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ABSTRACT

Chromium is one of the most important alloying elements used in
steel. The knowledge of its behavior in molten iron has long been de-
sired. Data obtained in indugtrial operating furnacés involve many
varisbles, and have been of little help in establishing equilibria re-
lationships. The present investigation has been undertaken to study
the fundamental physico-chemical bebavior of chromium in liquid iron
under verious oxidizing and reducing conditions.

To avoid contemination with foreign oxides, chromite and chromic
oxide ecrucibles have been used as containers. A slip—casﬁing method
for the menufacture of crucibles from chromic oxide has been success—
fully developed. The firing was done at 1430° C inka graphite crucible
in a high frequency induction furnace, followed by heating to 1500° C
in a globar tube furnace to remove the carbon. It has been found im-
possible to get good results by firing in air. The removal of carbon
is necessary because it causes excessive porosity of the ingot.

During the course of the equilibrium investigation, more than 100
experimental heats have been made at 1595° C + 5° in a high frequency
induction furnace under water vapor - hydrogen atmospherés of known
compositions. The charge consisted of mixtures of electrolytic iron
and electrolytic chromium. Due to film formation on the surface of
the melt, equilibria could not be reached from the high chromium side.
Some heats, however, have been made with the composition of the charges

virtually in equilibrium with the gas compositicns to assure that equi-



librie have been attained. The range of chromium concentration studied
wag from O to 21.4 percent, and that of the ratio of water vapor and
hydrogen in the gas mixture from 1.00 tec 0.025.

The epparatus for adjusting the gas compositicn has been carefully
tested and found to be satisfactory. A special furnace head of pyrex
glass with molten Wood's metal seal has been designed and constructed.
A prehester of platinum wire hes been used to avoid thermal diffusion
of the gas mixture. The results of preliminary rums on the hydrogen-
oxygen equilibrium in liquid iron have been checked with previcus re-
ports of other investigators.

Non-metallic crusté have been found in many of the ingots. There
were two varieties. By microscopic and X-ray diffraction methods one

_hasg been identified as the iron chromite, FeO:Cry0z, found in ingots
containing less than § percent of chromium, and the other the chromie
oxide, Crp0z, found in ingots containing more than 7 percent of chrom-
ium. From these facts and the study of the equilibrium data, it has
been eatablished that iron chromite, or chromie oxide, is the stable
solid phase in equilibrium with the liquid iron phase and the water
vapor - hydrogen gas phase, when the concentration of chromium in the
liquid iron is under or asbove 5.5 percent and the water vapor - bhydrogen
ratio is above or below 0.07 respectively.

It has been confirmed that iron-chromium alloy in liquid state
obeys the ideal solution law; that is, the activity of chromium is al-
ways proportional to its concentration, up to at leesat 1.4 percent

of chromium.



The reactions studied and the values obtained for the eguilibrium

constant and the standard free energy changes at 1595° C are shown be-
low.
(1) When chromite is the stable solid phase:

FeO+Crz0; (s) + 4Hp (g) = 4Hz0 (g) + Fe (1) + 2Cr (in Fe)

1.0 \*
—al -4
Ky =(Fy, ) (% Cr)2 = 7.25 x 10

AF° = 26840 cal.
(2) When chromic oxide is the stable solid phase:

Crz0; (s) + 3H, (g) = 3H,0 (g) + 2Cr (in PFe)
P 3
K, =(;w) (% Cr)2 = 1.036 x 10

AF° = 16960 cal.
The equilibrivm constant of reacticn (2) checks very well with

(34)

that calcuvlated from Maier's equation of free energy change for

the reacticn
Crz0; (8) + 3H; (g) = 2Cr (s) + 3H0 (g)
and Chipmen's equation(se) for the reaction
Cr (s) = Cr (in Pe)

Using Maier's heat data and the velue of standard free energy
change obtained in this investigation, it has been possible to derive
the free energy equations for the following reactions at the steelmak-
ing temperatures.

Crg0; (s) + 3Hy (g) = 3H0 (g) + 2Cr (in Fe)
AF° = 93170 - 40.75T




And 2Cr (8) + 13 0, (g) = Crz03 (=)
AF°® = 265,010 + 60.32T

AR
AS

-265,010 cal.

-60-52 e.l,

The oxygen content in the melt has been found to decrease first
and then increase with an increasing chromium content. The minimum
oxygen content has been found to be about .09 percent when the chrom-
jum content is 6 percent. By defining the activity of oxygen in the
melt as equal to the weight percent of oxygen in a pure iron melt in
equilibrium with the same gas atmosphere, the activity coefficients,
i‘-o = activity/weight percent, have been calculated and found to de-
crease very rapidly with increasing chromium content, from 1.00 at
O percent to 0.1% at 20 percent of chromium. This effect of chromium
on the activity of oxygen might be explained by the assumption of dis-
solved chromium oxide in one form or another. This also shows that
chromivm can never be a good deoxidizer, and that no relieble equilib-

rium data could be found accurately from chromium and oxygen analyses.
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I. INTRODUCTION

Chromlum was and will continue to be one of the most important
alloy elements in modern iron and steel metallurgy. It has been used
for the production of heat resisting and acid resisting steels, stain-
less iron and steels, armor plate steels, tool and magnet steels,
structural and engineering steels, and many others.

As the production of steels for special purposes is increased,
more and more alloy steels will be produced, both in variety and quan-
tity. Although chromium is not a very expensive material in compari-
son with other special alloying elements, being used in such vast
amount, it ig still imperative to have a good recovery in the manufac-
ture of chromium steels, eapecially of those with high chromium con-
tenta.

The presence of residual metals that come from scrap is also a
source of much concern. Owing to the use in open hearth charges of
alloy steel scraps, basic open hearth steels have been inereasing grad-
ually in residual chromium, along with other alloying elements. While
copper, nickel and tin are wholly recovered, molybdenum is mostly re-
covered, and zinc and lead are largely lost, the behavior of vanadium
and chromium is so dependent upon operating conditions that no general
statement can be made with respect to their recovery. It has been re-
corded{l™") that from 1951 to 1958 the residual chromium content of
steels made in the United States and Canada varies from as low'as 0.006

percent to as high as 0.071 percent, with an average of around 0.03



percent. These and other residual metals mey be detrimental or help-
ful to the finighed steel, as the case may be. A report(a) for 1942
from a number of plants making plain carbon steels gives the amount

of residual chromium as high as 0.55 percent. This might be occasionsal,
but it does show that it is a serious problem. Under the oxidizing
atmosphere of the open hearth, the oxidation and slagging of the chro-
mium would be considerable, and the losa of valuable chromium metal
into the useless alag is too regretable. Also, the elimination of
chromium in the open hearth for making plain carbon steels is expen-
sive business. Advantage should be taken of the residual alloying ele-
ments in the average steel bath., By taking careful account of these
residual metals, by special segregation of alloy scraps, and by care-
ful manipulation of the open hearth operation, alloy steels of defi-
nite percentage can be made if the necessary supplementary alloys a.re
added.

As the open hearth operation is primarily an oxidation and reduec-
tion process, the knowledge of the behavior of chromium dissolwed in
the molten metal bath towards various oxidizing conditions is necessary
to understand the phenomena related to this alloying element, to improwve
the recovery of the chromium added as ferrochrome, or to control the
residual chromium content. |

This study is planned to meet this end. The solid phases in equi-
librium with the molten metal in varous conditions are to be investi-
gated, and the equilibrium constants of the reaction between chromium

and oxygen and other related reactions are to be determined.
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II. LITERATURE SURVEY

The data in the literature on the equilibrium relationships of
chromium and oxygen in liquid iron with definite solid phases and with
gaseous atmospheres of water vapor and hydrogen are almost blank. In

(12)

1933, N. Inshakou reported that the behavior of chromium parallels

that of manganese. In 1935 and 1936, F. K3rber and W. Oelsen(g) and

F. Kdrber 10

reported their results on the study of the behavior of
chromium in liquid iron towards acid slags at the temperature range

1600 to 1640° C. In 1938, P. Bbrasymenko(ll) also reported a set of
data on the reactions of chromlum in the acid open hearth furnace.

(20) reported the relation of silicon content with re-

A, D. Kramarov
spect to the chromium content in the melt for an acid slag.

K8rber and Oelsen(g’lo) investigated the reactions between chro-
mium-bearing iron melts and chromium-bearing ferrous oxide, manganous
oxide silicates and solid silica. The slagging of the chromium (i.e.
the ratio (¥Cr)y . ¢ [0r] Lotay Was found to be highly dependent
on the composition of the steel and of the silicate slag; with rising
ferrous oxide in the slag, the ratio increased very much. Higher man-
ganese and silicon contents in the steel cauged a lower ferrous oxide
content in the slag and also in the steel, and thus opposed the oxida-
tion of the chromium. It was also found that the ratio [ojmetal :

(Fe0) was a constant, 80 long as the chromium content in the melt

slag
is not higher than 5 percent at a temperature of 1600 — 1640°. It was



also stated that in acid slags, and consequently also in the silicate
inclusions in chromium-bearing steels, chromium, in the presence of
the other metals, occurred to only a limited extent as chromium ses-
quioxide, Crp03 and principally probably as chromium monoxide, CrO,
so long as the inclusions are molten or have solidified as glasses.
It was stated that when the slags, and also the inclusions, crystal-
lized, extensive breakdown of the monoxide into‘ sesquioxide and metal-
lic chromium took place. This is, needless to say, a distinctive and
invaluable contribution to the study of the behavior of chromium in
liquid iron, but since the slag contains various amounts of iron oxide,
manganous oxide, and silica, in view of the amphoteric nature of chro-
mium oxides, the form and activity of chromium in the slag is by itself
an indeterminate factor, and consequently all the figures can only be
congidered as approximations, and can only be applied to particular
slag compositions. However, some of their data will be used for com-
parison later in the discussion of the results of this investigation.
Herasymenko(u) studied the reactions of chromium in liquid steel
with acid slags from the data of five acid open hearth heats. The con-
centration in the bath varied within the following ranges: 0.25 - 0.90
percent carbon, 0.65 - 0.70 perce_nt manganege, 0.07 - 0.47 percent sil-
icon, 0.25 - 0.70 percent chromium, and in the slag 30 - 43 percent
manganous oxide, 5.5 - 9.0 percent ferrous oxide, 0.8 - 1.9 percent
chromous oxide (Cr0), 45 - 56 percent silica, and 1.0 — 4.0 percent
lime. He computed the chromium content in the slag as chromium mon-
oxide, because, as the author atated, only this oxide can exist in acid
slags in equilibrium with the liquid steel. He calculated the equilib-
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rium constant as K = (Fe0) - (Cr) / (Cr0), and found it to be about
1.7, 2.0, 2.4, 3.0 at the temperatures 1500°, 1555°, 1600° and 1640°
respectively. As aforesaid, the introduction of silica and other con-
atituents adds to the complexity of the problem and makes the results
rather ilnaccurate.

)

studied the equilibrium in the reduction of silice
by chromium, and found that the curve of silicon content versus chro-
mium content in the melt against acid slag showed a quadratic function,
and concluded that the reaction representing the equilibrium condition
should be

2 [or) + si0; = 20r0 + [si)
and found out that the equilibrium constant K; = [Si] / [c:-] 2 would

be approximately 0.9 X 1075

at 1600 - 1620°. As the others, this work
suffers the same indefiniteness. While it has been proved that silica
is most probahly in excess of its solubility in the slag and thus its
activity can be considered as constant, both the solubility and the
amount of chromium inv the slag are unknown, and therefore the activity
of chromium oxide in the alag is a variable. The equilibrium constant
K = [51] (Cr0)2 / [Cr)2 should be used instead, if the reaction is as-
sumed to be correct. Apparently his conclusion may not be justified.

(12) tas not available, and the abstract

Inshakov's original article
shows that it is only qualitative, stating that analyses made during
heats containing 0.15 - 1 percent chromium showed that the behavior of
chromium paralleled that of manganese, the chromium being oxidized at
the beginning and reduced at the end of the heat.

When pure chromium and iron are used, the solid phase in equilib-

rium with the liquid metal hag not hitherto been fully investigated.



As K8rber and Oelsen said, the slag in equilibrium with the melt con-
taining considerable amounts of silicon, as shown by the inclusions,
was probably chromous oxlde or silicate. Granting this is true, it
might be due to the acidic nature of the silica. In a basic or even a
neutral hearth, the state of chromium in the slag phase might be en-
tirely different, due to the amphoteric property of chromium oxides.
Of course, the oxygen concentration, or rather the activity of oxygen
in the melt, plays an important role in determining whiéh would be the
mogt stable state of the chromium present in the slag. In various re-
ports(ls—lg), among many others, both chromic oxide and chromite have
been assumed and identified in the non-metallic ineclusions in ferro-
chromes and high chromium steels. This also needs more definite proof
and clarification of what will heppen under wvarious conditions.

The solublility of oxygen in liquid chromium, or in iron-chromium
alloys containing a high percentage of chromium, has not hitherto been

determined accurately, but Portevin and Castro(ls)

stated that "it must
be considerable, to judge from an experiment which congists in melting
and casting pure iron and a 70 percent ferrochromium under the same
conditiona of energetic oxidation. In the first case, the iron contains
very little more than 0.100 - 0.150 percent of oxygen, while in the
second case the oxygen content may exceed 1 percent. This solubility
must be appreciable even in the solid state, whereas it is still de-
batable in the case of iron. It may be possible to prepare chromium
alloys containing very few inclusions and having percentages of oxygen
of the order of 0.150 - 0.200 percent." This gstatement is debatable

since, although the exact experimental condition is not known, the case .
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may be that under an energetic oxidizing condition, so that the iron
will contain 0.100 - 0.150 percent of oxygen, a high chromium iron melt
simply cannot remain in equilibrium, and considerable oxidation with
the formation of chromium oxide or chromite in one form or another would
occur vigorously, with gigantic rate of muclei formation. Both chromite

and chromic oxide are in the solid state at the steelmaking temperature

- 80 it is quite possible for these fine solid particles to remain in

suspension without conglomeration and separation from the melt, especi-
ally if the melt is under agitated condition. But the prediction of
Portevin and Castro that chromium might dissolve considerable amounts
of oxygen in the solid state might be true, whereas the solubility of
oxygen in solid iron is certainly quite small. It seems to be reason-
able to expect that the solubility of oxygen in the liquid state would
be higher than that in the solid state, and the results found in this
work seem to support the view of higher oxygen solubility in chromium-
iron alloys, as will be discussed later.

F. Adcock(zs), in his careful work on the preperation of pure chro-
mium by electrolysis, found that the electrodeposited chromium always
contained considerable amounts of oxide. While no oxide was found to

be visible in the microscopic examination of the polished section of

the metal as deposited, and no residue was found by dissolving the metal

in dilute acid, considerable quantity of oxide was found in metal made
by melting the electrodeposited chromium in vacue, and also the electro-
deposited metal heated to 800° C for a short time under a vacuum of

0.002 millimeter pressure. He also showed that the poassibility of any



electrolyte being trapped was slight. This seemed to be an evidence
for the asgumption that oxygen does dissolve to a considerable amount
in golid chromium. A microscopic picture of chromium melted with ex-
cess of chromic oxide in vacuo showed considerable amount of large |
dark masses confined almost entirely to crystal boundaries. These
might conceivably represent oxide thrown out of solution during the
process of solidification, which means that chromium in the liquid

state 13 able to dissolve a considerable amount of its oxide, in ome

form or another.
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III. PLAN OF WORK

Under various oxidizing conditions, what the nature is of the
80lid phase or phages that will exist in equilibrium with the molten
chromium-iron alloy, and also to what extent chromium can remain in
solution without being removed by oxidation are the principal ques—
tions to be studied. The effects on the oxygen content of the melt
are also to be explored.

With the help of controlled water vapor-hydrogen gas mixtures,
heats of various chromium contents are to be made, analyzed and studied.
In order to eliminate as many variables as possible, crucibles of
chromic oxide and chromite are to be used. The relation of the amount
of chromium present in the molten iron with respect to the controlled
gas mixture and also to the amount of oxygen in the molten iron is to
be studied. The following is an outline of the experimental program
which has been carried out in order to arrive at answers to these ques-
tions.

