, and agitation
| (prddUGed by Eifher-rockihg;the crucible or by argon-lanéing) upon the

efficiency of deoxidation. An important result of this study, aside

“'from the crucible.reaction,iwas'that althoughaagitation:assists-in ob~

taining lower 'Oiigeﬁ values, the values still differed considerably from

those determined from theoretical considerations. The influence of the

‘ cruc;b1erreaCtiQn'On»theerSults of this work could not. be deﬁermined<

conditions of the experiment,

ﬂXStudieS_COHGErngd‘with;thewdEtérminatiinof’the-mfnfmumgoxygen con-

‘tent attainable in pure iron and iron-carbon-alloy heats melted in vari-=

¢

|  :@§§¥crugiblé-materia1s~haveibeen conducted by a number of investigators. -

| 12
fDétIiﬁg - _presents a review of some of this work which illustrates

;,S§mé.Qf'the-pr0blem$ encountered in the study of melt-crucible inter-

Lreva

| 1a§£ion,ﬁ Inxéne_caSE,:ballﬁbearing;Steel was remelted.in beryllia,

mégnesia, or alumina crucibles. The oxygen content was practically
efiminated in beryllia and alumina crucibles, but reached a constant
level of 0101 pct. 1in magnesia. These data are in direct contradiction

13 , 14 | |
and Winkler who showed that the lowest oxygen

éith that of Bosworth
contents can be obtained in magnesia crucibleé. "Winkler'é_study is
particﬁlarly interesting as ball-;earingsteél was the subject of the
investigation. The suitability of a cgu;igle.refractory appears to de-
pend upon the major refractcry‘COnétiEUeﬁg, the amount'a£d~type;ofime
purity oxides, énd'the compcsﬁtion oﬂ thé m§1£§ aA-SYStémgtiﬁ study of

9

R
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-  these variables has yet to be conducted.
' 15 '
Meadowcroft and Elliott have presented a theoretical review of

the type and extent of the various ?eaCtioné Whidh must be considered in
N '  the vacuum treating,of'ﬁetals; This paper's major value to experimental
work in the field is that it points out that the determinatibn of the

exact mechanism by which certain final results are obtained may prove
) s y |
to be an impossible task. Some of these reactions will be considered
in the discussion of the experimen;alnesults,df this investigation.
Another theoretical paper by Meadowcroft considers the process of

vacuum carbon deoxidation from a standpoint ‘of carbon monoxide bubble

nucleation and growth. A major conclusion of this work is that the use

Calt

of extremely low pressures for ‘deoxidation is not required as the extemal
- pressure is not the controlling factor. ,Meadowcroft.sﬁggests that, in
.g»enie_'rja,ﬁ’l_;,,_ pressures less than /.6 mm Hg,str)uld not be required for efficient
deoxidation. .A-comparisonaoffMeadOWCert‘S'prdictEd-pressurexwith the

industrially obtained Valuésshown,ianigure-l.shOWS-agéin.the lack of

agreement between;experimentai‘and.theanetical values.

10
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EkPERIMENTAL,DETAILS
Airevi§W'Qf thegliterature has shéwn that althgugh-é.ccnsidkrable
ambunt;of.wprkfhés been done in vacuumcarbon deridatioﬁ'fiom"both
industrialandhlaboratorystandpoints;(aqlearunderstandingaof the
many*variableS'involved in the‘prbce353héé not beenJObtaihgd.tQ<dafeg
It appears that a systematic investigation of the variables would be

\

beneficial. Therefore, it was decided to limit the present investiga-

2 .
. U

tion to an ex.tiegsiv;e- study of only one major variable. -

One of the most basic problems encountered in vacuum carbon -de-
oxidationisthe;preésure dependency of the carbon-oxygen reaction
under reduced pressures. It has been theoret 1ca11y suggested that re-
action kinetics and not thermodynamics isthe.govérninégﬁagtqr_ ’Thgﬂ
kinetic theory is very ably supported by experimental.determinations
conducted at very 1ow~va¢uums; " It would be interesting, from an in-
dustrial standpoint, to know at what point the transition from thermo-
;dynﬁmic to kinetic fﬁétorﬁ occurs.

It'hés_béenASUggéSﬁEd'that the 0bS€fVéd‘¢€Qxidétipnip@ﬁultstﬁepre;.w
«sehtfa steadyastate:conditionuﬁetwegn,the carbon-oxygen r;;Ctianéﬁd
'”fhefreacﬁionof’%he}nmlt with the crucible material, Therefore, any
,Sfudy”cahdUCEEG‘on‘vacuum.carbon deoxidationshouldingludétafmeans’qf
evaiuating the exﬁent of: the melt-crucible reaction. o

The objectives of this investigation wereesﬁablished~fo be%as
follows: | “

(1) To study the pressure dependency. of the carbon-oxygen
reaction.inmoltencérﬁqﬂ;irbﬁ~QXygeﬁmGiﬁé:éﬁﬁjééééd'ﬁg pfesSﬁrés

‘of less than one atmosphere, and
. . 1 1 :




(2) To d;férmine{ﬁhg extentWof the melt-crucible reaction by
the use ofka suifab1e fefractory;u.Major considerations on this
point inclﬁde the selection of a high purity material and an oxide
material which, upon reaction with the melt, will produce a
metallic:product,capgble of being retained by thetme}f; .

The size of the experimental eqnipment'to‘be,utilized.fbr-the-above»

program constitutes a major decision. Most laboratory studies concerned

with iron and steelmaking parameters have been carried out on melts rang-

-~

ing ih;sizeifrom“ZO-to.ZOO%graméﬁ Generally, each melt yields one ex-
~perimental data po 1nt The suitability of these small systems for work
on the carbon-oxygen reaction at low pre ssures 1s quest ionable on the
basis of work rEPQrfédlin the litéraﬁurew Turillon andMachlin}Obave
shown that the rate of carbon loss in a lbO‘ib; vacuum furnacé is greater
than that in aﬁ30051b;ﬁfurna§eg It appears that a possible or pértial
éxplanation for the very largeé carbon drops bbtainEd'BY'ThOmaS.and
.More‘au.6 is melt size (250 grams). - Similar carbon drops can be found in
the work of :Tur-ner'u who utilized 'm'e_fi_ts; of approxmate ly 200 grams.
Bennett and=c0workersll, utilizing 25 1b. melts and-magnesite.(MgO)
crucibles, did not report caern.droPs'aS-egteﬁ&ive as those of Thomas
and Moreau or Turner.

Aithough the usé of a largegmelt size generélly meané that-a.nuﬁber
‘of samples will be taken from the same melt, the total volume of such
systems is such ﬁhat the ﬁgmoval of a number of éuitably sized samples .
~will not significaq;ly influence the refractory-melt contact area to
* volume ratio for melt. A melt size of fifteen pounds was chosen for

- this study.




Equipment

The vacuum system utilized in ;his work was a modified Stokes
Model 437—520‘Pfecision Casting Vécuum System. As purchased, the
system consisté;oﬁ a double-ﬁalleé chamber, a vééﬁhm pumping section,
inductiOn-heatiné equipment, and gontrol'¢onsoles for power and vacuum.‘

The vacuum chamber is constructed with stainless steel interior
}surfages'surrounded'by\a carbon steel water jacket. TQS iﬁteriQr
dimensions of the chamber aré 3Q'in, high by 22 in. wide by 15 in.
deep-. -Aceesstclghe chamber id& made th;aUgh'a.fu11 opening, aluminum
alloy door which is sealed with an "Qﬁ{ringjflange, An externally
controlled, circular turntable covers most of the bottom of the chamber.
In addition to an 8 in. accessﬂport; the chamber has a 3 in. diameter
shuttered sight glass, a long bore sight tube, a bridge breaker assembly,
and various-si ze d, tapped and capped ports which can be utilized for the
installation oﬁﬁ;griousvgccessories,

'Thefvacuum.pumpingjgystem*has a commangﬁfip; manifold which sup-
ports two 4 in. StékesrRingeJethooster pumpé, T@ese pumps are, in
tprh, Conneéted;tn a common exit which leads to an 80 cfm Stokes Micro-

wvac mechanical vacuum pump: An isolation valve is provided in the line

between the booster and mechanical pumps.

o

I 8 DN

The itiduction heating equipment i§ of Inductotherm design which

(

input to the coil of 30 kilowatts. Power is carried to the furnace coil
by flexible, water-cooled leads which connect to a tilting coaxial power

feed assembly. The connection bétween'the furnace coil and the feed

assembly is made by means of nuts WhidhAare,tightened against. flanged
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tubes. Vacuum tightness is insured by means of "0' rings.
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. The vacuum syétem¢{£r:;;trolled from a.completely'sélf—éontéinéd

console. The controls for the vacuum system are so wired that the

entire vacuum system is automatically controlled by an "On-Off" switch

b

An automatic timer is included in the circuit so that the booster;pump

0il can be cooled before the wacuum chamber .and pump area are exposed
to the atmosphere. The console contains two electric vacuum gauges;

namely, one with a pressure scale of 0 to 1000 microns and the .other

from 0 t«o'.‘26'.nm.'Hg, The sensing heads for these gauges are located in

-y

the manifold above the first booster Pump:and:in the exhaust line be-
tweern the booster pumps-and thé mechanical pump, respectively.

The system described above was found to be unsatisfactory for

. extensive modifications were made to all parts of the system. These

modifications were not undertaken in any particular sequence; but

rather were*made-QS'Operation¢of'thE;systemﬁrevealed:thewnee@a

A Stokes immersion thermocouple assembly was installed im the ap-

. propriate location on the vacuum chamber. The original installation

was such that the angle of entry of the thermocauﬁle:to'thgrbath-waé'
quite shallow and prevented sufficient penetration of the bath., The

assembly was modified so that the thermocouple entry was pérpendicular

to the bath surface. Other modifications made to the chamber included:

(1) ‘the installation of a new turntable to raise ‘the molds to a more

suitable pouring height and to aid in positioning the fplds, and (2) a

—

connection in the backrﬁall of the chamber to permit pressure measure-

e

mehtﬁby'uwtns of thermocouple, McLeod, or mercury manometer vacuum

-
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‘studies on vacuum deoxidation in the as-purchased condition.. Therefore,

e .




o . gauges} In addition, all "O" ring seals were replaced and all jgi;te

were cleaned and coated with glyptal.

