VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

SUMMARY




ProQuest Number: 10647433

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uesL

ProQuest 10647433

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLO.

ProQuest LLO.

789 East Eisenhower Parkway
P.Q. Box 1346

Ann Arbor, MI 48106- 1346



THE HQUILIBRIUM BRTWEEN GHROMIUM AND OXYGEN IN LIQUID IRON

The thermodynamies of the ironwchromium-oxygen
system have been investigated zt 1600°C by equllibrating iron=
chromium alloys with water/hydrogen mixbtures in chromic oxide
erucibles. The gas mixtures were bubbled tlhwrough the molten
alloys %o avold thermal diffusion and enable equilibrium to be
approachad in two directions. Metel samples were quenchad in

water and subsequently analysed for chromium and oxygsn.

The relation between log ;ﬂag and log Ny, has been
considered, Phe curve obtained canﬂge interpreted either by
variations in the activity of chromium in iron-chromium solutions
or by equilibrium with oxides of variable chromium~oxygen ratios.
The latter requires the &ssumption of equilibrium with chromous
oxide in the composition range 7 - 357 Cr. Separate experiments
to prove the existence of such an oxide were unsuccessful. It is
therefore considered that iron and chromium do not form ideal
selutions as has often been assumed. In a recent publieation
the same order of varlation in activity coefficient -has been

obgerved, The actual magnitude of the activity coefficients

cannot be compared dirscbtly with the ones in the present work as



they are presented on different standard states. The necessary
data for conversion from one shandard state 10 the other is

shown to be insufficlent.

The equilibrium between chromium and oxygen in iron-~

chromium-oxygen solutions is compared with data from previous
lavestigotionse  Using the most reliable data on the activity
of oxygen In iron, the mugnitude of the interaction ceefficients,

G
fbr, has been calculated. From these figures o new value of

the interaction parameter €7 has been found.

Finally the results have been applied to the decarburs
lsation of chrome steels. Using the data on the actlvity of
carbon in iron-chromium~-carbon alloys, equilibrium in the system

iron=-chromium~carbon-oxygen has been discussad.
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LUTRODUCT IO

Regsearch and development has led to considerable advancas
in the manufacture of plain carbon gteels. The same cannot be said
in the cage of alloy steel production.

Most alloy steels are, Lo a greater or lesser extent, based
on chromium as the meoin alloying element. Since chromium forme carbides,
to obtaln the full benefit of chromium as an alloying element, the carbon
nust he brought to a very lovw level. This is done by oxidation and ig
accomponiad by sppreciable losses of chromivm to the slag. Iis
racovery is both an expensive and time-consuming procesgs.  During the
oxidising stage, equilibria between liron, chromium, carbon and oxygen
are involvad. Data on the iron-carbon-oxygen system, while being
inconplete, are considerad to be falrly accurate at low carbon levels.
The losg of chromium to the slag involves iron-chromium-oxygen equilibria
and there arge certain anomalics among the available deta. Lcourate data
on this sygtem would therefore be a useful contribubtion to the theory
of alloy steelmalking. TFrom this the chromium distribubion bhetween
natal and slag for any given carbon concentrabtlion can be calculatad.
The oxidising stage of the process would then be placed on a gouhder
theoraetical bagis. The work could then be extended to cover mora
complex alloy steels.

However, bhe first noquirement is the basle bthermodynemic
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data relating to plain chromium steels and this forms the
bagis of the present work. The thermodynamic propertles of
irvon-chromium=oxygen alloys have bsen studied by equilibrating
iron-chromium melts with water/hydrogen mixtures, a technique

amployed with considorable suceeéss in previous ges~metal studies.
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Oxysen disgolves 40 o linited exbtentd in licuid irons The
iron-cxypen phose diapgeon (Flge 1) hog heen zovicved by Ievion
and Q;m::%:; o Ldould wastive, o compound of varinble composibion,
is the ozide phape in o@ilibrium with llquid iren-oxygen alloys.
The solublilby of omygen in iron Incrensoes with bemporatuve. If
a nmett io vapldly guenehed from a bigh temporabure, this oxygea
is rotained in the modale ID bhe xobe of cooling i sonewhnd
plowey y Winblte sopazobon oub and the oxygen conceubration will
fall do the nonotocbic composition, which corresponds W Q16 per
sant QxyEote

In vlgw of the pronounced ¢ffects of o swoldl quantity of
oxygen In etael, it i nobt surprising Ghet the bhermodynamicn of

wygen in dvon bave boen exbonsivoely studleds  xygon disoolves
in liguid fpon acaefding to the eguation

G — 24
Yo pindy the thermodynomie propertice bolow saluration o means of
gontrolling the oxypen potentisl hag %o be euployede  This von ba
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The activity and free encrgy of mygen disgolved in
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where the undermentloned symbol Q represents oxygen digsolved
in liquid iron.

In one of the early studies of this reaction by Ghipmaﬁ?,
a small charge of electrolytic lron, heated by induction, wag held
in the molten condition at constant temperature for varying times
up to a maximum of 2 hours o ensure attainment of equilibrium under
g controlled waber vepour/hydrogen gas sitreame It was allowed to
solldify and the oxygen content of the metal determined by vacuum
fusion technique. The results, in the waln, vwere coniined to low
oxygaen concaentrations and in order to extend the data up to the
limiting solubility of oxygen in liquid iron, a furthor investigation
vas undertaken by Fontana and Ghipman?. Thelr experimentel technique
differed in two respects from that mentioned above, in that an
atbempt was made to minimise errors arising from bthermal diffusion
by preheating the incoming gases. Secondly, some of the heats
were guenchaed in liquid tin or water in an effort to rvetain, in the
metal at room bempexrature, the high temperature equilibrium oxygen
concentration. Using the same technique the effect of temperature
on the reaction was studied by Samarln and Chipmaﬁ%.

In a later study of reaction [1] by Dastur and.Ghipmaﬁ?
it was stated that errora dus to thermal diffusion had bzen eliminated
by the addition of an inert gas, argon, Lo the water-vapour;hydrogen

mixture in the ratio 4 s 1 and then preheating the inlet gases up



T
to the btemperature of the melt. Iloridis and Chipma.nﬁ used a
similay technique bub increased the argon/hydrogen ratio %0 6 ¢ 1 .
The results were in fairly good agreement with thoge obbained from
a series of heats made in a resistance furnmce in which thermal
diffusion was eliminated by bubbling the gas bthrough the molien metal,
& technique previously used with considerable success by GokceéP.

Reaction [1] hes also baen studied by Ma'toba.s and Averin
at aliag and thelr rosulits together with those obtained from the
previously menbioned investigations are summarised in Ilg. 2 wvhere
log K' is plotted against weight per cent oxygen.

From fige & 1t can be seen that all the investigations,
ovhexr Ghan those of Fontana and Gl’li.pmsaer,;3 and Daptur and Ghipmems ’
indicate that Ky is not a true constant but, in fact, decreases with
increasing oxygen concentrations implying that iron-oxygen solutions
do not conform precisely to Henry's Law.

T

3
7 it ves assumed
40 11
from the work of Tritton and Hanson , Herty and Gaines , and
i :
Korber and Qelsen that the monotectic composition in the iron-oxygen

;3 ¥
A% the time of these investigations

system wag about O¢21 - Qo 209 oxygens It wag thought that there

had been no primary wWustite present before quenching the melis.

work ig 14
Howaver , subsequent/by Chipman end Fetters , Taylor and Chipman ,
15 is 7

Sloman , Fischer and von Bnde and Gokeen has shoun that the meximum
solubility of oxygen in iron at its melting-point is about O+16%

oxygen. This discrepancy in the monotectlc composition was probably
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S
due 0 errors in btemperature measuremeny since the sarlier workers
usaed optical pyrometexs which, under the experimental conditions
would give low readings. Dasplie an abtempt by Korber and Oslsen
$0 correoct btheir walues by means of emisgivity coefficients, it would
appear their values ave still on the lov side.

The results obbained by Fombana and Chipmen indicated that
K was independant of the oxygen concentration up to aboubt 0217,
This conclusion wvag based on the results of a small number of experiments
in the range 0016 ~ 00227 oxygan, for which bthe values of Ky were in
approximate agreement with those of samples containing lesg than
<074 oxygen. It is very likely, therefore, in the 1light of present
knowledge on the monotechic composibion, that the values for K¢ in
tha range 0016 to 0+22% were high due to loss of appreciable amounts
of primary wustite on freeging, despite the fact that scome of the
heats were rapidly cooled by quonching in liquid tin or qg&gr, since
this method induces fresxing from the bhottom of thg“mci%’upﬁarés,
which would tend to encourage the separation of primary iron oxida.
Unfortunately no heats were made in the range 007 to 0167 oxygen so
thot the appsrent agreement batwsen results obtained for melts containing
more than 0-16%|Q and bthose conbtaining less thatQ0?% may bé largely
incidental.

On the bagls of resulis obtained by Fontand and Chipman,
Chipman and Samarin, and Dasbur and Chipman, it was assumed that the

ackivity of oxygen dissolved in liquid iroun wag directly proportional to %
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the concentration. The heats were made over a wide temperature
renge (1563 « 1760°C).  lMost of thesa were at low oxygen ( <O+06%)
concenbrations, well below saburation value,; and so there wes litile
lilkelihood of loss of oxygen on cooling. The feow experimnenie atb
high oxygen concentratlons are now considered unrelisble. These
dateo are therefore insulfiiclent o provide conviancing proof thatbt Kt
is congtant up to saluration value for oxygen in iron.

In g recent study by Flomilis and Chipman the oxygen
concenbrabions renged up Lo 0r2% and, at the end of a heat, the meli
was lowered into a cooler part of the furnace tube and quenched in
a stream of cold helium, a quenching technigue first duntroduced by
Gokceen and Ghipmaﬂ%?. The advantage of this technique is bthab
freesing beging at the top surface and thus assists the "freezing-in"
of oxide.

The rasults obbained by Floridis and Chipman are in fairly
pood agreement with those of Fontana and Chipman, Dastur and Chipman
and Averin et alisc alt low oxygen concenbrations and with those of
Matoba dn the range O*Oﬁ/G-l&% oxygens Tvo points gt high
concantrabions, atbributed to Darken and G‘ﬂ:arr;y?'8 vere obtained by
combining the results of a study of the equilibrium in the system
00 = C0p « Ta - Fe0 wibth golubility data for oxygen in lron to

give K values for the following reaction -
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Ga(g) + Q o= c%(g) lqoiaglboo..ieno--e!o!oot[EJ
K Peo,

W o

(pgo *+ 740
By means of the known free energles of the gases involved,

i

values of Ké may bhe convertad to give values of Ki’ and such
volues, shoun in Fig. 2 agree well with the experimentally
determined values of K& . The slope of Floridis and Chipman's
line at 1550°C and 16009C indicates that the acbivibty coefficient
of oxygen fy decreasss with increasing oxygoen concaniration
according to the gquatlon

log fo = =020 [%ga]
In Fig. 2 the intercept on the log Kﬁ‘ axis , 1.0, vhore % Q0 = 0
rapresents the value of the equilibrium constant Ky .

The eifect of temperabture on the equilibriuvm constant ag
raported by several workers is shown in Fige 3. Since the data of
Floridis and Chipman covered only a narvow bomperabure range, the
temperature effect has been vepresented by a line drawa parallel o
that of Dogtur and Chipman. The line is represented by the equation

log iy = z.gésg - 320 N -1

AG = =32000 + 1463 T cal.
8 yatios can be

Oxygen activibies ot differont
caleulated nsing equation {3]. Fige 4 shows these relationships
at 1600 and 1700°C, The date at L600YC is probably the more
relisble but errors in either should be relatively emall. These
lines are used later in calculating the activity of oxygen in

iron-chromium-oxygen alloys.
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(2) UHE I8ON-CHROMIUM SYSIEM
(2) pui TRON-GHROMIUM SYSIEM

There is a lack of concordant data concerning the iron-
chromivm system both in the solid and liquid states. The phase
diagram was first determinsd expexlmentally by Adcocls‘ ° and hag
recantly been reviewed by Hellawell. (Fig. 5) From this, and
obthex evidancega’giiﬁ has been suggested that, in the liquid state,
the iron-chromium system follows Raoult's lLawe The atomle size
and chemical properbles of chromiuvm are similar to those or iron.
Above 600%C, iron and chromium are miscible iun all proportions
both in the solid and liquid statag. ‘Iﬁ does therefore scem a
reasonable prediction that any departure fyom ideallty would he
relabively small.

Two recent studiaes have been made on the purae iron-chromium
liguid gysten wsing radiosctive bracer technigues. Posltive
deviations from Raoul®!s law were reported by Lyubimov and Grcmouskaya?a.
A more detailed study of the system has been madg by Wads, Kawai and
Saiﬁcfaand considerable negative deviatlons fyom ideality wanae
raportade. In the latber case, ivon-chromium alloys, conbagining
chromimfsi5 were held ab 1630°C in an alunlna crucible.  Afder
de-gassing, a target was placed in the stream of vapoxrising atoms
and the vapour condensed for 16 minutes. The condensate wag analysed

for chromium by a counting techaigue. The ratio of the smount of

chromiun condensed 4o the total amount evaporated was considered

constant as the same conditlons waere used for all experiments. o

neasurenents were made to debermine the vepour pressure of pure liquid
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chromium due to the high temperature requirved. From the vesulis 1t is
only posslble to caleulate the order of varlation of activity
coafficlents. Toxr this reason the results are presaented ag activity
coafficients on the infinite dilution scale (f - 1, W - 0).
The vaviation in acbivity coafficient (Fig. 17) was found %o be
considerable, a factor of six in the range 0 = 40% clromium. The
type of vesulits and thelr actual megnibude suggast negative deviations
from ideality. An attempt is made later to cbnvart these sctivities
énto the idesl solution scale.

Ghen and Ghipman?ﬁ have gtudied the reacbion bstuweon
chromium and oxygen in liquid iron at 1600°C using HzO/H; mixbtures
to conbrol the oxygen potential. Hf the chrominm were assumed to
behave ideally and the effects of oaygen were negligible, the
results indicated that in the range O - e 5% chromium, equilibrium
with chromite wag establisheds 41 higher chromivm concentrations,
equililyium with chromic oxide wes achievaed. Experimental dato
wore rather scabitered and the conclusionsg have since been modified,
llowever, gencral trends in the data gove no indieation that iron and
chromivm might not bshave ideally.

McCabeﬂs and co~vorkers and Kubaschewski and Heymeras have
neasurad vepour pressures sbove solid iron-chromium alloys. MeCabe
neasured walght losses from a Knudsen éell and from this estimated
the vapour pressure due to chromium. Kubascheuski also used a Knudsen

affusion cell but measured the vapour pressure of chromium using a
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radiocacbive tracer tachnique. ¥rom wapour pressure measguremants
the activity of chromivm was calewlated (Fig. 20) . The results

of the investigators are in fairly good agreement both showing
positive deviations from Haoultts law. Mclabe reports a meximum
deviation of 19% from ideality vhereas from Kubssgcheuwskids data the
deviation is about 100%. MgGabe has suggested that the deviabion will
decrease as the golidus temperature is approached and may bocomg a
nggativae deviation in the liguid. As there is o winimum in the
jvon-chromiun phase diagram et 20% Cr it is possible that there
will be negative deviations at less than 20% and positive deviations
above this figura.
27

Vintaikin has also measured the activity of chromium in
ivon in the solid sitaote and large positive deviations from ideslity
ara rgporteds Only a fow experimentael points have been debermined
and, in view of the discrepancy compared with obher data, one doubts
the reliability. - In another investigation of the golld system,
Matveyave and Ivanomgs have reporued negabive deviations from
idealitys

It ls seen bthat btheye is conflicting evidence on the

thermodynomics of chromium in iron and it wes hoped that the prasent

work would shed some light on the subjecth.

(3) TUB IRON - CHROMIUM - OXYGEN SYSTEM

Chromic oxide ig only moderately stable at stealmaking

tomperatures. Compared with ferrous oxide, temperature hos a
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pronouncad effect on its free energy of formation.
Fe =« %Gﬁ = FeO
AGy =  =62,050 + 1495 % ca?
20r L%Ok = Crpls
D Gy m = R07,750 + 6201 T cal
It is not steble enoush to make chromium a good de~oxidiser
but it is sufficlently stable to lead to the formation of chromie
oxide and chromibe inclusions in chromenbeéring sthoels. Studies
of inclusion have, for the most parbt, revealed only these two types.