(1) Manufacture of Chromic Oxide Crucible

Since no chromic oxide crucible is commercially available, it will
be mamufactured by slip casting from pure chromic oxide and firing.

a. The nature and amount of the dispersing agent, the nature and
amount of the deflocculation agent to be used, and the consistency of
the slip in order to make satisfactory casting will be studied.

b. The proper firing of the casting will be studied at wvarious

| temperatures, using various furnaces, to get satisfactory erucible with-
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out cracking. Any trace of carbon is to be avoided to assure reason-
able soundness of the ingot.
(2) The Apparatus Uged

The apparatus is to contain a gilica tube with a water-cooled
copper coil around it serving as the furnace. The hydrogen from a
commercial hydrogen cylinder will be passed through an orifice for the
measurement of the flow rate, a tube filled with platinized asbestos
heated to 425° C to eliminate the oxygen contamination with the forma-
tion of water vapor, a water bath at proper temperature to saturate
the gas with water vapof,‘ and three absorption towers put in an ac-
curately controlled thermostat to adjust the temperature and thereby
the water vapor content of the gas mixture, and finally into the silica
tube through a properly designed head in which a preheater is ingtalled
to prevent any thermal diffusion and condensation of the water vapor.

a. The orifice is to be calibrated.

b. The performance of the catalyzer is to be studied by detect-
ing the presence of any trace of oxygen after the passage of hydrogen
through the catalyst.

¢. The performance of the thermoastat is to be studied by deter-
mining the moisture contents of the gas with the thermostat set at
various temperatures.

d. The temperature-reasistance relation of the preheater is to
be calculated.

e. The optical pyrometer to be used for the temperature measure-

ment is to be standardized against the melting point of pure iron

(1535° C).
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(3) Development of Technique
The apparatus should be 80 arranged and the experimental pro-

cedure 30 adjusted that reliable chromium and oxygen analysis data
of the ingot in true equilibrium with particular H;0-H, gas mixture
at particular temperature can be obtained. The effects due to vari-
ations of the rate of flow of the gas, the temperature of the pre-
héater, the length of each heat, and the method of cooling are to be
considered. Convenient and satisfactory methods of sampling for oxygen
and chromium analysis are to be developed, with proper care to avoid
the contamination of nonmetallic crust and the oxidation of the ingot.
(4) Experimental Heatg

a. Various heats with different percentages of chromium and
oxygen in equilibrium with various H,0-H, gas mixtures are to be pre—
pared.

b. Chromium and oxygen analyses are to be made of the ingots
so obtained, by standard methods.

¢. Microscopic examinations are to be made of the representa-
tive heats made under different conditions.

d. X-ray diffraction patterns are to be found of the represen-
tative nonmetallic phase in direct contact with the melt.
(5) Interpretation and the Regults to be Anticipated

The data obtained in this work will be anticipated to give some
clarification of the following problems:

a. The nature of the solid phase in equilibrium with the molten
iron with particular chromium and oxygen content, in the absence of

interference from all other elements.
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b. The reaction or reactions involved in this equilibrium.

c. The equilibrium constant of the reaction or reactions among

chromium, oxygen and hydrogen in molten iron.
d. The activity coefficients of chromium and oxygen in the

molten iron.

e. The solubility of the chromium oxide dissolved in the molten

iron.
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IV. APPARATUS

A. Gag Sygten

A diagram of the apparatus is shown in Figure 1. Commercial
hydrogen was used. It was taken from the tank (H) through a needle
valve, and led to the safety trap (T). The safety trap waas filled
with mercury up to the level just above the outlet tube of the gas,
and then the mercury was covered with about three inches of water.

The pressure was thus maintained high enough to prevent bubbling and

escaping of the gas through this tube, but low enough to relieve a.nyv
excess pressure. The water was used to prevent the blowing off of the
mercury in the tube, in case of excess tankside pressure, and could
be replenished at times.

t A bypass (B) with stopcocks was provided so that the hydrogen
could be introduced directly from the tank to the furnace when de-

gired.

The flowmeter (F) was used to determine the amount of hydrogen
gas passing through the system by measuring the difference in pres-
sureg of the hydrogen before and after an orifice in the tube.

The catalytic chamber (C) was used to convert any contaminated
oxygen in the commercial hydrogen into water vapor. It was made of
a one-inch pyrex glass tube, nine inches long, filled with platinized
asbestos, and closed at both ends by rubber stoppers with holes pro-

vided for the inlet and outlet glass tubings. This chamber was heated
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by means of electric current through chromel A wire wound around the
tube on asbestos paper and covered with asbestos to a thickness of
about 3/4 inch. The current, and thus the temperature of the chamber,
was adjusted by a variable resistance in series with the heating ele-
ment. The temperature was kept at 425° C.

The gas then passed through a water bath (W), kept at desired
temperature by an auxiliary heating unit, so that the gas was burdened |
with a proper amount of water vapor before it was introduced into the
‘saturator (S).

All connections beyond the catalytic chamber were of all glass
congtruction, and even before it rubber tubing was used at a minimum.
Those beyond the water bath were heated to above 100° C to prevent the
condengsation of water vapor by means of chromel A wire wound around
the tubing and covered with asbestos.

The saturator consisted of three towers as shown in Figure 2, and
will be described in section B.

From the gaturator the gas passed into the reaction chamber, which

is described in section C.

B. The Saturator
The saturator unit was comprised of three glass chambers, as shown

in Figure 2, with the first two chambers packed with glass beads and
partially filled with water, and the third empty as the entrainment
chamber. Each tower has a glass tube with a stopper attached for the

purpoge of adjusting the amount of water in it. This unit was immersed
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Fig. 3. WIRING DIAGRAM OF THE SATURATOR
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in a large water bath, which was covered with a thin layer of oil to

cut down the heat loss by evaporation of water. The use of water in-
stead of oil facilitates the adjustment of the saturator temperature,
both at the start and during the run. The outside of the drum was in-
ﬁ sulated with asbegtos paper to cut down thé heat loas and to insure a
more uniform temperature in the bath., The bath was vigorously stirred
with a gtirrer driven by an electric motor for earlier runs. Later

the motor was burnt out due to long service, and since no small motor
wag immediately available, compressed air was used to stir the bath.

It was found to be equally successful, except that the heat loss due

to evaporation of water increased, and more current was needed to main-
tain the bath at the same temperzsture. The bath was about 17 inches
deep and 15 inches in dlameter. It was heated by means of & heating
coil of nichrome wire immersed in the bath. The wiring diagrsm is
ghown in Figure 5. (1) was a thermsl regulator containing mercury,
whose amount was adjustable through the tube and stopcock (8). (2) was
a relay to be actuated by current passing through the thermal regulator

when the temperature was high enough so that the mercury level waa

raised to get into contact with the needle (9), which could be adjusted
for its height by means of the screw. When the double throw, double
pole switch (7) was thrown downward, the heating coil (4) in the bath
would be shorted across a 110 volt line and was used for heating up

the bath. To keep ihe bath at constant temperature, the switch wes
thrown upward. The resistance (5) was so adjusted that the current
passing through the heating coil was just & littie higher than needed

for the desired temperature of the bath when resistance (6) was shorted,
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and a iittle lower when resistance (€) was thrown into the circuit.

Relay (2) acted to throw resistance (6) in or out of the circuit of
the heating coil as the temperature of the bath was higher or lower
then that desired. The sensitivity of the relay system could be made
higher by decreasing resistance (6), whereas a more careful ad justment
of resistance (5) was then needed. As the resistance (5) in actual
use in the experiment was wound with nichrome wire in steps, no fine
adjustment was possible, and consequently resistance (6) had to be
larger for certain temperatures and also for low temperatures where a
small change of resistance would not be effective enough due to the
comparatively high registance of (5). In actuel practice, (6) was
disconnected when low bath t.emperatp.res were desired. With this ar-

. rangement the temperature could be controlled to less then + 0.05° C

1 without difficulty and to + 0.02° C in certain cases. The thernometer
| used to measure the temperature and the thermsl regulator were placed
in the bath near the third tower, fairly far away from both the heat-

ing coll and the stirrer.

C. nace Set—
The furnace set—-up is shown in Figure 4. For the first few runs
a sand surface quartz tube 18 inches long and two inches in diameter
had been used, but later it was found to be permeable by hydrogen at
elevated temperatures. As a result, quartz tube with glazed surface
of the same dimension was used instead and wag found to be successful.
As for the head, in the firgt 20 runs a brass heed with a gight

glass of pyrex was used. Later it was found to be always a source of

L T
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headaches. Neither porcelain cement nor zinc cement gave good gas-
tight seal for the commection between the brass head and the quartsz
tube ag well ag that between the head and the inlet tube. Both of
these cements were sensitive to temperature changes and liable to have
small cracks. It was thought that these cements might work with a
water-cooled head, but then water vepor in the gas mixture might con-
dense if the temperature of the water—cooled head were too low. And
at best the thermel diffusion of the gas mixture would be exaggerated

by the greater temperature gradient within the tube(zl’zz).

Finally
a solution was found by using a pyrex glass head which could be con-
nected directly to the inlet tube. The joint with the quartz tube was
made by using a pool of molten Wood's metal (any low fusing alloy might
be used), kept molten at all times, as a liquid seal. Copper sheet
wag bent around and cemented with porcelain cement to the gquartz tube
to form a container for the molten metal, and nichrome wire was wound
outside with asbestos paper insulation to pass electric current to
supply the heat needed to keep it molten. Solidification of the metal
would certainly crack the pyrex glass head, and overheating of this
low fusing metal will cause evuporation and oxidation of the metal,
and eventually fogging of the glass head, making the determination of
the temperature inaccurate. Seversl runs had been discarded due to
this inaccuracy of temperature reading when both the molten iron and
the preheater added to the heating of the Wood's metal, and thus the
glass head was fogged.

The preheater will be discussed in section D.
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The crucible was rested on two or three alundum sheets in an
alundum crucible. This alundum crucible was in turn supported on the
top of & carborundum tube, which was placed on & removable transite
slide. The alundum sheets were used for heat insulation. When the
chromic oxide crucible was supported on the carborundum tube, the
crucible would invariably break during the rum, probably due to the
high heat conductivity of carborundum, and the subsequent high thermal
gradient through the thin chromic oxlde crucible.

The furnace was completed with an induction coil 2% inches in
diameter, with 12 turns of 3/8 inch copper tubing. The power was sup-
plied by a high frequency converter. About 15 kilowatts were needed
for melting, and about nine kilowatts were enough for keeping the metal

at 1600° C.

D. The Preheater
In order to cut down the thermal diffusion'Z?%2) due to the

temperature gradient of the gas mlxture, 2 preheater was inserted as
shown in Figure 4. Platinum wires of gauge number 30 were used as

the heating element, and were supported with a frame of porcelain discs
apd alundum tubes. The circular porcelain discs with holes for both
the alundum tubes and the heating elements were made from high temper-
ature chemical porcelain particularly for this purpose. These were
designed to prevent excessive heat radiation to the top part of the
furnace set-up where too high a temperature was not desired. Practi-
cally it was found necessary to break up the electric circuit used for

heating the Wood's metal seal during the actual run to prevent exces-
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sive heating and thus evaporation of certain constituents (notably
cadmium) of the Wood's metal. The whole frame was supported on the
top of the quartz tube with the help of thin alundum tubes, which were
ceménted to the pofcelain discs with porcelain cement in the lower part
and bound to each other with iron wire in the upper part. The leads
were made of No. 24 platinum wires sealed through the pyrex glass head
to prevent any leekage. Stronger wire was used for this part to mini-
mize the amount of heat generated in this part. Direct current was
used for the preheater so that the resistance across it could be readily
calculated by measuring the voltage across it and the current through
it. The temperature of the preheater was estimated by the length of
the platinum wire and the resistance change across it. Due to the de-—
terioration of the platinum wire and the non-uniformity of the temper-
ature throughout the preheater, the estimation of its temperature was
only an approximation, and its temperature could not be brought much
higher than an estimated average temperature of about 1100° C without

a raplid breakdown of the platinum wire.




V. CALIBRATION AND TESTING OF THE APPARATUS

A. Calibration of the
The flowmeter wes calibrated by passing hydrogen through the

whole gas system, and instead of passing into the furnace, was col-
lected over water through the exit, O, in a collecting vessel. The
collecting device is shown in Figure 5. The working of the systemwas
as follows. First the collecting vessel, C, was almost filled with
water by opening the valve (1) and closing the valves (2) and (3).
The pressure from the water tank which was kept at about room temper-
eture would force water into the collecting vessel and expel gas out
of it. Care had to be taken not to fill it so that the gas inlet
tube would remasin sbove the surface of the water. No water should be
let flow into this tube as water in the tube would offer additional
resistance to make the gas flow jerky and the flowmeter reading unsteady.
Furthermore, the pressure gradient through the whole system would be
disturbed. This was not too serious for the calibration of the gas
flowmeter; but as this calibration was done simulteneously with the
determination of the moisture content of the gas, any increase of the
pregsure in the saturator tower would decrease the water vapor -
hydrogen ratio of the gas mixture. The result would not represent the
condition to be expected during am actual heat, which would have the
furnace, and thus the thi:d saturator tower, virtually at atmospherie
pressure.

When the collecting vessel was almost full, the valve (1) was

closed, the U-tube, U, raised to a point so that the water level in
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the side arm (b) was just a little bit lower than the water level in
the collecting vessel. Then both valves (2) and (3) were opened. A
small amount of water would flow out of the collecting vessel through
the U-tube side arm (b) until the water levels were equal, since the
gas pressures on both sides were atmospheric.

Now the gas to be determined was led into the collecting vessel.
Its pressure was adjusted by lowering the U-tube contimuously so that
it was elways approximately equal to the atmospheric pressure. In this
way the pressure gradient of the whole system was mainteined close to
that during an actual run. Some pressure difference developed due to
the resistaence of the water flow through the connections, and it was
compensated for by lowering the U-tube a little further. Toward the
end of the run, though, the two water levels should be kept as closely
as possible. At the end, the entering gas current was shut off and
the pressure adjusted by letting a very small amount of water flow out
of the system so that the water level was just at the bottom of the
outlet side tube, and also just equal to that inside the collecting
vessel. This was important since otherwise the amount of water ex-
pelled would not accurately represent the volume of gas collected.

Finally the volume of gas collected within a certain period of
time for a particular resding of the flowmeter was determined by welgh-
ing the water expelled from the vessel and dividing with its density.
The totel volume of gas so obtained was then corrected for the water
vapor pressure in the collected gas by multiplying it with a factor

(atmospheric pressure mimus water vapor tension at water temperature)
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divided by the atmospheric pressure. The result was in number of
milliliters at atmospheric pressure and approximstely room tempera-
ture. Dividing with time gave the rate of flow. Since only approxi-
mate values are needed for the rate of flow, no attempt had been made
to standardize the temperasture and pressure, or to meke any corrections.
Actuslly this apparatus was primarily designed for the determina-

tion of the moisture content of the gas, otherwise many precautions

would be superfluous.

L' The calibration results are given in Table I and Figure 6.

B. Perf ce of the Cat C €
This was done by detecting the presence of any oxygen in the gas

mixture as introduced into the furnace. Two methods have been uged.

(1) The gas was passed through the gas system and saturated with
water vapor in the saturetor, which was kept exactly at room tempera-
ture. It was then led through a Geissler absorption tube containing
alkaline pyrogallol solution to absorb the oxygen. The increase in
weight of this absorption tube after passage of a definite amount of
ges mixture was supposed to give the amount of oxygen present. Since
the gas coming out of the pyrogallol solution would be saturated with
water vapor with respect to this solution at room temperature, it was
saturated first in the saturator to assure that no water in the absorp-
tion tube was carried away by the gag. The data is tabulated in Table
IT (a). It could be seen that the data did show positive readings of

about 0.002 gram in 1000 milliliters of gas. The amount of gas was
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TABLE I

Calibration of the Flowmeter

Atmospheric pregsure = 761.2 mm.
Temperature of water = 21.6° C
Flowmeter Total Time Weight of Water Volume Rate
_Reading —Minuteg Gramg ml. nl/mip
2 10 714 715 71.8
17.2 4 1751 1755 438.8
16.€ 4 1732 1735 433.8
5.6 10 1747 1751 175.1
5.6 10 1796 1800 180.0
55 2 1904 1908 954.0
7.8 7 1748 1752 250.3
7.8 7 1710 1714 244.9
11.0 5 1633 1636 327.2
1.0 6 1910 1914 319.0

14.3 4 1559 1562 390.5




(o))
o
o

ML. PER MIN

500 <

IN
@]
(@]

(o] ¢]

RATE O(f FLOW
o
o

n

o]

o
\

/

0 5 i0 ) 20 25 30
FLOWMETER READING MM.

i 00

FIGURE 6. Calioration of Flowmeter




- 30 -

measured as described in the calibration of the flowmeter. If it was
oxygen, there would be about 0.15 percent by volume. This seemed to
be not so small as to be negligible, but it was suspected that since
the pyrogallol reagent was a rather concentrated solution of potassium
hydroxide, it should exert a much less water vapor tension than pure
water and might ebsorb certain amount of water vapor from the gas.
With this in mind, a more complex set-up was devised.