B

. The connection between the power feed assembly and the furnace coil

was changed as the original connection was so badly pitted that arcing

.occurred in the=joint when approximately one-half of the rated power

was applied. Further application of power'was prohibited until the

i

vacuum had been broken and the joint had been retightened. »The‘new
joint is of a male-female, fGrce fit design. Alignment and vacuum tiéht—
ness is accomplished by means of adjusteble split-brass rings containipg
"O"-riﬁgrsearsg‘.Ihis arrangement.is'tepableAdf:Qperatingat the maximym
rated. power.

The remalnder of the modifications to the basic system weére con-

",
cerned with the vacuum system. 1n-the ﬁirst'place, the automatic natuye

- of the _3cuuchontrols made it impa&sibie’to operate the,mechapical pump
} . | independent;of'the booster pumps. The controls were rewired so that the
? mechanjcal pump operation was not dependent‘uponﬂthe booster pumps. The
r other ShortCOmingw;f the original‘SYStem'was that there existed no means
® of isolating the chamber from the pum?s. ThlS feature prevented a rapld
| determination of the ehamber keak péte from.a low yacuum level and the
‘ : | . _
operation of theJVaguumrmelting/equipment under a static pressure.
Therefore, a 6 in;,maneelly eperated gaté valve was installed in the mani-
fold between the chamber and the opening for the first booster pump.
The modified vacuum SySEem;is,Shownjin Figures 2 through 4. The -
system is capable of attaining an ultimate vacuum level of 1 to 2 mierons
iﬁ the chamber. This vacuum level was found to deteriorate et the rate

)

of approximately 0.06 microns per min. (cold leak rate) under suitable

15
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conditions. ' It is felt that these va¢uum,conditions, i.e., level and
rate of deterioration, were sufficient to eliminate several sources
of extraneous oxygen from consideration in the experimental program. »

Materiéls'

The 15 1b. furnace charges consisted of éieétrnlYtié‘ircn and

enough carbon-saturated irOnAtOfpfodﬁce an initial‘carbon_cOntent-of
0.21 pct. In order to insurecompact and reproducible charges, the
electrolytic iron chips were melted ina 500 1b. vacuum induction
furnace an&-caét‘into ingots. The resﬁltingringots»were forged into
3 1/2 in. diameter rounds. The surface nftthéyrounas was removedqﬁy
machining to prevent the introduction of .any diide_matérialé The:
resulting rounds were cut into appropriately sized‘léngths for charging
into the crucible. Before Eharging, the melting stock was washed in
carbon tetrachloride to remove any cutting fluid which may have
adherethO'the'surfécés.

The carbon-saturated iron was prre;par_j;éd by vacuug,p induct ion melt-

ing electrolytic iron chips with graphite; The material was cast as

a thin sheet which permittedthe‘material t0 be'broRen.into appropri-
ately sized chunks. The chemical composition for'there1;2trol§tic
iron melting stock and the carbon-saturated\irOn are given in Table‘I. ~
_All experimental runs were made using 17 Ib.ACaPACity Norton Alun-
dum 213, heavy wall crucibles. -~ A bypical.chémical ahalysis for these
crucibles is presented in Table I. Originally, the crucible backing
‘material was Norton E163 bubbled aluminé inéulating grain and the top
4

seal and pouring spout was constructed with Norton RA1162, high alumina

refractory. The use of both itéms was discontinued early in the experi-

16
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mental program, és“they were thougﬁiitofbefbbssible sources Sf oxygénﬂ
The;méjority_of thevruns weré made usingxcoarsé Lava LaMag 32E as the
,Qruéibleibacking materia1 and fine Lava LaMag 32E bonded by a 50-50
~so@utionof”waterglass and water as ‘the tgp seal and pouring spout
material. A typical chemical analysis for LaMag 32E may be found in
ﬁigplgil, L
The‘YaCﬂUmschamber‘gGOﬁmtrY is such that a limitation exists on
thegqumber of molds that can be accommodated.for‘éourihg§ therefore,

N

with the 15 be;meItAsize; thewcruciblefcouldunotfbe.emptiediét the
 COmpietion of~aﬁrun.andAapproximater iO'Ibe was left to solidify in
the crucible. This practice necessitated the use of a mew alumina
crucible for each experiment®l run. Prior to use, each crucible and °
the accompanying top seal and pouring spout was fired at approximately

2000°F under a vacuum Of‘szﬁmicr_ﬁS until a hot-leak-up rate of less
thaniiO,microns per min. was obtginedﬁ' Under normalmconditions,'the
hot-leak-up rate fOr the various crucible setups averaged 2 migrons
per min. The firing process was carried out by induction heating of a
graphit;_susceptorwhich;had been placed within the alumina crucible.
Lindé High Purity Dry (99.995%) argon and Matheson C. P;'G£ade
(99 .5% minimum) carbon monoxide were utilized in the program.
The immersion thermchuPle'was_protected witB quartz tubes .ob-
tained from the Thermal American Fused;Quaptz»Company; A HEW'behﬁiﬁﬁl
tube was qsed for each experimental run, J /‘

Operational Techniques

)

A number of different operating procedures were tried during the
program in order to determine the technique best suited for the ob-

17
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jedtivessqf’the program. :The-sampling, temperature measurement,  and

ahalytical phases of 4dll procedures were, however, similar.

Sampling
. The mglten:bath was sampleé as a function of p@me by pouring approxifl
mately 1 1b- of materia14into a l in. diameter by 5 gn;hlong;cavity in a
macgined¢‘8plit? 3 in. squére~s£eelblockmold, Theusurfabes»of the
Cavity‘WEre:coated With<§ éolloida}fgraphite susp;nsion tOeprEVénﬁ

*sticking;dfftheﬁsample;ping It was found tha£ a small'émount'df~ﬁﬁré
aluminum;was required‘inuéachmolﬂ to insure the production of a sound
casting. Samples fof:chemiﬁai analysis of each sample pin were obtained
in the following manner: \

. The bottom 1/4 in. of the pin was removed and discarded.
A full diameter, 1/4 in. disc was then cut and submitted for
oxygen analysis. Next twclfull'diameter,'I/Z in. discs were

’=¢ut»éﬁd.wefe'utilized foracarbon and'aluminum analyses,.féz

spectively. Finally, another full diameter, 1/4 in. disc was

obtained for oxygen analysis. The balance of the sample pin
was identified and stored in the event that further analytical

specimens be required.

Temperature Measurement

The tempefature'for each experimental run:wasfmpnitoreqibyfa;caii+“
brated, ;piatiqumﬁplatinum-104pct. rhodium immersion thermocouple en=
closed in silica sheaths and by a Leeds and Northrup optical pyrometer

Sighted}through:aTIQng*bore:sightrtube located :above the batﬁ'Surféceq
; [ ‘ . |

! _Tﬁz~outpu§'of'thé thermocouple was fed directly into a Leeds and

Northrup Spgédeax H recorder having a temperature scale ranging from

-~ " '
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2000 to 3206°FJ2 féﬁperatUre contﬁQl‘fbr each run was‘established in the
following ma:nnef :
| ‘After the charge was complégely-ﬁolten, the power input
“ to the coil was varied until appropriate and constant dptical
pyrometer readings were?obtained,-‘The;immersion thérmocouplg
was then inserted and a temperature correction was obtained for
the optical pyrometer*reading, In general, this correction
fyctcr was 400°F. The'truésgemperaturéHOf the'bath'af any
instant was, therefore, the optical temperature.readingpi;S
approximately 400°F. The optical pyrometer was utilized through-
out a run for temperature control while the immersion. thermo-
couple was utilized only as é "check". On the average, three
immersion readings were obtained during the course of a run
lasting one hour.

Analyses

All oxygen contents ‘were détermined using a Bendix-Balzar Exhalo-
graph which is located at the Homer Research Laboratories of the Bethle-
hem Steel Corporation. The accuracy of each determination is reéorteﬂ
tQAbeni§10003ﬁwt;Ap¢ta oxygen. At least four oxygen determinations were
‘run~dn-éach’sample pin. Two place carbon contents for each sample were
determined by a standard combustion method having an accuraéy of +0.005
wt. pct. carbon. The silicon content for each sample was determined
spgctﬁogfaphically, Both wet chemical and speétrdgraphic aluminum de-

terminations were ‘performed.

£




Procedures

o The experimental runs may be divided into five groups. .Each group-
o | Kk .

ing is based upon the utilization of slightly different melting practices, ‘.,

These groupings are briefly described below:

_Gioup I: Inclu&ed:inﬁthiS‘grdup are runs 1 through 3. The first run was
an éttempt to mélt.dcwn'under-a presSur? of 1-2 microns. Ag"extrémely“
violent carbon boil was Q£SEIVéd:and the run was terminated. Runs 2 and
5?ﬁere-n@lteﬂ.60wh'undéf a pressufé-of 380 mm Hg. of argon. As soon as
thée bath was molten, the pressure was reduced'towgrd the final‘preSSuré
of 1-2 microns. Troubles developed during both runs and the final

- pressure was never attained. The crucibles from.éhis SrOUP of fuﬂé

. |

showed signs of alteration which were believed to be caused by oxygen

contamination..

Group II: Since the crucibles from the Group I runs showed signs of
alteratiOn;which.wer94thoughtiko be causied byﬂoxygen‘contaﬁination from
the backing material, the bubbled alumina was replaced with LaMag 32E.
Runs 4 and 5 utilized this.baCking>materialw The final pressure ob- )
jective was also :'ch'angefd't. ':tio 20 mHg. This pressure is based upon ,th.e-‘
~calculations;OffSchafferl8 who shows by means of thermodynamic calcu-

lations that the melt-crucible reaction for EIUmina refractories and

0.40 pct. carbon-iron becomes critical at partial pressures of carbon

monoxide of 16.90 mm Hg. The charges were melted down under 380amm.Hg;
of argon. Temperature control and the pouring of one sample pin were
accbmpLiShed before the pressure ﬁas.reduceﬂ to 20 mm Hg, Additional

samples~weré taken at the 20 mm Hg. pressure level.:

26 : o




Group IIT: Although no difficulties were encountered with the Group IL

runs, a question arose in regard to "the time at pressure' variable.
Therefore, it was decided to hold the pressure constant throughout the

course of a run. Run 6 was made under 20 mm Hg. of argon, while runs 7

;,through 9 utilized a furnace atmosphefe of 20 mm Hg. of carbon monoxide.