]
a

Chen and Chipman studied the equilibria for the following Hwo

reachlons :
RLr =+ 390 =  Grgl
Fe +2Cr + 40 = Fa0.Cra04

Iron-chromium alloys were melted in chromic oxide or
chromite c¢rucibles and the melt brought to equilibrium with a
controlled atmosphere of hydrogen and wgher vapour. lligh frequency
induction hesting wae used and the temperabture was measured by an
optical pyrometer, applying en emissiviby correction obtained by
observing the melting-point of pure iron. The gas was passed
into the top of the furnace tube and preheated by suspended platinum
wires at 1100°C to cut down thermal diffugsion. The gas was not
diluted with argon. In view of later work, it is pogsible that
insufficient precaubions, against thermal diffusion, were taken and
the resulis may be in exror. In neerly all cages, equilibrium was

approached by reducing the chromic oxide crucible'  Approaching



gguidibrivm in the opposive divection led to the formabion of 32%2.
equibibrium in the opposive direction led to the formation of slag
which mevaented accurabe temp ratwre measuremant and further reachion
between the gas and metal. A% the end of a run the prehentur and
induction heater were switched off and the mobtal guenched by a pbrong
currant of argons. About 15 seconds were normally requived before
golidificatlon took place.  As a meld containing 4% Cr could be
obteined from a pwre iron charge in ong hour, it was concluded thatb
the solution of chromic oxide wes not a slov process and equillbrium
could be reached in less than twoe hours.

ﬁt Joy chromium concantrations the relevant reachbion
wes consideraed to be as followgse

a0, GI‘;.BQ& ( 5 ) 4 Q‘Eg‘, . QH;?,O 3 F@(;_) + 2 Q!: YRR [‘g‘]

- 2
K3 = Cr) ¥ essuned unity
aﬁ'!a : 1
At higher chromiums the probable reaction uwag

Crgg%(s) ‘*'?)HQ - SHQO + 29“% iiintlll"[ﬁ]

B,0\® \

< =3 2 , 2
Ko £ (#cr) ¥, assumed unity

o Ce

The experimental resulis were plotted dn a logaribthmic scale when

tho significance becanes apparent

1ogPIg0 = & log Ky - % log ()
Pz 2
A , & ‘
LogPlz0 = % log Ky = log (#ox)

P,
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If the suggested equilibrium were obbained, a graph showing the
variation of log pil0 against log (%or) should give two intersecting
abralght lines, hgtfrlgng gradients of '-%‘ and "-‘§‘ raapectively.

Ag 18 normal with high temperature research, the data were
Insufficiontly precise to draw two gbraight lines., a curve would
probably have been a bebtter Lit. However, there wag additional
gvidence obtained from gtreak tests in the metallic crusts formed
ingide the crucibles. There was o change from brown %0 green in
the renge 5 = 6% chromium. It was concluded that at 5o 57
chromium the anticipated change from chromite to chromic oxide equilibrium
occurred, Two straight lines were drawn, having the correct
theoreticol elopes and intersecting at 5 5% COr, and were considered
%o £it the experimental data very well. Despite thig, the conclusions
were labter revised o conform with other equilibria.

Simile 0 /szes*bigaizians, ive. equilibration of Ie~Cr-0Q
alloys with 0y H mixtures, have since been carried oub by
Lineginskil and Samarin% and by Tur kdcganao . The former expressed
the equilibrium o a general equation and attempted to evaluate =x
experimentélly.

Cr 0, + 2l & C0r + %X L0 teiiivvirenrensd]6]

ke = or (oHaQ)™
pllz

Log Ks = log % Cr + x log pp%gg
' H‘ O . .\ - _-].-
l.log P-;[;fig / log }Z Cxr = | = s+ 0
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Alumina cruclbles were used and equilibrium could only be approached
by oxidlslng chromium out of the metal. Ilguilibrium wae considered
to have been reached as scon as an oxide phase sppeared on the melt.
This is obviously incorrect as, for a particular gas composition,
it mey have been necessary bo oxldise considerable awounts of chromium
out of the melt. The resulits would therefore ba expected to be too
high in chromium. No.experimental details are given and go it is
not known whether or nob adequate precautions were taken to prevenb
thermal diffusion. As seen from Fig. 15, where log p 0 ig
plotted against Nj,., the results are muech higher than gggia of
Chen and Chipman. From the form of the logarithmic plot the following

conclusions vero drawns

Chromium conbenb Gradient (x'l_) Oxida phase
0 - 6Y -% Chronite
6= 16% - % Chromic oxide
Over 16% * -2 © 610 + CraOs

If free energles of formabion of chromibte and chromic
oxide are calculated from these data (Table 1), the results are for
removed from thermal date and those of Chen and Chipman, additional
avidence %hat_aqgilibrium has not bean establishod. The gradient
of the line was found to change both in magnitude and sign at 167Cr.
Houwever, as hag preoviously been shoun bhe gradient of the logarithmic

plot mugt be T Sinceg x > 0 the slope must alwsys be negative.

The positive valuc obtalned by Linezingkil and Samarin must be
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incorrect and it is suggested that these experimental points are
even further away from equilibrium than the remainder. Though
it is possible Yo explain the observed effects in terxms of varying
acbivity coefficients of chromlum, these coafficients would be
unrealistic and are hence considered impossibla.

Turkdogagyjusad the same approach ag Lineginskii and
Samerin. The gas was prehested and diluted with a 4 + 1 ratio
of argon to prevent thermal diffusion. Heals were run for 2 hours
after the appearance of slag on the melte Only a smell composition
range ( 4->12% Cr) was studied. The rusulbs lie below those of

Chon and Chipman. Oomparison of the thermodynamic data obtained from

this work with thabt from obhexr methods also suggesgtsthe results are

- Lot The main reactlon ghudicd vage=

CI‘Q P 3?13 2.-2 BHQD + ai'_‘.:s .......uu....[B]
)
- =
o= ( B9 (%
P *raQy

As in other work, it was agssumed that ogy g, = L In this work

it is poseible that the solid phose contained some alumina in solution
and the activity of chromic oxide would be less than unity., This
would account for the low chromium contenbs.

In the three investigations descyribed, 1t was assumed
that chromium in irvon behaved ideally. fny changes in gradient in
the log %ﬁa@. & log Cr plot were aseribsd to changes in oxide
phages %% should he pointed out that any choanges must be such

thot the gradient becomes more negabive. If this were not the case,

equilibrium with the metastable oxide would correspond to a lower
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free energy level than equilibrium with the steble one. This is a
violation of the second law of thermodynamics.

Ignoring thet psrt of Linczinskii and Samarin’s work which
hag been shown to be theorebically unsound, all three investigations
have concluded that equilibrium with chromite then chromic oxide
is involved. The grephs of 1og~§§§ v log % Cr have all been
drawn having the corvect theoretleal gradients corresponding to these
equilibria. However, the data are all ab different levels. lree
energy caleulations give some indication of the diserepancy between
the various data as shoun.

TABLE 1
_Comparison of thermodynamic dats for chromibe snd chromic oxida
a) Clwomlig
Figures given are for the following reaction at 1600°

Fe0.0ra03 + 4lg —> 410 + 2r(g + Ve

£gcalk Smoted orror
Boericke and Bangertai 62535 & 3000
Chen and Chipmen 59660 -
Linczingkil and Samarin 52070 -
Turkdogan 72350 -

b) Shromie Oxide
Iigures are given for the following reacbtion at 1600°C

Crgly + 3l —7 20r + 30L0

Blliottand Gleiser®® 53400 + 500
Chen and Chipman 49900 -
Linczinskil and Samarin 44000 -

Turkdogen 56200 -
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Differences betwegen the various dabte are such that the
various suthors moy not be justified in drawing the correct thsoreticel
glopes to correspond with the most probable oquilibwis. Hiltx)Forgeng
and Falkmaﬁ?a have made en investigation inbo the phases present in
Inclugions in ivon-chromium oxygon alloys which produced some rather
unexpecbaed results. The experimentel procedure involved the use of
a rotabing magnesia crucible. After melbting the mebal and adjusting
the speed of robtation to form a good cup, oxygon was added in the
forn of fervic oxides Lfter R0 mimubes samples were taken and
analysed for chromium and oxygen. The inclusions present in Ghae
metal were also examined. Afbor sempling, chromium additions wore
made to the melt and the bath equilibrated prior to subsequent sampling.
Oxygen data were found to be unsatisfactory due 10 excessive scabler
so o modified experimental tachnique, providing some improvement,
wo.g amployedas In this case the chromiuwm content wes kept constant
throughout the expariment and the melt equilibrated at different
tamperatures.

Inclusions which werg isolated elaectrolybically, were
studied at various chromium levels uging both microscoplce and X-ray
diffraction techniquess Polarised light was also used to determine
the true transmission colour of the inclusionse Thres arbitrery

chromlum ranges were selected as followsw=-
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a) Low chromivm 0 = 3% Cr.
b) Medinm chxomium 3 « 9% Cr.
¢) High clhromium 9 =25% Cr.

d) Very high chromium Over 25%
The low chromium samples all contained chromite. Xeray exemination
ravealed only the presence of the cubic spinel siruecture having a
congtbant axial retio. In the medium renge all inclusions vere
of the chromite type but the axial ratio was variable. This was
stated a8 heing due to distortion of the cuble structure by
replacenent of iron by chromium in chromite. In the last two chromium
ranges all inclusions conbained some rod crystalline materiel which
gave an approximate analysis, corresponding to CrzQ. Larger
amounts of chromic oxide were also found bul these were thought to
hove come from the disproportionation of CrgQs

30ra0a —> L CraQy + Cr

Crg 0 inclusions were all found to contain some iron, replacing
tho chromium. Since thase types of inclusions were found in semples
conglating of virtuwally pure chromium, it hag been puggested thatb
chromic oxide 1s not the stable oxilde phase in equilibyium with
any Fe«Cr-0 alloys. From this, the theorebtical slopes of o
log P%%S v log Or curve can be calculateds A% low chromium conéent-
nations the slope should be —~%, above 9% tho gradient should be
7% . In the intermediate range o gradual change would be expected.

Inclusions in chromium gteels have been studied by various workers
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and it soems surprising that CrgOg had not been ohserved.earlie:.
Chen and Chipmen found only chromite and chromic oxide inclusions in
their samples, which wore also quenched from the molten state.
Linezinskil end Samaxin and othoer vorkers have reported the same
conclusionse In a study of’c non-glolchiometry of oxldes at high
tonperatures Kramers and Smitlf é:imve found only minor deviations
from the theorebical composition of chromic oxide. I Cra Qn wera
the stable phsse, one would expect a considerable losg of oxygen on
prolcnged heating of Crply« On cooling, either CrgQy would be
found or perheops o mixiure of chromium metal end chromic oxide
rosulbing from bthe disproportionation of CrsQy. Since bthis wes nob
the cage some doubb is cast on the validity of Iilby TForgeng and
Polkman's resulis. IHowever, in the light of this work, Ghipmaﬁfs
revicwed the earlier dota of Chen and Chipman.  The resulis at low
chromium coneantvrations required little modification to conform with
the new worke. If the best straight line were drewn through the
high chromium raesults, the gradient corresponded to equilibriuwm with
chiromous oxide, not CraQa. Whilst there are several roferences
concerning the possibility of a CrQ phase, evidence is only
circunstantiale For exuample, zm;ﬁéga hag claimad to have observed
blue coloursd slags over high chromium melts and sttributes this to
the presance of Cr0. Hiltﬁ?? has postulated that the oxidation of
carbon, in the presence of chrome-containing slsgs, occurs by the

follouwing mechanism

(Cx0) +¢ — Cxr + €01

L]
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Variations of chromiumconbont with carbon were found to f£it in well
with this mechaniem, wibthout guy complications regerding thermodynamic
activitles of carbon and chromium. Dennis and Richardsan?apresenﬁed
calcowlabions purporting to show bthat the resulis could hava been
predictod fxom the actlivities of carbon and chromiun and the assumphion
that chromic oxide was the stable phase.

Similerly, ‘fescheaghas' considered that chromiunm may be
oxldisad out of the melb by bthe reactlom

[Cx] + (Fe0) — [Ee] + (Cx0)

Ke (Scx)p
Cr [(Fal

i

Neglecting activity coefficients, a graph showing the relationship
bebwaen é'l(-g—% and (Fe0) should give a straight line. This vag
found to bha the case bult other workers have not heen able to confirm
ite (Fig. 16).

In connection with the increasged solubllity of oxygen in
high chromiuvm alloys, the possibility of a soluble chromous oxide has
been guggested, even though there is no experimental evidence
confirming its existence.

Irom all tho available data, there is considerable doubb
concerning the oxide pheses in equillbrium with Fe-Cr-0 alloys. Recaent
work has also caused doubt aboul the ideality of Fe~Cr alloys. Tor
the present invesbtigation 1t was hoped that these two veriables could

both bs considaered in interpreting the resulis.
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(4) Atomic Inberactions in Molten Sheels

An alloy steel bath is a mulbicomponont system and so
manifold Enterachions between its componenbs would ba expectad.
tn!agnerm has derived a simple mothematlieal treatment which is correch
for infinitely dilute solutions. Tt should be realised that these
rolationshlps may not apply for real solutions. IHowever, at the
present Lime, there is no more sabisfachory btreatment than that derived
by UWagnezr. Chipmana ° hog sunmarised the work briefly as follouss

When a solvent metal 1 contains a number of solute metals
Ry 35 4 ate., the actlivity coefficlent of one of these, for example

f;, may be oxpregsed as o praduct of each of tho other componenid.

Thus in a solution of mole fraction xa, M5, X etc.

. fa = 5 ox 8 x £
vhere fgz 1g the aetnw.by coaf ¥ icienb of & in the binary solubilon of
! te N 'fé * fs * fg on hag
vhere f3 1g the acbivity coefificlient of 2 in the binary solubion of

been derived by UWagner

in f:a(xs}?a-?’&) =1n i = "Csbﬁn Qin L + Xa _?;_2_]_.1‘1 o + X bln

Derivabives are %o be btaken for the limiting case of zmeoro concentration
of all solubtes and higheor order berms of a Teylor series neglected.

The term 1In £ 1o made gero by taking fig = 1 at infinite dilution.

The derivatives are represented by symbols defined as
2 =9dln f s o 0 1“
_-.--..3- - .
¢ N S &, e B et
O %o

The equation then becomes

In £ (XeXexe) = %@ €. + Xg) & xg"

A
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Tuo mebhods are in common usae for the definition of inborsction

PATramevers. Uhen welght percentages avae used the parameter is defined as
]

gg = “}“10 ¥
AR
If concentrations are expraessad as mole fractions the interaction

parameter is defined os

¢ = Y dog fp

Wagner hae also shown that the following simple relationship
axiste between the effect of a component i on £y and the offect

of 3 on £t

e T €&

There are very few cases whorae there is sufficlent dabta to test

the validlty of this relationshipe The activities of the two
components In dilube solubiomsmust be lmown, independeatly. Acbivity
data on tho Fe=Si=0 gystem are available although one doubts the
reliobility of some of the data. The activity of silicon in jron

is known falrly sccurately from distribubion experiments between iron
and silver. From techniques employing HQQ/HQ mixtures the effect of
gilicon on the activity of oxygen can be found. The effect of
oxygen on silicon can then be caleulated from Wagner's equation and
the result compared with the aveilable Fe=-Si deta. If the data are
reliable and the equabion holds, oxygen has o congiderable effect

on the activlty of silicon. As silicon is present in greater

quantitles than oxygen this must be considered extremely doubtful.

From present knowledge, il would be safer to conclude that the sign
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of the inberaction parameter will be the same but perhaps nol the

magnitude,
Recently, theoretical breatment on interaction perameters
' 41
hag been developed by Samarin, Mbschedliselwili and Averin . in

the first case, Hz/Hy0 equilibvils in iron, conbaining an alloying
elament R, are conslderaed.
Uy + 0 = L0
K

i
o]
£
“’31_,

Lot %0 = A 1

K = pla0 ., 1 . 1 . 1
pib A o o
in K = in PHRO@ o 444 - 1niy - in g

plia
pHrs‘O
Blﬂ. .’ma .

' — = ,_..B_é:.l\ —  + 01n gg“

d Ny Py N YR

K and A are constents and disappear on differentilation

JeCe B n P'I-Iap"'

pHy, - AN + E%

N N 0

A gimilar breatment is then applied to bthe system conbaining

the oxide R};Qy

Y + ROy = ¥y 1O » xR (Fe =R alloy)
pllz X
¥y & ®
= piz0 -
( oy A

Assuning KR = 1 (ideal solution scale)
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In K = y 1n P}l;]ﬁ% + x In N, + x 1In ¥,
& = 1n Pal Z In N o« F
In K in oi + 7 Q > in ?SR
Pl
Y 1n pHg _
s T T o )ln .[-\]-3
D Mg 2 YN
= E 1l
y Ng

The two equations can nov he gquated

B . = }_,N_O A ({__R
¥y g ? Na °

If the equilibrium oxlde composltion is known as well as the
intaraction parameter, the position of the minimum can beg caleculatad.
Applying the equatlion in reverse permits the calculation of the
interaction parameter if the minimum is knoun. It is inberesting
to note that minima would theoraebically be expected in R « 70
curvaes. JIn recent ycars theso have been observaed for g number of
Fae R=0 sysbons, Gege Faelr-0, Fe-5i-0, Feg-0~0, Fg-Alk0, ectc.
Samarin used the squation to calculate the minima on the Fe=Cr-0

system and compaved the vosulits with obher experimental data.
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The winlawa concentrotions were calendated from tho data of

Topkdogon and Uhen and Ghipmans In view of o discrepancios

botuvaon Ghe data 1% is nob surpricing that the nindma axe widely
gaparateds Tho ezporincnbal values for the position o the mindmux
ara nob in good agrownont olthaozs The avallable dyxlo ara obviously
ingufficiently nceuyato o Geoed bhe valldity of tho theony.