(2) A U-tube filled with phosphorus pentoxide was inserted be-
fore the Geissler absorption tube to remove all the water vapor in the
gas. Within the absorption system, a ground-in drying tube contain-
ing phosphorus pentoxide was also added at the outlet from the Geissler
absorption tube to absorb all the water vapor which was teken away from
‘ the pyrogallol reagent. The change in weight of the absorption system
including the outlet phosphorus pentoxide was determined, as shown in
Table II (b). There seemed little doubt left as to the velidity of
tbis determination of oxygen content. It is evident that the oxygen

present in the system should be negligible, if any.

C. Pe nce t turat

It was planned that the ratio of the pressure of water vaporto
that of hydrogen in the gas mixture was to be calculated from the water
vapor tension at the saturator temperature and the atmospheric pres-
sure, with proper correction for non-idealness of the water vapor as
ghown in Appendix I. As & result, whether saturation was really ob-

tained in the saturator was of utmost importance.
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Determination of Oxygen in HyO-H, Geas Mixture

(a) Method (1)

(b)

Atmospheric temperature 24.5° C
Atnospheric pressure 759.1 mm.
Saturator temperature 24.45° C
Rate of flow 95 ml./min.

Increase in weight of the

absorption tube per

26° C
754.5 mm.
25.50° C

70 ml./min.

1000 ml, of gas (1) + .0005 gm./1 (1) .0018 gm./1.
| (2) + .0017

(3) + .0028

(4) + .0025

(5) + .0016
Method (2)
Atmospheric temperature 26,0° C 25.0° C 25.0° C
Atmospheric pressure 759.5 mm. 759.0 mm. 760.2 mm.
Saturator temperature 26.07° C 265.78° C 25.00° C
Rate of flow 75 ml./min. 85 ml./min. 34.3 ml./min.

Increase in weight'of the
absorption tube per

1000 ml. of gas

(1) -.0007 gm/1 (1) -.0003 gn/1 (1) +.0003 gm/1

(2) +.0000

(3) +.0002

(2) +.0001
(3) +.0002
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The same apparatus used for calibration of the flowmeter was used
for the measurement of the amount of dry hydrogen passing through the
absorption system.

The absorption system consisted of three gless-stoppered tubes.
The first tube (a) was filled with glass wool to remove the major part.
of the water vepor. Tube (b) was filled with phosphorus pentoxide to
remove the last trace of water vapor. The third tube (c) was also filled
with phosphorus pentoxide, and was used to prevent any back diffusion
of the water vapor from the collecting vessel into the absorption tube
(b). As explained later, the gas flow rate was sometimes very low and,
consequently, back diffusion was not impossible. Only the increasesin
weight of tubes (a) and (b) are registered as the amount of water vapor
carried in the gas mixture.

A1 the comnections before tube (a) were kept hot in the same way
as the main system, by resistance wire.

At first, the whole gas current was passed through the absorption
system, and the experimental data are given in Table III (a). However,
although extreme care had been taken to adjust the pressure in the col-
lecting vessel as described in the section on the calibration of the
flowmeter, there was the possibility that it was not exactly equal to
the atmospheric pressure, due to the not-too-fine adjustment and the
resistance to water flow in the apparatus. Later, with the main cur-
rent passing into the furnace with the preheater and Wood's metal seal
heated as in an actusl run, a small portion of the gas mixture was led
out through a side tube by adjusting the pressure in the collecting

vessel, C, in Figure 5. In this arrangement, the pressure in the sat-
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urator could be assumed as exactly the same as in an actual run, and
the ratio of water vapor to hydrogen would show no change. Care had
to be taken to remove only a small amount of gas, otherwise the back
flow from the furnace would give erratic results.

The results are shown in Table III. It was thought that since
the chromium analysis could not be accurate to less than one percent
and the accuracy of the oxygen analysis was even worse, the deviation
of less than one percent of the gas composition, which might yet be
caused by the inaccuracy of the calibration method, would be tolerable.
Therefore, the performance of the saturator was assumed to be satis-
factory up to 50° C and 430 milliliters per minute rate of hydrogen |
flow.

The calculation was made with the following equation:

PA mm. = atmospheric pressure

t° C = room temperature
t; C = gaturator temperature
W gn. = amount of water expelled

H,0 gm. = amount of moisture absorbed in tubes (a) and (b)

Pt mm. = water vapor pressure at t° C
dt = dengity of water at t° C
FB:0
P . = molal ratio as determined
Hy gmeasured
_ Hp0/18.016
B 08988 _ P, - P 273.1 1
b —————
wx d, X—Af——-t‘x§75.1+ t > Z.016

A
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P

_ H0 A t + 273.1

= L.246d, () X525, X "5l
P
ngg = molal ratio as calculated
H2 calcdo Pt P

-

ATt

D. Temperature Meagurement
A Leeds and Nortarup disappearing filament type optical pyrometer

was used for temperature measurement. To eliminate the error introduced
due to the liquid iron being not a black body, and also the absorption
of part of the radiation by the glass, the optical pyrometer was cali-
brated by observing the melting point of electrolytic iron in a magnesgia
or alundum crucible under a gas of dry hydrogen. It was observed that
the melting point was 1336° C. The deviation from this figure has never
been greater than two degrees in various determinations. The melting
point of electrolytic iron was taken to be 1535° C. The equation(25)
used was

1 1 _

?‘EI‘K
where T is the actual temperature in degrees absolute, TA the observed
temperature also in degrees abgolute, and K a constant for all érac-
tical purposes, when all the conditions were standardized and the emis- |
sivity of the observed substances did not change too much.

The calculation gave the value K = — .0000684. This value was

used throughout the whole work.
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VI. MANUFACTURE OF CHROMIC OXIDE CRUCIBLES

in order to get good equilibrium constant data, the activity of
the chromium oxide in the solid phase should be made as constant as
possible. Any contamination of the solid phase by the introduction
of foreign oxides would tend to alter the situation and make the ac-
tivity a variable through the formation of solid solutiqn or compound.

The best crucible to be used should be composed of the same com-
pound that would come naturally into equilibrium with the liquid iron
under the conditions to be studied. Chromie oxide, Cr,0;, seemed to
be one of the best materials that could be used. As no commercial
product was available, efforts have been made to manufacture it.

Tamped crucibles when used to melt high purity iron in a high
frequency induction furnace have the objection of contamination of the
melt by particles detached from the walls of the crucible. Therefore,
3lip-easting seemed to be a better method of manufacturing satisfac-
tory thin-walled crucibles with smooth inner surfaces.

The principle is simple. The slip consists of an agqueous suspen-
sion of fine chromic oxide particles, and when it 18 poured into a
plaster of paris mold, the water is removed by absorption into the
plagster leaving the chromic oxide particles deposited into a shape de-
termined by the mold. When solid, the casting may be removed, dried

and fired.
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A. ati f the S
Three lots of chromic oxide have been used, all of technical grade.

Number 1 was bought from the Baker Chemical Company, lot number 10441.
It was of dark green color and settled in water rather easily. Number 2
was bought from Merck and Company. It was light green in color and
seemed to be not easy to be wetted with water. It tended to float on
the surface of water in a thin leyer, and if forced down under water

by agitation, small air bubbles were always trapped and were difficult
to remove. Number 3 was also obtained from the Baker Chemical Company
and was lot number 5944. Its appearance was different from number 1,
being light green in color and settling not so readily in water as the
number 1.

A1l three were very fine material, leaving practically no residue
on a 100 mesh sieve, but their slip-forming properties were quite dif-
ferent from one another. Number 2 was the most plestic, while number 1
was the least. Slip made of number 1 material showed not enough plas-
ticity. It was thin and castings made of it ecracked in the molds. No
satisfactory castings could be obtained. Slips made of materials numbers
2 and 3 were aticky and rubbery, and contained numerous small air bubbles,
and the castings were soft and weak and stuck tightly to the mold. Very
few good castings could be successfully removed from the mold. Even
these had their inner surfaces scarry due to amall air bubbles which
did not escape by any means.

Absolute alcohol and some other organic liquids were tried without
mich improvement. However, crucibles which cast well and which could

be dried and fired without cracking finally were obtained by using a



- 39 o

mixture of materials and developing its plasticity by digesting with
water and by the use of hydrochloric acid.

A mixture of 70 percent by welght of number 1 material, and 30
percent of number 2, or one of 50 percent mumber 1 and 50 percent of
number 3, was found satisfactory. The mixture was digested in an ex-
cess of water for more than 2 days with occasional agitation. Then
it was let settle, the superfluous liquid was decanted off, and about
one-half percent of concentrated hydrochloric acid was added. The mix-
ture was stirred gently without introducing air bubbles. The desired
consistency was about that of thick cream. Water was added if if wag
too thick. The s8lip was then ready for use. It could be stored for
several days, but stirring would be necessary before the mixture could

be used.

B. Preparation of Molds and Castings
The molds were made of plester of paris. Approximately 4 parts

byweight of plaster of paris were stirred into 3 parts of water. The
preferred schedule was to sprinkle the powder into water and let it
settle without agitation. This would omit later jarring necessary to
elimiﬁate air bubbles. Finally it was gently stirred and poured into
a cardboard cylinder in which was put a tapered brass mandrel that was
covered with a thin film of vaseline. After about 30 minutes, the
plaster of paris set and gave a mold with its inner surface smooth and
free from gas pockets or mechanical defects. The mandrel was removed,

the cardboard shell was stripped, and the mold air-dried for several
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days. It was then ready for use. Sometimes it was found necessary
to clean traces of vaseline from the inner surface lest the absorption
of water during casting should be uneven.

It was found that when the material was very plastic and the slip
was sticky and rubbery, it was better to use molds as dry as possible
to make the absorption of water from the slip possible and to avoid
the adherence of the casting to the mold. On the other hand, if the
material was not too plastic and the slip rather thin, it woﬁld be better
to use molds somewhat moist so that the absorption was not too rapid.
For the aforesaid mixture, both could be used satisfactorily.

To meke the castings, the slip was poured into the mold without
splashing or entrapping air. Water was immediately absorbed by the
mold. The liquid level was maintained by additions of slip until the
film of solidified material reached the desired thickmess. The residual
liquid slip was then poured out. The time required varied greatly with
the plasticity of the material, consistency and acidity of the slip and
the condition of the plaster mold. Within one—quarter of an hour,
shriﬁkage cracks began to appear at the junction of the top of the cru-
cible and the wall of the mold. After about onme hour the crucibles
would be dry enough to stand gentie handling, and could be removed easily
from the mold. The crucibles were air-dried for one day, dried at 105° C
for another day, and then fired. The dimensions of the crucible de-
creased a little before removal from the mold, but drying affects it
but 1ittle. Castings of various sizes had been made, and it was found
that the linear shrinkage during casting and drying was about 6 percent,

while that during firing was about 1l percent, varying with the compo-



- 4] -

sition and consistency of the slip as well as the temperature of the
firing.

Crucibles used in this investigation were cast about 4.2 centi-
meters in diameter and 4.5 centimeters in height. The fired crucible

was about 3.5 centimeters in diameter and 3.7 centimeters in height.

cC. iring of the ble

This has been one of the thorny problems in this work. Chromium
forms a large number of oxides with variable valences. No definite
information was available with respect to the stability of these oxides
under different conditions.

First it was thought firing in air might be possible. A furnace
with globar rods as the heating elements was used. The heating was
rather slow, taking about 8 hours to reach a temperature of 1500° C.
The crucibles became dark-colored, showed no shrinkage, and were very
friable. X-ray diffraction pattern showed no change of the position
of the lines from those of chromic oxide, but it did show spotty type
of pattern, which could be interpreted as due to recrystallization.
These crucibles had no strength and could not be used.

Temperature was thought to be not high enough, and ges-fired fur-
naces were used to fire the crucibles up to 1650° C. One of the fur-
naces used was small, lined with chromite, and the temperature could
be brought up to 1650° C in about 4 hours, while the other was a large
catenary-type furnace, lined with number 80 heavy duty firebrick, and

the temperature could only be raised very slowly. Two days were norm-
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ally needed for the firing. Both were unsuccessful, with the result-
ing ecrucibles about the same as those obtained in the globar rod fur-
nace. The atmosphere was not controlled, but it was doubtless more
reducing than that in the globar rod furnace.

Then a high frequency furnace with a graphite crucible as the
heating element, the same as that used by Marshall(24) for the firing
of magnesia crucibles, was used. At a temperature of 1600° C, the
crucibles were obviously reduced. Passing nitrogen through the graph-
ite crucible retarded the reduction, but it could not be stopped. As
the presence of any chromium carblide was highly undesirable, although
the chromic oxide crucibles so fired were hard and strong, it was
thought not to be the real solution of this problem. The shrinkage
was always very high.

Next the firing was tried in vacuo, using graphite crucible as
heating element heated with a high frequency current. Magnesia was
used to separate the graphite from the chromic oxide crucible. Due
to the reaction in the furnace, it was found to be not quite possible
to maintain high vacuum in the furnace. Very few of the fired chromic
oxide crucibles were satisfactory and reasonably strong. Many, how-
ever, developed cracks, and some showed a thin brownish yellow film,
the composition of which was not determined because the amount was so
small that the chromic oxide attached to it was always prominent in
quantity. Besides, crucibles that could be fired in the available
high vacuum furnaces were not big enough to be used in the equilibrium

heats. This attempt was given up.
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The solution found to be relatively satigfactory was to fire it
in the graphite crucible with high frequency electric current to a
temperature not higher than 1430° C. This temperature limit wag im-
portant lest reaction should proceed more rapidly and the ecarbon ab-
sorbed be very hard to remove. The chromic oxide crucibles should be
well shielded with alundum cylinders and sheets so0 that there would
be no possibility of any direct contact between the graphite and the
chromic oxide. Introduction of commercial nitrogen seemed to do 1lit-
tle good. The crucibles so fired had a shrinkage of about 1l percent,
and were reasonably hard and strong and dark-colored. Firing at temp-
eratures below 1400° C did not give crucibles strong enough to be used,
while the shrinkage was low and the color light. However, the cruei-
bles obtained by firing at 1430° C contained some carbon, which was
finally burned out by heating in air in a globar tube furnace for more
“than 2 hours at a temperature higher than 1500° C. This did not change
the appearance of the product. Chemical analysis and an X-ray diffrac-
tion pattern did not show the presence of any compound other than the
chromic oxide. This did not exclude the possibility of the formation
of small amounts of other oxides or carbides, but did show that Crz0;
was the prineipal constituent of the finished crucible.

The crucibles so obtained might still contain some carbon since
the ingots made in these crucibles were mostly somewhat porous, while

ingots of the same materials made in alundum or magnesia crucibles were

invariably sound.



VII. EXPERIMENTAL WORK

A. Technigue
The electrolytic iron was cleaned, pickled, washed and dried to

remove any attached dust particles which may contain some carbon.
Pieces with smooth surfaces would give better results since there would
be less probability of introduction of carbon, which would help to make
the ingot porous. A weighed amount was charged into the crucible in
such a manner that the upper pert would not get in touch with the eru-
cible and, consequently, would drop down when the lower part was melted.
This was to minimize the probability of arching of the charge during
the melting stage. Calculated amount of previously pickled and dried
electrolytic chromium was charged at the same time.

The saturator and the water bath were brought to the desired temp-
erature, which was usually a little bit higher than that expected to
give equilibrium condition. The whole system was flushed out with hydro-
gen for about three-quarters of an hour. The saturator was by-passed
most of the time to prevent high water-vapor pressure in the gas, and
the resultant condensation of water at the cooler parts of the furnace.
The catalyzer chamber was kept hot during the run.