Severe bridging upon meltdown was observed for all runs in this group.

It was thought that the bridging problem was caused by“the‘Vigorbus

| ) V A w
carbon boil which starts as soon as melting begins. The boil expels
metal droplefs from the liquid pool which then solidify on the cooler,

upper portion of the crucible, and as a conseqhenee weld part of the

solid charge in place. The strong bath reaction can be explained by the

high oxygen content of the starting materials (162 ppm) and the low melt-

ing pressure. s | S

" Group IV: ABecauée_of7thefbridging problems encountered with Group III

runs, it was decided to investigate the carbon deoxidation reactionlat
reduced pressures of carbon monoxide by melting and equilibrating the
charges at a relatively high carbon monoxide pressure’and thgn reducing
chamber pressuré to that desired for investigation.u Temperature control

and the pouring of a Sample were to be accomplished at the higher

pressure level. Since the objective of this work is to determine the

pressure depﬁendenc:y of the carbon oxygen reaction under reduced pressures,
it would be desirable to set the equilibration pressure at one atmosphere
where comparisons with previous published data could be readily made.
However, the vacuum chamber previously described is not capable of

being operated at or above 1 atmosphere pressure. Rather than undertake‘

the required modifications, it was decided to use 600 mm Hg. as the

21
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equilibration pressure. The procedure for this group of runs was as

follows. Charges were mQLted'down,andAequilibratedsfor'30\minutes

iy 7

o

aft;r the bath was cdmﬁletgly-mdltenvunder a chamber pfeséure of 600 mm
Hg. of carbon monoxide.jTemperaturgwbgntrol waﬁvestablished during
the 30 minute time period. 'A_Saﬁple was obtained 4t the end-of‘gﬁe
’equilibrétionfperiodo Thé“gfessufe-in~the,system?wés then reduced to
that Chosenﬁfér the .particular run.. Sﬁmpling;ahd_témperature control
were practiced at the new pressure level. Runs 10 through 25 were made

acCordiﬁg~to theﬂGrgup'1V procedufe. Pressures investigated were 200,

100, 50, 20, 10, 5, 2, 0.5-and 0.05 mm Hg.

Group V: Omne of the obje¢tives of this program was to study the extent -

of the melt-cfﬁcible reaction by using alumina crucibles, which upon
decomposition should feed aluminum to the melt. Early chemical analyses
of the pin samﬁgs f&iIEd to;showgany'SubStantia1 aluminum pickup.
19

Parlee and coworkers have reported that when carbon monoxide was
i"lnftr”O'"Chl'Ce‘d?4':1-‘f't:el‘?',Cih.él:r'g'e,s had been melted in alumina“undér=va6uum,:é 
crust -of alumina formed on the bath surface. This information was uti-
lized to“&etErminE-if'aiumigum was present in melts of this study. The
pr0ceduré«féllowédrfbr~runn26‘consiste§;df a 30 minute equilibration of

the molten charge at 600 ﬁmeg,-of carbon monoxide; a rapid reduction

in_the' pressure to 20 mm Hg., and finally, an increase in the pressure
4

“to 200 mm Hg.

Detailed Procedure for Group IV Runs

Since the majority of the experimentdl runs were made using the.
Group IV operating procedure, a detailed account of the various oper-

ations performed in preparation for .a run and during a run of this -

22
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group is presented below. |

After the furnacécoilassembiy'and the moLdS;fréﬁ the previous
~run have been removeh.from.the chamber, the interior chamber suffaces
were first subjectedito;a blast of compressed air'to;removesome soot
and the;beads of‘metai that had been ejected from the bath during re-
d?Féd‘pressure treatment. :The chamber SUrfaCés and fﬁedeQr'érea“were
-wa:i‘s'h:ed with c.a-r;,bd}i_'\"t_e-t__;--ra'chlor ide to remove the last trdaces of soot.
The thermocouple sheath was .cﬁaﬁged and any repairs required on the
the;mocouPlewe;E'made at thislpoiﬁtyp The neﬁnfurnace coil assembly
With;a.newzaluminafcrueible,'topdsealg and pouring spout already in
place waS,inStaliéd and. the joint tested for water tightmess.

The graphite susceptor for baking was placed within the crucible
and the door "0" ring was cleaned and coated with Dow Corming Silicone
High Vacuum grease. The door was then closed and the vacuum pumps
turned on. Pumping was continued until a vacuum level of 1-2 microns

~ was redched. The cold leak rate was thep.determinedfhy*closing%the ‘
manifold valve and noting the increase,in;pressurE?as.a]fqnctiongof
time . 1f a satisfactory leak -r..;a:t.:.e (2-5 migrons per min.) was obtained,
?the~manifold valve was opened and power hés7progre$siVEly’appliedito
the furnace coil until a t'e’m_l?f'ér'atfufr~e' reading of approximately 1650°F
could be ;Qb‘tarihé_d with the optical fpyro;rnfe ter sighted on the graphite
susceptor. Baking of the crucible assembly was continued until | a
vacuum. level of 1-2 microns was reached. At this point, the hot leak
/fzze was determined by cldsing the manifold valve and nqtingithem

. ) v _&,ﬂ-*rm
pressure increase as a function of time. If the hot leak rate was 2

microns per min. or less; the power was shut off and the crucible

‘_.s:'ivuf
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continued until the desired value was reached. Generally, eight hours

assembly was allowed to cool under'vacﬁumu:ﬂlf the desirgd hot leak

rate was not attained, the manifold valve was reopened'ahd baking was

at approximately 2000°F (optical reading;plusicorrection'facton).Wére

sufficient to obtain the desired hot leak rate.

After the crucible assembly had cooled to room temperature, the
chamber was evacuated to a level of 1-2 microns and the cold leak rate
was determined. At this point, the cold leak was foﬁnd‘to:be approxi-
mately 0.1 microns per min. or less. The:maniled valve:wasrthen.
closed, the booster pumijplaced”on'cooling cycle, and the chamgér was
opened'ﬁy~admitting argon to 1 atmosphere pressure. 1Thé;gfaphife;sus~
ceptor was removed and the molds were positioned on the turntable.

A

The slugs of electrolytic iron and the carbon-saturated iron chips

- were then placed in the crucible and the chamber was sealed. The chamber

<

was evacuated to a level of 1-2 microns and allowed to outgas until the

previous cold leak rate walue was again obtained.

The manifold valve was closed, booster pump placed-on cooling cycle,
. 4
and the chamber pressure was increased to 380 mm Hg. by the introduction

bf’argOn, After the booéter.pumps‘had coé{ed, the manifold valve was
opened and the chamber again;eiaeuated to a level of 1-2 microns. The
manifold,valVe~W53’theﬁ closed, booster pumPS"piaced on cooling cycle,
:and-thé;chamber~pressurp was increased to 600 mm Hg. by the introduction

of carbon monoxide:. Power was then applied to the coil.

After the charge was molten, the pressure was adjusted to 600 mm

R'Hg.Iby'rapidIygqpening and closing the manifold valve. The power input

to the coil was varied-to obtain a constant optical temperature reading.
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An immersion thermocouple reading was then taken. After 30 minutes had

elapsed from the time the charge bécame molten, the furnace was tilted

N

i

to pour a sample. The chamber pressure was then reduced to. the new
desired pressure level by opening and closing the manifgid valve.
The decrease in pressure was followed using efthér'ﬁhe:tﬁeﬁmDéOﬂPle
gauges or the manometer. After the new pressure level 'had been es-
téblished, the temperature was adjusted using a combination.pof thiqgl
and immersion readings. Additional samples were: taken at time intervals
of 45?A55, and 65 min. from the timeé the chaIEE'bECame‘moItenb At the
end .:fo;f the allotted time for each run, >-th-e? ‘power was turned off, and
the bath ‘was allowed to solidify under the chambér pressure fcrqzhe
particular run. It was observed that bath surfaces became frozen ap-
proximately 2 minutes .after the power had been turned off.

;@ should be noted that aside erm.induétiOn stirring the only

bath agitation was that obtained by the tilting of the furnace for

sampling and that resulting from the change in chamber pressure.




RESULTS

- The operational details of all experimental runs are given in

Table II. JIncluded is information concerned with the temperature,

treatment time, oPeratingiprésSUre, gas species, and sampling procedure:

This information together with the general cofments previously given
affords a good resume of the procedure utifizéd'fqr each run. |

It will be noted thaﬁ allﬁiuns*made.usingxthe-Group I procedure
were of an expld}atory-nature-and thus yielded no meaningful infor-
mation:. Thﬁ.tWOgruns§peru0ed.uﬁing the Group II procedure were made
without encountering any SgriQus~difficulties. In run 6 made using
the Group III procedure with argon as the chamber atmosphere, the
tﬁrntable“mechanism”became'jamMedswhich brought about an early termi-
nation of the run. Bridging was encountered in runs 7, 8, and 9,
which were made according to the Group III procedure using carbon mon-
'gxide as the chamber atmqsphefe;

Runs lQ“through;Zﬁfwere ﬁadév@ccarding to the GTOUpVIVn0r~equi+

.libpétion procedure. Rung 10, 13, and 16 yielded'no.meaningful informa

ation Becausechjpouring difficulties, vacuum pump failure, and'pOWer)
failure; respectively., Duplicate runs were made at :second pressure
levels oé-QGOimm:Hg, (runs 12 and 21), 0.5 fim Hg. (runs 15 and 23),
ana¥0;05,mmfﬁg@ (runs 24 and 25).

ﬁChemicalfanaiﬁses.fbr all:éuccessful runs are presented }n.Téble
:lli% The QxygenAvalueg reported are the average of the determinations

performed on both sample positions. Where a diffetengeiEkists;Between

sampling positions, two average values are shown. In general, the

26




Lr

+ e,

R :l:”;n,\\'nq{ly

sample pins were found to be homogeneous with respect to carbon and

oxygen content. As previously stated, the addition of a small amount

| . | | | | | |
of aluminum to the sample molds was required to produce a sound casting.

I

The‘weight of this aluminum addition and the‘pinweight’wéfg deétermined

- | | v o | o
so that the percent aluminum deliberately added could be accurately

known. These values are also listed in Table ITII. The aluminum con-
centrations'repotted in Table III were determined by spégtrographic

and wet chemistry teChniqugs, The particular technique utilized for a

givep experimental run is denoted in the table, The silicon content of

each sample is also given in Table III. Sample letters A through D

indicate samples which were po%ygaﬂinto the pin moldé,‘whilg sample

letter E indicates samples which were taken from the material that was

. solidified in the_crucible aﬁ-the end of each run.