Trenbing tho Foelus0 syston in Shis momner 1s furbher compllcatod

due to lock of knowlodgze on bhe stsble onide phoses ond the seblvity of
choondum in fvone  Hithor or bobh of these dilficuvliies arilse

in othar FoolieQ systoms mokdog the treolnent perbops, only of academic

N %

inbureste It dovs, hovover, give gome thooraebleal jJustilicatlon
Y

for tha axisbonca of a nininga on B o« O cuevos.

(5) Codewlobion of Entepacblon Pavonobers from Suporimental Beeulis

4 ¥
o
31, . 5 PR

The rosulitn of vagious Invesbigabors, bogether vith the
prasent worl pre discussod dn dedndl latee. AU the pewe bine, the

diberty bog boen tohen to roviso seme of the oovldiox work in the light
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of subsequent Imowledga.

Interaction coefficients can be calcunlated using two
differont methods and this ought to provide 2 useful check on the
accuracys Using H,0/H, mixtures, the activity of oxygen in iron
has now been fairly well established. For investigations of the
Fg-Cr=0 system involving the use of HgO/Hp mixtures, the interaction
cosfiicient, 55 » can be caleulated directly from the observed
oxygen concentrabion. Interaction coefficlents ecan also be
caleulated from the froe energy data.

Crpy —= RAr + 30
= () (o )
= (a) (B0 £
The interaction cogfficient can he caleulated if the following
information is avallables
(1) Thermodynamic data on the oxide phase concerned.
(R) Stable oxide phase at any porticular level of chromium sctivity.
(3) Activity of chromium in iron.
In view of the doubls about (2) and (3), less error will be involved
in uging Fe~0 data since the nature of the oxide phases and chromium
activities are not involved in the calculations. This was the approach
used by Chen and Ghipman although they used earlier iron-oxygen data,
now known to be in error. The value of the parametber, calculated
by Chipman weg et = «O04]. Turkdogan, using the same method
of caleculation, found the value to be ~(»064. No oxygen data

were given in the published paper by Linczinkkii and Samarin.
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Chipman has presented calculations on Hilty's work and
obtalined a valus of -004l. This is not considered to be
glgnificant since it dnvolved an estimatlon of the free energy
of formatlon of Crala, & vather dubious phase to be in equilibrium
with Fe-Cr-0 golutions.

There is, 28 yst, no gecurabe value for the interaction
paraneter E:; It wag hoped that the presentb uvork, bogether
with a close examination of previous date, would resuld in
an accurate velue for the porameter. The effect of temperature
on interaction coafficients ig not knownalthough +hey would he
expected to approach unity with increasing tempergbture, l.g. form
"more ideal" solutions. Data at & bigher temperature would be

vseful in confirming this 4o be the casa.
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BEPER IMENTAL PROCEDURE 3<4

(1) LEREAL OTFFUSION

In any study involving equilibria hotween geses and
polids or liquids, certain precoutions must be taken to minimise errors
due to Lhermal diffusion.

In o mixture of goses of different molecular weights,
a températura gradient tends to produce a composition gradiont, the

less dense gas diffusing towards the hotler reglon. This phenomenon

&8

of bthermal dliffusion wag first predicted by fEnskog and obgerved
, 43

in 19L7 by Chapman and Dootson It hag coused orrors in many

G

gagemetal studies. Emmpbt and Hchultz  have discussed at length
its bearing on the‘?esults of measuremsnts of the equilibrium
HoOmHo=Te=Fe0 by a stablc method in which errors in the E%g" ratio
could be as grant o8 40%.

When metal is heated by induction a shorp bemperature
gradient is sob up ncer the metal surface. Some esarly studies

of the reaction

. = I = PO L
A T ) Bo= T » 9
produced apparent values of ' which are now known to be oo high.
4.5

A study of the factors affecting thormal diffugion
have indicated two posglble methods of minimising errors from this courses
(a) Preheoting the gas mixbure to eliminate as fay as possible

thermal gradient near the melt surface.
(b) Based on GiILGSpia‘éée simplified treatment which has shoun that
thermal soparatihon is diminished by admixture of a gas of high

molecular weight.
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By this theoxry the error in

meon square roob of M.Wt. of gas mixbure

Iixperimental evldence has shoun that the error is eliminaved by
adaquate preheating and greatly minimised by thse addition of a
heavy inert ges.

24 .

Chen and Chipman used a plabtinum preheater in their
study of the Few(Cr-Q system. The temperabure used was roughly
1100°C as, at higher temperatures, rapid breakmdown of the platinum
wire Hook placa. No carrier gas was used. The gas siveam wos
not directed on to the metal and in the light of later work it seems
exbremely likely thal thexmal diffusion took phace.

In later work by Dastur and Chipmanf in a study of the
Pa=0 gystems, a muech greater degreoe of preheat was given as well as
the additionof argon in the vatio §/1. Floridis and Ghipmané
used similax conditions as above but used a 6/1 argon/hydrogen ratio.

&7

MoLean , in a study of the reauctlons«

Alaly & 3H; = 2&_:_L,Fe + 38H0

2 .
Ka = (%Aﬂ (P}}a&} )B
pile

has uged a wmolybhdenum winding on an aluming tube to preheat the inlet
gases for which the argon/hydrogen rabio was 6/1. The temperature
of the preheater wag L600°C for expaeriments carried out at 1730°C.
Some gxperiments weve done without preheat and the aluminium

concentrabtions were considerably higher indicating that thermal
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diffusion had taken ploce.

Although difficult to pexform experimentally, the best way
t0 overcoms thermal diffusion is to bubble the reaective gas through
the pool of wolten metal. Gokeen? has used this technique in a
study of Fe~-0 oquilibria. After the charge had melted, the liquid
metal was pushed up wnbil bthe bubbling tube immersed approximately
& mins. in the melt ag judged by a manometer. AL this time the
gases, purrad uniformly through the melbt but wheon immsysion wog
much deeper presgsure fluctuetions wereg irvegular and mebal was blown
out of the crucible. The technique was olso used by Floridis
and Chipman to confizm results obbained by the more usual method
described varlley.

In bhe light of previous work it was decided that the
safest method of gvoiding thermal diiffusion was to uge the bubbling
teehnique and a wive wound veasistance furnace so thalt the gas

received a considerable degree of preheat.

(2) CRUCIBLES

One of the pracbical difficultics of high temperature
resgarch is 4o obltain a containar which is not attacked yet has no
conbamineting affect on the equilibria being studieds In gag/metol/
oxide studles, the pure oxide would be the most suitable container.
There are two such mabterisls which could be used in a study of the
IewCy=0 pystemes The firgt of these 1s chromic oxide which is

obtainable in o pure form and is made in considerable quantities for
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use ag a pigment in bhe paint Indugtery. The second ig chromitae,
a0.Cry0y , which is a cemmon.refractgry material but, unforiunabely,
gontains several lmpurities. An attempt wes made to produce chromié
oxlde and chromite crucibles.

Chromic oxide crucibles were made by a method similow
to that suggested by Chen and Chipman. Green chromic oxide was
obtained from a commergial source in finely dlvided forms To
assish in making a plastic slip tha material was ground in a ball
mill for 2¢ hours. It was then mixed with a 10% hydrechioric acld
golubtlon to give o glip of sulteble consistency. This wvas left
overnlght as conditloning seemad Lo make the slip~casting operation
more productives

Good plaster of Parls moulds were found Lo be gssential
in producing chromic oxide crucibles. Ordinary commeyeial plaster
of Paxis wos never snbirely sabigfactory as it was too coarse and
the rapid rate of drying caused the crucibles to crack. Finely
divided plaster of Parls was used to make moulds for elip-casting.
This was added Vo wabter and the mixbture well stirred unbil it was
Gf a creamy consigbency The mixture was then poured into a
greaged mould containing a metal core which was the shape of erueible
desired. Once the plaster of Paris bod set the wetal core and the mould
were removad and the plaster mould allowsd Lo air dry for saveral
days. A crucible shape was chosen having a slight btaper from top
to bottom Yo make it easier to exbract ths slip-cast crucibles,from

the moukd.
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The crueibles were made by £illing the plaster mould
with the aqueous slip and when a sufficient thicknsss of chromic
oxide had formed round the walls, the guperfluous slip was poured
off. The first two or threo casis were not normally successful as
very rapid drying caused cracking. Theveaftor the moulds gave up
to o dozen successful casts although they had to be dried intermittently.
The wmoulds were then scrapped as a change in texture slowed down the |
rate of absorpbion of water and the crucible eollapsed heforg
érying. The cruclibles shrunk sufficiently to ba eapily extracted
from the mould.

The chromic oxide crucibles were dried in an alr oven ab
1209C for two doys after which they were fired in a muffle furnace
at 1000°C. Théy were bhen fired for two hours in air or argon at
I700°C aftor vhich they were quite strong and lmpervious to fluids.

A few chromite crucibles were made hul these were seldom
useds Pure chromite was made by heating a mixiture of ferrous
oxalate and chromic oxida, in the correct proportions, to 1R00°C
in an alloy tuke.

Fe(C0Q)y — Fa® + CO + COp

Fal + CrgQy —» Fel.0xp0)
The chromite was then crushed for 24 hours in o ball mill and made
into crucibles in a simller way to that for chromic oxide crucibles.
After drying these were fired at 1600°C in nitrogen for thres hours,
whareupon they could withstand the attack of metal and small amounts

of slag.
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To protect the alunina furnace tube from boing splashéd
with metel or slag, the chromic oxlde crueibles wore held in larger
@lip-cast alumina crucibles. These were made by grinding fused
alumina for 12 hours in a ball mill, afterwards treating it with 107
hydroohloric acid to form the nocesgary slip metorial. The crucibles
wvare fired at 1600°C and, while not giving an impermeabls surface,

they were gatisfactory for the purpose required.
(3) MATERIALS USED IN MLIS

Motal | High purity electrolytic ivon was used.  Several grades
of chromium were tried, the most satisfactory being electrdlytic
lump chromium (Grade A) as supplied by Union Carbide, Ltd.  The
analyses of the materilsls used are given balow.

C S 84 Te Og Hp A Cr
| Chromium -010 +«Q06 +030 +020 008 -0005 016 9990

Iron <010 -018 -008 99+87 - - - -

To propare a charge the chromium was broken up and mixed
with iron then formed into a pellet. At first this was premelted
in an alﬁmina crucible to form a homogeneous alloy. This was
later found to be unnecesgary and so the pellets were charged
straight into the chromic oxide crucible. After the iron had
maltad, the chromium took only a few minubtes to dissolve whence

the run could commenca.



38.
Slog Except in a few preliminary heavs, no slag was charged.
In gpome runs slag was formed by oxidation of chromium and iron

from the melt.

(4) FURNACE AUD APPARATUS

In order that a tompeorature effaeect for the reaction hotueen
chrominm and oxygen in iron may be calculated, experiments had to
ba carried out at least abt two temperatures. For greater accuracy
it is preferable thot these should differ by at least 100°C and
80 1600° and 1700°C were the selected temperatures. To attain such
tomperatures experiments wore carried out using a molybdenum
wound furnace s shown in Fig. 6.

A R-inch L.Ds recrystallised alumina furnsce tube was
used being impermeable to gases up o 1800°C. This tube was placed
ingide an "Alpor" alumina tube which wes wound over a length of
16" with 18 gauge molybdenunm w_ire. Thé hot zona extended over
a distance of 2" but 4" above the hot zona, the temperature was only
100°C bslow operating temperature. This ensured that a considerable
dogroeg of proheat was given to ths inlet gases.

A molybdenum winding must be lkept under a reducing or
noutral atmosphere to prevent oxidation and subsequent failure of the
Wirag. The furnace must thervefore be reasonably gas~tight to prevent
inward leakage of air. An agbestos pasket was placed between the
furnace 1id and the main body, and the two bolted together. Leaks

between the casing and the furnace bube were minimised by packing
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thin asbestos rope between the two. Dy cracked emmonia (Fig. 7)
wes pessed into the furnace at a rate of 5 litres per minuteg. This
gave g slight pressure at the outlet end and ensured that eracked
ammonis was leaking oubt of the furnace rather than air leaking in.
The winding never failed dus to oxidation bub on two occaslons broke
due to embrittlement.

The top end of the alumina furnace tube wasg, aﬁ first,
found to be oo hot to hold a rubber bungs A 6" waber-cooled copper
coll was fitted around the tube and radiation shields were bolbed
on to the underside of the bung. Subsequenbly, the bung suffered
no damage due to overheobing. The bung @b the top of the furnace held
8 glass window and a gas-btight brass support in whieli the thin
alumina bubbling tube could be raiged or lowerads

The rubber bung at the bolttom of the furnace tube, which
supported alunina stools and the cruclble, was cold enough not to
require additional water-cooling.

The temperature wag measwred using a 5/Rh Pt/20%Rh Pt thermo-
couple situnted under the charge and at the bottom of the hot zone.
The E.M I developed was measured by a Cambridge Workshop potentiometer.
To check that the veading of the thermocouple was the same as the
_ erucible temperature, another thermocouple was suspended from the
top of the furnaca tube so that the tip was in the middle of the

crucible. The difference beltween the two readings was insignificant
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showlng that temperature measuremant was reliable. Thermocouples
wvere calibrated against the melbting points of gold (1063°C) and
palladium (1554°C).

An attempt was made t0 control automatically the furnace
temporature using a controller and 30 amporc mercury relay switch.
Sinca the furnace must be gas-tighb, a control tharmocouple could
nob be placed just oubside ths winding, the practice normally
adoptad for platinum resistanca furnaces. The thermocouple wag
placed up the inside &f the furnace tube. This method proved to
he of no avail, the lag between winding and erucible temperatures
being too greate Control vas no betier than @ 40°C, To improve
this the mercury switch wes by-passed with a low resistence so that
the winding current only dropped o few amps when the switch "opened®.
Even with this modification control was no hetber than + 15°C and
thereafter the temperaturs weg monually conbrolled by adjustment
of the Varisc trensformer. Once steady conditions had been
abtainad, the temperature could be controlled to # 5°C with only
occagional adjustments of the transformor.

The gases passed into the furnece were argon and hydrogen/
vater mixbtures. Argon wag driled with megnesium perchlorabe baefore
being passed into the furnaces High purity hydrogen was used to
avold contaminabion of ithe melt by carbon as hydrocarhons arae the

chief impurity in commercial hydrogen.
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The gas flowmeters were calibrated by passing through
hydrogen or argon al & constant rate foy a noted Gime. The volume
of gos wag nmeasuraed using a rotary ges nmobers.  Duving the calibration
the pregsure drop across & gultable Venturl orifice was recordad.
The volume of gas (converted to N.T.P.) in mls/min was then
calculateds The experiment was yepeatad at several different
flow rabes guabling a ealibration curve (pressure drop against flow
rava) to be drawn. Separate flowmebers were constructed for
hydrogen and argon.

Hydvogen/water ratios were controlled by bubbling hydrogen
through flasks containing distilled water (Fig. 8). The
saturators were immersed in a large tank (B) conteining vater.

A 500 watd heater (C), togebher with a toluene rogulator (D)

and hot wira vacuum swith (8), enabled the water temperature to be
conbrollad to & 0+1°C. The water wvapour pressure, and hence the
hydrogen/water ratio was varied by altering the water bath temperature.
Phe performance of the saturators (A) wwe checked by passing through

e, known volumg of hydrogen, the wator being absoxrbed in magnesium
perchlorote drying towers. lFrom these woighls the water vapour
pressure was eslceulated and found to agree wibh stendard tables.

To obsexrve pressuwre fluctuations when gas was being
bubbled through the molten metal, a small mercury mancmeter (F) was

fitved inbo the bung of the last Saturatoxn.
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After leaving the last saburabtor the gas wag carrvied to
the furnace through a heated copper tube to present condensabilon,
The copper tube vwag jolned to the slumine tube by a small plece of
rubber tubing as it has beon suggested that rubber is slightly permeable
to water vapour.

For most of the runs distllled water was used in the saburators.
However, for high chromium heats, some difficuliy was encounterad
in obtalning a sufficiently low oxygen potonbtbial. For this reason,
some experiments were cérried out using»saturated lithivm chloride
solutions in the saburabors. These solutlons gave rise Lo some
experimental difflculties ag solid lithium chloride precipliated
ingide the bubbling tubss after a comparatively shoxt time. Ths
tubaes were cleaned regularly to ensure that runs would not have to
be abandonad through choking of the saturabord.

Data on the water wvapour pressurae of saturated lithium

40
chloride solutions ere counflicting, Gokeen has - detlermined the

47
variation of walber wvapour pressure with btemperaturc. Helean  trled
o confiym bthis on sgveral occcasions bub aluways found a divergancy
ab higher temperatures. Since the present author used the same

grade of lithium chloride as Mclean, his curve (Fig. 9) was taken

as epplicable to the present work.