For the high chromium heats, it was more advisable to melt it under
hydrogen since water vapor tended to form a solid oxide film around
the chromium metal, and thus prolong the time needed for melting. So
the preheater was started and the high frequency current was turned on.
Since chromium has a higher melting point than iromn, pieces of chromium

would float on the surface of the melt for quite a while. Yet it was



- 45 -

not advisable to bring the temperature higher than necessary, since
more chromium oxide would then be dissolved from the crucible, and
later manipulations would become more difficult. After the charge was
melted, the hydrogen was led to pass through the water bath and the
saturator.

For the low chromium heats, it was found to be neceasary to melt
under the desired gas mixture, since chromic oxide dissolved rather
readily under hydrogen atmosphere, the chromium content was thence
higher than needed, and it would be impossible to bring it down to the
desired amount without disturbing the equilibrium condition, as will
be explained in a later paragraph. For heats with chromium content
less than one percent, no chromium was charged, and for those with
chromium less than 0.2 percent, small calculated amounts of ferric
oxide were charged with the electrolytic iron. After the furnace was
well flushed with hydrogen, the preheater was started to bring the
upper part of the furnace to a fairly high temperature. Then the hy-
drogen gas was led through the water bath and the saturator before
entering the furnace. After about 15 minutes, the high frequency cur-
rent was turned on to melt the charge.

After the charge was melted, it should be brought to the desired
temperature, in this work 1595° C, as soon as possible. After reaction
for a few minutes with the desired gas mixture, solid particles began
to appear floating on the melt. These would accumulate first around
the rim, and grow toward the center. This was the indication that under

such a gas mixture the melt was too high in its chromium content. This
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film grew rapidly, except in the case of very low chromium or very low
oxygen content, and would cover the whole melt. Since this was a solid
film, it would stay on the surface without exposing the liquid metal
any more. Even though the pyrometer reading due to the high emissivity
of the solid film was corrected accordingly, it could hardly represent
the temperature of the melt because the heat loss to the surroundings
was so great, and this solid film was so insulative to heat that the
temperature of the surface would be greatly affected by the thickness
of the solid film. Besides, the reaction between the molten metal bath
and the gas would be completely blocked, and the desired equilibrium
condition would never be attained. While raising the temperature of
the melt even higher was not desirable, the temperature of the saturator
had to be lowered. As it took time to get the gas composition in the
furnace corresponding to that in the saturator, and also to have the
formation of the solid film noticeable, the temperature of the saturator
was lowered in steps of from one to two degrees instead of conmtimuously.
Yet it would be practically impossible to remove the solid film which
had covered the whole melt and thus prevent the transference of oxygen
from the melt to the gas, which was necessary before any solid oxide
could be dissolved. Dry hydrogen was usually needed in that case, al-
though more chromium would be introduced into the melt. Better proced-
ure would be to lower the saturator temperature before the whole sur-
face was covered; but in most cases the effect of the lowering of the
saturator temperature was too slow to be effective, and dry hydrogen

had to be resorted to. After a few trials, & condition would be ob-
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tained that no splid film was formed, or better that only some isolated
solid particles floated around the rim without growing inward.

It was agsumed that the equilibrium condition was approached.
Keeping everything unchanged for one more hour was supposed to be enough
for the attainment of the equilibrium.

At the end, the preheater was turned off first, and then the high
frequency current. A strohg current of hydrogen was used to cool the
melt rapidly, which was kept in its position. The solidification was
rather rapid, always within fifteen seconds.

The above technique was found to be the most successful and was
used for the last 20 heats. In the earlier heats, however, a charge
with chromium content less than required was melted and kept at proper
temperature in contact with the desired gas mixture for various lengths
of time. It was thought that equilibrium should be approached from
both the high chromium and the low chromium sides, but practically no
reliable data could be ocbtained from the high chromium side, due to
the formation of the solid film, although it was possible to determine
whether a certain melt was on the high chromium side or not.

It was observed that a melt with four percent chromium'could be
obtained from a pure iron charge by keeping it for only about one hour
at 1600° C. From this it could be concluded that the solution of chromic
oxide wag not a slow process and that equilibrium could be reached within
a reasonable length of time if the chromium amount charged was not too
low. With this in mind, it seemed that although almost all the data
were obtained from the lower side, they could be counted on to repre-

gent the true equilibrium conditions.
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The ingots alwayg adhered to the chromic oxide crucibles, while
they could be gseparated easily from the chromite crucibles. After
grinding off all the non-metallic substances, including the crust found
around the ingots as described later, the ingots were analyzed for their
chromium and oxygen contents. Samples for oxygen analysis were usually
cut with a cut-off wheel or a hacksaw into pie sections. Pickling and
grinding were used to clean the surface, and the analyses were done by
regular vacuum fusion methods. Samples for chromium analysis were pre-
pared by cutting through the vertical cross-section on a shaper. The
chips were cleaned with acetone and enalyzed by the regular potassium
persulphate method.

The oxygen value for each ingot was always chosen &s an average
of the duplicates of the lower values. When only one lower value was
obtained, with all other values higher, it was chosen on the basis that
ocelusion of particles of non-metallic crust, such as that shown later
in Figure 8, would make the analysis results erroneous and higher than
actual values, and hence the lower values were considered to be much

more reliable than the higher ones.

B. [Experiments and Dats
From a total of about 120 trials, 76 ingots were made. The others

were discarded during the run due to various troubles such as the fail-
ure of some part of the apparatus, fogging of the sight glass, breaking
of the crucible, bridging of the charge, covering of the whole surface

with solid film, and so forth.
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The first two serles of heats were made in magnesis and alundum
crucibles for comparison with published data and thus to ascertain the
overall performance of the assembled apparatus. It could be seen from
the data (Tables IV and V) that the performence could be considered as
gatisfactory, with the exception of heats numbers 1 and 2 which were
made with the brass head for the furnace, and leakage was highly prob-
able. These data were entirely compatible with the date of Chipman and
Fontana(%6),

The third series were made in chromic oxide crucibles. Heats
numbers 101 to 125 were made with the brass head, and leakage was prob-
able. Heats 131 — 170 were made without any leskage, but the equilib-
rium was approached from the low chromium side and, since no informa-
tion wes available, the starting charge might be far from equilibrium
and the results could bé used only with careful consideration. Among
these heats, several would be plotted along with later heats, while
others have been discarded.

It vwes during this time that in many of the ingots, crusts con-
taining considerable amounts of non-metallic substances in the matrix
of metallic substances were observed. These crusts were metallicnin
appearance after rough grinding, and could not be distinguished from
the metal at that time. Fine grinding, or better polishing, however,
would show the crusts to be darker in color and also less shiny than
metal. During the grinding of various ingots, streaks of two differ-
ent colors, brown and green, could be observed easily, and seemed to

be dependent on the chromium percentage of the heat. The solid films
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formed occasionally during the heat alsc showed two different varieties
by color, brown and green, the former in low chromium heeats while the
latter were in high chromium ones. These will be discussed in detail
later in the section on the identification of the solid phase inequi-
librium with the melt. Heats 171 to 189 were made according to the
best procedure as described. These were supposed to be quite relisble.
However, for heats 178 and 179, it was suspected that, since the charge
wes not high in oxygen content, too much chromium was dissolved during
the melting operation, with the result that the ingots were somewhat
higher in chromium and lower in oxygen than those in actual eguilibrium
with the gas mixture used. Due to the small amount of chromium pres-
ent in the melt, it was thought to be quite probable that the film forma-
tion process was too slow to be noticed. As a result, the ingot remained
to be a little high in chromium and low in oxygen.

The fourth series was made in commercial chromite crucibles after
burning out the carbon at 1500° C. These crucibles were found to be

rather impure, conteining magnesium and aluminum among other elements.

It wag thought that these impurities together with iron oxides would
be insignificant in their effects on the equilibrium data only if they
were mixtures instead of solid solutions with the iron chromite. An
X-ray diffraction picture did show the shifting of the lines from what
had been obtained by Clark, Ally and Badger(27). The data were cal-
culated and compared in Table IV. It could be seen that the values

of d were generally low, which indicated thet the chromite did contain

some impurities in solid solution, the amount of which cannot be esti-

mated by chemical analysis.




Figure 7 is a picture showing the appearances of the erucibles
uged and the ingots obtained. The upper row from right to left shows
(1) the dried but not fired chromic oxide crucible, (2) the fired
ehromic oxide crucible, and (3) an unsound ingot with the upper part
of the ingot remsining intact. This ingot is a typical one listed as
porous in Table VI. The lower row from right to left shows the chrom-
ife crucible (1) before and (2) after the heat, and (3) a sound ingot.

A1l the observaticns and data of these heats are summarized in

Tables V and VI.

FIGURE 7. Chromic Oxide and Chromite Crucibles and the Ingots.
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8 = strong; w = weak;

TABLE IV

FeCr,04 data from Clark, Ally and Badger

v = very

X-ray Data for Chromite Crucible

-}
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o
7} = 1.617 A

Clark's Data
for FeCry0,

Co Radiation: No filter. Mg = 1.787 A
Corrected
Intersity _ Angle 4 4, d
vvw 11.23 4.587 4.82
vw 18.16 2.866 2.95
VW 19.28 (2.706) Q.48
8 21.39 2.451 2.52
vw 22.30 2.355 2.40
vVvw 23.42 (2.248) 2.038
w 25.96 R.041 - 2.080
\aAl 30.99 (1.736) 1.571
VW 52.28 1.873 1.700
w 34.65 1.572 1.606
s 38.17 1.446 1.475
VW 45.47 1.253 1.274
\AL 48.99 l.184 1.072 1.204
vvvw 51.09 1.148 1.167
vvw 54.28 1.100 1.118
L 56.44 1.072 1.080
w 60.18 1.030 1.045
w 69.95 0.951 0.966
w 76.25 0.920 0.934
Notes:
d, 1s calculated from 72-
dg 1is calculated from »,
(27)

Intengity

2
4

N O Y O NN B O O



sox 0z¥ 2 €S9T SL80°0 $.80°0

g1 09  L'T 8291 84S0°0 A.S0°0

%_ gex 0SL  2°2 $S9T S090°0 %090°0
: dn paieaco edwjmg  sef 027 2 S6ST LISO WSO
ge1 08% T 96ST L¥RT°0 SHRT'0

uejoIq STYFINI) oN 02F  9°T 46ST €8°0 8928°0

oN 008  S°T S99T T¥80°0 6€80°0

S 088  SL°0 26ST T2¥0'0 02900

gox 0T  S°T ¥6ST $280°0 T280°0

sex 062  9°T 26ST S20T°0 020T°0

gex 068  ©0°T 88ST ¥2¥0°0 §290°0

sox 0S¢  2°2 9891 6290°0 8250°0

WY TTEE UNWSTI TR 5 IS e

woTg sep ewyy -dwel [\ gt

30 eqey TIH (g d

83wef 3y} JO SUOT}TPUC) TejuemTJLadxy

A T'19VL

L8° TV
08°72
05°s¢

32° L9

8TQTONI) SPTXQ OFWOID

6°09.
6°99L
3°ToL

L°894

ATATONI) umpunTy

3TQTOoNI) ®IFoUSBR

80°8%  2°094
02°6,  T°094
82°TF  8°%9L
95°62  0°694
08°0%  0°T94
8S°¥%  0°094
09°62  ¥°99L
L9°62  ¢°ToL
9 o
dusy  -s9dg

Jojean}Bs  “HRY

0°'1
%
6°S

L9

0

0

1A

0

0
0
0
0

PTANN

11T

$0TT

0T

‘0

L2

93

g3

L {1

3

tl

JesH

‘d

v

—WwW PILEH) “ON
o ¥




89X 00Ss §°T 86ST 4980°0 9680°0 09° 1Y 6°¥94 6°3 98T

) g9f 0%3 0°2 86ST 6S3T°0 9S3T°0 o%°8v 0°99L o PeT
&. sex 0og 9°T €09T 2280°0 0£80°0 00°Tv 6°094 9°'¢ eeT
89Tposu umoaqg 83% 0S¢ 4L°T Q09T 23880°C 0€80°0 68°0% L°9S. S°S (3
goTposu
UNOJIQ ‘PSISA0D 3aBd 8ox oos €°3 299T 9380°0 %380°0 §8°0F T°094 1°8 18T
8ox 06¢g é°T 96ST TI¥0°0 OT¥0°0 08°82 §°3SL L'y SeT
sox 00¢g 0°T 46ST 93ST°0 O038ST°0 o¥° 1S T° 154 0 a1
891 00¢g €°T S6ST §890°0 %890°0 o%°Le T° 1S 0 83T
89X 0S¢ e°T P6ST P3S0°0 €350°0 ¥6°2¢g 9°3S4 0 33T
89X 03¢ £°T 96ST 8640°0 9640°0 0g°0¥ 9°294 0 3T
sof 101314 8°T SO09T 9080°0 %080°0 S3°0v L°SSL 0 1031
sox 0s9 ¢°'T S6ST S86TT1°0 68IT°0 18°L¥ 4°09. (¢} 61T
sex | 0T. L°T L6ST LOST°O0 3208T°0 06°8¥% 0°09. 0 81T
sox 0e9 S°T 66ST T1880°0 6.80°0 00°2¥ 1°T9L 0°1 ti1T
s 0g4 0°8 86ST 4S8TI°0 ¢£B8TT°O 93°LY 2°6S4 0 91T
sox 0gs €°T 96ST S0S0°0 %0S0°0 8e°3¢ L°6SL 8°¥ STT
P3I3400 3JdBd 891 oos §°2 T99T B8TOT°0 ST0T°0 Sv°¥v 9°8S. (0} V1T
gd3nox vysQq 891 T99T 6260°0 wmmo.o V] "1 4 6°094 5°0 STT |
HiTewey I5jFeusld “UTE/ W “SH D o .dwl W@ pesTeq) “ON |
MOT4 SBNH ouwy] °dmej .mao.a *gexd I0 ¢ 938eH :
o o3wy Te3eR A.Wmu mm I0y8anqeg ‘WYY |

PONNTIUOd ‘OTQTONI) SPTXD OTWOI) *O ‘A ITQWL :




s9x 00¢g 0°2 86ST S390°0 %2390°0 $0°9¢ 0°T9. 0°S 191

penuTauod ‘aTqronI) 8pTX0 OTwox ) ) ‘A 9TqBL

|
"m sex 03¢ 0'2 86ST §390°0 ¥290°0  €0°9§  8°6SL  TI°S 09T
8oy ogg 3'T  209T ¥%L0°0 3¥L0°0  00°6S  3$°6SL  S*3 6ST
891 092 0°2 963T LPLO°O SPLO°0  96°88  0°SSL 0 83T
Sutdplaq ewog oN 083 0°2 L09T 9¥L0°0 %%LO°0  00°68  6°9S. 0 95T
3utdpraq suwog ON 02¢ 0°2 96ST 82%0°0 .3%0°0  00°Ss¢ 0°¥%S.L 0 95T
8utd3oy smog sex 0.Lg 0°T ¢009T 6L%0°0 8LPO°0  95°TS  6°T9. ) 8sT
se] 068 v*T  L6ST 6¥80°0 LP80°0  €2*Tv  $°9SL  ©°2 18T
8ox 00% 0°T 69T 4SS0°0 9990°0 02°¥8  ¥#°S9L  T°S 240
23T8d 0S¢ 0°3 LBST 9890°0 ¥5$90°0  06°98  0°%9.  3S°¢ gPT
sax 0g¥ 0°T 86ST $380°0 3290°0 00°98  9°T9L  §°¢ 348
oN 083 L°T %6ST ST90°0 ¥%T90°0  08°SE  9°T9L  O°¢ ™
8ex 03¢ 9°T 96ST €6TT°0 O06TT°0  83°4%  £°63L  $°T 051
sex 092 0°2 96ST 6880°0 .g80°0  20°TF  8°SSL  6°S 6ST.
PaIaA0d 3a8q oN ovg 0°2 0S9T 8940°0 9940°0  SP°6¢  #°9SL  6°S 88T m
89X o¥g 2°2 86ST 9.4%0°0 SLP0°0  6P°IS  S$°S9L  8°TT 98T W
HEWY BIEEL AW TR 5. IR W 5o W BTy TN |
oL %) owry dwep /FgN o d  dwey  vsezg  ap§  guem |
Jo agey Te38R qumm d J038IN3ES ‘MY m