4

‘?Diagramsnshowing the variation of carbon and oxygen concentrations

as a function of treatment time are presented in Figures 5 through 17,
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DISCUSSION

.+ A major concern in this program was the capability of the previously

S Yy * »
i VR
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AR I

''>. déscribed experimental equipment to provide rg?pqducible,resuléso Runs 4
Pt . - P L |

s Ré}fand 5, produced using_thé,GroupﬁIprrbcedure,'were made under identical

(N 2
1
f s

4
. ity . [3 o . -'l’ . . .1 3 . . 0/:'. . . e W .
= Y conditions in so far as melt composition, temperature, and partial

jpressuréeof argon are concerned. The resultsrof these runs,”Which are
:pr,e.;sjé.n.t'e;df in Table III and Figure 5; sho,;r. that the carbon and oxygen
;c-”onte;nt*s: are quite répr;Odégc, ible between runs
S Further eviderce for the reproducibility of the system can be found
by consideration of runs 6 through 9 made using the Group III operating
procedure. The data for these runs can be readily compared with the
aid of Figure 6.
; Several interesting items are apparent from a considérat ion of the
data. of the Group II .and III runs. ItAappearélﬁhatrthe:Qxygén:GGQtEHﬁé
of these melts rapidly approach a constant valué of approximately 25 ppm.
This valuéfappears to bé independent of the operational technique
utilized. The carbon content of these runs did not exhibif:a'cqnstaﬁt
behavior pattern such as that shown by the oxygen contents. The carbon
content decreased in -each run_witﬁ:thefrate-offdecrease and the final
carbon content being some function of ggch.particufar type of run.

Runs 10 through 25 have been used Ié'estébliSh*the;prGSsupg'&éa ¥

pendency of the carbon deoxidation reaction. Figures 7 through 16 show
*the carbon and oxygen contents as a function of treatment time for the
runs made using,the Grouﬁgly/operating-pfé@edUIe, The oxygen content vs,

time curves are shown with a cusp; the'upper'half~of;which;is shown as a

)
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;&oﬁfgd line. The reason for this particular method oflgresentatipn can
be found by consideriﬁg the experimentsggproceduré: Each charge fbf.this’
partiéﬁiér series  of runs wés melggd under a carbon ménoxide pressure of
600 mm-Hg. aqd was held at tﬁis pressure for 30 min. Thé'results Gf o }
run 11 indicate that within the 30 min. time period the oxygen content
of each melt approachs .a constant or "equilibrium" value. This approach
to oxygen content "equilibrium" is-shown.inTFigures‘7ﬂthroug£ 16 as the °
dotted segment of the curvé;

¥ After a sample had;beentobtainedaat'thé-eﬁd-ofﬁ30»min¢ at 600 mm
Hg. of carbon ‘monoxide; the-chamber;presgﬂré was rapidly reduced to a
neW“pressure;Iéve1@ The bxygénndqﬁtEHtVOf the bath reacts to this pressure
change by approaching a.hEW"COnStaﬁt:Or=“EqUilibriUm“'va1uea Thus the
 secbnd.segmént of the curVQ-iSfdréWn.ﬁO‘ShOWﬂthe%apprQach.to the new
"equilibrium'" oxygen value.

The carbon contents for all runs can be seen to exhibit a,saeady%de-

crease with treatment time. This decreasej'hQWéVér;'dOeS'th appear EO»
be dependent upon chamber'pressufé,nOf upon a §aiticuIarrchamber'pressure
tas-duplicate:préssure runs.always exhibited different carbon content be-
havior (this point will gé discussed in greater detail.latet)y

Pressure Dependency of the Carbon Deoxidation Reaction

*Ihé pressure dependency of the carbon-oxygen reaction may be examined
" in & number of differenﬁ ways. The first, %Pd perhaps the most direct,
is to;;éngider the constant or 'equilibrium' oxygen content obtained at
each pressure level.
The cﬁrves of Figures 7 through 17 indicate thét the approéch to the

- Mequilibrium" oxygen concentration is quite rapid and generally takes
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plé;e within the first fifteen minutes at the new pressure level. There-

fore, the oxygen analyses for samples B through D can be considered as
representative of the "equilibrium" oxygen concentration at a particular
pressure level. The average value of these determinations and the

|

standard deviation were computed for each pressure level including

SOO'mmeg, The results of this calculation are‘présented'iﬁ Table IV
and are shown_gfaﬁhicalky-in'FLgureiL8¢ This figure show;*thaf tﬁe<mggen
content of a méit fapiaiy decreases as éhambér‘PreSSufe~decreases until
a pressure level jof épproximatety'IOO'mmegﬁ is reached. Below the
pressure-of;lOOzmmgHg.‘pf.CAﬁB?nfmcnoxidg5 the change in oxygen con-
¢Eﬁtrati0nwwith decfeaSing~CBamBEr~pressure is not significant, as the
“éQUiliBrium”%oxygﬁﬂﬂ¢0ntentsatthe lower pressures fall within a range
of 20 to 30 ppm. Tt iS~interesting~ththe-tﬁat the "equilibrium" oxy-
gen contents for runs 4 through 9 also fall within this range. This
indicates that these values represent: true "equilibrium" values énd
are not dependent upon operational technique.
Another»methodydf.assessingrthe~pr¢ssure~dependeﬁéy of the ‘carbon
deoxidation reactioniiSﬂtQ.con&ider the percent reduction in.the:initiéi

oxygen content as a function of the treatment pressure. Table V and

A

Figure 19 shOW'the”rggults of this analysis. Two methcds;oﬁ,galculatiqn"

were utilized for the determiﬁation~of_pétQEnt oxygen removed. One
method is based upon the calculated oxygen content of the initial charge
materia1‘(162 ppm),TWhile ther;thér'is based upon the individualiruﬂ,

average o;ygen<confént for tﬁe equilibrationuperiod=oftEOO mm Hg. of | .
carbon monoxide. This way of presenting the déta,agéin illustrates the

“1

fact that no"significant change in oxygen removal is produced by vacuum
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treatment at pressures less than approximately 100 mm Hg.
The carbon deoxidation reaction in molten iron may be expressed by
the following equation:

C + 0= CO(g) | B ¢ 3

S

The pressure dependency of the reaction is demonstrated by a considération

of the thermodynamic equilibrium constant for the reaction:

) p. N
K =Pco (2)
hchg

where K is the thermodynamic equilibrium constant, P,  is the partial

pressure of carbon monoxide at equilibrium, and he and h, are the Henrian
activities of carbon and oxygen, respectively, in molten steel.
The value of K has been determined experimentally. After a con-

sideration of the available data; ‘it appears that the expression given
11
by Bennett and coworkers represents the best value. This expression,
given as a function of temperature, is
1045

Substitution of the temperature utilized in this study (2880°F) into
expression,(Sb;Yig}ds-a:value,fcr K of 495.

The Henrian activities can be calc ulated from the experimental
-cafbonuana;oxygen values using the Henrian activity coefficients for

carbon and oxygen. These, in turn, are calculated using the Henrian
i

j“, which.accounts for the influence

éCtivity interaction coefficient f
of element i upon element j in solution in molten iron alloys. Thus
he = (wt. pet. C) f¢ (4)

and ho = (wt. pct. 0) 5 -~ )
) : : c o | o
where . feo = fc»ﬁx'fbﬂ : “ (6)
| = £, x £° | €))
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Values for fj can be obtained by the use of the following expression :

i waka
! Tt

{ ”' 1og‘fjl = eji (wt. pct. j) '. - (8)

where eji‘ié:an'experimentally determined interaction coefficient.
A 5 -

The recent work of Ban-ya and Matoba on carbon-oxygen equilibrium
includés;exﬁrESsions for'loggfji which are compap}ble;with previously
;publiéhea data. These eéxpressions are:

log £, = 0.2 98 (ut. pct. C) ' [CHN

1Qg;fé05='-0;316 (wtrjpcﬁ, 0) B (10)

log £,° = -0.20 (wt. pct. 9) | | (11)

Iog.fbé'=?0;42I (wt.. pc£°§) C(12)
Expressions (2) through (12) can be used with ‘the appropriate experi-
mental data of this study tO;calculate'aﬁy of the carbon-oxygen reaction
parameters shown in éXPrESsion (2), i'e!rK;Béoi or the earbon-oxygfn
product. These calculated values then cgnsbe;chpared‘with'thewexperi-
mentally obtained values, B .

Bennett, Protheroe, aind Wand;lzsuggestthat<a~¢énvenient method 0f
assessing the efficiency of carbon deoxidation is to consider the equi~
librium‘cafbonumoﬁbx;de~Partial pressure, P.o, obtai;ed from expression
(2) li.y‘ the use of the proper value of K. As the value of Peo acie'crrevras:e;s ”
AQQids the difficulty in:comparisbngof‘OXygen=contents at different
carBonflgyels, The calculation of Pcp -and its use as a measure of .de-

oxidation efficiency isﬁparticularly:apprqpriat61in the present study as

the chamber pressure is maintained by carbon monoxide. Therefore, calcu- -

lations were made to determine the theoretical partial pressure of carbon

monoxide for each experimental pressure level. In éaéhcase, the oxygen

32
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cont utilized was the average value shown in Table IV. The carbon

content utilized in all but _é)ne case was that obtained on the D sample. -’

This lone exception was the 600 mm Hg, pfessure level, where the carbon *
content utilized was the average value obta_j.ne.d; from run 11 and all A
samples of the Group IV runs. The average val ue.-z‘fin- this latter case
was 0.19 pct. with a standard ,d-’ievi-atiion; of +0.01 pct The results of
the calculations “are given in Table VI. These calculated P, values
can be compared with the actual :cfhje;mbé.r% pressure using Figure 20.