(5) BXPERIMENTAL METIIOD

In carrying oubt e mell, the crucible was charged with

30 gms of iwon or iron-chromimm alloy and placed in the furnace

as shown in Fige 6. The power was swilched on and adjusted so
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that the operating tomperabture wag reached in 4 to 5 hours. After
veaching this tempeiaﬁure, the moelt wag held for 1 howy to dissolve
the chromium and allow the furnace to reach a steady stabe whereby
control of temperature was much easiex. Melting oult was normal;y dsne
in argon, but, in the fow cases vhere powdered chromium was used,
melbing vasg done in dry bydrogen. The water bath temperature was
gdjusted early in the day go that the water or golublon in the
saturators would reach this temperature.long before the run was started.

Foxr o number of prsliminar& rung a 6/1 argon hydrogen mixture
was blown on to the top of the metal through a thin (10 mms I.0.)
aluming tuba. The dead spage above bthe cruecible was filled with
alumine stools to prevent currents which might ald thermal diffusion,
It is always desirable to approach equilibrium dn two divections so
that eguilibrium concenbrations can be fi#ed vithin cerbain linibs.
Thus in some oxperiments the crucible 1s raduced by the Ip/H:0 mi%.tuxe
ond in obhers chromium is oxidised oub of the melt bo form a slad.
Using the blowing technique it was found impossible to oxidlise
roasonable amounts of chromium out of the melt as a solid £ilm of
oxide formod on the swrface of the melt and prevented further
reaction.

bDue to the above limitation, fov most of the experiments, a
bubb]wstechnique wag employeds  After melting out, the thin alvmina .

bubbling tube ( 3 mms.I,D*) was pushed doun into the metal 4o a depth
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of spproximately 5 mm: . 3 gulde to this depth belng the reading
on the small mercury manometeor. Using o flow rate of not more
than 150 ml: hydwogen psr minube, the gas bubbled steadily through
the melb, very little beling lost through splashing. By this method
equilibrium conld bhe gpproached in both directions ag & surface L£ilm
of slag did nob prevent further reactlons

For low chromivm alloys, 2% of chromium could be oxidised
or reduced in £ hours, since aquilibrium wae approachaed from hobh
sldes, this is sufficient as dirgctlon of movement 1lg just as
Importent s magnitude.  Chen and Chipmen regarded 2 hours as baeing
ample btime and s0 a large numbsr of experiments ware done for that
duyation.

At high chromiuvm concentrations (low oxygen pobentials)
the nagnibunde of movement wag found to be vexy small. Ropeated
and very accurate analysis ves regquired %o esteblish the diréction in
which the reacbion had gones In a fow cases, movemant was in the
oppeaite direcbion o that axpaaliode About this time fine chromium
powder wag being used and this may have contained considerable amounts
of oxide cousf@ing doubt aboult the initial composition of the malb.
From then onwerds, a high grade lump chromiwn was used bubt although
movement occurrad in the expected direction, the magnitude wap
plways emall (approximately Os3% Gr.). This vas particularly
nnarked when chromium was being oxidised from the metal and a
ealeulation showed that, at these low oxygen potentials, bLhe

available oxygen was only sufficient to oxidise about O-3% Cx.




from the bath in & hours.  From this tlme onwards abt low oxygen
potentials, runs werg carried out for 5 to 6 hours when appreciable
movemant in either dlrection was observad.

Before sampllng, the hubbling tube was raised out of the
malt and the furnace purged with argon. The top bung weg then
removed and a sample of metal teken by suction into a ailica tube
using a rubber ulbe Samples were guenched in water, the middle
sectlon only being used for analysis.

With chromde oxide crucibles, a crust wese Lormsd batueen
the crueible and the mehal and it is thought thet equilibrium is
aptablished between this crust and the metels 4 streak test,
commonly used by geologlsbe, was used to investigate the oxides
present in these crusts. Below 3% chromium the stresk was aluays
brown and Xeray examination confimmed the praesence of chromiia.
Above O% chromium, the streak vas always green due Lo the presenca
of chromic oxlde. The gbreak tesits were inconclusive in the
important range between 3 and 9% chromiums

A fow mells were made in chromibfe crueibles, all at low
chromium levels but these merely confirmad the results obbalned
from chromic oxide crucible experiments. This provided added con=
firm&tibn that equilibrium is established between the crucible crush
and the metals  Since chromite and chromite crucibles took much
longer to prapara, only a few melbts were made in such cruciblage.

AL a later stoge o fov experimenis were pexrformad to

investigate the high tempersiure oxldes of chromiume.  Chromium and
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ghronle oxldes were mized up finely in the proportion correspondilng
o GO+  This wag made into a pellet and plaged in a molybdenum
crucibles It wae held in an avgon aimogphere for 4 hours ab
1600°C, then cooled in the furnace, polished and gxanined metallographically
In anobher experiment to ebudy the valétiliﬁy of any lower ogides of
chromium, hydrogen was pessed ovey chromic oxide. then through a
condenser situatad in the cooler part of the furnace tubes A
horigontal, platinum wound, fugnace was used, bthe meximum temperabure
attained belng 15580°Cs  The apparatus wes similar to bhat uvsed
by hamgtad and Richardson%g in their study of silicommonoxides In

the 3-houxr experiment no condensate was oblainaeds

(6) ANALYBIS

(2) Chromium  Metal gemples were analysed for chromium and oxygens
Chromium analyses were carrled oub by bthe standard persulphate

method, the detailsbeing given in "The anelysis of Steel and Ferro~Allow%%.
The mathod involved the solution of the metal and subsequent oxidation to
dichromste weing ammonium persulphates This was biltrated using
gtandard ferrous ammonium sulphate and stendard potassium permanganatea.
At lov chromium levels results wexe roproducible to within s 0+02%

while ot high concentrations the accuracy was estimated to be

& 0-06%.

(b)lggxggg The metal was svnalysed for oxygoen using bthe vacuum fusion

methed which is the standard method for determining oxygen in stacl.
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Apparatug  The furnace side of the apperatus (Fig.10) was
identical with that described by Mur&dfi axcepl a‘high~3pead,
4-slage nercury diffusion pump was uzaed to glve a higher vacuum
and faster pumping rabte.

& physical mebhod wos used for analysls (Fig. 11).
Iydrogen and carbon monoxide were oxidised with copper oxide at
350 = 450°C. The water formed was absorbed in phosphorous pentoxide
and bthe decreage in volume of gas moteds The corbon dioxids
was then frozen oul waing a liquid oxygen tyap and the volung
again neagsureds  Any remaining gas wos agsumed o he nitrogen bub
this was usuvally negligibly small.

Some difflculby was encountered in finding a sulbable
oxldisers Commezclal copper oxlde was oo dnactive al the temperature
usaed. Hopealitewas equally unsulbable due to adsorpbtion and
subgequent desorption of cavbon dioxides Finally - 200 mesh copper
powder vag oxidised at a low temperature (R50°C - 300°C) and
tlghtly packed in the coppor oxide:furnace tubes This proved Lo be a

rapid oxidiser and wag usod in almost all subsequent determinabtlons.

Notes on the Technigug Employed

(1) Semple preparabion. Samples weighing one 0 three grams wvere
used depending upon the oxygen content expected. Those vwere filed
clean then weshed in caxbon tetrachloride and dried in acetones

(i1) Graphite. The graphite crucible assembly wes packed in high

purity = 200 mesh graphite powdar. Initially a cosrser grade was
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used bub this dld not gilve the necessary insulating properties and
hot-ghols and irvepgular blank rates were gommon.

(i11) Purnsce pump-down. The furnace was pumped down using bhe
robary pump end & magnetlc bleeder valves  The time normally
voquired was 10 to 156 minubess The dlffusionpump was by-possed

po thet if YLiuffing" of the graphite powder did ocecur, it was nob
neceggary 4o dismantle the pump for eleaning purposes.

(1v) Deegassing. The furnnce assembly was heated slowly in the
initield ebages to avoid graphite "flufiing". At dulld redeheat

the diffusion pump was brouvght into operatlon and the furnace heated
rapidly to 2250°Cs  The furnace aggembly wes de-gasgad for 5 = 7 hours
at this temperature to obbtaln e low blank rate: Highor do-gossing
tomperatures vore trled but gave rise to numérous: difficultiles.

At 2300°C o R500°C  +the furnace tube became plated with graphite

or gome impuriby theraln and this adsorbed gus from the samples
glving low resultss  Hob spols were common at such Lemperaturss

dug to sinboring and consequent loss of insulaling properties of the
praphite powdexs  The graphlbe €id sometimes welded to the crucible
sssembly and complete dlsmentling was needed to remove il
Purtheymore the life of the crucible assembly was markedly veduced
when very high de~gassing temperatures were employeds

(v) Blank. Blank collecbions wera mede in the temperature range
1350°C to 1650°C for appxoximaﬁely'% hour. The blank rate wasg
usually in the rangeo-03 toO-06ccs/hour of which 60 - 70%

was carbon monoxide, the remainder belng hydrogana If the fraction
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of nitrogen in the blank was appreclable, a leak was suspected.
(vi) A standard gample was analysed flrst to check that the apperstus
way funetioning properly. ._ This invafiably gave loy rasults yet
the second sample gave accurate values. This problem was overcome
by adding 4vto 6 gms of Armeco iron to form o molten bath., I
resulted in more rapid %nd aompletg raleage of gas from the samplss
to be analysed.
(vii) Operating temperature. The higher the operating tempéraﬁure
tha more repid and complete is the release of gas from the metbal.
Bxcossively high temperatuves cause film formatlon on the furnace
tube due to volatilisation of iron. This gives rise to low resulis
as the evolvéd:gaa is adsorbad by the metal £ilm,  Samples dropped
at 1600°C gave similar results to those done at 1750°C. Congsequently
1600°C was used being the safer operating temperature. Samples
-knbuﬁ to be htg}é in oxygen were dropped at much lower temperatures
- %o avoid spattering and consequant loss of metal from the hakh,
After the initial release of gas the temperature was railsed to 1600°C.
(viii) Accuxacy. For samples low in oxygen (¢.g. the standard
which conbainedQ-0LUB%A) the accuracy wos 30-0005%; Samples in the | .
present worl contained from 003 40 04107 oxygon ond for these the
roproducibility was & . Q02%, Tabledgives the details of some

52
other vacuvm fugion apparatus as reported in the literaturae .
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TABLE 3
Sourge Dogasaing  Depassing bimg DBlank Praggurg Blank Rate
| and ok
Toup.’C  min.presgurg working bemp. ceg/hr
National Physical 1 -
Laboratory 2600 2 « &2 hours 1.550-1.600
-t -0
2 x 10 mm Hg S x 10mm Hg « 004
Unlied Steel Co, 2000 2 hours 1650
-l -0
5% 10 2x 10 003 = Oodd
Sheffield Unive 2100 3 hours 1650
s wl3
Lo 10 1x 30 09
i bheBr own
Rosgarch Labs. 2100 2 hours J.650
2x 10 5x 10 Qe = 1
Pregent work 2250 5 =~ 7 hours 1600
w3 el
10 <10 003 -~ 006
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The anslysés of the melts made are ehown in Table 4.
Chromium analyses are expressed both ag weight and mole fractions.
Oxygen analyses are all quoted as welght per cent. Where gevaral
determinations were mede the selected value is also tabulated.

For Run numbers 1l to 21, théixixture wag blown on to
the top of the melt, a 6 « 1 argon hydrogen ratio belng used to
cut down thermal diffusion. For the other experiments the
hydrogen/water mixture was bubbled through the melt. Chronic
oxlde crucibles were used in all cases except Nos. 21, 85, whore
chromite crucibles were used. In order to study separabely
the metal-crucible reaction an argon abtmosphere was used for
Run No. 82.

The gap saturatorse conﬁained disbilled water in all
cases except Bun Nos. 74 = 81, 83 ~ 87 where saturated lithium

chloride solutions were used.



Bxperimental rasulis at 1600%C,

TABLE 48

Gas blown on top of metal

Run No, Chromium cherged Finel chromium 2&9 7.
wt. 7 Ngp whe % Ngp Py,
4l 0 0 27 00280 00805 =
3R 0 0 188 0. Q200 O+ 0806 -
13 . Q Q@ 3.00 0 Q321 0O» (48 -
14 3.83 Q- 204 dv 42 O 0470 O 0456 -
5 5o 67 0 0602 G+ 42 00580 0O+ 047 -
16 Se 67 0» 0601 5 60 0«0596 Q0456 -
17 He 64 0+ 0600 5 59 00596 0 QBLS -
18 7 54 O 0804 7+ 58 0 Q808 004856 0« 043
19 7+ 55 0« Q804 743 O« 0792 00367 0 045
20 7+ 50 W 0BOR 7+ 90 Qs G842 O+ 0328 -
+ .
2L 499 0+ 0533 4+ 8] 0+ 0512 Q=050 O~ 047

+ Chromite crucible



TABLE

AP

Bxperimental regults at 1600°C

.

b

Gas bubbled through melal

Run Now Glm@ﬁium chorged Final chromium ,I,.)EaQ 10
whe £ N it Mgy Py, =
23 e 0+0803 607 00649 Ov0503  0+040
24 6v 90 0¥ Q736 765 O¢0B15 Ov0348 0036
2 6v 90 0 0736 5488 Q<0620 0v050 -
26 6+ 90 0¥ 0736 ov5Y  0/1018 Ox0R97 -
27 2 04 OV 0218 371 00396 00643 -
28 4% 69 040500 4v57  0-0488  Or0G43 -
29 4495 Qv 0518 430  0e0459 0-Q78Y -
30 8401 0+ 0854 7598  (v0B51 (0416  0:041
31 8400 0% 0853 74l O Q790 Q<0430 000207
32 11491 01266 9477 051038 000416 .
33 12+ 66 01346 12015  (s12392 O+0308 04037
34 8448 05 0904 8423 040876 Qe 0416 -
38 6+10 04 0662 4466 0n080B O«O7Y -
36 0 0 3407 040328 0.7V -
37 2402 0+ 0313 4484 (60517 0054 0035
38 54 04 0+ 0636 4456 010486 Or0BLY  0+037
39 4400 0s 0427 4495 000520 00423 -
40 74 54 0s 0804 7065 0816 00337 04089



‘Run Mo, Chromiun chargad Final chromium
| Fig0 yAo
whe & lg, wh. 7 Moo Py, =
o3 41 3+00 0+ 0321 386 00412 Q0767 -
42 8+ 00 0+ 0853 7e84 000836 010448 -
43 6e0L  0+0643 575 00614 00534 0031
44 11+ 99 02275 11-80 (1255 000341
45 100 00 0r 1062 999 ' 001061 0-0R68 =
46 14 01, 02487 18445 011429 0-0RY -
47 0 0 088 00093 0199 0056
48 0 0 201  0-0201 0212  Q.048
49 3013 0+ 0238 1039 040135 Or201 -
50 3¢ 99 0 0426 2031 00247 00118 -
51 B2 0» 09RY 94 3¢ 00094 000163 -
62 20+ 00 O:R115 1790 0e1897 000163 06052
53 14+ 00 01486 12016  0+1203 O+ 017 -
54 15+ 69 01664 13744 001428 0+0168  0»038
'mﬁ 19°90 0-R104  18+05 001913 0e0141 00047
75" 15+ 30 0r1620 14423 01510 0-014 0035
7&" 25000 0+ 2641 2380 02507 0-01187 00057
79 35+ 00 0-3678  33¢46 3505 0-0L167 04096
62 23+ 00 0+243D 22022 (2346 - 0 055



IABLE ab_(contd)

Run Now Chromium charged Finnl chromium
Wik Nop Wes% g, tat e
Py
ﬂéd R4+ G0 0» 2535 R 96 (2418 0 0L187 0. 0678
8‘!!5 20 00 Qe R1LLS 20 32 Or 2148 Q01184 Q0495
Eéﬁ 21+ 00 Qe RRLY R1+79 02300 (- 0L182  0+055
Eéﬁ 44+ 00 O 1486 1718 0r L8R3 G Qld4 O 0552
B?ﬁ 1.6+ 50 @ 1754 3.6 97 O 1802 0eQJ435 00616
88 300 Qs 032, 4+ 30 Qe 0259 @ QBLR -
89 4+ 30 Or 0459 G+ 17 0660 00596 -
90 540 O G577 7200 O Q758 0+ 0470 -
91 7+ Q0 Qe Q747 8+ Q9 Qe QB56 00 0390 -
ge 2 Q0 0 0R14 2085 0-0304 Qv1102 -
93 1000 O 1062 100 62 0+ 1130 00 0R98 -
94 1500 01590 14- 56 00 1546 O+ 0R40 -
9% 17-Q0 Qe 1805 172 Q2 Qe 1807 O 0RO s
97 34420 Qe 3590 3R+ 50 Qe 3406 0-011 -
98 31.00 0 3242 30+ 60 0+ 3215 O 0LL -

f s

+ chromite crucible

x argon abtmosphare

p LiCl solutiong in saturstors.