90wJaIns

Uo 9TPIsU ULAIH sex 00% £°2 ¥6ST 0820°0 0820°0  ¥®.°32  8°39L  T°03 €81
"W sax 0)574 3°2  P6ST 990°0 0820°0  0P°93  9°TSL  0°ST 38T
! sex oT¥ 3°T 96ST 8¥%0°0 4L¥PO°0  L42°0¢  €°3S4  0°0T T8I
poI2A00 AT3a8J sox 0S¢ 0°2 L6ST 6T90°0 8T90°0  L9°§¢  €°28. 0°9 081
peIarod A13Jaed sex 08% #°T 96ST 8TI88°0 2648°0  39°L9  £°994 0 6LT
paaea0d AT9a8d 89K (4i 472 I°T S6ST 68T2°0 6912°0  £€9°%9  £°994 0 8.1
PaIeA0d TTV sax oTv 9°T 86ST 6LP3°0 99%2°0  T16°6S  9°TSL 0 LLT
sex 08% 1°2 86ST 96T2°0 98TI°0  28°LS  9°TSL 0 9.1
8ox 444 2°¢  86ST 86ST°0 £6ST°0  60°0S  §°09. 0 SLT
sa} 0sg LT #6ST 29TT°0 6STI°0  08°9%  $°39.  9°8 LT
) ¢ 08¢ 0°2 96ST 9.20°0 9420°0  0S°32  6°6S4  0°S 3T |
sox obg  S°2 2091 0B20°0 0830°0 0L°%2  6°6SL 676 ur m
se] 02¢ 9°T LBST 9%PI°0 OPFPI°0  L9°0S  6°39L ) 04T w
3urdptag sex 08¢ 2*T 0091 6%%PT°0 SP¥P1°0  08°0S §°89L 0 69T )
oN 00g 2°T 0091 2680°0 0680°0  82°3%  $°99. 0 891 |
)4 09¢ g*2 66ST 220T°0 6T0T°0  89°%¥F  S°P9L 0 S91 W
PeI8A0d AT30Bd go] oge 9°T TO9T 8390°0 4390°0  20°98  0°9sL ¢'% ° 291 y
FiTewel IeyesUely CUTH/ (@ 3 § o o5 T M 0 o w@ pddredd) TON
vty sep ewyy -dwer /%, mmmmm ‘dwe  *sexd a0 ¥ 9ueH “
Jo eqmy Te38R mumm d J03=anjes  ‘Wyy |

pomITUOD ‘@TqTONI) 8PTX0 OTWOXD *O ‘A OT4SL |




- 87 -

g1
8ok
2338d
237%d

L) 8

gox
gox
8ox
sex
8o}
Box

Titewey TeTesqeid

otF 2
oTF  0°T
088  9°'T
oTF 2
01g  0°T
0osg  T'T
068  T°T
068  9°T
0S5y  2°T
oov  S°T
(010} 7 81

TR TEN

MOT4 S®)  euTy

Jo aywy

*psute}}e qou gem Sed oUq 3T WNTIQTTMDe ey} quSnoyy sua

3T (202 °*ON) 9UO ST} JOJ pPuUB ‘UOTFOBOI SWOS poMOUS BABATE SOTQTONID d3TWOIYD) °F

*queqs8ucd qday aq 09 aTqeun Setnjwsradue], °¢
‘uni oyy Sutanp 9joxq Jojseysdd 2

*97qeqoad #3wyeal puw ‘pwey E£SBIq Y3TA opem S388H T

L6ST
L6ST
mmmﬁ
gest

S6ST

£6ST
¥6ST
86ST
96ST
86ST

S6ST

Do
*duay],
T21eR

gTOT°0 600T°0
6¥80°0 L¥80°0
g80°T §20°T
684°0 9T8.L°0

08TT°0 9.LIT"O

4830°0 4S20°0
6880°0 8820°0
§380°0 8280°0
16S0°0 06S0°0
T9¥0°0 09%0°0

39%0°0 T9%0°0

I o

Nm d
o 0H,
0 d

PANUTIUOD ‘TqTONI) @PIXO JFWOIYD

1899 0N
8°%F  S°P9L 3¢ 903
03°TF  8°99L 2°% S02
92°28  2°TLL 0 ¥02
92°8L  8°8SL 0 202
06°9Y  6°2SL 0 9203
TqIONI) @TWOI)  °Q
ov'1e  1°%9. #°12 681
0L°L3  T°3uL  4°3T 881
SO°Tv  S$°69L  $°S L8T
mo.mn_ ¥°68L  0°S 981
68°0¢  9°09L  ¥°L 38T
68°08  9°09. 8°6 ¥81
RN o B
1033d0388 ‘WY
*0 ‘A 9198}




80°4L 8450°0 829T TIT

- 58 -

89'9 S090°0 gs9T 01T
gvL LLE"O S6ST 40T

8TqQIONI) 8PTX) OTWOIID °D

punog 0£0°0 Hmmmo“mmo. LP3T°0  96ST 43

usyoIq STqIONIY sn0.I0g 66T" ‘¥a3° 2€8°0  LBST 92
punog T¥80°0  S99T S

91T10*

punos  20T0°0 0800° ‘00TO° T3%0°0  26ST  ¥3

eTqToNI) uwmpunly g

pumog  0020°0 TO20* ‘0020° g380°0  ¥6ST i4

punog  9¥30°0 9%20° €201°0  26ST g

pumog €310 ‘iST10° ¥3%0°0  88ST 12

punog S9T0° 62%0°0  98ST 11

8TqQIoNI) BfSeudsf °V

FIowsy Is0I) XFT80I04 SO BN —w3eq %  TIIod D o TN _
uasoyn syefTeuy 2y sduwa] 4®=oH |
€308ul JO UOT3TPUOC) ¢ ‘stsATeuy ueddxQ uniwoIyd _d T®19K

omm

30948 833Q
IA TT9YL W




90wJINne

: U0 83Tpesu wmoxg e(d) D snolog 850°* ‘890° 60°9 2880°0 2091 28T

221

=.u AOTUT ‘gD ateg 880° ‘890° 826 9280°0 $S9T 18T
8g0°

punog g80°0  $20° ‘sgo’ 60°S TIPO°0  96ST 1931

are] 2%0°0  gs0° .mmo. 96°0 923ST°0  LBST {321
snoxog 0%0°0 mmomwmmﬂo. g3°2 §890°0  96ST  ¢S2T
snoxod £1ap ¥0'0  L¥0° .mwo. Lb*2 $290°0  $6ST 33T
snoxog ¥%0°0 mmo~¢mﬁmo. 30°2 8640°0  96ST T3T
snoxod 880°0  620° ‘u80° 08°2 8080°0  S09T O
T84 3p0°0  2W0° “‘gho° $6°T 26TT°0  96ST  1BTT
810104 ¥IT° 10T LOST°0  L6ST 811

0,°2  T880°0 66T LTI |

$0°2 L8TT°0  86ST  19TI _

TL°S S080°0  96ST  ¢STI

g2°¢ 8T0T°0  T99T  {PTT

oL'g 6860°0  T99T  {8TI h

88°¢ §480°0 €991 AN

By Teusy eIy ITE0I6g Tenrep B7%q I & 1 3 o *oN
uasoy) steiTeuy umm *dmeg, 996H
g8303uy Jo Uo T3T puo) 3 ‘steiTeuy usldfxp ENTWOIY) 50 1919
d

8TATONI) 3pTX0 QTWOIY) °0 ‘IA °Tqsy




punog 2%0°0 2¥0°* ‘¥¥0° 68°¢S L¥L0°0 G6ST 8ST

m snoJogd 9%.0°0  L091 991
d pumos  20°0 1€0°* ‘$g0° 90°¥ 8350°0  96ST 1 4

Jut8803 swog d BNOI0d  §E0°0 180" “¥%0° g6°¢ BL¥0'0 40091 ST

sn0I04 350° “880° 0v° ¥ 6¥80°0  L6ST 151

D BnOJOg 0052°< 43880°0  L6ST 448

»D PU® d snodod o¥0°0 LS0° ‘00" 30°G §S90°0 LBST 148

e(d)o pumog L¥0°0 670° ‘9b0° gL°9 8390°0 86ST riat
g Ireg L20°0 820° ‘920° 98 ¥ ST90°0 69T 164
d S00J0g Sv0°0 g%0* “1S0° L33 g6TT 0 96ST ovT

punog S80°0 9g0° ‘¥g0° 66°S 6280°0 96ST 6ST

+D Puw g aved $80° “9.0° T.°9  89L0°0 . 0S9T 88T |
|
D 8nozod $0T° ‘90T° 06°1T 9L%0°0 6691 9¢T
’ _ 930° |
q 1784 080°0 #20°* ‘T90° L8P 4S80°0 86ST SST |
Tv0° "
2 gnoaog 620°0 8¢0° ‘g9T* 0S°g 6331°0 86ST 411 |
8g0°
snoaod £xsp L20°0 9g0° ‘9%0° TL°S 2880°0 $09T e8T
Tiewsy Py g) X3T80a0g U BA B39 g “Ies Do “ON
uasoyy syelTeuy %y *due q9ef
- B8303Ul JO UOT3TpPuUO) % ‘srelyeuy ueSixQ unjwoIy) mum.m 139K
d

3TQTONI) 8PIX0 Ifmoay) ) ‘IA OTqel




D I18d

punog

- B8l -

punog

W{TF umoaq

YJTA PBJAOD 99BJING d pumos

punog
punog

XoTUR € ared
90BJJIN8 UO

9Tpeeu usaam

JoTWI D 1784

snoaod
Axop

1784

@0BJang uo

9Tpesu usaan T 9

Sutdptrag q punog
FOTUY 4 punog
snoJog

ared

IT8d
punog
punog
B Teuay [Eina)

§q03u] JOo UCT3TPUc)

T3T80X04

150°0
§20°0
$90°0
L¥0°0
050°0

T%0°0

$30°0

Lv0°0
¢80°0
§20°0
L80°0
820°0
o%0°0
180°0
¢g0°0
TenTel

uesoyyn

S%0* ‘1g0°
‘190° ‘LS0°

8L0°
L0 ‘9.0°

$30° ‘S90°
8%t0° ‘L¥0°
0S0°* ‘150°

6%0°
e¢v0°* ‘ovo*

620° ‘Pg0°
‘6£0° ‘8%0°

8%0°* ‘9¥0°
080° “g60°
‘$80° “680°

gg0* ‘9g0°*
250°
LS0* ‘9%0°
820° “820°
280° ‘180°
o%0°* ‘8%0°
180° “1%0°
g¥0° ‘¢go°’

Teq

18°4
4L3°0
88°0
Lv°0
$8°0

§e°T

06°8

g€L°1
0g°3
18°2
82°s
68°v
82°9
1T°v
L3y

——
seLTeuy

9 ‘gysfTeuy uedfxQ  wnjwoOL)

6190°0
81688°0
6818°0
6L¥3°0
96T2°0
86£T°0
3911°0
9430°0
0830°0
12 2800)
6%%1°0
2680°0
220T°0
8390°0
$290°0
$290°0
¥L0°0
“Iaes
®H

d
O°H

L6ST 08T
96ST 6LT
56ST :TA
186ST LLT
86ST ETA
86ST QLT
¥6ST AL
96ST 3LT
2091 TLT
LBST 041
0091 691
0091 891
66ST 991
TO9T 291
86ST 19T
86ST 09T
3091 63T
Busy e
T=3°R

9TqTONI) #PIXQ dTwory) °9 “IA e1del




- 62 -

8orJans
U0 £OTpesu UdaIY

eosjIns
U0 oTpesu usedn

ByTawey

punog
punog

Iteg
punog

SN0J0J

n snoJog
punog
n snogog
8n0J04

FEnaD TyTSoI0g

£303ul JO UOT3TpPuoc)

gg0°0
0%0°0
¥81°0
vL1°0

390°0

450°0
¥¥0°0
€%0°0
T1€0°0
9%0°0
a%0°0

0s0°0

120°0
TonTeR

uesoyy)

gg0* ‘ego°
‘280 ‘u80°

0s$0° ‘0%0°
981" ‘%12°
06T° ‘281°

CLT® ‘ViT®

090° “990°

LS0* ‘9L0°
Ly0* ‘190°
‘850° “3%0°
2¢0° ‘T¥0°
‘920 ‘650°
120" ‘150°
‘0g0* ‘1g0°
980* ‘S¥0°
‘9g0°* ‘s650°
290°
2V0° ‘L¥0°
150°
6¥0°* 5s0°

620° ‘2g0°
T7eq

¢ ‘epslyeuy ueldfxQ

43  JTOT'0  L6ST 902
6,°¢  6¥80°0  L6ST  SOZ
02°0 980°T  96ST W02
™°0 684°0  S6ST  SO2
L€°0  OBTI'0  96ST 202
oTAIONI) eqTmoTY) °Q
0P°T2  LS20°0  $6ST 68T
$T°ST  6850°0  ¥6ST 88T
SP°%  S280°0  86ST 48T
18°S  T6S0°0  96ST 98T
62°8  T9%0°0 86ST  S8T
0L'0T  29%0°0  S6ST 98T
0$°6T 08200  ¥6ST  S8T
9680°0  ¥6ST 28T
@66 890°0  96ST TSI
g TIIoD, 0 o TR
ersfreuy /%@ \ cdwey  qwem
umwoay) mam Te3eN
oPTX0

eTqronI) 2ymoxqy 9 ‘IA °Tqe]

1" wnWE v Em s

ER




- 63 -

*FTOET STATONID 8Y} WOJF PeYSTNSUTISTP ©q LTpIey PTNCD 3] UTYG OF S6M 80IO 8y3 98Uy 3083

ey3 03 Jo ‘A1asdoad provoea 03 eanyTeJ 03 JSYJTO 8NP 6Iv BIENJID JOJ SuTNOeT BIVP OY3 TIV

*8uCT3T80d BNOTIBA U] 3B oanjeasdwe] UT 8oUeJ9JITP o4} Lq paueTdxe
8q TTea JY3TW STYL °*SSPTS eyj pue WO330q Y} 8 PUNOJ EBM SUO UMCIq OTTUM ‘qoluf
Y3 Jo wojjoq ayg JO JOUJIOD OUJ PUNCJe pUNOJ SB8M (SNID UsJdS 4B8Yj SUBSW .5 PUB g,

*QOUTISTP 30U 9nq ‘usedld eI po300T JOTOO YvaJdqS oyj 9BYJ SUBeW u(l) Da
‘}BeJI}8 UMOIq BABS 38U} JENIO SUWdW ,f, °YrEJ}J® USeI3 0ABS 9By QSNJO SuBeW udn

*e3u{eoT 04wy QU3Tw 4By, £38SH

peruTaucY ‘1A ©14dB]

i 4
‘S
°2

‘T

t8030N




- 64 -

VIII. IDENTIFICATION OF THE SOLID PHASE

According to the phase rule, this system consisted of four com-
ponents, iron, chromium, oxygen and hydrogen, and three degrees of
freedom, the temperature, the pressure an& the composition of the gas
phage, so that only three phases could be present in equilibrium with
each other. Now that there were already a gas phase and a liquid phase,
only one solid phase (or another liquid phase) could exist. The nature
of this solid phase is very important to an equilibrium study and was
carefully studied.

When a solid phase, in this case the chromic oxide crucible, was
introduced into this system, it might remain as such, if it were the
stable solid phase under those conditions, or it might dissolve con-
tinuously into the molten metal with the precipitation of a new phase
from the molten metal, also contimuously. If nothing else came into
this picture, the reaction would contimue to proceed until one of the
phases disappeared which might be, in this study, the complete solu-
tion of the crucible or the complete solidification of the molten metal,
and no equilibrium could be obtained before this final stage. Fortu-
nately chromic oxide was the stable solid phase for the high chromium
heats studied, and iron chromite, FeO.Cr,03, was the stable solid phase
for the low chromium heats, as would be proved later., Naturally there
was no problem for the high chromium heats. Whereas for the low chrom-

ium heats, the precipitated chromite, together with the molten metal,
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formed a crust at the bottom of the melt which adhered to the crucible
without floating up as slag. This blocked further reaction between
the molten metal and the crucible, and the result would be about the
same as if the melt were done in a chromite crucible.