It can be seen t hat at the measured chamber pressure Of 600 mm.
Hg., the calculated pressure, i.e., 608 mm Hg. shows excellent agree-
ment w1th the 'me.as,ur;gd' pressure. This ind 1c ates that at 600 mm. Hg, é‘ﬁhe‘
system is governed by thermodynamic ‘equilibrivm consideration. As the
chamber pr-,essuvr!vé“ is reduced below 600 mm Hg. the calculated partial pressure
begins to deviate from the éxperimental pressure. At a chamber pressure
of 200 mm Hg. of CO, the dev fation amounts to approximately 140 mm Hg. .
This behavior ‘may indicate that true thermodynamic equilibrium for the
reaction expressed by equation (1) may not be attained at chamber
pressures less than 600mm Hg: The exact pressure level Nfor the start of
deviation was not established in the present study, as no runs were con-
ducted at pressures between 600 and 200 mm Hg. It will be observed from
Table VI that at chamber pressures of 200 mm Hg., or less, the deviation
'betweengCalcﬁlated and experimental partial pressures .of carbon monoxide
ranges from 97 mm t‘qf'll;{éﬁ mm Hg,, with an average .-v_a”l:ue. of 127mm Hg .

If the theoretical partial pressure of".‘k' :c:ar,.bo..,n; monox1de is used as.
a measure of deoxidation c‘effic}i‘tency , then it appears that for "an ac tual

chamber pressure somewhere below 600 and above 200 mm Hg.; carbon d-e.=-.“
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oxidation becomes theoretically inefficient from a thermodynamic stand-
o ‘" 11
point. It. is interesting to note that Bennett and coworkers obtained

deviations. of 118mm Hg.in their work which was conducted at chamber

1u

pressures of 1-2 microns:
Although the use of thermodynamic considerations points out that
carbon deoxidation becomes inefficient at a very high reduced pressure,
it can beAseen,fraaniguﬁaSISJaﬁd 19 that a significant amount of oxy-
gén removal takes place at chamber pressures between 200 and 100 mm Hg.
In fact, it is not until dhamber_pressurésﬁaf‘Iess than 100 mm Hg. are

ks

reached that the oxygen content fails to exhibit significant changes

<

as a function of pressure.
A possible explanation for the differences between the theoretical
and experimental assessment of efficiency may be found by considering

the expression for the equilibrium constant given by equation (2).
Meadowcroft. points out that‘the;carbon_mpncxidé-térmﬁqppearing in the

a

expression for the equilibr ium. constant. is the partial pressure of

carbon monoxide in the gas bubbles forming within the melt and not the

pressure of the gas phase at the melt surface. This statement :should
be corrected to state that the carbon monoxide term is not necessa%ily
the external gas pressure.

The equilibrium partial pressure inside a bubble -which forms heter-
ogeneously at reactioéﬁsitestQCQtéd at the melt-refractory interface
r N

méy be expressed by :

P = Pox ¥ Ppe1r + Pbubble

34
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- where
N | PR o Pex = the chamber pressure,

 Ppelt = pr¥ssure due to the ferrostatic
load of the melt, density x gravity
x melt depth, and ’

A

e

Pbubble = preésue due';o bubble-surface
- pressure, 2 x interfacial tension/
bubble radius.

Meadowcroft»states'thatxnonIY'if'the equilibrium CO pressure of thg
melt exceeds the'value.df'P:willibubﬂles.bﬁ nucleated and the boil
sustained." |

hSingiexpresSiqna(IBDJApublishedgdata, and the experimental results
of this study, it ‘can be seen that the external chamber pressure is the
dominate prQSSﬁfe~ﬁeerEBGVe approximately 600'mm_Hg. This, then, o
indigateé that thé=Utilizati0&.Of the chamber pressure in the equi-
librium constant expression will not cause serious errors at pressures
tgreater than 600m¢m Hg. Below 600 mm Hg. chamber pressure, the influence
dﬁ.tﬁevChambEr pressure decreases to such a degree that the melt and
bubble pressures become the governing factors. Us ing the approach of
nucleation of SUitablySiZed“bubbles,.Meadcwcnoft pre&ictsIthatncarbon
deoxidation becomes inefficient at chamber pressures less than approxi-
mately 7.6 mm Hg. at which point the carbon boil should cease.

Visual observations of the melt surfaces during this study reveaIed
that a carbon boil* does mnot occur until the chamber preésure was re-
duced to values'beIQW"lOsumIHg. In other words, a quiescent melt

surface was observed for .all Group IV runs @hen the chamber pressure

* A carbon boil is here defined as the case where the nmﬂt,surfacé'iéﬁ
disrupted by bursting gas bubbles. |
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exceededdﬂmmﬂg. It is intefesting to note further that the quiescent
melt conditions produce& the greatest émountqgf oxygén removal. This;
fact appears to indicate_that oxygen removal is being accomglished%by.
the surface desorption Qf.carbdn'monéxide. In the cases where a
*”W‘pafbon boil was obsérved,;itjwés noted that the boil was sustained for
only a;sﬁort‘time before quiescent conditions were established. The
observance of‘two~mechahism8-f0r°the removal of oxygen_is in accord
9

with Machlin's theory of vacuum induction refining . i h 1.

Despite the fact that .a carbon boil is observed at lower treat-
ment pressures, the experimental results show that oxygen removal is
not particularly enhanced. This and the Othér-items mentionedaprevi-
ouSlY'suggest-that-thetOXYgenJValues obtained for the 1owe£ operating
pfessqresaare not true thermodynamic gquilibriumévalues, but rather
are steady-state values resulting fromxajbalanée between oxygen re-
moved from thé”melt‘bY:deoxidationgreactions and Oxygen.fEditD.the
melt by a reaction between the melt :and the crucible material.

Melt-Crucible Reaction

The existence of a melt-<crucible reaction during vacuum treat-

ment was acknowledged during the establishment fothe'experimental g

It was hoped that this reaction could be evaluated as a

2NN

function of treatment pressure and time by the use of high purity

program, ,

alumina crucibles.
A possible reaction for alumina and carbon dissolved in molten -

iron is: | ‘ -

A1505(s) + 3C = 2AL + 300(g) (14)
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The extent of such a.reaétion-should be demonstrated by an increase in
the aluminum.contenﬁ éf thgﬁmélt; In addition, the émouﬁfuoffcarbon
consuméd»byvthe;reaction.can Beréafculated and compared with thét ob-
tained expgrinmntally; The aluminum analyses for the experimental

~runs may be found in Table III. It was found during the course of the

experimental programithatithé addition of a small amount of aluminum

wire was required for‘each:s;ﬁplémbld in order to insuré a sound casting
for oxygén‘analysfs, fh;;éfore, thezgnalytica1>results-shouid givé:
values which includéfthE~aluminum contentlintentionallyadded plUSfthS
aluminum content from the gﬁucibie reduction reaction. A comparison of
the deliberate aluminum content Wwith the analyzed aluminum content, as
shown in Table III, shows that, in many cases, it is difficult to agcount
for the deliberate:é&dition'let.aloneithe aluminum which theoretically
should be picked up from the crucible.

In the cases where the analyzed aluminum content is greater than
that expected from the deliberate addition, it will be noticed that the
difference between the a?quzed amounf and deliberate addition is often
insufficient tO'aécount for the theoretical aluminum content calculated
from reaction (14) and the observed carbon drop. The.reason for these
apparent differences in aluminum conternt has;not beenwdetermined,'ﬁut
may be due to ermrors in samplinguprocedure,:sample cutting practice, float
out, segregation, or‘anglytical procedures. An additional source of the
difference in the aldminﬁmgﬁalués Was,thdhghtwto,be the ﬁégt.thatgthe
aluminum generated by the reaction might not be retained in the melt.

~Thé exfstence of some dissolved aluminum in the melt was demonstrated
by run 26. 'After the equilibration period at 600 mm Hg. of carbon mon-
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oiide5.the chamber pressure was reducedftd“iﬁ mm Hg. and held for 30

min. The chambef\pressure was then increased to 200 mm Hg. by the

introduction of carbon monoxide. As soon aS‘%he 8aé was bied into the
chamber, a c¢rust was observed to form on the bath surface. This alumina

crust, which was formed by the reaction of dissolved aluminum and the

-

carbon monoxide .atmosphere, has been observed under similarwcircum-

| 19 | |
stances by'Parlee-and coworkers . Run 26 thus provided a qualitative

demonstration,of*diSsolveﬂﬁaluminumw

InspeCtiOn“Qf reattion;(IA)gShOWs ;hat While-ﬁhevneactiah_can;be-
utilized to account fbrﬁthe;consumgtion of carbon during processing,
it does not account for the pick up of oxygen by the melt. In_&f&er for
reaction (14) to furnish oxygen to the melt, the ‘carbon monoxide gener-
ated would have to become dissolved in the melt. IthhOuld,'hQWever;u
be pointed out that the carbon monoxide,isWBEing;gEﬂEﬁated in an area
where it is:beliévedthatcérBQn-mbﬁOxide'ﬁﬁbblés are'easily nucleated,
i.e., the pbrésvin therefréctqry'surfaCe. ‘rhus, any carbon monoxide

generated should be removed from the melt.

On the basis of the above considerations; it appears that reactions

'dther than_reactioﬁ (14) should be considered for the melt-crucible

interactibﬁ1 Examples of melt-cruéible'reactiQHS“wﬁicH.ceuld.aCGount

for the feeding of okygen‘to the bath .and the observed.aluminum conténts

| ‘ ' L5
have been given by Meadowcroft and Elliott .and are discussed below.

The simplest type of reaction to consider is one in which the
crucible refractory decomposes to form either two gaseous reaction
products, one gaseous and one dissolved reaction product, or two dis-

solved reaction products. Examples of some of these reactions for
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A1,03(s) = 2Al + 30 | | 15
AR03() = 241() + %0 (6
K1203(s) = 2A10(g) + 0 an
A1,04 (s) = Al,0(g) +20 | (18)
All of thE'abOVEEreadtith:Qan-acCOunt fdr~oxygen pick up by the ‘melt.
Reéctions'lﬁ through 18 can also .account for the failure to find suf-
ficient améunts'ofyaluminum,diséolved.in,the:melt to account for the
observed carbon drops. The oxygen;liberatedvby the reactions can dif=/
fuse-tb the melt surface where the formation and surface desorption of
carbon monoxide is possible.