ABLE 4

Lxperimental. results at 1700°C

(Gos bubbled through metal

ey

P

Fun Nos Chromlum charged Flnal chromium
wt. 7 N wh. % Ng fEEE.» Ao
Or r oz )

55 0 0 1496  0:0R10 04191 04085
56 0 0 2074 0+ 0293 0-145 -
57 291 0+ 0311 1572 0.0190 05194 -
68 4400 O+ 0427 3436  0:0357 0156  0:105
59 24 00 0+ 0214 4:35 (50864 0105  0+O775
60 6+ 00 04 0642 548), 00621 0i105 0078
61 5400 0+ 0533 5073 0:0613 0i0756 0051
62 9400 04 0959 7429 QNOTEY O+ O7Y3 04079
63 6+ 00 0+ 0642 7026 00775 040567 -
64 10+ 00 041062 10420 001085 00580  0+070
65 8400 04 0853 0456  OVLOLO (HOAL 00066
66 12+ 50 041329  11+91 01266 0:0203 0+ 0BL
67 124 50 041829 10445 0112 0i0413 .
66 9+ 50 04 1610 9488  0+1019 0030 .
39 14400 041486  11e52 01226 0+0295 0080
70 12000 01276 11038 01211 Q- ORRY -



TABLE 4¢ (contd.)

Run No. Chromium chorgad Final chrominm
Pi,0
WT} [ 70 N " 1‘3 i} . ’}ﬂl’) N . TP — %Qf
Gr Cr P
35
71 15+ 00 0+ 1590 1371 0e2455 040169 -
78 20 Q0 0 2115 17475 0+1882 0+ 0L6B 0> 099
73 1700 0s 1805 14478 01567 0O»0R232 O 104
76¢ 19+ 98 O» 2113 19+ 87 02112 0. 0140 O» 085
77¢ 1585 0= 1.682 16+ 46 01747 00140 0+ 092
80 RS 00 Qe 2641 25 65 0e 2715 0O 0OLILG 0157

g Li Cl gelutions in saburators
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DISCUSSION.

(1) Phage Hguilibyrid. and Chromium Activity

Fig. 12 shows the relation between the corredted H@Q/Ha
ratlo and the chromium content of the melt. Initial and finel
chromium concentrations are plotted to show direction of movement
towards equilibriume. In drawing the ocurve several points have
bhaen ignored. lMost of these were preliminary results aimed at
finding approximate equilibrium concentrations., Ixperiments were
then raepeated &t the same oxygen potential to determine more
aceurately the equilibrium velue.

In a few experiments (Runs 64 - 743 fine ~200 mesh clromium
powder wag used to make up the iron~chromium alloy. Most of
these showed apparent decreases in chromium content when increasaes
wore expected. Thim, as was found later, was due to the presence
of large quantities of chromic oxide in the powder and so these
results have also been rejected.

Some difficulty wes encountered in loeating the exact
pogition of the curve at high chromium concentrations. The
extrapolotion of results obtained with distilled water in the
saturators does not agrec too well with those determined using
saturated lithium chloride solutions. The roesults from the latter
ghould bae reliecble as several runs were made to establish equilibrium

concentrations. To overlap the PU20 ratlos from lithium chloride

Prg
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solutions, a few experimenis were carried oub using cooled distilled
vater in the saturators. Thege latber date seemed Lo agree with
the extrapoletion of earlier experiments suggesting that there
nay be a systematlc error in resulbs involving lithium chloride
golutions. Gokeen and Ohipmaﬁfs hava encountered certain
discrepancies in thelr work eoncerning aluminium~ocxygen equilibria,
extrapolated values to 0f aluminium not agreeing with the data on
the iron~oxygen system. For the work involving aluminium, lithium
chloride solutions were used vhereas distilled water has been used
for several independent investigations of the iron-oxygen system.
McLeaﬁfv has also found anomalous effocts which could be explained
on the bagis of a higher water vapour presgure of lithium chloride
solublons. Thus, three sets of data all indicate a systematic
error arising from the use of such solutions. The source of the
error, if Indeed thore be one, is as yeb unkoown.

Fig. 12 is therefore drawn showing two curves above 127 Crs=-
(a) the lower one treating lithium chloride results as corraect,
(b) treating above resulte as subject to a systemabie error and
using the extrapolated curve together witp 8. few experimental
points obtainad from cooled distilled weter experiments.
The curve is shown agaln in Figs 13 together with the
data of Chen and Chipman?*. The data are in reasonable agreement
up to about 10 mole % chromium. Indeed, in this range, the

gxperimental scatter of results from the two investigations ie

sufficlent to account for the differences shown. IHowever, at
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bigher chromium contents there is a congiderable discrepancy betusen
bthe two sets of data. As previously menbioned the apparatus used
by Chen and Chlpman seemg prons bto errors arising out of thermal
diffusion in the ges mixture. If this be the case, the relativa
egrror will be greater asg the H0/H,; ratio decrcases. Diffusion
of waber vepour away from the reaction gzone would give rise to
increased chromium contents. It should also be pointed out that
between 1l and 22 atomic per cent chromium, Chen and Chipnan's
curve daepends on only three exporimenbtal results. Two of these
showad virtually no chanpe in chromium content during the experiments
and one questions their validity as equilibrium velues. Small
changes in composibtion at high chromium contente were also found
in the present work. The following calculatlon: shows the
approximate change in composition ong could veaesonably expect in
two hours using e gas mixture with a low portlal pregssure of oxygen.
oo+ Flow rete 150 ml/min Lat Pip0 * 10 nm
Duratlon of experiment 2 hours Atmospheric pressure = 760mm

Total H;0 passed into the furnace will he
250 3 120 » 10 o molas

760 x 22400
= 286228000 = 10 . 182 g Gri0,
22400 760 48 _
18000 10 wiS2 204 g Cr

ieos 16 x TEggom * W60 * T 48 ¥ Im

= (Qe366 g chromium
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Thig is a change of 1+25 weight % ehromium in a 30 g chargae. lNotb
all the oxygen will be available for oxidation of chromium, If,_
for a glven chromium content the eq&ilibrium‘TNJh_u corresponds
%0 Pg0 * 9 mm, vhile that actually beilng used 3s 10 mm, only
ona benth of the oxygen will be available for oxidatlon. In this
cage only 0¢125% chromium would be oxidised in a 2 howr experiments
This is conpidered lnadequate and so in the present work, the bime
vag Increased considerably when using low vaber vapour pressgures
go that a more significant change in composibion could be ohtained.

Chen and Chipmen used double ths chargae, double the
flow rate and experiments usually lasted bebtween one and two hourss
& small change in composiblon would be expected and so saveral
heats should have bean made to find each equilibrium points As
it wos, ab high chromium concentyations only three resulis vere
quoted and so it is extremely doubtful 1f these are equilibrium
values.

Little can ba learned from Figs: 12 and 13. It is
more informative to plot the results én a logarithmic basis. If

the oxide phase in equilibrium with the melt has a composition CrO,

€r0, + xl S 0 ¢ 0r «.ieeeeses(6)

b8
I = Eﬁag) "1 ag
. (Pﬂz L %]

b,
log ¥g = log &g, + x log ﬁﬁﬁg?
2

Py
If Fe~Cr alloys form ideal solutions, a plot of log §~ag~ against
i
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log Ny _should he a curve having a slope “;%3, thus providing
ugeful information about the oxlde phage in equilibrium with irone
chromium~oxygen malts ab different oxygen potentials.  Such a graph
is shown in Fig. 14. Points are agaln plotited showing initial
and final compositions of the melts, preliminary results being
onitted ag irrevelant at this stage. Thore is, agaln, a
discrepancy between the distilled wator and lithlum chloride
solution results.

Jn Flge 15, the curve is plotbed together with those

04 a®
obtained by Chen and Chipmen , Turkdogan and Linezinskii and
29
Samarlin . The present resulis are in reasonable agreement

with those of Chen and Chipman but not with those of other workers.
The resulte of Lincginskii and Samarin are displaced
from those of other workers so much that one suspects the
reliability of the data. They passed Hy0/Hp mixtures over the
melt, held presumebly in an alumina crueible, until an oxide phage
appeared. Gage-metal equilibrium wag then sssumed to have been
reached. Whoen the oxide appeared the metal would be saturated
with oxygen at the particuler chro?ium level. vTo achlieve gasg=
metal equilibrium it may well have heen necessary to oxidise
considarable amounts of chromium from the mellt whereas this was
not done. Thé regults are so high they would appear to he non-
aquilibrium values. The same explanation is offered to account
for the chenge in sign of the slope of the curve which has been

shown earlier to be impossible on theoretical grounds. If the
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experiments had been over longer perieds, the chromivm contents
would probably have decreasged to such an extgnt that no change in
gign of the slope (Fige 15) would have been observed. Therefore,
in econcluding gag-netal studles these resulis have been ignored.

Thrkdogan‘éaodaha‘coweﬁs a very restricted compogition
ranga. Bxperimenbtg were carried out in alumina crucibles and so .
it 1s only possible to achieve gas-metal-oxide equilibrium by
oxidiging chromlum oul ‘of the melt,i.e. always start with more
chromium than is present at equilibrium. Sometimes an attempt was
made Lo approach equilibrium in the opposite divection by admitbting
aly to form a slag, then reducing this wlth the gas nmixtures Thie
would seam yather polnbless. Sometimes all the slag was reduced
and so the melt would probably be lows  in chromium since no more
wag avedilables Jome of the results, where slag remained after
two hourg reduction by the gas, moy be reliables  Bven uhen there
wag some glog it would probably contain some élumipa, thus reduecing
the activity of chromic oxide which wes asaumed unity. bue to
the shortage of experimental date and the restricted composition
range studied, Turkdogen's resullis are not discussed in very
great datails

Intrepratation of Date

Equilibrium between chromium in iron and its oxides

can be convenlently expressed as followey=



GO
Cr Oy + xlh S xzH0 + Cr

. log E.M ol "'..,..:!.'m log (aCr)
pH{B

Such a plobt would only be ong or more stralght lines 1f bvhe
oxldes of chromium are atoiahi%etrie and iron-chromium solutiong
are ideal. Both these assumptions were thought +{o be valild
at the time of the previous investigatlons and so results have
always'been interpreted as a gexries of stralght lines. IHilty
Forgeng and Folkmanafﬁ have examinaed inolusions in chrome steels

and have found that the composition of the oxides can change

gradually. This would result 1ln a continuous changa in gradient

of the log ZHa0. v 1og (ag,) plot.
Prg
Provious work has always agsumed that log % Cr was

equivalent to log Bop (The error involved in using percentages
rather than mole frachtions is quite small as chromium and iron
have similar atomic weights)e. The recoent work by Wada Kawal and
Saito?a hag shown that, in the range 5 to 40 wt per cent chromium,
the activibty coefficiaent varies by a factor of shout four. This
would hardly confirm the theorieg that lron and chromium form
ldeal solutions.

Thus the variation of chromium concentration with the

%ﬁg rebio,shown in Figs. 14 and 15, can nrise from two caugese
T |
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(a) gradual varietion of Cr/0 ratio in the oxide phase,
(b) deviations from ideality in Fe-Cr liquid solubtions.
The two possibilities are discussed separately as followgs~

(a) Variations in Gr/0 ratio in the oxide phase, ¥ (, assumed unity.

In the low chromium rangs, 0 —» 3% chromium, the slopé

of ffige 14 is spproximately “-%‘-; indicatingbhe following equilibriums-

Fal.Crp0s +« 4l —> 45,0 ¢+ 20r + Je

<
Ka = (Eﬂag Y
PHa
log Ks = 4 log (ﬁ&&) + 2 log Ngp
He

. Ph.0 -
S log [ -2R¥ L. log 0

In the chromium range, crucible crusts all gave brown streaks,
additional evidence that aguilibrium with chromite is achieved.

The dataahre in fairly pgood agreoment withthese of Chen and Chipman%.
Thaege auvbthors consideraed that equilibrivm with chromite extended

aa
a8 for as 5 5% chromivm. Afbor a publication by Wilty ot alia ,

Ghilamansarmvievzgd the resulte and decided that egquilibrium with
ohromite only oceurred in the range 0-»3% chromiums  The plot,
log Prgo log % Or, showed a eonbtinuous chenge in gredient
in thzﬁiange 8 —79% Cr indicating replacement of iron in chromite
by chromium. .

The present resulte show a fadrly repid change in
gradient in the range 3 = 7% chromium which could be explained

23 a conbinuous change in composition of the oxide phase in
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equilibrivum with Fe-0re0 melts. Above 7% chromium, and over the
remaknder of the range investigabed, the gradlent lg approximotely
unity. T@iﬁ could be lnberpreted as equilibrium with chromous
oxidas

C.l‘Q < Hﬁ — H:R_O + Cr -eoouospoouunc(?)

Kz = (D0 ()
P
e log «Bﬁhgs) A - log Moy Slope =~ 1
Ha

Bquilibrium with chromous oxide may be possibles Chromous oxide

] . . 86,37,39
doas not exist at low temperatures but thare is indirect evidence

that it existe at high temperatures. If so, it must digproportionate
on cooling to form chromic oxide and chromium metal.
Axr0 - Orzﬁg + Cr
The gtroak test is therefore of no use in distinguishing chromic
and chromous oxide equilibrium. Both would give the green streak.

Iff the data involving lithium chloride solutions are
reliable the gradlent is laesg than =~ 1 at high chromium concentrations
(16 - 25% Cr). The existance of an oxide having a formula Cr,. 0
seems unlikely and @ne again queries the reliability of these data.

In the range 9 - 21% Cr, Chen and Chipman's results are
best sexrved by a line having an approximste slope of O« 9, in
the original gaper the slope was drawn as % corresponding to
aquilibrium with chromic oxide but the line did not cover the

experimental data very well. When the paper was reviewad later,
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it wop considered that the slope wag stegper bthan that corresponding
to Crg Oy bub hardly staep enough for CrO.
Tm*kdagan‘.s%msults indiecate equilibyium with chromic

oxide in the venge 6 = 1274 chromium. For a glven PHa0. potio ,
pﬂa

the results are lower in chromium than the other data. This may
woll ba due to equilibriwn with o solid solution of chromic oxide
and mlwnimsa . If the acbivity of chromic oxide was laess bthan
one there would be a coxresponding décrease in chromium content
for a glven oxygen potanblal in the gageous phase.

The exisltomce of subeoxides, parbleularly silicon wonoxide,
hag bean a subjJect of much discussion in the paahmgss . There is
ne direct evidenc,a that a geparate compqund Cx0 exlsig. Zap%ﬁé%
hag observéd bilue~black elags over high ahﬁémium melts and congiderg
this to be due to the presence of CrO. Tescheaghas gtudled chromium
digtribution between motal and slag at diffevent oxidatlon levels.
The slag metal reaction considered relevant was

[Cx] + (Fe0) = (Cx0) + [Tq]
ko= T

Cr) ¢ (Fe0)
LCx]

. e
For this relationship to hold
(2) Chromium must behave ideally in liguid iron
(b) Chromous oxide and ferrous oxide must behave ideelly in

o slag contsining appreciable amounts of lime and sillca.
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The results of the worke daba are shown in Fig. 16 wherae
bhe chromium distribution ratio ls plotited againgt the Fed contenb
of tho slag. An approximate straight line 1s obtained fox Fel
conGents up to 35%. After that a deperture from lingerity le
observed bub the resulie were praesented as evidence for the
oxistence of chromous oxide in slags. Other workers (Fig. 16)
have not found this lineay relationship and so the evidence is
inconclusivas Kramerg and Smittf * have exanined several metale
oxygon sysbems including the Cr « O system, and found no evidence
for a Cr0 phoge. Indeed the greatest departure from stolchiometry
correspondad o a Lformula Crolp.g.

From Hilty sa?data on bthe dgcerburisation of chrome
steels, chromous oxide ought to bocome more stable ag the temperature
is lowored.  Neither Boer j‘.ckemt-rho studiod the equilibeium

Cigly % 6&13366 = 300 & %?.w Cx
up to 1400%C, nor Okadas, Kokubo, and Mabsuc® who investigated
the equililleium

Grgda + 3lg = A0r ¢ 3O
up to 13109, could find any evidenca of chromous oxides

There iz only indivect evidence of existence of chromous
oxida, no one elaiming to have isolated the substance and exsmined
ite propertiea; I chromous oxide is a high tempersture oxide
phage, one might expect chromic oxide crucibles to !« loge
oxygen during an experiment

CrpOy —=  20r0 + ‘%Qﬂ
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On cooling

0r0 —>  Craly + Gr
The chromic oxlde erucibles used in the present work have been
exonined metallographically after exporiments and no gvidence for
the presence of chromium metal obbained. A pellet was made up
containing ehromium powder and chromie oxlde in the proportions
corragponding toiCrO. The powders were mixed, compressed, and
held for 4 hours in argon on a molyldenum plate st 1.650°C, On
cooling the pellet was sectioned and examineds It contained
islands of chromium metsl and some finely dispersed chromium in
chromic oxides  The non-uniformity of structure casts doubt on the
existance of one homogeneous phage ab high temperatures. The
exdstence of a volatile Cr0 phase also appears untenables Hydrogaen
was passed over hﬁated chromic oxide for 3 hours, then through a
condensers  No céndenSate whatever was obtained.