Three different substances were in direct contact with the melt
and their natures have been studied: (a) the crust as described earlier,
which was composed of non-metallic substances in a metallic matrix, and
was quite high in its content of non-metallic substances; (b) the non-
metallic’inclusions in the metal, which were present only in small
amounts, and most of which might have been precipitated during cooling
and might not, therefore, be the solid phase in equilibrium with the
melt at the studied temperature; and (c¢) the crystals, usually needles,
observed on the surface of the melt which were practically free from
metal, but which might be produced by the vaporization and condensation
of the metal and the oxidation of the condensed metal by the gas, and

which might be produced at a slightly lower temperature than the melt.

A. Microscopic Examination

Many of the ingots were cut, and both the crusts around the ingot
and the non-metallic inclusions in the metal were studied under the
microscope. A few of the typical ones are shown in Figures 8 - Zl.
Figures 9 - 17 show the appearance of the crusgts, and Figures 18 - 21
those of the non-metallic inclusions.

Figure/ghows one of the non-metallie clusters inside the metal

ingot, Heat 185. More like this have been found in ingot 189. These,
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no doubt, led to high results of the oxygen analysis and could be usged
to explain why some of the oxygen data were extraordinarily high. It
had been observed that these clusters always contained non-metallic
substances of the green variety, and occurred only in those ingots
where crusts of the green variety were found.

Figures 9‘— 13 show the appearance of the crusts of the brown va-
riety under the microscope. These were easily polished. The tendency
to pit was small. The particles were medium gray under white reflected
light, and showed some bright red internal reflection under dark field
i1lumination. They seemed to be fairly rounded and tended to grow into
a network with the particles Joining together. They did not exhibit
high relief. They were almost opaque under the polarized reflected
light. These observations seemed to correspond exactly with what had
been obsgerved by other investigators(l4’16) for the inclusion of "chrom-
ite". However, many black spots were observed which, for most cases,
were embodied in the light colored phases and which had not been able
to be removed by careful polishing. These black gpots increased in
number as the chromium content in the metal increased. Some were ob-
served as pitting, but some of them were suspected to be chromic oxide
surrounded by chromite.

Figures 14 - 17 show the appearance of the ﬁonsmetallic crusts
of the green variety. In contrast to the brown variety, they were not
easily polished, always tending to pit. They were light gray in color
under white reflected light. They exhibited rather high relief, and

their boundaries were defined by a furrow, which appeared dark in re-
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flected and bright in dark field illumination. The particles seemed
to be more irregular than the brown variety, and tend to remain as
single particles rather than joining together. These seemed to be
what is described(l4’16) as chromic oxide, with the exception that
these particles did not exhibit green color under dark field illumina-
tion nor anisotropic characteristics under polarized light, and instead
seemed to be opaque under those circumstances.

Etching with an acid permanganate reagent attacked many of the
metal ingots very rapidly and offered no opportunity for comparison.

Figure 18 shows crystalline inclusions in the ingot number 189,
which had a2 low chromium content, and Figure 19, those in the ingot
number 188, which had a high chromium content. They seemed to be very
gimilar in appearance, but as Portevin and Castro(IG) peinted out,
octahedron and rhombohedron sections might, in fact, be very similar
in appearance, and the shapesof the plane sections are not sufficient
to identify their crystal systems. Both were opaque under dark field
illumination, and have not been identified.

Figure 20 shows some small inclusions in ingot 180. These looked
more likely to be the green variety than the brown. Figure 21 shows
some inclusions in the form of globules besides those similar to Figure

20. They were opagque and their nature unkmown.
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FIGURE 8. Heat No. 185. 500X FIGURE 9. Heat No. 187. 100X
Cr 8.29% — 0 .036% Cr 4.45% - 0 .052%

FIGURE 10. Heat No. 187. 500X FIGURE 11. Heat No. 187. 500X
Cr 4.45% - O .032% Cr 4.45¢ - O .0%2%
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FIGURE 12. Heat No. 140. 100X
Cr 2.27% - 0 .043%
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FIGURE 14. Heat No. 185. 100X
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FIGURE 13. Heat No. 143. 500X

Cr 5.05% - 0 .040%
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FIGURE 15. Heat No. 180. 100X
Cr 7.21% - 0 .0351%



FIGURE 16. Heat No. 180. 500X
Cr 7.21% - O .031%

FIGURE 18. Heat No. 169. 500X
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FIGURE 17. Heat No. 189. 500X
Cr 21,409 - O ,057%

FIGURE 19. Heat No. 188. 500X
Cr 15.13% - O .045%
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FIGURE 20. Heat No. 180.
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B. —T8; atlon

As the microscopic examination was not very conclusive in deter-
mining the nature of these solid phases, X-ray diffraction was resorted
to. The true inclusions were too small in amount and could be separated
from the metal only with difficulty; they were not examined.

Filings»of the crust of the brown variety were examined with the
result that the iron lines were so predominant that the other lines
were too obacure. In order to separate most of the iron from the mix-
ture so that it would be more concentrated in the non-metallic phase,
the iodine treatment for oxide inclusions as described by Cunningham
and Price(za) was used. The easential part was to dissolve the metal-
lie iron in a ferrous iodide solution with the addition of ammonium
citrate, which did not dissolve the oxides. The residue after five
hours of digesting at 0° C was filtered and washed. The X-ray diffrac-
tion photograph of the residue from ingot 140 is shown in Figure 22,
and the measurement tabulated in Table VII. The comparison with the
published data proves that there is a good check with those of chromite,
congidering the inaccuracy of the measurement of the lines on a Debye-
Scherrer picture, especially for the very faint lines.

Figure 22 also shows the X-ray photographs of the chromite cru-
cible, the crust of Heat 182 of the green variety, and the green needles
which appeared as surface condensate of Heat 18l. Table VIII gives
the measurements and comparison of the lines for the crust of Heat 182,
and Table IX those for the surface condensate of Heat 18l. It could
be seen that the last two consisted of mixtures of iron and chromic

oxide, Crz03, with more iron for the crust.
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a. Chromite Crucible

b. Crust, Heat No. 140 (brown variety)

d. Surface Condensate, Heat No, 181 (green)

FIGURE 22. X-ray Diffraction Photograms
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TABLE VII
X-ray Diffraction Pattern of Heat No. 140 Crust

Residue After Iodine Treatment

Co Redimtion: A = 1.787 A A, = 1.617 4 No Filter
Measured Fe — Fe0.Cr;03; —
Corr. Angle g.c d g ntengit a Intengity 4 Intensity

10.98 4.69 W 4.82 0.2
17.82 2.92 vvw 2.95 0.4
19.46 (2.68) .43 oW
20,93 2.50 w R.52 1.0
23.92 (2.20) 2.00 vow
25.24 2.10 VW 2.08 0.4
R6.45 .01 vs .01 1.00
3R.74 1.65 W 1.70 0.3
33.54 1.613 W 1.608 0.8
37.60 1.464 w 1.475 0.9
58.84 1.425 w 1.428 0.15
44.38 1.277 AAALL 1.274 0.4
50.00 1.166 s 1.166 0.38
61.96 1.012 w 1.010 0.10
68.40 0.961 vVvw 0.966 0.3
Notes:

d; = d calculated from®; ; dg = d calculated from Mg

v = very; w = weak; 8 = strong

Fe data from A. S. T. M. X-ray diffraction data cards No. 3399.

Fe0.Cr,0; data from Clark, Ally and Badger (27).




TABLE VIII

X-ray Diffraction Pattern of Heat No. 182 Bottom Crust

[+
Co Radiation: 7_} = 1,787 A No Filter

- 75 -

Meagured — Fe Crz03 —————
OrT., le d Intensity d Intensity 4 Intensity
20.60 2.54 W 2.67 0.70
21.71 2.415 W 2.47 0.70
26.51 2.001 8 R.01 1.00
R9.85 1.795 vvw 1.81 0.45
32.80 1.649 w 1.87 1.00
38.95 1.421 w 1.428 0.15 1.432 0.45
50,07 1.165 s 1.166 0.38
55.13 1.089 vvw 1.087 0.12
58.73 1.045 vUw 1.041 0.10
61.93 1.013 w 1.010 0.10
7L.00 0.945 oW 0.946 0.06

Notes:

Crgz05 data from A. S. T. M. X-ray data card No. 3667.



TABLE IX
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X-ray Diffraction Pattern of Heat No. 181 Surface Condensate

orr.
14.50
19.82
Rl.49
24.47
26.36
29.78
32.50
34.90
37.77
38.82
43.86
46.14
49.77
51.46
52.77
55.48
59.06
61.73
71.19

72.61

Co Radiation:

Meagured

4
3.57
2.54
2.44
2.16
2.015
1.800
1.663
1.562
1.460
1.426
1.290
1.239
1.170
1l.14
1.122
1.085
1.041
1.016
0.943

0.937

)} = 1.787 K No Filter
Fe Crz0a
Intensity d Intensity d Intensity

W 3.62 0.45
W 2.67 0.70
w 2.47 0.70
vvw 2.17 0.30
s 2.01 1.00 R.03 0.04
W 1.81 0.45
w 1.87 1.00
vvw 1.58 0.06
vw 1.465 0.30
w 1.428 0.15 1.432 0.45
vvvw 1.294 0.186
vvvw 1.236 0.06
w 1.1686 0.38 1.172 0.05
vvvw 1.148 0.086
vvw 1.125 0.086
w 1.087 0.12
vvw 1.041 0.10
AaAL 1.010 0.10

w 0.946 0.06
w

Notes: Fe data from A.S.T.M. X-ray data card No. 3399.
Cr;03 data from A.S.T.M. X-ray data card No. 3%667.
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Since chromium did exhibit some fluorescent radiation, using co-
balt as the target, the films were somewhat fogged, and the measure-
zments less accurate. However, the data left no doubt as to the iden-
tification of these crusts; that is, the brown variety as chromite and
the green variety as chromic oxide. Other substances might occur in
the solid phase as solid solutions, but if the agsumption that the sol-
ubility was limited was true, the activity of the solid phase could be
considered as constant and equal to that of solid chromite or chromic

oxide.

c. igcussion

From the sbove observations, it could be concluded that there were
two different varieties of crusts, the brown chromite and the green
chromic oxide. Since for all these ingots chromic oxide crucible; Qere
used, this left no doubt that chromite was the reaction product and
should be the stable solid phase under certain conditions, one of which
was the low chromium content. The highest one where the presence of
chromite could still be assured was ingot heat number 143 with a chrom—
jum content of 5.05 percent. On the other nand, chromic oxide crust
could be assured in ingot heat number 180 with chromium content of 7.21
percent. In ingot number 186 containing 5.81 percent chromium, it
gseemed to contain a very thin chromite crust, but the result was very
doubtful. The presence of both the green and the brown variety in onme
ingot, as number 143, seemed to be due to incompleteness of the reac-

tion between iron and chromic oxide.
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It was tried to obtain chromic oxide crust without using chromic
oxlde crucible so that it could be ascertained that the chromic oxide
found was really precipitated from the ingot, and thus proved to be
the stable solid phagse. This attempt was not successful. TFirst a
chromite crucible with not too high a chromium content was used, but
the chromite acted differently from the chromic oxide in that it did
not dissolve readily, and practically no crust could be found. Next
a heat with a high chromium charge was made in an alundum erucible
with a gas mixture high in water vapor content which was beyond the
equilibrium point. The result was that (Heat 25) the entire surface
was covered with a film rapidly, which could be removed only by rais—
ing the temperature or lowering the water vapor content of the gas,
and that no crust could be found. Yet from the color of the film formed
it looked rather certein it was of the green variety, that is, chromiec
oxide variety.

It geemed quite safe to say that the critical chromium content,
above which chromlum oxide was stable and below which chromite was
stable, was between 5 and 7 percent.

It should be emphasized that the above statement is only true
when the oxygen in the metal is just in equilibrium with the stable

non-metallic phase. If oxygen is in much excess, the preciplitation

of both chromite and chromic oxide would be possible. As observed in
the case of Heat 174 where chromite was formed from a high chromium

melt, it seemed that chromite might be precipitated more rapidly than

chromic oxide due to either the rate of muclel formation or the rate
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of growth. This might be one of the explanations of why chromite in-
clusions were so often found in ferrochromiums and high chromium steels.
As both chromite and chromic oxide are congiderably lighter than
iron (5.09 for specific gravity of chromite and 5.21 for chromlc oxide),
they were expected to float on the surface of molten iron. On the con-
trary, they were often found at the bottom as crusts, which could be
explained best by the fact that the crusts adhered to the crucible wall.
It was postulated that, owing to the porous nature of the crucible,‘the
liquid iron might creep into the interstices of the crucible wall to
form a crust within which the solid particles were not free to move
away. In thls way the contact surface between metal and crucible was
tremendously increased, and the reaction between metal and solid phase
promoted. The facts that the chromic oxide crucibles always adhered
to the ingots and could be removed only by grincing, while the alundum
crucibles and the chromite cruciBles could be separated easily from
the ingots, supported this explanation too. As the crusts were first
formed, they were composed of chromic oxide prinecipally, but as time
went on and when conditions were favorable to the formation of chromite,
reaction proceeded on the surfaces of the particles with the result
that some of the chromic oxide particles might be occluded without
further reaction with the melt. If the conditions were favorable to
chromic oxide formation, the crust will remain as such without reac-
tion. This was considered as the reason why chromic oxide crusts re-
mained in particles and chromite crusts tended to become a network.

The strong eddy current in the melt would also tend to round these per-
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ticles up by colliding against each other, like the action of water
on small pebbles. That explained why the particles were more or less
rounded. While chromic oxide is much harder than chromite, it could
be conceived thet theeffects on chromite particles would be much greater
then those on chromic oxide particles. The strong eddy current in the
nelt would elso tend to carry these particles upward to the surface,
thus explaining the occasional appearance of clusters of non-metallic
substances in the metal. While chromite crusts always tended to grow
into a network, the teering down of a part of these chromite particles
would be more difficult, and that was why no cluster of chromite was
found in the metal.

As this postulation could be used successfully to explain all the
observed phenomena, the hypothesis that the non-metallic particles in
the crust constitute the stable solid phase in equilibrium with the
melt during the process and were not produced otherwise, could be es-
tablished. Chromite and chromic oxide are the stable solid phases for
low and high chromium melts respectively.

As for tbe non-metellic inclusions in the metal, the most prob-
able explenation was that most of them were produced during the solid-
jfication process. At that stage, the equilibrium constants might
drop so low that the precipitetion of both solid phases would be pos—
sible. As explained earlier, in such cases which phase appesred first
would depend more on physical reasons then ecuilibrium conditions, and
could not be used as a criterion for the stability of the solid phase

at higher temperatures. Besides, the identification was not conclusive
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in such cases, and it seems unwise to count heavily on these observa-—

tions.

The observaetions on the surface film and surface condensate were
very incomplete, but those available did show a good check with those

based on the crusts.
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IX. PRESENTATION OF THE EQUILIBRIUM DATA

A. eg of FError

Before the data are calculated and discussed, it is necessary to
consider the possible sources of error in various heats and to study
the reliability of the data obtained.

(1) Temperature Measurement. The reading and calibration of the

pyrometer were quite sastisfactory, and could be duplicated within two

degrees. However, as the method of correction presumed that the emis—
' sivities of the molten metals of various heats were constant and equal
to that of the pure iron, it was possible to introduce some error. No

attempt was made to determine the emissivity of the various alloys.

As pointed out by Goller'>®), the chromium iron alloy would have a
higher emissivity than iron. Although his data could not be used in
this investigation because other alloying elements were present in the
materials he used, it is quite possible that a higher chromium alloy
would have a higher emissivity. If this were true, the actual temper-
ature of the high chromium heats would be lower than the corrected temp-
erature as listed in the table.

As for the individuel runs, the temperature control for the earlier
runs was not very good, and in some cases it had been compelled to go
somewhat higher than desired, as listed in the table. Heats 108, 109,
174 and 177 had the metal surface covered with solid film; 137, 153,

158 and 159 showed some fogging on the sight glass due to various reasons;

and 169 and 156 bridged badly. For these heats, the temperature measure-
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ments might be erroneous. With these exceptions, it was thought that
the temperatures were accurate to at least plus or minug 5° C, provided
that there was no change in emissivity. It was found to be quite pos-
sible to hold the temperature constant to within plus or minus five de-
grees during an experiment.