Another type of reaction for consideration involves the reduction

of alumina with iron. Examples for such reactions are shown below:

3/2 Fe(Q ) + 1/2 Al03(s) = 3/2 Fe0(L) + Al(g), (19)
! - Py = 3.2 x 19‘9atﬁ

1/2 Fe (£) + '\l/zzA.:i.L‘zO'a (s) = 1/2 FeO(KR) + AlO(g), (20)
Ppjo = 4 x lO'lOatm

2 Fe(f) + Al503(s) = 2 FeO(f) + Al20(g), (21)
S

Pa1,0 = & x 107 0atm
These reactions again provide a means of 'su-p.p';ly'i,ng: oxygen to the melt
by'éqlution of FeQ and of removing aluminum f?om tﬁe:bath,asfaﬁgaseous
specie., ‘It will be noted that the partiél pressurésAofEthe=§arious
gaseaus‘gluminumsspecies are'conEiderablyflower than the preVailing
'hghaphgr_pressure for any given experimental run. -However, it should
be pdintedﬂout that the partial pressure is thét iﬁ the reaction zone.
A build ﬁp.in the gaseousosp;cies in the reactionvzonefis prevented by

0
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the induction'stifring action of the bath and by the diffusion-of the
species from the reactioh zone into the bulk of the melt. Both items
would effectively lower the partial;pressure of the géseous.species 8O
that the réaction-or reactions could proceed. The loss iﬁscarﬁéﬁ content
of the melts can be explained by the:suBsequen£ reduction of the FeO by
dissolved carbon to form carbom monoxide. The reaction with carbon
could dcaﬁr'at-eitheﬁ thearefractoryihterface or the melt surface.’

. The reactiqns‘l4xthrough:21 provide possible explanations for the
behavior of the experimental data. However, they also point out the
impossibility of determiningfeither the exact reaction or the extent
each reaction participates in the overall melt-crucible reaction. The
analytical procedures for aluminum are somewhat difficult and, therefore,
it would appear desirable to analyze the experimental data using the
carbon content of the melt, since this 1s a more easily and accurately
determined quantity.

The removal of carbon from the bath can be ?@complished only by
the combination with oxygen to form:natbon‘manoxide as illustrated by
equation (1). The amount of carbon consumed by this reaction can be

calculated from the amount of oxygen removed by the stoichiometric

12
16"

the average oxygen content -obtained at each pressure level, the amguht

factor Using the calculated starting oxygen content of 162 ppm -and
of carbon consumed in edch case can be calculated. 'SinCETQnIY two
place carbon values were reported experimentally, the éalculated carbon
drops were rounded off to a two place figure. In all cases the amount
of carbon consumed in obtaining the observed oxygen contents at the

various pressure levels was approximately 0.01 wt. pct. This indicates

-,
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that the final carbon content for all runs should be 0.20_wt. pct.

Table III and Figures 7 through 16 show that for most of the Group IV

runs, the final carbon contents are below this calculated final value

of 0.20 wt. pct. -

The carbon decrease in excess of the calculated value of 0.01 pct.

haS‘béen tabulated below under the heading of A carbon.

Final PresSure‘ A carbon _
_ (mHg.) - (ut. pct. x 10%)

Ruff

11 600 - 4

12 200 11

14 20 | 1

15 0.5 4

17 2 8

18 10 6

19 100 " : 0

20 50 3

21 | 200 | 2

22 5 4 5

23 0.5 6

24 0.05 2
Inspection of these Aheafbnnfvalues shows that the values appear to
be independent of treatment pressure level and, in factx°to be inde-
pendent of pressure-itsélf as duplicate runs produced-diﬁfgrent valués
for A carbon. Consideration of thejeiperimentalydetails:of'each;indi;
vidual run showed that the valUESJfof.A.caqunNWEre also independent
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of the hot or cold leak rates obtained for each particular run. These.

factors tend to indicate that A carbon is not dependent upon a measurable
experimental quantity.

It was originally plannéd to limit the experimental program *to the:

investigation of only one variable. In general, this aim was adhered

”

to thfoughout the course of'the;prdgrqmg Kcﬁbteworthy exception, how-

ever, was that the melt size coupled with the chamber geometry resulted

‘in the use of a new alumina crucible for each run. Each of these cruci-

bles was baked in vacuum at elevated temperaturesﬁpriﬁféto use; however,

this treatment is effective only for the removal of moisture and oc-
13 |
cluded gases. Bosworth has shown that the baking of various crucible

materials at elevated temperature in a hydrogen atmosphere will reduce
the pick up to oxygen by iron melts. This result is caused by the pre-

reduction of -suboxides aﬁd-impuritY~Qxidesf ;Bosworth“S’study then

A4

indicates that crucibles in the "as-received anditiOnﬁ'mQY'nOt be

capable of providing a good melting interface.
Further evidence for the unsuitability of a fresh reffactoririnterd
{ o 20

face for vacuum work has been reported by Samarin who states that

"some three or four heats were made in them (AljO3 crucibles) before

'

the experiments so as to remove the interaction of the crucible with

. iron containing 0.8-1..0%C."

In vfifffaw of the above information, it is proposed that the A carbon
values obtained in this study are a quantitative measure of_the;ovexail
reactivityief,the.refrécﬁdry‘surfacewwhich is.inzcontact'with.the iron
melt. The overall reactivityﬁfactor should include such items as the
major oxide, impurity oiiﬂes,:location,of'thE-impurity oxides in relation
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to the melt-crucible interfgcé,'porosity of the refractory materiél,'
and-the roughnesg of the crucible_surféce, As~can~bé seen, several of
the items ingluded in this reactivity factor can not be quantitatively
determined.

Some support: for the utilization of A carbon as a measure of new

, 14

crucible reactivity can be found in the work o% Winkler on the be-

havior of various crucible materials in the presence-of-strong.reducing

‘agents. A ball-bearing grade of steel was remelted in fresh crucibles

of various compositions and the results were giveﬁgtg}shOW'the.influence

of crucible material upon the final oxygen conterit obtainable. The new

alumina criucible showed a A carbon value of 6 ibr'tﬁé first melt, while
the second melt in the same crucible showed a A carbon value of zero.
The difference in oxygen content between:melfs was only 1 ppm.

'ThegconQQRtwongjcarbon as a quantitative measure of new crucible

reactivity appears to be a reasonable explanation for the carbon .drops

observeﬂ#in this experimental program.

One further item,qf'thejéxperimeﬁtalldata requires an explanation.

Although analyses obtained on E sample material generally did not agree
- - 3

with the results obtained on A through D samples, the aluminum analyses

for runs 15 through 25 show an interesting trend. The analyses can be
divided into two ‘groups; ﬁémelzg those samples which contain less than

0.005 wt. pct. Al éﬁd:thdse samples which contain an average Al content

of approximately 0.030 wt. pct. The low aluminum samples were obtained

on runs made at final pféssures-of 100 and 50 mm Hg., while the 0.030

wt. pet. aluminums were obtained on rins made at final pressures of

less than 10 mm Hg. This behavior indicates:the possibi1ity of a
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pressure dependency for the reduction or dissocidtion of the alumina

B

};efractory. It would appear that the pressure depehdency‘is in accord
with the thermodynamic~calculations of Schaffgr who, using reaction
14, calculatés aYcritical;preSSUre.of 16,9Amm;Hg; for alumina in contact
withfa Q54Q éct,~carb0ﬁ-iron.melt.

*The-Aycarbon;reactiviﬁywconcept for a ¢rucible material ﬁay be
*qu;stioned on the basis of these E sample aluminum values. However,
the 100mm Hg. ﬁfg;.ur'-ﬂefé provides '.ex‘cejll_;e_nt agreement for the concept, since
thg éscarbpnﬁwas Zero fof this particu1arirdn, TheaA.carbon for the
other low E sample aluminum contents was 3; but it shyuld‘befpointed
out again that A carbon is an overall reactivity and takes into account
the:reducéion.aﬁ impurity oxides, etc. Similar explanations can be
made for the runs where the 0.030 wt. pct. aiﬁminum;values were ob-
served. It should be pointed out that these more or less constant
values may be an indibatién that thé'aluminum:content,is a steady-
state value which is obtained by a balance between aluminum being fed
from -the crucible and aluminum being removed at the bath surface.

EThe-E‘sample:alﬁminum,values suggest another possible explanatiom.
The two more or‘léss<constant_1eveis of aluminum.may be an indication
that different crucible reduction or dissociation reactions are oper-
ative in different pressure ‘ranges.

While it was not possible to determine the exact mechanism of the

&

melt-crucible reaction for the eéxperimental results obtainéd in this

inVestigation,’it7appears thatfreactionﬁ(14)vmight be considered as

representative of the overall reaction between the 'iron-melt and the

alumina crucible: Heﬁce,Areactians 15 through 21 should be considered
J , . = e
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.aé possible mechanisms by which the overall reaction is obtained. The

combination of the various mechanisms can provide ways of accounting
for the pick up of oxygen by the melt, the variation in the aluminum

content, and the consumption Qf:caﬁbon,

Comparison of Experimental Data with Industrial Data N v

~ T "!J-&-‘—r*-?ﬂ!uir-z L R S R R e R N O L S IR T D S er

As pbinted'out previously, the industrial results for vacuum’ carbon
deoxidation are not in good agpeemgnt'withjthose.predictEd'frdm.theo—

retical considerations. Therefore, it would be interesting to know

if the experimental system and procedure utilized in this study can be

used to investigate these areas of disagreement.

A rapi&;COmpariSOn of the experimental results with those obtained

on an industrial scale can be made by the use of Figure 1. The average,

final carbon and oxygen comntents for experimental runs made at CO

1'.

1pfessutgs.ofa205mm-Hg, or less in this investigation‘are 0.15 pct. and

a carbon content of 0.15 pct. results in an oxygen cgntent of .approxi-

mately‘0.0035~pct¢ The difference betweén the experimental .and in-

dustrial values might reflect a sUperiOrity.ofﬂdne type'of'refradtary

over another, as high purity alumina refractories are not generally

utilized in commercial vacuum degassing units.

.An.additional example:of,thevability*of the experimental system to
provide results which are comparable to,indpstrial systems may be found
reported in a paper by Sieckman and S.‘c’hemp‘.p'.Zl on the D-H vacuum deoxi-
dation.pfocess, in,a trial run for the investigation of carbon deoxi-
dation, the-cérbon and oxygen content of an unalloyea steel were reduced
from.O.ZO pct. carbon and 0.0150 pct. oxygen ﬁo 0.19 pct. and 0.003 pct.