However, the thermodynamic data obtained by Chen and
Ghipman?%and the author are such that the evidence for Cr -0 «(0x0
equilibrium cannot bs completely dismisged even though there is
no definite avidence for the exlstence of a separate chromous
oxide phage. IFrom the present resulis chromous oxide could be
the oxide phage in the range 9-22% Cxr. [From Chen and Chipman's

dote the phage ls (g0 in this range.
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Supporting evidence for the existmnce of CrQ is that
abova 7% Cr the oxygen content inereases with the chromium content.
(rig. 22) This must be due to the asgociation of oxygen with
chromium in solution in lron. Some investigators have postulated
that Cr0O may be a soluble oxide and this could be used to explain
the increasged solubility of oxygen ag the chromlum content is
increased ag showny-
[Fe0] # [Cx] —> Fa + [Cr0]
[Fe0] + 2[Cx0] —> Te +  (Cra03)
If the activity of Cryls is unity
[Cx0] =

e

(Fa0)k
Thus ag steel. ls deoxidised with respect to Fe0 its oxygen
- gontent is Ilucreased with xespect to C¥Os  The corvollary of
this stéﬁement is that as the chromium content Incraases so must
alse the [Cr0] conbent.

To sum up, Lhe datw presented In Fig. 14 could be
axpleldned by essuming thalt equilibrium in melts containling more than
7% chromium 1s between (0 = Cr = %‘:Q“ rabher then Crply -Cr ~I20/p .
Increaging oxygen concenbratlon as the chromium concentration rises
might be explainad én the basis of a soluble oxide Cr0O. This
dees not in any way prove the existence of such o compound.

Table § listg the freec energy of formation of the

different oxides of chromium as found in the present work. The

resulte of previous investigations are shown for comparison.
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The values are all given at 1600°C, the pure substance being

taken ag gbtandard state.

ZABLE
Oxide author féggiﬁgﬁ cal
24
FaO.Crg0y Ghen and Chipman 196,000
Present Work 194 500
TurkdogaiB© 208 ,700
Linegingkll and uamarin 188,400
Bosricke and Bangert™ 199,000
: R4
Craly Chen and Chipman 152,250
: © Present Work -
Turkdogan®" 158,500
Linezinskil and Semarin 146,250
Thermal data®? 156,700
Crg U, Hilty®3 205,500
LxQ
CxQ Chipmear?® 51,500
Fresent Work 52,400

(®) The effects of posgible varistions in chromium activity

Degpite inferences by several investigabors concerning
Hthe existence of an oxide Cr0 it would be anuch:. wore satisfactory
if there wore concraete evidence For the exigtange of the compounda
Chremic oxide crucibles were used for most of the present experiments.
Crusts were always formed between metal and crucible., At low

chromium goncentrations i.e. below 3% Cr, thesa crusbs gave brouwn

streaks and, as menbtioned earlier, were shown to contaln chromite.

The slope of the curve (F'ig. 14) and experimental observations

both indicate clearly that chromite equilibrium ic established even
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bhough chromic oxide crucibles were useds The few experiments
involving chwomlte cruclbles merely confirmed this to be the cags.

In the range 3 %o 6% the strosk test was inconclusive.
Above that, in all cages the crusis gave green ghbreaks indicesting
the presance of chromic oxide. As chromic oxide crucibles waere
used and the crusts wore shoun to contain CGrply, equilibrium
batwoen Cre0-Crz03 should be atbaineds I this is In faet the
caga the activiby of chromium cen be calculabted from the free energy
dabta aveilabla.

from the experimental curve (Fig. 13) the activiﬁy of

chromium was ecalculated as follouss-

Data usads
| j  pa
(i) Chromite (Boexicke and Dangert )
R TFe + 0 + Crygly — 2 Fa CrgQy

[
13&£117a“&¢08ﬁ = =131,600 + 24¢2T cal ( *3k cal)

(ii) Chromic oxide (Elliotband GleiSGran)
X, A Ge° (cal)
1800 | ~160250 ( » 500)
1900 ~154200 ( & 500)

(i11) Water vapour **

K ‘ AGe? (cal
1800 ~35110

1,900 ~33710
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From these data, at 1600°C, AG for the equililvium betvesn
Pa0.Cralh » Cr, Hy and Ha0 was caleulated
Fa0Crals + 4Hp — Fe + 200 + 4IH0 ceveeceseso(d)
A GO = 62535 cal

log Ky -2 ’;‘Q...

H]

= - 72208

1 o\ ¥ ' w3
Ko = (%;«-;9) (Fe) (ag,)® = ©9035x 10
2

The figures relate to the pure substances. From the equilibrium
congtant the activity of chromium can be caleulated and the

results are shoun in Table 6.

ILBLE S
Wt p.Gx Moy ,ﬁﬁa,?. Bop ¥ Cr
pﬁa
1400 0» 0106 00206 0+ 00564 0 532
20 94 . 0-0310 Qs 110 0+ 0185 0+ 606

In the range 5 -*.30% Cx tho ac’bi*riby wop -calculated on the basis
of gquilibrlum with chromic oxide.
| Cra0y + 3Hp —> 20r + 3Ha0 evsernnsonvnscosnsesea(B)
at 1600°C AG = 53,460 cal ( 3 500)

From this log Kg = =~ 6238

. 9 2
e Ko o= :‘:x« 0) ( ag)
Hy .ﬂ
= S78 x 10



70,
The figuraes given in Table 7 refer to pure solid chiomic oxids

and chromivm as bthe sbandard stato.

TADLE 7
Hbep Cx g L0 ) Jex
pﬁa
5 0+ 0533 0+ 0735 0+ 03814 (4 002) 0:716 (4+035)
6 0 0642 0- 062 00 0492 0:765
7 0. 0747 0-053 0+ 0623 "0.834
8 0 0853 00 046 0+ 0770 0 906
10 0 1062 0+ 037 0+ 106 1+00
14 001486 0- 025 00192 1629
17+ 0. 1875 0» 019 00201 10 55
3005 0 320 0r 011 0+ 660 20 04
14+0 0+ 1486 0+ 023 0» 213 1047
177 0¢ 1875 0+ 015 0r 414 2020

RRe 6 Qe 2364 0. 012 0 578 Re s

"LiCL results
The poseible arrors due to the quoted uncertalnties in
frae enevgy data are also shown. The error in the free energy
of formation of chromic oxide mey be considerably greater than
the uncertainty given in Blliolttand Gleiser. Tha free encrgy
of formation of silica hag beaen revised recenbtly by 6000 calories.
In view of this, perheps # 500 cal is an optimistic estimabte of the

accuracy of data for chromic oxide. If, indeed, the error were
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more like # 5000 cel, this would have a considerable effect on the

level of the activlily as scen below.

At N, = 0533 P9 = o735
P,

G:!.‘,an P Sﬂa - SHQG & 2(3:‘.' u-.»;ngwa:..;-(ﬁ)
(a) Taking AG = 5 k cal.
| w3 3 2
e = 282 x 10 = (~0738) (ap,)
» 0843

Xcr = 158

o
2
e

H)

(b) Taking AG + 5 k col
7
K, = 154 x 10

e ,A 05

a5 : - 0195

Sor = +366
AG = 5k eal Sop = 1056
Ach,uo'bed XC&- = 76
AG + 5k cal 8. = +366

It can be seen th.eit an gryor of 25k m-a.}‘ can have & very pronounced
effect on the level of the activity coefficients,

The activities 0ll refer to pure solid chromium ag the
pbanderd svate. Thege were convorted to acbivities relative to

pure licguid chromlun.

58
For chromium AHNy = 5000 cals (Keltey )
Tn = RL76°K



log a,

Wy - 1)

4o 575 TTm

log 2

where a | Is actlvity of clwomium relative to pure liquid

E!.ﬁ

Ab N =
¥

log a, =

log a, =

8, =

» 0533

- 5000 _»_303

4575 x 1873 x 2176
- 103006

\0316

is activity of chromlum relative to pure golid

log * 03614

Othor resulis were caloulated as above and are given in ‘Yable 8.

L+ QO
e 94
5+ 00
- 6+00
7+00
800
J0- 00
14+ 00
1770,
30- 55
»
(14-00
1770

22 60
+L3C1L resulis

Ny,
-

Qe 0106
0+ 0310
0« 0533

0+ 064
0. 0747
0+ 0853
0. 1062
O 1466
Q¢ 18756
0 3200
00 1486
01875
0+ 2364

FADLE 8

G
00 Q0448
000163
0+ 0316

Qe 0408

0+ Q517
0+ 0639

0 0879
0159
0s 241
0» 547
0181
0» 343
0+490

RAID,
0r 246
0493
0+ 580
0+ 635

0+ 690
O 750

0- 828
1+ 065
1029
1071
1021
1063
2203

fér(in¢.dlln)

1010

122
1s 50
1+ 60

173
1+ 88

208
2066
32l
2027
3+ 01
4+ 67
50 07
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Decause they are similar chemically, iron and chromium
hove been conglidered to form ideal sgolutions. Congldeoring the
phage diagram (Figs 5) the liquid and solid systems cannob bﬁth
be ideals The above table indicates'qpite o large variation in
the acbivity coefficient of chromium, so greaﬁ, in fact,'that one
might euspect ths reliubiiity, If this were done, curvature of
the line ghovm in Fig: 14 would be due to variable oxide compesgition,
not variations in chromiun acbiviby:. It %s striking to note,
however, that the order of variation in Y. shoun in Table 8 ig
approximately +the pame as that obbainad by Wada Kawal and Saitc?a
whose resulis were presented on the infinite dilubtion scale
To enable a direct comperison Lo be made, Lhe present activity
coefficieonts have been conveorbed to this scale and are given in
Table 8. The convergion factor, to obtain Henry's Law activity
coafficients, was obbained from Fige 20:  The two gets of data
are in axcellend agreament showing much the game order of'
varistion in activity coefficients (Figs 17)s

It would have been more useful if the results of lada
ob olia had bsen presented relative to puwre chromium as the
gtondard stotes Their dato will now bhe rew-sgxamined in an atbempt
to ascertain the level of the aclivibty coefficients bhased on

Raoult! s lLaw standard states



T4
®B
Wada Kowal and Salto defined the activity of

chromium as c

%r = Nop b/G:;* = 5?;1"*
_ +
vhere Gy, wos relative wi. of chromium condensed from alldy ot 1630°C.
GQ; 1 " 1t f u " shromium ¥ 0

. 2
log XCT = log .c...%.. - log Cf = “E%;%( 1~ )

tog &ig was found o vary linearly with ( 1 - P&ér)g,
To obtedin XOx the results must be extrepolated back to 1\3’0 r = i
to obbain a value of Cf which corresponds to the vepour pressure

of pure chrominm. The experimentad data only covers the range

Nop = 0 %0 Ngp = Q4. The extrapolation is shown in Fig. 18,
vhere log Cf = 2¢5.  The activity coefficlents can be caleulated
from the previous equablon and are listed in Table 9.

TABLE 9

G Gt o
e g gttt e
. 05 1e44 ~ 1606 .09
10 1s 57 - v 93 012
$16 1e 66 - 0084 * 145
020 176 - 0s74 18
25 1+85 - 0065 «20
*30 3002 - Qe 50 *26

* 40 2008 = QedR * 38




Y

T - e ~rT 2 s
. ; : r . ‘,Zi.q 4 - -,.A ;xl--.t:A
S R w M | | _ L ! | | “ | | o
1 i ’ ' ' ; i ! “ _ | _
_ N | S L m ~ R ; | | | | | | o o
T T Tt S S H w | " k L | "
“ v _“ _ t+ ” I .* .Al!-” —— w DU < iy : JE S S [ S Lo :.vv!t?._ﬁ I l..m...l e
. P ‘ : . ' [ . | | , ! _ | | _"
i : ; : _ : i | : ! : ! . j : m
o i { w i 4 W H ! i i 3 i . _ H | .
R T T
H i 4 i t . “ \ . !
I S S “, w C Qe .
4 H ! , H . : : ' : i m
I | _ ._ ! | _, m : ! ! M 3 .
; : 4 T | — —t PRI SR S SO S RSN : L 3] :
; | . _ : : m ﬁ ! . N BT
| _. h _ ; : | | | : m | , 2
R S b z
- ! : : : | ! i
| , : Y V : _ _ O L = W.a_} -
} \ ! ' - | : i | Fz ,
| ! “ . I i oban : m 5
Wla. [FINUUN NP B b - “ m C * : qu
: _ i LY . i D e T - Q.TCL.
; ! 1 N : G_ t !
| _ ; | : o) o“
R : o~ i
~ : e - b qai.: e e ) R, N L.
w i : o m | M _.
“ VM.l..,fiM |||.m!.rart;wq§b B D | —— ”llw ._« o
t ! i i ; | , i
i : ! “ ; _ ﬁ m
| U S 1 _ o | I “
_ | i s - e~ EEE RIS e
: | : | | © | = ﬁ,.
| i ! ! i t m i i
; ! ! ; i P~ : ” R
R | =N g
: o - — - - r———— e p——— 4T ) ’ J N
m” e Z gl B T
; | - \ ' 1 m : 2 v
; i & ! : i O i . et
4 | wn : _ = = 9 :
T : , : =i , ,
_ B T £ o 17
| ‘ ~ : M . e = B
_ , - , | $ M T et -
_ i : i ol 4 @
| i < i W Lol , ! o
L N w g% | : M
. ;
3
= o

L .
] xZ

23 _ of Bt R Rt

w =i “ ‘z|

SUNSED I N u.e s X : : o]
; | , L N e W . W0 i B
! _q c g o , & TRt S
: _ﬂ P : ' (51
W L ) V il
e e b X ; A , o
_ _ — - TN BT« 4% B
_ !

| waoa

s _—
-0
(@)
-l-o U
.20}

B

pee e ks ! L

e’ - e e
, N 907 . , R
| : ”U ' -ﬂf H
IS ; M _ » : 4 507 : ot
i \ + ¢ v " [ [ : 4 OPS& : B
! | m i | | w _ v i ; | P A R
I ' ! : | ! : ! ! R
t | v : i R ' H
m | , “ | w m ; , :

S S SR . i | : X

1 f | 1 SRR Gomemy o R SO S | B : N A !
t | i i i i i : ; i - - -k oo [ e ]
H H i | i i | i : ; : i
; i _ i }



75
This also 1 a counsiderable wvariation in KCr‘ The results
of the experimental dota seem consistent and so the variation should
be reliable although one might query the level of the resulis
caleulated aboves  The axtrapolated valus of log Gg may nob bo
Justified and should he considered further.

The equation nsed cen be written ag

dog Cy 8
w: =k log . ooy & = N
N & Xcr = Qe 57'5’( Cr)

Now log B is known as the oA funcbion and ihs verietion
C1-1)°

with compogition hag bean studied in several different metallic

gystboms.

59
Darken and Gurry have shown thet in the thallium-tin

system the Afunction is essentially coustant over the enbire
renga N, = 0 %o N_,= 1L Many other systems are then
quobed showing that the ° function cannot be regarded ag o
congstant. Lumadenm theoretically infors that one would nolt really
axpact it to be constant. The extrapolation for log G% from
NGy =4 to Ng, = ¢l would only be a straight line if the X function
wore constant and this is probably not the case.

The value of Gf can be converted into a vapour pressure
and compared with a value guoted in Kubaschewgkl and E:Vansm « The
aquation for the rate of weight loss from a heated surfoce is given by

m = b(‘ P M -
evi %

m \/g«m I
M

1]

. » p
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where m is rate of eveporation (g/cm’a /8ge)

p is vapour prassure (e/f cmg)

R is gos constant (erq/ °C)

lM is mol. wh. of vepour

ol is mccommodatlon coafficient.
' = 1 when all vepourising atoms striking the surface are
ratalneds It has been widely tested for mebal surfaces and
found to hold for copper, iron, chromlum, ehe. [Kingerym] .

log 6 = 25

0% =t 316 mg

Fach experiment lasted 16 minubes.

o wb loss per sec = 38 -
1.000 060 g

: Y 4
p =338 3 /(2 X 3142 x 8314 X 10 x 1903)
Vo 981 x 52 /

¢ 1451 gg/cma

3 .1,;0? W ey cury
The equation for the vapour pressure of chyomium, ag guoted in
Kubaschewski and Evangsm is

log p = A‘Tmia- Blog® + 67T + D mpt = &.pt.
A= - 20400 B = = 382 D = 1623
No value ig given for C.
this

From/the vapour presgure of chromium at 1630°C ie found to be
Qe 355 mm Hg.

The reliability of the two results nust now be assesged.

23
The resulte of Wada Kawai and Saito moey be in error due to oAx1.
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The equation used In calculating vapowr pressures from welghbs
condensed may not hold elthers It was derived for froee evaporation
from sollds and mey nolb hold for lliguids.

The vapour presgure from bthe data of Kubaschewskl and
Evanasimay he in error as bhe eguation has been applisd to the
supercooled liquld and may not hold. If the vesults are correct,
the value of log Cf should have beaen 2¢020. (Fig. 18). This
would couse a congldarable Incresse in the velue of the activity

coeflicient of chromivm as shown in Pable 10.