(2) Gag Composition. From the data obtained in the testing of
- the saturator, it was evident that the calculated gas composition did
represent the actual gas composition up to at least 50° C. Table X
glves the oxygen analysis in iron melted under definite gas composition.
The result was very good, and checked very well with the data of Chip-

(26)

man and Fontana » which gave the value 3.95 at 1600° F, and the equa-

tion of Chipman and Samarin(zg)

s which gave 4.1 at 1595° C for the ratio
K, = (;ﬁzg )/ [0) . The average value obtained in these heats was 4.15,
which wiil be used in later calculations. This also indicated that the
performance of the saturator was excellent, provided the amount of water
in the towers and the temperature of the water bath were well adjusted
as well as the temperature of the saturator. In case of very high mois-
ture content in the gas, the deviation might be higher but, for those
cases, the chromium analyses were also not too accurate, and the data
could not be considered very good anyway.

(3) ¢ um Anal and the Equilibrium. The results of chrom-
ium analyses checked very well normally. As an estimation, it could
be said that for those samples with more than 10 percent chromium, the
meximum deviation of single values from the average is + 0.10 percent;

for those around 5 percent, + 0.06 percent; for those around 1 percent,
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Oxygen Activity with Respect to Gas Composition at 1595° C

Heat Crucibdle

[o]

@329)/[0]

No. Used (—?—}orr. Analysis Remarks

1 Mgo 0.0429 0.0155 2.60 Leak ?

2 MgO 0.0424 0.0155 2.78 Leak ?

3 MgO 0.1023 0.0246 4.16 Single [0] value
4 Mg0 0.0823 0.020 4.11

24 A1,0; 0.0421 0.010 4.21

26 41,0, 0.8258 0.199 4.15 Single [0] value
27 A1,04 0.1243 0.030 4.14
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+ 0.03 percent; and for those around 0.3 percent, + 0.02 percent. As
the method used was standard, there seemed to leave little doubt about
the validity of the results of these analyses.

As fO{'the equilibrium, since the reaction involved the absorption
or evolution of considerable amount of oxygen from or to the gas, and
since the transference of gas between liquid and gas was a slow process,
the equilibrium condition was more difficult to be attained than in
the case where no alloying element and only relatively small amount of
oxygen was involved, unless the amounts of chromium and oxygen in the
charge were about equal to those needed in the final equilibrium condi-
tion. The solution of solid chromic oxide into the metal was fairly
rapid, as exhibited by the rapid increase of chromium content in cer-
tain heats.

For the high chromium heats more change in chromium concentration
was generally needed for the same change of (PﬁéO/PH2)° To dissolve
more chromium from the crucible, oxygen was also dissolved into the
metal to make the melt high in oxygen activity with respect to the gas
concentration. This oxygen had to be transferred from the melt to the
gas before more chromium could be dissolved. This was a slow process.
The effect might not be noticeable for low chromium heats, where the
amounts of chromium and oxygen involved were small, but might be sig-
nificant for high chromium heats. If this was the case, the ingot would
be higher in oxygen but lower in chromium than what it should be under
equilibrium conditions.

On the other hand, for low chromium heats, oxygen which existed

in the melt was generally lower than that corresponding to the gas com—
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position. As chromic oxide dissolved readily, it would be dissolved
to such an extent that the chromium content was too high for the par-
ticular gas composition before enough oxygen had been transferred from
the gas, and the melt would be high in chromium but low in oxygen with

respect to the gas. Prolonged heating might produce a solid film on

the surface of the melt but, since the chromium content was low, the
formation of the solid film would be very sdlow and might not be notice-
geble within a short time. The consequence would be to get an ingot
which was high in chromium and low in oxygen than it should be. The
oxygen analyses of Heats 178, 179, 203 and 204 were low, and might be
explained by the above reasoning, although in the case of number 204

the solubility of ferrous oxide might 1limit the amount of oxygen that
could be analyzed in the ingot. For heats 205 and 204, there was also
the possibility that the gas composition did not correspond to the value
calculated.

Besides, in some heats, the amounts of chromite produced were not
enough to block the reaction between the melts and the chromic oxide
crucibles. In those cases the solution of the chromic oxide and the
precipitation of the chromite would proceed simultaneously, and it could
be conceiveble that the chromium contents of the melts would be inter-
mediate between those corresponding to the chromic oxide equilibrium
and those to the chromite equilibrium, depending on the relative rate
of these two reactions. Heats 170 and 176 could be cited as examples
belonging to this case.

From the above reasoning, it could be said that the chromium con-

tent in the ingot tended to be high for low chromium heats and low for
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high chromium heats. Therefore, more weight was put on lower chromium
data for the low chromium heats, and on higher chromium data for the
high chromium ones.

This deviation from the true equilibrium was aggravated when the
chromium content in the charge was far away from the equilibrium chrom-
ium content, and decreasec¢ when proper charge was made. On this basis
the later runs, Heats 171 - 189, and 203 - 206, would give better data
then the eerlier runs where the charges were determined by mere guesses.

(4) Oxygen Analysis. As has been discussed in the above section,
oxygen analyses tended to be lower in low chromium heats and higher in
high chromium heats than what they should be urder equilibrium condi-
tions, due to the heats being short of true equilibrium conditions.

However, unlike the chromium analyses, the oxygen analyses exhibited
other complexities by themselves. The chief difficulty encountered was
the complete removel of the crusts from the samples. This covld be
done by prolonged grinding, and it was advisable to do the last grind-
ing on send paper (pumber 1, or better number 0) so the presence of any
crust could be easily recognized by the difference in luster from the
metal itself. This had been done for most of the semples analyzed, wi£h
special care exercised in the last twenty heats, 171 - 189 and 203 - 206.
As stated before, the lower values of the oxygen analyses of a single
heat were considered as better represeﬁtatives than the higher ones.

In several other cases, especially for high chromium heats, as in
Heats 180 ﬁnd 189, clusters of the non-metallic crusts were found in the

ingot. Doubtless this would lead to some extraordinary high values of

oxygen in the metal. This was impossible to remove completely, which
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was evidenced by the fact that it had been impossible to obtain check
data on four oxygen samples which had been analyzed for each of these
heats. In such cases, the lowest value was chosen as the best value
that could be obtained.

On the other hand, loss of oxygen might occur during the cooling
and solidification process through (1) setfling of non-metallic sub-
stances formed during cooling, and (2) evolution of gas. Since all
the non-metallic substances possible to be precipitated in these al-
loys during cooling were in solid state at the steelmaking temperature,
thelr coalescence and settling should be very slow, and might not be
able to be accomplished in such & short time as twenty seconds. The
absence of noticeable amount of non-metallic substance on the surfece
of the solidified ingot, and the presence of clusters of non-metallic
crusts, which had a size much larger than the newly-formed non-metallic
inclusions, in some of the ingots lent support to this assumption; and
it would not be far from fact to say that the loss of oxygen (and also
some chromium) through the removal of the non-metallic inclusions was
negligible. Nevertheless, the loss of oxygen through evolution of gas
might be considerable, as indicated by the bad porosity of some cf the
ingots. Despite the attempts to reduce the porosity by removing all
the carbon in the charge and crucible, many ingots were still obtained
porous, especially for the high chromium ones. This porosity might
have two contradictory effects on the oxygen analysis. One was the
loss of oxygen through formetion of carbon monoxide or other gas, and
the other was to occlude more of the crust into the ingot by stirring.

Needless to say, the larger surface produced by porosity offered more
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chances to be oxicdized and thus show higher oxygen content. This ef-
fect, however, had been reduced by keeping sll the ingots in a dessi-

cator and by processing without quenching in water. As a conclusion,

the effect of porosity was different in different cases and could not
! be considered as a whole. It could only be said that oxygen data of

sound ingots should be more reliable than those of the porous ones,

although good results can still be obtained from the porous ingots.

B. Interpretation of the Data
(1) Chromium and the Water Vapor — Hydrogen Gas Mixtures. When

chromite is the stable solid phase, the rezction involved in the system

would be

FeO-Crpy03 (s) + 4H; (g) = 4H,0 (g) + Fe (1) + 2Cr (in Fe)

where (s) denotes solid state, (g) gas state, and (1) liquid stete.
Assuming that Fe0.Crz03; is a pure solid phase, that the activity of
iron is a constant, which is true only when the amount of solute in
the molten iron is insignificant, and which may be considered as ap-
_proximately true in this case with the amount of chromium less than
5.5 percent, and that the activity of chromium is proporticnal to its

weight percent, the equilibrium constant for this reaction would be

P
K, = ﬁgzg * (% Cr)2
Hp

Similarly when chromic oxide is the stable solid phase, the re-
- action end the equilibrium congtant would be

Crz0; (s) + 3H; (g) =353é0 (g) + 2Cr (in Fe)

P 2
Ks =[3222] (% cr)
Hz
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In this reection no iron is involved, and thus its activity could be
changed to a greater extent without affecting the constancy of the
constant K.

The data are plotted in Figure 23, and also in Figure 24, in log-
arithmic scale.

Now if all the assumptions are true, K; is a constent when the
stable solid phage is chromite, then

P

' 1 1

K, = (k)% =[ 522) (% cr)?
Hz

should also be a constant.

)

Thus, in Figure 24, & straight line shovld be possible to be drawn

1
log Ky - 3 log (% Cr)

with a slope of —% to represent all the points pertaining to this part.

Similarly, when the solid phase is chromic oxide

= (k)5 = % cr)?/
P He
log Fﬂég' = log K, - 2/3 log (% Cr)
H

and the straight line shoulg have a slope of -2/3.

Considering the possible experimental errors, two straight lines
are drawn in Figure 24 with their proper slopes, and almost zll of the
experimental points do fall on these two lines beautifully. These
justify all the assumptions made in deriving the expression for the
equilibrium constants.

The equilibrivm comstants a3 defined can be read directly from

the lines as

el
™
i

0.164 at 1595 + 5° C

bl
LY
|

= 0,218 at 1595 + §° C
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The critical point, where chromite and chromic oxide can coexist, is
found to be (% Cr) = 5.5 percent and (PH§O/PH§) = 0.07. And
1
(Ky)* :

1)y3 -2
K> = (K;
The standard free energy would be

7.23 X 10~
1.036 x 10

Ky

Fe0-Crz0; (s) + 4Hy (g) = 4Hz0 (g) + Fe (1) + 2Cr (in Fe)
A fisgse ¢ = T 1n Ka
= _5.75 x 1868 X log (7.25 x 10%)

26840 cal. (1)
Cr20; (s) + 3Hy (g) = 3H0 (g) + 2Cr (in Fe)

A Fisosec = ~4-575 1868 x log Ko

16960 cal. (2)
With the help of the equation
0 (in Fe) + Hp (g) = H20 (g)
P 1
K = o Tt = N

Hp

A FSgsoc = —2+575 X 1868 X 0.6180

-5282 cal. (3)
Subtrecting (2) and (3) from (1), we obtain
Fe0-Cry0; (s) = Fe (1) + 0 (in Fe) + Crz0; (s)
Z}_F1595°C = 15160 cal. (4)
where O (in Fe) should be expressed in its activity rather than con-
centration, as shown in the next sectiocn. Or, with the help of the

equation

FeO (in Fe) + Hy (g) = Hz0 (g) + Fe (1)

P
H,0 1 16
=
Pﬂz> * @ re0) - 415 %3181

= 0.924 (5)

K=
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= c - =
AFSsosoq = ~4-575 x 1888 X (-.0342) = 292 cal
Subtracting (2) and (5) from (1), we obtain

Fe0.Cr,0; (5) = FeO (in Fe) + Crp0; (s)

= 9590 cal. (6)

A Tsesec
(36)

According to Taylor and Chipmen's equation

FeO (1) = Fe (1) + O (in Fe)
log 40 = - §§§Q + 2.734
= —0.649 at 1595° C
1&1359500 = 5546 cal. (7)

Combining (4) and (7)

Fe0.Cr,0; (s) = FeO (1) + Crp0;5 (s)

AFisgsec = 9610 cal. (8)
which means that the reacticn always tends to proceed toward the
formation of chromite.

(2) Oxygen in the Melt. It has been well proved(zs’zg) that
the activity of oxygen is directly proporticnal to its concentration
in pure iron melts. However, in the case of iron alloys, the situa-
tion might be different. Let us define the activity of oxygen in any
melt as equal to the concentration of oxygen in pure iron which would
exert the same oxygen pressure or, in other words, which would remain
in equilibrium with the seme HjO0-H; gas mixture. Now we have already
established the relationship between the oxygen concentration in pure
iron and the Hy0-H, gas mixture as (Pngo/Pﬂg) = 4,15 (% 0), which can
be used to calculate the activity of oxygen of the vericus heats, as
tabulated in Table XI as a - The activity coefficlent fo’ which is

defined as the ratio between activity and actual concentration, is also
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tabulated in Table XI and plotted against the chromium concentration
in Figure 26. It is obvious that the activity coefficient of oxygen
drops rapidly as the chromium concentration increases. As stated in
section (1), the activity of chromium is almost directly proportional
to its concentration, and no seriocus effect is introduced in using its
concentration instead of its activity, or mol fraction.

Using e, for the activity of oxygen in the melt, the results of
section (1) could be converted as follows:

Fe0.Crz0; (s) + 4Hp (g) = 4H0 (g) + Fe (1) + 2Cr (in Fe)

4
Ky, = (% or)2 (oo22] = 7.28 X 1074
"

]
Crz0z (s) + 3Hp (g) = 3H0 (g) + 2Cr (in Fe)

Py
K, = (% Cr)2 (3 OF - 1.0%6 x 107

v 2
As shown in the section on gas composition,
P
Hy (g) + O (in Pe) = H0 (g),K_= Ha0 /a_ = 4.15
o PH o
2
Therefore,
Fe0-Crz0z (8) = 4 0 (in Fe) + Fe (1) + 2Cr (in Fe)
L€
-8
Kz = (% Cr)? a:=K—g'=2.44X10
And
Cr0; (s) = 30 (in Fe) + 2Cr (in Fe)
Kg ”
K, = (% Cr)® ag =53 = 1.45 x 10
o
The above equations are valid only when the activities of oxygen
are used, while relationships involving the actual concentrations are
also desired. In order to explein the discrepancy between the activity

and concentratibn of oxygen, and to £ind the relationship between chrom-

jum and oxygen concentration, the following assumptions and calculations

are made.
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~

It is agsumed that oxygen in the iron-chromium alloy can exist
in three forms: as free oxygen, Of; in the form of FeO, OFe; end
in the form of Crxoy, OCr’ where x and y may be any small whole number,
most probably x =y =lorx =2,y = 3.

Opotar = %¢ * e * Ocr

Let S be the amount of free oxygen dissolved in the alloy when (PHzo/Pl-Ia)
=1, SFe that in pure iron, and Scr that in pure chromium. Now if S
changes linearly with the composition, then S = Sp_ (% Fe)/100 +

(% Cr)/100, and if the free oxygen is monoatomic in the melt,
P S P
f”'(ﬁ?g)'[ (% Fe) + 155 (%Cr)]—w-

and Hz
_ P20
OFe B kF (% Fe) P
Hz
x [P y
_ H,O
00 = ¥or 00 (5
Therefore,
Sre Ser H,0 Pa0
Oumtar = | 225 (8 7o) + 325 (6 01| (552 + g, 0 (122
2 2
P y
+ kCr (2 cr)* (P—Hzg>
H
P S
-ty - (50) - e (350 w5 o™
Hz
P y-1 P
H,0 H.,0
H0)7 L (g o) (H20
H, H,
] N In pure iron, (% Cr) =0, (% Fe) = 100, thus
4] —2—

total — 100 e

We know in such case, Op .. ( )/ 4.15 at the particular temp-
Hz

erature, so

(100 + kF ) = 0.00241
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Thug for any iron —chromium alloy
P y-1
- H201 , Lr x-1 __z_
Oy tay = 0-00241 P, (2 Fe) + Too + Eor (% cr)
2

- (% Cr) g,H-?-Q
Hz

If we introduce a new function defined as

U= [ottal-oooml(—&g) (%Fe) / (% cr) -Ii?—)

then
P y-1
_Qz x-1 [ _Hz0
U=755* k (% cr) Pnz

Now let us discuss the various cases of different values of x
and y.