™
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respectively, by a 30 min. treatment at‘pressures“ranging from 500 mic-
rons to 10 mm Hg. Similar results can-be obtained with the experimental
system and procedures of this study,

Therefore, it appears that-the_expgfimental system and procedures

utilized in this investigation can simulate the results obtained for
vacuum carbon deoxidation by industrial degassing systems. This factor
should prove to be very beneficial in the solution of many of the prob-

lems which exist with the commercial application of vacuum carbon deoxi-

dation.
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CONCLUSIONS

 The fdlidﬁfng'sﬁafementsncan be ;oncluded’frbmrtﬁe_results'of
this study:
1. No significant decrease in final oxygen content can
be observed at chamber pressures less than 100 mm Hg. of carbon
~ monoxide.
ﬁ 2, The results obtained at 600 mm Hg. of carbon monoxide
are: in excellent: agreement with values calculated from theo-
retical.considerations~of'thefcanboneoxygen reaction. Below
; chamber pressures of 600 mm Hg., the experimental values shnw;
considerable deviation from theoretical values. The amount of
deviation does not appear to k-’be pressure .d.e_ip.endent'.' A possible
explanation is that the reaction is governed by thermodynamic
considerations above 600 mm Hg. and by kinetic considerations
at the lower pressures.
3. The final oxygen contents observed for éach run are
 probably not true equilibrium values, but areiéteadyistatg
values which represent a balance between the oxygen removed
from the melt as carbon monoxide and the introduction of oxy-

gen to the melt from the alumina refractory.

4. The final carbon contents of the experimental runs £

showed erratic behavior. It is thought that the excess carbon -
consumption represents.a-medbﬁre of the overall reactivity of

a fresh crucible surface.

47




o

5. Based upon visual observations of the bath during

[
~

tréatment,and the final oxygen contents of the various runs,
'it'appears that the bulk of the oxygen.femaval is accomplished
by.surface desorption of carbon monoxide and not by a\carbon
Q boil. . ‘
6. The exact mechanism and extent of the melt-crucible
reaction_gould notJbe-ﬂetermiqed in this study.
7. The experimental system and operating procedure can
be used to simulate the types Of;feéultS»dbtainE& from industrial

vacuum degassing systems for carbon deoxidation.
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TABLE 1I

Chemical Analyses of Experimental Materials

Electrolytic Iron

wt.pct.

Element wt.pct. Element

b | c -001, 01 Cr <0.01

Mn '<0.01 . Mo

s 0.003 | v

si <0.009 Al © <0.004

Ni 0.05 Sn

_Cében-Saturated Iron

Same as above, except C - 4.25 pct,

~ Crucibles

Constituent wt. pct. .

Al203 99.01
S 10, 0.58

Other Balance

WP, iR N T T . I, S R A AT N

Apparent Porosity - 19 pct.
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TABLE I (cont'd)

Backing and Topping Material

‘anstituent

MgO
Al703
Si0p
Feg03

B

-

y oy

wt. pct.

50

72.0
27.0

Trace

0.1
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‘Runi

Initial Carbon
Content,
wt. pct.

Temp.

°F

Treatment
Time
min.

Cperating Pressure, Gas

TABLE II
HISTORY OF EXPERIMENTAL RUNS

Species, and Treatment
Times for Each Condition

Sampling procedure for Pin-Type

Samples.

i

Time taken from
Bath Molten

Remarks

16

10

11

12

13

1,2,3

0.20

2880

65

23

65

50

58

60

60

65

380 mm

380 mn

20 mn

20 mm

20. mm

20

600 mn

600
200

wmm Heg

600 mm

. of

. of

. of
. of

. of

. of
. of
Tﬁ'Qf

. of

of

Ar-29
Ar-36

Ar-10

Ar-36

Ar-273:

C0O-65:

€0-50

CO-60

C0-60

C0-30

‘C0-35

min.
min.

min.

min..

min.

min.,
min.

E-46

A-13

A-20

D=50 -

A-11

"D-56

A-30
D-60

D-65

A- 29 ‘min. P
E-65 mm.*

min. 3

min.,

min., B

min.,

min. ;

min.

min.

B-36.
B-16

E-23

n., B=25

B=35:

B-45

min

min

min

A-2 min., B-7 min.,
D-47 min., E-50 min.

min
8 min.

min

., C=-43 min.

., €-26 ‘min.

S

o) C-4 1 mln,

.5 C=45 min.

‘migw, C-55 min.

., €-35 min.

Exploratory melts.
Many mechanical
difficulties.

Turntable mechanism
failure. Bridge

observed on meltdown.

Bridge observed on

meltdown.

"

" 1y n -

R 1 1N

Pouring difficulties.

Vacuum pump failed.
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Initial Carbon
Content,
_wt. pct. °F

Run
No.

Temp.

Treatment
Time
min.

Operating Pressure, Gas
Species, and Treatment
Times for Each Condition

S

- TABLE II (cont'd)’

HISTORY OF EXPERIMENTAL RUNS

£t =g ; = ~ IR I Lt e A ey U b LM ety Mty R WA = c.
R R R e T D T T e S e D T e o R s e o R T e

Samplihgﬁproceduré for ‘Pin-Type
Samples.

Time taken from

" ‘Bath Molten

A o

Remarks

14 7 0.21 2880

15 " "

16 " -

2880

18 " '
19 1 ir
20 o ...i,f"- i1

21 n "

22 i 1

60

65

65

600
20

600.

600

2

mm
mm

‘Hg. of C0-30 min.

Hg. of CO-30 min.

Hg. of CO-30 min.
Hg. of CO-30 min.

30

Hg. of CO-35 min. D-65

S

A-30
Hg. of CO=35 min. D-65
Hg. of CO-30 min.
Hg. of CO-35 min:

A-30
D-65

Hg. of CO-35 min.

Hg. of CO-35 min.

Hg. of CO-30 min. 1
Hg. of C0-35 min.

Hg. of €O-30 min. b

Hg. of CO-35 min:

Hg. Of C0€30<min, i,
ng; 0f"CO+35 min.

min..

min.,
min.

min.,

min.

~AABO min., B-45 min

B-45 min.

B-40 min.

B-45 min.

"

11

-:'C*60=min;

5 €-55 min.

"

19

. C-55 min.

oo

at. 10 mm..

Bath froze during

run.
4 :

Furnace trouble.
‘Boil observed.

No boil o?served.
Manometer broken.

Violent boil
observed.

Thermocouple tube
fell into bath.
Violent boiling
observed upon
pouring.

b e
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Run

fNQ$

Initial Carbon

Content,

'TQQP;

Treatment

TABLE III (contd).
HISTORY OF EXPERIMENTAL RUNS

Sampling proceduré for Pin-Type
Samples. Time taken from
Bath Molten

Operating Pressure, Gas
Species; and Treatment

Time [ _
mir Times for Each Condition

min..

Remarks

v 24

25

i

2880

60 600. mm Hg. of CO-30 min.

A-30 min., B-45 min., C-55 min.
0:.05 . mm Hg. of CO-35 min. :

65 600 mm Hg. of €O-30 min.
;0405 mm Hg. foC0‘35'ﬁﬁL

90 600 mm Hg. of CO-30 min.,
20 mm Hg. of CO-30 min.,
ZQqum:Hg; of €O0-30 min.

A-30 min., B-50 min., €-75 min.
:DAQOJMing '

#* Obtained from the solidified metal in ‘the crucible,

¢

A=~30 min., B?@S’minj,Da65;minﬁ

Violent boiling

observed when crucible

was tilted to start

pouring of samples at
.05 mm ‘
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Processing
Time , Mmin,.

Wtopc t ®

TABLE III

wt.pct.

0

CHEMICAL ANALYSES OF SAMPLES

~wt.pct. Al
Deliberate Addition “Analyzed -

wt . pct,

_Si

Sample No.

Run No.

4A
4B
4C
4E

5A
3B
5C
SE

Run No.

6A-
6E

Run NO}

7A
7B
7c
7D
7E

'Run No.,

8A
183
8C
8D
8E

Run NO. .

9A
9B
9C
9D
9E

Run: No..

114
11B
i1c
11D

Run No.

12A
12B
12¢
12D

4

11

12

0
29
36
43
'65

0
10
16
26
46

'crci;><:w:

c»c>chﬁciC>

oco oo

OO0 000

,c1;25;[c;§:k:

“_1QQ

.20
.II5
.105
.10
.09

.20
11
.10
.09
.09

200
a]. 65
175

.20

¥ ]. 4 5
.125
105

21
21
20
.19
.18
,175

21
.20
219
17
17
205

;21
.20
.19
.17
:155

21
.18
14
11
.09

GROUPII

=leNeoNoNe

GROUP III

:tlc:;: c1;5

.0187
. 004
.0020
.0020
.0020

.0187
<0070
.0036
.0026
.0022

0.
0.
0.

eoNeoNeloNole

leleNoNoNoNa!

0
o)
0.
0
0
0.

0187
00254

0021

.0187
.0030
.0020
.0021
.0017
.00125

.0187
.0032
.0033
.0028
0014

).0187
.0026
0016
.0024
.0023

0012

GROUP TV

.0162
.0086

0087

0.0100
0.0107

0
0
0.
0
0

.0162
.0107
.0052
-0053
;0062

0
0

0.10

0.018

0,018
0.018
0.018.

0 018
0.018
0.018

0.018

0.018

0.018
0.018
0.018

0.056
0.056
0.056
0.056

0.056
0.056

. 004
.003
. 002
.002
.008

004
.089
.095
. 108
. 100

A
o oo

OO O OO O

cNoNeoNoRe

.017
.005

.004
. 026
.021
.023
.035
.051

.004

.016%**
. 005%*%*
.017%%%

. 020%*%%

. 004

£ 004 %%
. 007 %*%%
. 015%%%
. 010%**

<004

.051%*%%
. 050%%%
. 015%%%
. 026%*%

.004

. 059%%%
. 04.9%%%
. 052%%%
. 02 8%%%

<0.009

. 006
. 006
. 007
. 007

.009
.010
. 009
. 009

© O OO o

<0.009

<0.01

<0.01

0.009
0.017
0.010
0
0
0

.008

0.012

0.014

<0.009
0.01
0.01

<0.01

<0.009

<0.01

<0.009

"
"
1"

<0.009
<0.01

. 009

H
:
i
i
i
b
i}
;
i
e -
i"
i
&
)
i
i

iy




TABLE III (cont'd)

CHEMICAL ANALYSES OF SAMPLES

Processing

‘Sample No. Time, min. _C

wt.pct.

wt.pct,

0

wt.pct.