Zable 10
Ney log %'E log Uy - log @7 ¥ o
-2 . - N A iicram
O 05 1044 O+58 0+ 26
0410 1o 57 0 .45 O- 355
O .15 1066 0+36 O 436
O +20 1276 O +264 O+ 55
O o825 1+ 65 O «17 O+ 676
O +30 3092 0+10 079

O »40 2 08 O+ 06 115
" These resulbe shoukh be nearer the true X vaiuas bub
may not ba accuvabe In view of aesump’ﬁienxl:;; an accurecy of the
deta used in the calculatlons.
Fige 14 has been re-plotted as Fig 19 using log 2.,
instead of log NG::‘” the above actlivity coefflicients heing used.

Points are taken from the curve established in Flg. 14 and are

shown in Teble 1l.
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T 1
EK’E .QX.QF 8cr “1k0
. P,
©+0L06  Oe2L O 00223 O +200
O-08% O +233 O + 00723 0 +110
00533 O +264 O 0141 O « 0735
040642 O +283 O +0182 0 +062
00747 O +290 O + 0283 O + 083
00853 O 312 O 0266 O +046
0+1062 O +348 O +0368 O + 037
0-1486 O +435 O - 0648 ©+028
01875 O +520 O + 0975 O +019
02364 O 638 O +16L O -OfL,
032 Q +87 O «279 O 01
f 1486 O #435 O 0648 O «023
1875 O 520 O +097% O +015
02364 O 638 O +151 O +012

+ LiCl rasulbs.

In the low chromium zange under 3% the alope of the
curve is "-‘% . chromite heing the solid phase in equilibrium with
chromium oxjden solutions in iron. In the range 3 ~ 114 Cr a
linear relation holds, the slope of the line boing = %; indicating
thet chromie: oxlde 1s the solld phase. The slope then slogpens

te -3 oorresponding to equilibrium with Ciy Q. Howvovaer ong

quaestlons the velldity of the labtter conclusion eg tuo of the points
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rely on the dublous lithium chloride data. A relatively slight
ghift in the valus of log F Hy o/pﬂg would put these resulbs on the
line indicating equilibrivm wibh chromie oxide. It may also
be significant that the two resulis involving lithinm chlorlde
solutions also give a slope of ~£§ but this line would be displaced
from that in the 3 = 117 chromium range. This again suggests a
gystemabic erxor in the resultls involving lithium chloride solubions.

The pmsent resulis can be inberpreted as involving only
tha two equilibria, Cr « O «0rply and Or « 0-Fe0.Crg0; using the

variation in chromium scbivity determined by Wada, Kowgl and Saito.

(o) Delative moxribs of bhe Lwo explapations

CRTIIAL B g MR TR N L

At low chromiuwm contenbts, chromite is the solld pbase
in equilibriym with Fe~Cr~0 golubions 611 eibher explanabion.
A suddaen change fyom equilibriuam with chgvomite to chromous oxlde
would be unaxpected since AGY of chromic oxide lies between the
twos  Chromiwmeoxygzen equilibria wilh either Cx0 or Org Qg in o
chromic oxide cyrucibla geems unlikely. Crusts ingide the crucibles
all contained Cr.0z; and other tests 4v confirm the existence of
Cx0Q at high temperaturaes were inconclusive if not enbilrely negative.
The relotive wvaristicn in chromiuvm activity as caleulated
from the present data aprees too well with that of VWada, Kawai and
Sﬂ.;?,,‘t;x:)mj o be congidered entirely fortuitous. An explenation for

the difference in actual levels ls yet called for. There ave so

meny uncertainties in calcoulabting Raoult's Law activities from
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the data of Wada el alia that this may account for the discrepancies.
Aetivity coefficients calewlated from the presend resulis should
differ from thoge of Waeda ot alia dus to the presence of oxygen
in the melt. The clwomium conbont is so much higher than the
onygen conbent that one would nob expact fé’r o depart far from unity.,

The resesrch work of Hilty Forgeng and Folle:ma,naa should
ba conplderaed since thay presenited date which would explain graduel
changas from one oxide phase to anobther on the assumption that iron
and chromium form ideal solutions. Oxygen was supplied to the
malt by bthe addition of fevric oxide. A summary of their conclusions
8. given below, together with the theoretical glope of a log H0f g™

log Cr plot, necesgary for agreement with the equilibris given.

Chromium Content Solid Paase Theoretical Blope
0 - 3% FGO;GJ‘.‘;}% - -%m
3 — 9% Subgbitution of Fa
by Gr in F'el.Croly
9 - 1007 Gz Ca, - ..%

izamivation of tha present and earlier data glves no
indication that the gradient st higher chromium conteontz should be
- -2. From caxparimémsa,l results in the present work and that of
Chen and Ghipman%’ , ooquilibriun with G20 seems more likely thahy
CraQOge Tha ot.he:é date are so incomplete or unrellable that no

theories can be dravn as regards oxide phases at high chromium

concentiratlons.  lExperimenbts wibth Cr - CrgpOs mixtures to make lower
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oxides of chromivm were completely unsuccessful. Nor wvas any
evidence obtained to suggest the exlsbence of a volatile owide of
chromivm. Unless move conclusive dota ave obtalued, it seems
gafor to rejeet theories which involve equilibria with poselble
high-temperature oxlides of chromium.

The increasing oxygen solubilily wikh chromium content
hag yel o ba explained on the bagis of chxbmiﬁg:ﬁéhromic oxide
equilibria. The concept of soluble suboxidaes appears unsound.

To jJustify this couneept, Cr-0 interactions must be much groator
than Fa-Cr or Fe-0 inbepractlons, 31uoe’136£3’ of FeQ and Cr0
shouwld be similev, Fe-0 interaction cannot bs ignored. A more
sotisfactory explanstion, luvolving ne hypathstiaal soluble oxldes,
can be found by considering the effect of clvomium on the sectivity
of oxygen and this wlll be discussged in detail latar.

{d) Gomparison of the solid and Lionid date for the ivone-chromium
System.

Data on the solid ivon-chromlium gystem ara for from
consistent. Since Kubaschewslkl and qumeraﬁmeaaurad actuel
vapour praspures of chromium by o radioactive tracer techunique, their
results are probably the most rellable. To convert these
activities bo the liquid an accurate thermal equilibrium disgram
is requirad. This is not avallable abt the presont time. The
onag used for the present caleulation was published by Hellawelléa

(Fig. 5). All the available date ware considered in drawing the

most prohable thermal equilibrlum diagrame Ib Is perhaps worth



82,
mentioning that there is an uncertainty of about 100°C in the
nelbing point of chromium alone.

Kubaschewski and Heymer's activities at 1230°C refer to
pure golid chromlum as the standard state. These can be converted
to activities at the solidus temperature, assuming that the
gyetem forms a regular solution.

1. 60 T log ¥ = Talog Ya
‘i?ha liquid, in equilibrium with a pariticular solid can be
determined from the phase dlagram. This liquid activity can be
sonverted to an activity at 1600°C agsuning the liquld system
forms a regular solubion, The activity obtained refers to pure
solld chromium as the standard etate and can be converted relative
to pure liquid chromium using the following equations

loga, = =~AtpAT
RT Tn
The results of Kubaschewski and Heymer have been converted to

+ log &

achivities at 1600°C in the above manner and are listed in the
following table.

TABLE
N a 1600 “C
Solid Solid G Liquid &
O+ 0458 0+110 0083
0+ 0820 QO+ 182 Q114
O+ 296 O»3%4 O+ 308
0501 09540 O 452
O» 699  Qe727 O+ 601

0 900 O+ 910 O~ 756
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The results are shown graphlcally in Fig. 20 togebther with other
available data. Mncabe'gas rosults are nobt shown but they
indicato glight positive devlations from ideality. Vintaik:}.n‘ag7
data are also shown. Due t0 the pavelty of experimental results,
this work may not he reliable.

Acbivity messurenents In the solld and liquid iron~-chromium
pystom are seen 0 be far from concordant (IFig. 20).  Both the
solid and liquid systems show positive deviations from ideality
according bo Kubaschewslkl and Heymer.Irom consideration of the
thermal equilibrivm diegram this would appesr rather surprigling.
If the golid were spproximately ideal, tho liquld should show a
negative deviation below the minimum (R20% Cr) then a positive
doviation from ideality. The present results do ghow this trend
although the change from negative Lo positive devietion is ab 14
robher than 20Y%chromiuwm.  As hap ealveady been shown, relatively
small orrors in the free onerpy data would account for this.

The resulis of Vada, Kawal and Salto cannobt be usad for direct
comparison with the present work since accurate absolute

activities cennot be calculateds The order of variation is in
good agreement with the present work. If absolute activities could
be calculated, it would be possible to present a more complete

picture of the thermodynemics of the iron-chromium system.
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The oxygen concantrations of wvaricus melts at 1600°C are
listed in Table 13. The analyses were duplicated and, if
reproducibility poor, further determinations were made provided
gufficiont clean sample remained. Not all runs were analysed
for oxygen since some samples were not good enough., It takes a
considerable time to assemble and de-gas the vacuum fusion apparatus
and for this reason gome of the preliminary experimenis, obviously
far from equilibrium, were not analysaed for oxygen.

DABLE 13

Bun Vo. Atenlc ACr A0 | RunfNo. Atemiodoe /D
18 8008  O+043 39 4:86 © 037
19 7292 O .45 40 8216 0 +039
21 5412 O 047 43 6014 0+031
23 6+49 O +080 47 B- 03 O + 056
24 8:16  O-086 48 2401 O+ (48
30 ge51 O 04 52 18+ 97 O + 052
31 790 O +030 54 14428 O +038
33 12:92 O +037 74 19013 O + (47
37 §5e37 O +036 75 15010 O~ 085
78 2507 O 057 84 21048 0+ 0495
79 36005 O =096 85 23¢00 O+ 060
62 23046 O +055 86 18+ 23 O - 055
83 24:18  O-068 | 87 168002 O +0515

+ Argon atmosphere
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These results are shoun graphically in Fig. Rl whore

the renge of scatter is immediately obvious. However, the
results In thomselvas are more conslstent than those of Hilty et
aliaasor Chen and Ghipmanm:. Gertain relevant factors have been
taken into account which helped to fix the position of the line.
Firstly, the direction of movement towerds equilibrium is considered
importants Spaclal emphasis i placed on experimental results
which 1ie on or very near the established equilibrium line in
Fige 12, 1.0. points where gase-metal equilibrium has been establishade
A a final guide to drowing the line, low oxygen results are thought
to ba more reliable than high ones. A vagouum fusion gpparatus
can yield low resulits due to adgorption of the evolved gos on
cooler parts of the furnace tubee. Thig is normally a very small
axror, only significant when the oxygen content of the sample is
quite low (@.ge +007(%), On tha othor hend results cen be very
high if thoxe are even small inclusions in the metal. The results
show beyond all doubbt, that ebove 8 atomic 7 chromium, the oxygen
concentration increases quite merkedly with increasing chromium
contanbe ‘

The avallable daba are all shown in Fige 22, Wt. % have
been uged for dizect comparlson with other data. Chen and
Chipmen' s%r esults from melts made in chromic oxide crucibles showed
an increase in oxygen concentration with increase in chromium, at
chromium levels above 6%, This they considered unlikely and
an extrapolated curve wag drawn as shown. It wag suggested that

oxygen results were high and erratic dve to porogity or inclusions
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in the specinens. In Fig. 2R the’ 1line hes been drawn through
actual experimentel resulits, the lover wvalues being the mein gulde -
in fixing the curve.

The results of Hilty et alia.m ere also shown. In the
original work the line wag drawn slightly below the lowest
experimental polnts, suggesting that even these werc considered
to be high, For the present interpretation the line has boen
raised to go through tho lowegst polubs go that all the avellable
data can bg Jjudged on the same basis. The inflections ghoun in
Hilty! ?33 original work bave nol been repeated, the oxygen anglysis
not being gsufficiently nccurate to justify thems They wore merked
in to ghov that X~ray evidence: had indleated o change in oxida
phase ab the parhicular point.

Finally, Turkdogan' f.;m experimental da.tzi at 1600°C are
ghown, Uhen no glag wag formed the oxygen concentratlions were
vary low and these have begn ignoreds

The trends shown in the various deta ave all the some
with the possible excepbtion of Turkdogan’ o whose results, one would
sugpect ore not equilibrium velues. Above a certain chromium
concentrablon, the sctivily coefflcient of oxygen is reduced to
such an extent that the oxygen congentration increasos. The
present work indicates that the turning point is ot 7 - .7.5% chromium,
Chen and Chipman' sa*reaults place the minimum at about 6% chromium,

a3

From the results of Hilby, Forgeng and Folkman it would appesr

that minimum oxygen concentrabions extend over the range 5 to 107
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30
chvomiuvm. Torkdogan's date show no minimum in the ranga
aoverad (5 ~ 12% Cr).
It is perbaps glgnificant that chromium hag some

de~oxidising as well as alloying effecls at low concentrations.
In more highly alloyed steels elwomium hag virtually no de-oxidising
propertles: Regesrch, in recent years hog shown that s muunber
of eloments loge thelr de~oxidising effects as the concentration
is reisaed abovae o certaln lewvael. Recent theorabical t.zeaatmenﬁ*i
has shoun that & minimum might be aexpecteds AL the Lime of Chan
and Chipman!s rasearch this hnd not been recogniseds It had not
boen foreeast from theoretleal. conglderations, hence Chipman
doubted the vellability of ths data and mede little atbempt to
explalin increased oxygen conbents ab higher chromium concentrations.
za;ﬁﬁ‘e% has “explained the results on the basis of a soluble oxilds,
the most likely one belnglrO., This may he posgible but there is
no direct gvidenca concernlng the existence of such a compound.
The theory relies on Cr-0 interactions baing so faxr In excesg
of obher inbeoractions in solubtion that the latter can be neglected.
Tron and oxygen form ferrous oxide which probably hag a similar
free enorgy of formatlon as chromous oxide and consequanbtly similar
intoractions. Postuleting the existonce of a soluble chromous
oxide phage would theorefore seem to be too specific-1 By comparing
I'gw0 and Fe«Cr=0 - data, an interaction coafficlent Fé:r. can be

detormined which involves no assumptions whatever as regards

oxlde phages.
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To calculate the magnitude of the interactionsecoefficilent,
reliable data on the iron~oxygen system ere requireds The recent
besults of Floridis and Chipman? are considered most reliable
and have been used to calculate the activity of oxygen in pure

iron at differentighg ratios. Knowing tha'ﬁhg

Hy Hg

oxygen and chromium concentrations, the interaction coafficients

ratio, the

can be galculated ag showne The data are gilven in Tableld .
@. g« Fa « Cr - O system

Atomic % chromium = 6014

PHa0
= Q0534
PH, |
7i0q = O+03)

From Floridis and Chipman's data at 1600°C

..fiiag. = O«053¢ ag =0e0145
ib’:m N 30(;[!’3)
7 % (alloy)

= 00145
0'03%

O 468

i
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TABLE 14
Run_lo. Atomic % Cr n{i f_ fg: (adjusted
16 8+ 08 O+ 302
19 792 O+ 222
21 o0 12 ' O » 288
R3 ‘ Ge49 O+ 338
<4 6415 O 264
30 8¢ 50 O« 280
31 7+ 90 O -394
37 o0 17 O+415
38 4,86 O+ 595
40 8+16 O+ 238
43 6+ 14 O +468
47 Q0«93 O » 980
48 2+ 01 O+633
52 18» 97 O +Q83
o4 14+ 28 O+ 120
74 19413 O «081 010
75 1510 O «109 O»134
78 &5 Q7 O 058 Qs«Q70
79 3505 O « 0344 O~042
83 R4+ 18 O +«049 O+ 059
&4 Rl+48 O « 087 O-081
85 23+00 O + 060 0-073
86 1823 O «073 O+0B6

87 18-02 O Q77 O+ 091
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The final column appllies o results using lithium
chloride solutions only. The water/hydrogen ratio hos been
raised by an amount corresponding to the difference of the two
curves in Fig. 12. Since the ratlo is only raised to the
fivet degree, the correction factor is almosb negliglble,

The results are shown graphically in Fig. 23 together
with those of Chen and Ghipman?*, The method of ealeulation
assumes that gas-metal equilibrium has bsen established. Thus,
experimentel points on or very near the equilibrium line in the
original'%ig v Or curve are considered most important. Thege
are suitably distinguished from other data in the diagram.

Chen and Chipman's original line was slightly higher
than the ong shown, at chromiumconcentrations above 10%.  Low
oxygen concentrations were used, obtained by exirapolation from
low chromium heats. In Fig{ R3 acturl experimental resulis have
been used to enable a direct comparison to be made with the present
work. The two sets of results are in good agreement and show
that Chipman's original extrapolation 1s unnecessary and unjustified.

Agreement in interactilon coefficients is betler than

one could expect, in view of the discrepancies between the

Puao v. Cr data. By examining the equililbrilum congtant for the
Py
réﬁctian :
H + 0 — IR0 (Oxygen in solution in iron or
iron=chromium alloy)

the reasgon becomes more apparent

p
' HaO
G m
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9.
Due to interaction effectg, K! will vary with ehromium concentration.
An extrapolaotion back to zere per cent chromium gheould give a
value of K} relating to oxygen in pure iron. IExtrapolated
results can therefore he compared with accepted values and the
reliability of the work assessed.