(a) When &1l oxygen in the melt associeted with chromivm is free
oxygen, that is, kcr = 0, then U shovld always be & constant.

(b) When x =y = 1, that is, oxygen is partly dissolved in the
form of Cr0, U should also be a constant, independent of either the
gas composition or the chromium content.

(¢) When x =2, y = 3, that is, oxygen is dissolved partly in

the form of Cry03, then
S

P

. =20

U =150 + kgp (% Or) (PH
2
In the low chromium heats, where (% Cr)2 (PH 0/PH )% is a constant,
2 2
U should also be a constant, and in the high chromivm heats, where
(€ cr)2 (PH O/PH )3 is a constant, U will be & linear function of
20 Bz

(P,, . / P, ) , with a positive slope.

B0/ "Hy

(d) Whenx =1, y> 1, since k. is always positive, U should

Cr
be a function of (I’Hz0 / Pﬂg) and always increase with (Puzo / PH§)°
(e) When x> 1, y =1, U should be a function of (% Cr) and al-

ways increase with (% Cr). And U should be a linear function of
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(% cr), (% Cr)2, .... , when x 1s equal to 2, 3, .... respectively.
Other combinations are considered to be not quite probeble under the
given coﬁditions.

The calculation of U involves a difference of two not too accurate
figures, the oxygen analysis and the oxygen activity, and is not pre-
cise by its nature. It is, therefore, determined that only the best
data, which were obtained by the best practice in the later runs, Heats
180 - 189, and 205 - 206, are to be used. The calculations are tabu-
lated in Table XII, and the graphs plotted in Figures 27 - 29, It is
obvious ?hat U is in no way a constent; it decreases with (PHzo / PHz)
but increases with (% Cr). This cancels all the possibilities of cases
(a), (b), (c) and (d), end leaves only the possibility of case (e) and
others which are not quite probable.

In Figure 29, when U is plotted against (% Cr)2, an excellent
straight line relationship can be obtzined and expressed in mathemati-
cal form es

U = 0.081 + 1.36 x 107+ (% cr)2

The three points lying high above the line might be due to high
oxygen analysis.

This result indicates that part of the oxygen is dissolved in
the form of Crz0, or in other words, the concept of Crz0 in the melt
explained the data best. It is true that the data are not quite ad-
equate enough to make the explanation conclusive, and further inves-
tigations are needed to esteblish this concept definitely.

Based on this equation, the totel oxygen content in the melt would

be
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p
0 - 0.00241 | =E22) (% Fe) + [0.0%1 + 1.36 x 107 (% cr)2
total P, X
2
(% o) [ 5222
Hz

From this equation and the equilibrium constants

P

' 1

g = | =8el (¢ cr)? = 0.184 for low Cr heats

1 Py
2

PHz

the oxygen solubilities in verious iron-chromium alloys are calculated

P
?
R. =<—H29) (% cr)?/3 = 0.218 for high Cr heats

and plotted against chromium contents in Figure 25, as compared with
the actual anelysis results. It is obvious that there is a good check,

considering the accuracy of the oxygen analysis.
P 0]
The activity coefficient, f , which is defined as 0.241 22 /0
o PHz total

can also be expressed as

{ZFe) 1 [0.051 F1.36 x 1072 (4 Cr)zj (% cr)

1/£ = 100 <241
=1 - .%g.z) + [0.129 + 5.64 x 10°% (% Cr)2] (% cr)

1+ 0.119 (% Cr) + 5.64 x 10™* (% cr)®

The value of q;s are calculated and plotted against chromium con-
centration in Figure 26, in comparison with the experimental data.
Here, as the error in oxygen analysis is magnified, the data do not
check very well. Since the occlusion of non-metsallic substances may
give rise to too high oxygen analyses which would correspond to too
low activity coefficlents, it is reasonable to expect the theoretical
curve to pass through the higher values of activity coefficients found
experimentally.

The assumption that the activity of chromium is directly propor-
tional to its concentration, however, should be reconsidered if part

of the chromium dissolved is in the form of some kind of oxide. From
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the above equation, the amount of oxygen in the form of Cr;0 is
P
-4 H;0
= z 3
0Cr30 1.26 X 10 PH (¢ cr)
2

Thus the amount of chromium in the form of Crz0 would be

P
Cro, o = agoe X 1,56 X 107 <—H29— (2 cr)3

PH

P

= 1.33 x 107 (528 (% cr)2
Hz

This would be 0.062 percent, and 0.31 percent, when (% Cr) is equal to

Cr30

10 and 20 percent respectively. These are insignificant in comparison
with the total amount of chromium present, and the assumption is jus-
tified.

There is arother possibility that two or more different oxides
of chromium might be present in the melt, but there has been no success
in explaining the oxygen concentration with two simpler oxides, and
the concept of Cr30 seems to be the most simple but adequate explena-
tion. Of course, this concept as outlined above can still be congidered
as one of a combination of two oxides, Cr;0 and CrQO, since the free
oxygen as defired cannot be distinguished mathematically from the oxy-

gen in the form of CrO, which is also true in the case of FeO.

TABLE XI

Activity and Activity Coefficient of Oxygen

Heat (;ﬂzg. F = iq
to. 20 g cor o 0
119 0.1193 0.042 1.95 0.0288 0.69
134 0.1259 0.039 2.50 0.0303 0.78
135 0.0857 0.030 4,37 0.0206 0.69

139 0.0839 0.035 3.99 0.0202 0.58
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Table XI, contimued

Heat @ = _8‘2
No. H 0 ZcCr o O
140 0.1198  0.045  2.27 0.0288 0.67
141 0.065  0.027 4.6 0.0148 0.55
142 0.0625  0.047  6.73 0.0150 0.32
143 0.0855  0.040  5.05 0.0158 0.40
158 0.0747  0.042  3.89 0.0180 0.45
159 0.0744  0.0335  4.27 0.0179 0.54
160 0.0825  0.031  4.11 0.0150 0.48
161 0.0625  0.040  6.28 0.0150 0.38
162 0.0628  0.028  4.89 0.0151 .E4
165 0.1022  0.057  3.28 0.0246 0.67
168 0.0892  0.035 2.8l 0.0215 0.61
170 0.1446  0.047  1.73 0.0%49 0.74
A 175 0.1398  0.041  1.55 0.0337 0.82
176 0.2196  0.050  0.85 0.053 1.06
178 0.5189  0.065  0.38 0.077 1.18
179 0.3818  0.075  0.27 0.092 1.22
180 0.0619  0.051  7.21 0.0149 0.48
| 181 0.0448 0.031 9.98 0.0108 0.35
{ 185 0.0280  0.050  19.30 0.00674 0.135
184 0.0462  0.042  10.70 0.0111 0.264
185 0.0461  0.036  8.29 0.0111 0.51
186 0.0591  0.05L  5.81 0.0142 0.46
187 0.0825  0.0835  4.45 0.0199 0.60
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‘ (P z
Heat Fﬂ¢2 a =-—l—'(§gzg f ='29
_No. 20 % 0Cr o _ 4.15 o 0

188 0.0389 0.044 15.13 0.0094 0.213

189 0.0257 0.057 2L.40 0.0062 0.109

203 0.789 0.174 0.041 0.190 1.09

205 0.0849 0.039 3.79 0.0204 0.68

206 0.1012 0.033 2.75 0.0r44 0.74
TABLE XII

Calculation of the Function U

P
Heat ( iﬂaQ.)
No. H m Lo- E

180 0.0619 7.21 0.031 0.0385
181 0.0448 9.938 0.031 0.0475
183 0.0280 19.30 0.050 0.0826
184 0.0462 10.790 0.042 0.0650
185 0.0461 8.29 0.036 0.0675
186 0.0591 5.81 0.03L 0.0510
187 0.0825 4.45 0.033 0.0380
188 0.0389 15.15 0.044 0.0811
189 0.0257 21.40 0.057 0.0947
205 0.0849 3.79 0.030 0.0324

206 0.1012 2.73 0.033 0.0334
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FIGURE 27. Relation of Function U and Water Vapor -
Hydrogen Ratio
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C. Comparison with Low Temperature Fquilibrium Data

As stated in the review of literature, all previous data at higher

(10’11’20). It seemed to

temperatures were carried out in acid slags
be quite conclusive that the chromium in the slag acts like chromous
compound. This seems to be not true where there is no silica present,
ag shown in this investigation. Therefore, there is no way to make
any comparison with these data.

Results have been reported(Sl’sa’ss’ss) on the low temperature

oxidation of chromium with H,0-H; gas mixture.

Lor0,(s) + By = H0 + 2

3 P 5
s P
Hp

Granat(ss) claimed the intermediate stage of CrQ0, but as Maier

Cr (s)

(34)

pointed out that Granat obtained only four "equilibrium® points through
which he drew two lines, one representing the reduction of Crz0; to
metal and the other the reduction of CrO to metal, and that the amount
of water weighed in the experimental determination at 1000° was 0.0006
gram, such evidence seems to be quite doubtful.

By plotting the values of log K against 1/T° K in Figure 30, a
very good straight line can be obtained passing through almost all the
experimental points by Wartenberg and soyena‘®Y), Grube and F1aa(®?),
and three of the four points of Granat(ss). This line can best be ex-
pressed by the equation

log Kk, = - T8 + 2,058

AFe

- RT 1n K = - 4.575T (-»M + 2.036)

32120 - 9.318T



- 108a -

-1.5
o
-2.0
-25 °
o
~30 X
Qa
D,
I
a
) '35
@)
J
L1} .
X
-4.0
O
1
-4.5 \\
-5.0 .
S 6 7 8 9 10
1/T°K. x 10*
FIGURE 30. Bffeot of Temperature on the Equilibrium

Constant of the Reaction Crg0, (s) +
M, (g) = M0 (g) + 20r ()

¥ Wartenberg and Aoyuna
e Grube and Flad

o (Gramst

A - g i =, e e et el e




- 109 -

for the reaction

%Cr203 (3) + Hg = Hx0 + % Cr (S)

We do not know the free energy change during fusion of chromium.

(36)

According to Chipman , Wwe can assume that

Cr (s) = Cr (in Fe)

A Fo = 4350 - 11.11T
Thus for % Crp03 (s) + Hy = H0 +'§ Cr (in Fe)
A o = 32120 - 9.5L5T + £ (4350 - 11.117)
= 35020 - 16.72T
At 1868° K A F° = 3790 cal.
log K; = - 3790 / (4.575 X 1868)
= - 0,444
Ky = 0.36

This is gomewhat higher compared with the value 0.218 obtained
in this investigation, but they are of correct magnitude.
Thermodynamically, Maier(34) gave the standard free energy equa-
tion for ﬁhe reaction
Crz03 (s) + 3Hy (g) = 2Cr (s) + 3H;0 (g)

as Ar
S ¥

1000
T

+13.78 1n T - 4.84 x 10~

= 99.39 X T
+0.46 x 10~° 12 _ 123.16
And tms for the reaction
1 cry0; (s) + B (2) = £ cr (in Fe) + B0 (g)
AP 36.05 x 222 4+ 4,595 1n T - 1.613 x 1070 T

+ 0.153 X 10 T2 -~ 48.46
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At 1595° C
: 1§
10g Kz = - 0.648
P
 J
K, = ;E‘"-Q) (cr)¥/3 = 0.225
Hp

This is almost identical with the value 0.218 obtained in this
investigation.

Such an excellent check could not be considered as purely inci-
dental, and it should be admitted that the heat data used by Maier were
well chosen. |

Now let us use his heat data and calculate the temperature coef-
ficient of free energy change at steelmaking temperatures.

It has been shown from data of this investigation that for the

reactions
Cr203 (S) + SHz (g) = 31‘[20 (g) + RCr (in Fe)
o =
AF3 59500 16960 cal.
Cr (s) = Cr (in Fe)
o4 = -
A Fcggoc = 4550 - 11.11 x 1868
= - 15,400 cal.
Thus Cry0s (3) + SHp (g) = 3H0 (g) + 2Cr (s)
A Fisgsog = 495760 cal.
Assuming that Maier's heat data are correct, then his equation for AH
would be AH = 993590 - 15.78T + 4.84 x 107072 - 0.927 x 10™°T3
At 1600° C A H = 84,470

From the familiar equation
AFe = AH - T4s
we can calculate A S =‘].1‘. (AH -AF) = _1—8]'-6_8- (84470 - 49780)

= 18.53 at 1595° C



At steelmaking temperatures, we can assume that AH and AS do not
change very much; therefore,
crp0; (s) + 3Hy (g) = 3H0 (g) + 2Cr (s)
A F° = 84470 - 18.53T
and Crz0s (s) + 3Hy (g) = 3Hz0 (g) + 2Cr (in Fe)
AF° = 93170 - 40.75T
And since(ss)

H, (g) + 3 0z (g) = Hx0 (g)

A F° = _ 60180 + 13.93T
Thus 2cr (s) + 1% 0; (g) = Cr;05 (s)
A Fo = - 265,010 + 60.32T

This gives the heat of formation of chromic oxide as 265,010 cal. and
change of entropy as —60.3 at steelmaking temperatures, and should be
used to replece the older values given on page 492 in the ®Basic Open

Hearth Steelmaking®(3®),
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X. SUMMARY OF WORK DONE

The equilibria between solutions of chromium and oxygen in liquid
iron and gaseous atmospheres of Hp0 and H, have been studied over a
~ chromium range of 0 - 21.4 percent at 1595° C.

The stable solid phase in equilibrium with liquid iron containing
less than 5.5 percent of chromium has been established as iron chromite,
and that in equilibrium with liquid iron containing more than 5.5 per-
cent of chromium as chromic oxide. Equilbrium constants have been de-
termined for the following equations:

| Fe0.Crp0; (s) + 4Hp (g) = 4Hp0 (g) + Fe (1) + 2Cr (in Fe)

4
K, = Fﬁzg (% Cr)® = 7.2% x 107+
2

Cr,04 és) + 3Hy (g) = 3Hz0 (g) + 2Cr (in Fe)
X, =(-P-329)3 (% cr)2 = 1.0%6 x 10™~
Ho

The actiﬁity of chromium was found to be directly proportional
to its concentration,rwhile the activity of oxygen was found to decrease
rapidly with increasing chromium content. The activity coefficients,
defined as activity/percent of oxygen were calculated, and are shown
to be a function of the chromium content.

A method for the mamufacture of chromic oxide crucible is described.
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APPENDIX I

IDEAL GAS CORRECTION FOR WATER VAPOR

While the hydrogen gas can be considered as ideal gas both at
16800° and ordinary temperature, the water vapor is not so, especially
when the water vapor pressure is compsratively high at ordinary temp-
eratures. What we obtain by calculation from the total pressure and
the saturator temperature would be the ratio‘gf pressure of water vapor
to that of hydrogen at that particular saturator temperature. In order
to get the ratio of pressures at furnace temperature, where both gases
can be considered as ideal, and the pressure ratio would be virtually
equal to the molar ratio, & correction factor should be applied.

The caleulation of the correction factor is as follows:

Let (;H‘Q be the ratio of pressures of water vapor to hydrogen

A\ ™ at gaturator temperature
Pi be the water fapor pressure if it is ideal at temp-
erature T° K
P be actual water vapor pressure at T° K
L] be the specific volume of water vapor at T° K
R . be the gas constant
P

nRT/V = RT/18.0L6u

i
R = 82.06 X 760 = 62366 cc.-mm.
... Pi = 3462 (T/u)
and

PH@ corrected Hp
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TABLE XTII

Ideal Gas Correction for Water Vapor

©C I°K 3 A P ARV
20 293.1 57824 17.549 17.535 1.0008
30 303.1 32922 31.875 31.824 1.0016
40 213.1 19543 55.465 55.32 1.0026
50 323.1 12045 92.87 92.51 1.0039 :
60 333.1 7678 150.2 149.4 1.0053
70 343.1 © 5046 235.4 233.7 1.0073
80 353.1 3409 358.6 365.1 1.0098
30 363.1 2362 532.2 525.8 1.0122

Sources of data:
u - Landolt-Bornstein Physik-Chem. Tabellen, Eg. III, c.,
page 2421 (1936)

P -~ International Critical Table