Al

BRI, - S
f NS, ¥ R e YOO
R

| wt..pct.
Si

Deliberate Addition Analyzed

Run No. 14 0
14A - 30
14B 45
140 o 0.9

0.21

0.19

0.19

Run' No., ‘15 0
15A 36
15B 45
15C 55 0.17
15D 65 0.15
15E - -

0.21
0.16
0.17
0.14

‘Run No. 17 O
17A 30
178 - 45
17C 55

17D 65 . 0.12
17E - T

Run No. 18 0
18A 30
18B 45

, 18C 55
18D 65 .
18E - .

-Run No. 19 0
194 30
19B 45

19¢ 55
19D 65 -4
19E = -

Run No. 20 0
20A 30
20B 45
20C 55
20D 65 . 0;
20E - -

Run No. 21 0.
21A 30
21B 45
21C 55
21D 65

0.01l62
0.0080

+%(0.00475

(0.00305

0.0024

'O¢0162
0.0098
0&0035
0..0026

0.0028

0.0162
0.0107
0.0033
f**(o 0030
(0.0032
0. 00265

0?0093

0.0031

0,0031

0.0023

0.0162

0.0087

e (0.0049

(0.0032

0.0034

0.0162
0:0028

.

0.0030 -

0 0034

0.0162

0.0092

' 0.0058

0.056

0.014

0.014

0..056

0.013
0.014

0.012
0.000

0.052
0.017
0.013

0.013
0.000

0.05

0.013

0..012

HQEOIl
0.000

‘<o 055
0.027

0.026
0.025

0..000

0.047
0.030
0.025
‘0;027
0.000:

N
-

0.054
0.028
0.033

0.025

'<?0@

<0.
0.
0.

o

O OO O OO

OO

0

)
0.

0.

oo oo

004
04 0%k
02 8%*%*%

.03 1%%%

.004
064 % %%
.02 6%%%
.020%%*
. 053 %¥*
.030

.004
.13

022
.037

.037
;028f

004
.037
.053
.020
.022
.023

.004

.029

0. 039 -0.067

.039
.030

001

004

036

0..045-0.073

A

0

0
0.

<0,
0.
<0.
0.
J041

0

044
.039

004

072
001
13

<0.
<0.
.01

0

0

£

<0.
<0.
.01
<o.
<0.

<o

<.0.

<0

<0.
.010

<0

<0

<0.

<0

<0.

<0

009
01

.01

009
01

01
01

_OQS
010

010

.010.

009
01

;OI
.01

.009
.01
.01

.01
.01

.009
.01
.01
.01
.01

009
.01
}Qi
;Ol
0.01




AR, * AR A

: - 4 ‘ L IV " : ) )
. Cinng YJ

TABLE III (cont'd)
CHEMICAL ANALYSES OF SAMPLES

Processing wt.pct. wt.pct., ‘ o wt.pet. Al wt.pct
Sample No. Time, min. _C.___ _ 0 Deliberate Addition Analyzed Si

e,

004  <0.009
071  <0.01
.034  <0.01
023  <0.01
.027 <0.01
.027

Run No. 22 0 0,21 0.0162 <
224 30 0.20 0.0085
22B 45 7 0.20 0.0025
22€ 55 . 0.18 0.0012
22D 65 . 0.16 0..0019
228 e e -—

Run No. 23 0 0.21 0.0162 -- <
238 30 0.19 00096 0.05

238 45 0.15  0.0026 0.014

23¢C 55 0.16 0.0015 . 0.0l4

23D 65 0.14 0.0022 0.014

23E - - - 04000

. 004 <0..009
.051 <0.01 -
.039 <0.01

. 019 < 0.01
.029  <0.01
.030

(ol Noe Nl

. 004 - <0.009
.086 <0.01
.013 <0.01
.060 <0.01
.028

Run: No. 24 0 0.21 0.0162 . <
- 24A 30 0.2L  0.0084 0.053
24B 45 0.18 0.0021 0.013
24¢ 55 0.18: 0.0018 0.014
24E - - - 0..000

OO OO

Run No. 25 0 0.21 0.0162 -5 <
25A 30 0.19 0.0086: 0..049
258 45 0.17 0.0024 0.014
25C 65 0.15 0.0019 0.012
25E = -- <= _ 0.000

.004 <0.009

101 <0.01

.035 <0.01

031 <0.01 #
.028

SCooo o

GROUP V
Run No: 26 0 0.21 0.0162 - 3
26A 30 0.17 0.0087 0..052
268 50 0.15 0.0023 0.052
26C 75 015 0.0023 0..057
26D 90 0.16 0.0024 0051

.089 <0.01
075  <0,01
.065 < 0.01

O oo o

v

k% pr‘gveraggqfreporgeq-because oxygen analySés;Qn.dffferentqportibns '
of the sample pin did not agree. |

**%-;Spgttppgraphic analysis.

—~.
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TABLE 1V

Average Oxygen Concentrations

Carbon Monoxide Average Oxygen Concentration,
Pressure, mm Hg. weight per cent =

600 0.0093 + 0.0010
200 0.0054 + 0.0006

1+

-0.0006
20 . 0.0024 i—_ 0.0006

|+

2 0.0029 + 0.0006

0.5 0.0025 + 0.0007

| 0.05 0.0020 * 0.0003




Percent Oxygen Removed

qubén.Monoxide | | Percent Oxygen Removed
Pressure, mm Hg, Based on 162 ppm  Based on Oxygen Content
| for Individual Heats

© ewo | 43 --
100 80 63
50 - 81 67

20 85 7.0

10 83 70
2 82' | .73

0.5 -85 74

0.05 88 75

58




S—

n

'~ TABLE VI

Comparison of Experimental and Calculated

Partial Pressures of Carbon Monoxide

» Experimental Pressure
__of CO, mm Hg.

600
200
100
50
20

10

0.5

59

MfCélbulétedﬁPrESsure
| — Of COL mm Hg,

608
339
225
186
166
135
102
127
141

- 109




500

200 ¥
(4|

100 BN

50
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‘Figure 1 - Variations in carbon and oxygen content of steel

vacuum degassed at various pressures (after
Hornak®). ‘ '
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Figure 2 - A View of the Vacuum Pumping Equipment
A. 80 cfm Mechanical Pump

B. 4 in. Diffusion Pump
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Figure 3 - A View of the Vacuum Chamber %

A. 6 in. Gate Valve

B. Vacuum Chamber

C. Thermocouple Probe

D. L and N Speedomax Temperature Recorder

62




V\f){g

Figure 4 - A View of the Interior of the Vacuum Chamber
A. Induction Furnace Assembly
B. Thermocouple

C. Sampling Molds
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Figure 5 - Variations in carbon and oxygen content
of an initially 0.20 wt. pct. C steel with
time. Charge was melted under 1/2 atm. of

argon and then treated at 20 mm Hg. of argon
(runs 4 and 5). :
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Figure 6 - Variations in carbon and oxygen content of an
vinitially 0.21 wt. pct. C steel with time.

Charge melted and treated at 20 mm Hg. of
carbon monoxide (runs 6, 7, 8, and 9).
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Figure 7 - Variations in carbon and oxygen content of
an initially 0.21 wt. pct. C steel with time.
Charge melted and equilibrated at 600 mm Hg.
of CO. Bath treated at 600 mm Hg. of CO
Te (run 11).
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Figure 8 - Variations in carbon and oxygen content of an

; initially 0.21 wt. pct. C steel with time.
Charge melted and equilibrated at 600 mm Hg.
of CO. Bath treated at 200 mm Hg. of CO
(runs 12 and 21).
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Figure 9 - Variations in carbon and oxygen content of
an initially 0.21 wt. pct. C steel with time.
Charge melted and equilibrated at 600 mm Hg.
of CO. Bath treated at 20 mm Hg. of CO
(run 14). |
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Figure 10 - Variations in carbon and oxygen content of
an initially 0.21 wt. pct. C steel with time.
Charge melted and equilibrated at 600 mm Hg.
of CO. Bath treated at 0.5 mm Hg. of CO
(runs 15 and 23).
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Figure 11 - Variations in carbon and oxygen content of an
initially 0.21 wt. pct. C steel with time.
‘Charge melted and equilibrated at 600 mm Hg.
of CO. Bath treated at 2 mm Hg. of CO (run 17).
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Figure 12 - Variations in carbon and oxygen content of an
initially 0.21 wt. pct. C steel with time.
Charge melted and equilibrated at 600 mm Hg.
of CO. Bath treated at 10 mm Hg. of CO (run 18):
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Figure 13 - Variations in carbon and oxygen content of an

initially 0.21 wt. pct. C steel with time.
Charge melted and equilibrated at 600 mm Hg.
of CO. Bath treated at 100 mm Hg. of CO (run 19).
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Figure 14 - Variations in carbon and oxygen content of an

initially 0.21 wt. pct. C steel with time.
Charge melted and equilibrated at 600 mm Hg.

of CO. Bath treated at 50 mm Hg. of CO (run 20).
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Figure 15 < Variations in carbon and oxygen content of an

initially 0.21 wt. pct. C steel with time.
Charge melted and equilibrated at 600 mm Hg. |
of CO. Bath treated at 5 mm Hg. of CO (run 22).
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Figure 16 - Variations in carbon and oxygen content of an
| initially 0.21 wt. pct. C steel with time.
Charge melted and equilibrated at 600 mm Hg.
of CO. Bath treated at 0.05 mm Hg. of CO
(runs 24 and 25).
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Figure 17 - Variations in carbon and oxygen content of an
initially 0.21 wt. pct, C steel with time. Charge
melted and equilibrated at 600 mm Hg. of CO. Bath
treated at 20 mm Hg. of CO for 30 min. followed by

30 min. at 200 mm Hg. of CO.
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Figure 18 - Final oxygen content of initially 0.21 wt. pct. C
steel melts as a function of the partial pressure
of CO over the bath.

77
e t;




A A e D e O R - e = .
‘

e Y e e et e et e . s . o et e - T

S eon e, W

PERCENT OXYGEN REMOVED

100 ,
90

A
80

¢
70
60

50

40

30

20

10

0.05

A
A
A A
O
) o
()
%
/\ 162 ppm Oxygen Basis
O 600 mm Oxygen Basis
N
o N 1»n o O
— AN

CO PRESSURE, mm Hg.

50 -

100

200

600

760
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Figure 20 - A comparison of the calculated and experimental

partial pressures of CO over initially 0.21 wt. pe¢t.
C steel baths.
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