The presen’ results and these of Chen and Ghipman?*

have been carefully examined and points selected where gasg-metal
equilibrivm is thought to have heen sstablished. Since gas~metal
equilibrium and relisble oxygen resulis are required, the number
of polnts is rather small. However, the trends can be seen from
Fig. 24 where log K! is plotted against weight per cent chromium.

(]
Floridis and Chipman have recently shown that log K! ab 1600
ie about 0»57. Extrapolation of the present results to O% Cr

gives a value of log E{ = Qe59, Chen and Chipman‘sz*results

glve a much greater value of log K} (0-73) and this is probebly

due to errors erlsing oub of thermal diffusion. Since interaction
coefficienis can be calculated from the equilibrium constants, agreemant
should be appreciably worse than ig seen in Fig. 23+  However, at

the time of Chen and Chipmen's investigations the most reliable |

data for oxygen in iron was that of Fontana and Ghipmaﬁ? who found

log K} = +62 at 1600°C.  This has since been found to be

in exror due to thermsl diffusion. Partial cancellation of

errors therefore aegounts for the réasonable agreement of their

Interaction coefficients compared with the present ones. These
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92,
latter considerations tend to show that the present dato ore more
roliable than the earlier worlk of Chen and Chipman.

The resulbs of Hilty et alié?a cannot ba directly compared
with the present work. In their cese oxygen was supplled to the
melt by additions of lron oxide and so the activity of oxygen
cannot be determined from the oxygen potential of the gas. Chiprmmas
has, howevor, calculated interactlon eocefficients from Hilty's
data apsuming thelr oxide phase theory to be correct. For cxample,
in the range 9 - 25% chwomium the stable oxide phase wns sald to
be Crg0z. The free energy of formetion of this compound is not
known but has been estimated by Chipman. lle assumed that the
enthalpy was % that of chromic oxide and the entropy term the
same a8 Moy Ogs From this the free energy for the following
reaction was caleulateds

Crale(g) — 3r + 40
A Qe = 244800 -~ 1096 T cal
liee log (%5(3:('5;&‘r (.f'ér x J0) = 13380 T 4+ 5+99
From thig the interaction coefficlent wasg caloulated assuming
the activity coefficient of chromium te be unitys 1In view of
the asgumptions made the value of the interaction coefficients cannot
possibly be anything better than e very rough estimatas

Whenever possible, it is basically sounder ito calculate

interaction coefficients from ‘%ﬁgdata using the resulis of Floridis

6
and Chipman in pure iron ag & basis. FExperimental errors should
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relatively small and no assumptions have to be mede as regards activity
of chromium in iron and free energy of formatlon of possible oxide
phases,  This is the lreatment used for the present results and
also those of Chen and Chipman.

To obtaln a value of the interaction perameter a graph
showing the relationship between log ﬂgr and weight # chromium
wos drawns Alllthe avellable data are included in Fig. 25
An epproximately iinear relobionship exists in the range O-14% chromium
for all data and the interaction parameters arse quoted for this

range only.

Cr G
e = 23m:
) 7 Cx
Cr
Va;l.ueaef@o
Prosent work «0s 058
LT
Hilvy et alia =Or 041

R4
Chen and Chipman  «O+041
(extrapolated values)

B2
Chen and Chipman  «0¢035

(experimental data)
a0
Turkdogan ~0r. 064
a8 83 ‘
Chipmen!s calculations from Hilty's data, and Chen and Chipman's
oxtrapolation yield the same inbersction parameter but this is
3
probably fortuitous. TFrom Turkdogan's results the best straight
line, passing through the data and the orilgin, is drawn.
A -careful examination of all the data for possible

errors indicates that the present value of (»0568 is probably the
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most acourate. Chen and Chipman's would have obtained almbst
the samg wvalue if thermal diffusion had been avoldad and better
data for the activity of oxygen in iron been available.

Wagnefaohas derived the following simple relationship
between interaction parameters, namely,

er -~ ey
The derivation is for dilute solutions only and may not apply in
the present cases It is nevertheless of interest to caloulate £3,
to sea if the assumptlon made earlier is likely to have caused
significant errors.
ey = ~0i058 = e,
v v log £2 = 04058 x 2
= ~0:188 [% Og]
If the oxygan concentration ig +05%
log £2 = ~0-0094
£2 = 098

Therefore at an oxygen concentration of O« 05/, the interaction
coefficient If, 1s S0 near unity thet 1t can be neglecteds This

would be expected consildering the relative concentrations of the

glements concerned.

Jdnberaction paranghsry for obher elements in ivou
Interaction paremeters are sometimes quoted on the

basis of atom fraction

e Hoe ) éc" = 25103’& o w5e 8
[o]



The most reocent valuas for other interaction perameters (Ei )

are given helow"

6% 47 66 5 3s 68
¢ Al 84 v Gy Mn N,
-21(2)  -HLS «12(%2] w57 b 8 00 #1202

For carbon and gilicon there is conasiderabla doubt as to the
reliability of the data.
The full signiflcance of thesa values is Imperfectly
undersbood, Wegablve values of the parometer can be explained
on the bagls of a wvery silmple, bub perhaps, incomplete model, as
illustrated by Fe-Cr-0 solutions. In Fe~0 polutions each Q
atom lg purrounded by an aveorage of n Fe aitomsswhich sharae the
Fe~Q bonding energys. Cr«Q bhonding is stvonger and leads to tuo
effaetay ) )
(1) The Cr/Fo ratio 1s greater amongst the nearest neighbours
of oxygen than in the bulk bf the sobubion.
(2) O atoms heeomg m@ré firmly bonded as the Shromiun
soncentration increuses.
For nickel the interaction paramebor is positive
indicating that Ni-0 bonding ie weaker than Fa-0 bonding.
‘The large negative volus of EMis indicative of a very large
AJ-Q honding enargys
The model indicated ahove, tnkes no account of intermetallic
bonding, Je-0r, Fe-Ni interactions one would suspecht, will bo quite

small but thls is probably not the case for Fe~Al interactions.
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(3) The_effect of temperature on Cr « O equilibrin

(a) Cr v f.*lag eonsiderations
Phg |

A namber of melts were made at 1700°C but not all of

these were succagsful. Inpufficiont data were obtained to

establish the log gﬂ&.q v log Cr curve with any great accuracy.
Hg
The curve was therefore calculated using free energy date and

the acbivity variations found at 1600°C which are in good
agreement with the data of Wada, Kawai and Saito% . The
calculated curve could then be compared with the few experimental
results obtained at 1700°C. |
For the reaction
Crely 4+ 38Hg ~ 30,0 + 2Cr vrevarasrsenes(5)

Py o\2 2
K, = ( HaO) (agy)
PHQ
w?
= 578 + 10 at 1600°C

At 1700°C AG = 51490 eal

log K_ = ~AG
RT
-6
o K = 204 + 10
Kﬂ-"OO = 2«04 « 10 - 2 o p 0
K1 600 BT 10 = Agp(1700 ?_) at the same —2ad
g (1600°C) i P
L7766 - ratia.
, “Ox
From this ™ Ig5sse = 1088

1700°C 1600°C
er  log ag, T log egy + 2N
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In view of the practical significance 1t is of interest to
caleulate alteration In chromium content brought about by
furbher increases in tempsrature.
At 1800°C
AG for reaction (5) = 49030c
e K, = 661 x 107

. . .
Bagae = 6:61 x 10 = Q:QQ_Q‘"C

Kﬂ.GDO°C 5. ?8 % 10“'? a?sog%;
= lle44
83.800°C =  3¢39
tt 81 eon°C
log eyt = log ot « 53
P ,
Using the log ag, v log g o Py values ab 1600°C as

basis, the above aquations were used to draw the curves at 1700°C
and 1800°C as shown in Fig, R6, At low chron}ium contents the free
energy data for chromite equilibria should have buen used. Using
a1
Boeriche and Bangert's data the following temperature effect can
be calculated
1700% 1 800°C
log 80p = 1log 85, + +284
This is so close te the chromic oxide data that the difference
was consldered insignificant for the present purposes.
From Fig. 16 the effect of temperature on chromium
concentration for a given oxygen potential can be obtained. Certain

valugs of chromium activity were chosen and the equilibrium m'drogen/

waber ratkos were read off for the two hilgher temperatures. The
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o8.
activitios choson wers taken from Table 11 so that the chromium
goncentration could be obbained directly.

| Phe0.
Sz ox ~Log %or log. Fia
v 00222 0+ Q106 -2 65 “0¢55 )
. )
00 00723 0+ 031 w5 14 -0+ 82 g
1700°C
0. 0223 0+ 0747 1565 w1020
0+ 0648 0+ 1486 w119 wle 40
O 279 032 w00 55 ~1+83
0» 00222 0» 0106 20 65 ~Qe 42
0» 00723 0+ 031 ~2014 ~O» 68
1800°C
00 0223 0 0747 1+ 65 0o 04
0+ 0648 0+ 1486 w1019 -1+ 23
00 279 0032 ~0r 55 w1 67

Changes in XC:: with increasing temperature have been
neglecteds The effect can be caleuleted If ironwchromium solutions

are sssumed to be regular.

1800
g.g¢ at 50: = 021

1873 log *R1 = 1973 log 1700
log Yaro0 =  =0-644
Xﬂoo = (0205
The other dato used for the ealculation ave insufficiently

geourate to justify applying this correctiop.
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| 1.0 _
The derived lines for log'%ﬁ“ v log Ng, at 1700°C
and 1800°C are shown in Fig. 27. The results of melts made at
1700°C, listed bslow, are algo on the plot.

TABLE 16
. | Py,

Bun No.  Initdal Mo, Final gy 5{%:9 o,

55 0 0+ 0210 0191 00085
56 0 00298 - 04145 -

57 00311 04019 0194 -

56 0» 0427 0» 0357 0156 0105
59 0 0R14 O+ 0464 0+105  0s0775
60 0+ 0642 0+ 06R1 0-105  0-078
61 0» 0533 0+ 0613 00756  0-051
62 0» 0859 0- 0767 00773 0079
63 0+ 0642 0+ 0775 C+ 0567 -

64 01062 0+202 0+0580 0+ 070
65 0+ 0853 0-1019 0-OBL  ©+066

The exparimental-data are in reasonable agreement
with the derived line at low clhromium concentrations, However,
further experimental dota are reguired at higher chromium
concentrotions.

The lings in Pig. 27 tend to approach one anochar as
the chromlum content 1s increaseds Increasing activity coefficients

of chromium wilh chromiuwn conbtent account for this. Further

results at 1700°C would be useful to confirm the calculéted line

and serve as added confirmation concerning the non-ideality of
chromium in liquid-iron-~chromium alloys.
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(b) Chromium-oxygen relationships at 1700°C,

Ingufficient oxygen data were obtalned to establish a
chromium=oxygen line at 1700°C. A line was calculated and
compared with the experimental results obtained.

From the calculated line in Fig. 27, the hydrogen~water
ratio at any particular chromium concentration can be found.

Using Floridis and Chipman's data for 1700°C the activity of
oxygen in iron can be ealeulated, If the interaction coefficient
at 1700°C is gsubstantially the same as abt 1600°C, the oxygen

concentration ean be calculated.

@2+ From Fig. 27 at log Nﬂr 2 wlef 1OZ et = =077
atome pHQ
2+ 5070y
(2 50Gr) g.ﬂzg.. = 017
1 g
From Floridis and Chipman's data, at pl"i 0 =017
Py,
80 = Q072
Gy
At 250 at. % Cr foo = 070
Jeo 0 x30 = 007R
y = 00103

The reeults were then plotted in Fig. {6,  Experimental polnts

are also shown, Hilty, Forgezlg and Folkman“have obtained data

at 1550°C, 1600°C and 1650°C and from it one would estimate that

the minimum oxygen concentration should be in the range 005 « O+06%
at 5 107 chromium,  Pregent results indicate the minimum to

be somewhat higher, probably about O 065% OXYy e
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o It would seem certain that the minimum oxygen concen-
tration ahpuld be in the range 0-05 — 0. 07% Oy, therefora the
caloulated results are too highe Possible errors which would account
for ths high oxygen eontents are listed balow.

(1) Chromium sctivities incarrect.f

(2) E?ro:s in Floridis and Ghipman‘sﬁ data,

(3) fbr v % Cr at 1600°C not accurate

(4) Effect of temﬁerature on ﬂgr not negligible.

If chromium and iron are assumed to form ideal
solutions-the fit bebtween ths calculeted and observed results is
worsenads The shape of the chromium~oxygen line would be wrong
as well ap the actual level. In view of this thse activities have
been accepted as correct.

Iron~oxygen data at 1600°C have been established with
fair accuracy. Hovever ag the tomperature iz raised the various
avallable data are divergents An erxor up to 25% moy be involved
in using Floridig and Chipman's L700°C figures.

Raiging the fgr v 401 line by a smoll amount decreages
the caleulatoed oxygen concentrations considerably. If the line is
ralsed so that minimun oxygen concentrations are regesrded as most
reliable, abt 57 chromium the equilibrium oxygen concentration will
be® 0735,  This would account for moet of the error in the
ealeuletod resglts.

Solutions usually tend to appyoach ideality as the temperature
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1s increased. Interaction cosfficients would therefepé be expected
| to approach unity. Thoy are so imperfeetly understooed that it is
impogeible to calculate quantitetively the effect of an increaae
in temperature. Interaction coefficients at 1700°C should be
greator than those at 1600°C and this could account for the high
caleulated oxygen conbento.

Oxygan contents caloulated from free energy date show the
sama order of wariatlon at the same level as do resulis caleulated
.from Floridig and Chipman's data. This suggests that the interaction
coafficients used are too low. In view of the concordant data
at 1600°C it is suggested thet the interaction coefficients (fgr)
are Increased on raising the temperature to 1700°C. Fur ther

experimental work at 1700°C is required to confirm this.
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(L) Application of the Regults o the Decarburisation of Chrome Steels.

It is of practical interest to caloulate the equilibrium
carbon conbent at any partioculer chromium concentrations
Bichardson and Dennie have determined the activity of carbon in
chrome steels at 1560, 1660 and 1760°C and usad these to fingd
the relation between carbon and chromium concentrations, It was
assumed that chromium behaved ideally in dron and was in equilibrium
with chromlc oxide at unit activity in the slags  The results vere
colculated for temparatures ranging from 1550 to 1850°C and compared
with the experimental dats obtained, mainly at 1750°C, by Hilty.
The line celeulated by Richardson and Dennds loy below the observed
values at 1750°C and go it i of interest to use the chromium
acbivity cosfficients obtained in the present work, to see if the
discrepancy ig leusened.

Richardson and Dennis studied this reachions«

[Clpgmtr alioy *+ 602 = 20

K = Pc0)®
Peo %0
Rasults wore plotted showing the % carben against # chromium at

a
different §F00) ratios,
PCO,

To use these values the following reaction was selecteds=



&0r + 300y

O Gaseo g

Kiseo g

Taking 8oy = O\
dems
L

Poog

Bince Pso

F |
(Peg)
P00,

11+ 0% ohromium

fi

[ o W
—

. ..
- Poo 1
]
COg

80y
= 69490 cal

a8
= 1+86 x 10
123

123

1044

4)
“"Cxrp0y oassumed 1

(ELliott and Gleiser)

‘ ¢
Usdng the data obialned by Richardeon and Donnis at thie E%L ratio

and chromivwm conbont, the equilibrium cerbon content will be O»38%

et 1560%C,

activities ab three different temperatures.

Table 17..

for all temperatures.

Calculations have been made for selecled chromium
Thaab are listed in
The chromium activities obtained at 1600°C were used

Phe arror incurred for the results at

1560 and 1660°C should be quite small but may be more slgnificant

at 1760°C.

Values were ceslculated at relatively high chromium

concentrations only since chromic oxide was aseuned to be the stable

oxide phases.




TABLE 17

TR
Cemporat , (g0’
Hemparatuze B = 5 e
-r-v:n —Oﬁ tmﬂm(} 0, a LM“
1560 O L 1100 123 0r 40
" 0e2 16+ 5 1.97 O+ 65
L 0r 3 2000 256 Or 95
" 04 2440 310 1+ 30
1660 01 110 68 0v 20
L ) 16+ 5 141 0 36
" 0r 3 20«0 184 048
" Oed 2440 223 070
1760 oo 1150 66 0 Q7
" (oY) 1625 104 Qv 17
" 0o 3 20¢0 1.37 Qe 25
" Y’} 2440 165 0 35

The results are shown graphically in Tig. 29 topgebthar
with other available data, The use of chromium activities
instead of concentrations relses the caleulated ilnes by a
relatively small amount. In the renge 11 = 207 clromium the
agreenpent with Hilty's observed velues is quite satisfactory.

&% hilgher concentrotions the discrepancy is greaber and one

would suspact thab the activity coefficients used may be oo
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high. This ls quite possible as solutions tend to approach
idealiby with incroasging temperatura.

Useful work on this subject could be obtained by
equilibrating iron-chrominm-carbon alloys with a gas of known
Po, in chromic oxide cerucibles. The effect of chromium
conbent on the equilibrium carbon concentration could be
obtained directly thus avolding assumptions necesgary for the

prasent calculabiong.
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