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FONMETALLIC IWCLUSIONS: : THE DEMAID FOR
"CLEAK" STEEL

Steel manufacturers have noticed & decided iendency . on the part of many
of their customers to become more exacting in their steel speclflcatlons.
Under these conaltlons, the steel must not only meet tie specifications’ of

physical br0pert1es (tensile strength, reduction of area, elongation, 1mpact
strengtn, grain, size, normality, etc.) and the -canemical analyses, but must’
‘also pqss thie inspection- teet of "cleanliness."

By cleanllness is comnonly meant tiie abserce. of lede &nd. sulphide inclu-
-sions, Other foreign particles such as furnsce or ladle slag, ladlé and
runner brlc“, etc., must also be absent, The determination of cleanllnesq at
present is usually made by mlcroecoplc inspection or mecroetcninb.' '

The reJectlon of steel for lack of cleanliness is increasing, but clean-
liness is one of tiie most dlff]()lt requirements for tie me mufacturer to fill.,
The reason for this i§ that every steel inspector has a different conception
of a clean steel. A material whick does not pass tne examination of ome in-
spector may be regarded as entlrely satlsfactory by the metallurgist of an-
other company.

The cause of this confusion and ‘disagreement concerning the deflnltlon
of @& clean or a dirty steel is simply that as yet no standardized procedure
for the determination of 1mnur1ties has been proposed and generally accepted,
since many variablesare encountered which interfere with the development of
e satisfactory metiod. An idea of the complex1tJ of thais 51tuat10n will be
obtained from the following pages.

AHSurVey’of Proposed Analytical Methods .

Although no analytical method has been accepted, many procedures have
been provosed, as may be seen in Table 1. .Therein are listed 16 of the
better-known processes, with references to the work of thkeir originators,
their mechanisms of determination, and their applicabilities. Among these
is included the electrolytic method developed by one of the present authors,
and some comparison between this and previously proposed procedures may be
obtained by a study of the table. It appears that tuis new method' has many
advantages over tne others, and this paper presents a critical study of its
value,

It should be emphasized at this time that, as saown in Table 1, this
procedure is recommended only for tne determination of MnO, unS, Fes, Si0g,
and Als0z in the plain and low carbon steels.

More recently another electrolyt1c method has been proposed Dy Scott
b?) Eis procedure, whicn was recommended for the extraction of all tyvpes

5 Numbers in parentheses refer to the bibliograplty at the end of this paper.
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of inclusions from all types of steels, called for the use of magnesium iodide
solution to control tiie h-ion concentration by precipitation of magnesium
hydroxide. This recommendation is interesting and important, but we feel

that entirely too little work was done on the accuracy of this method to
Justify a broad statement of its usefulness.

The inclusion materials wiick usually ezist in steel -may be classified
into two general types —- namely, oxides and sulnhides. iiany coombinations
of oxides such as tne silicetes have beer recognized in steel, as well as
combinations of such sulpkides as FeS and inS. Up to the present date the
only metihod whichk lkias been proposed ‘for the determination of FeS and MnS in
plain-carbon steels is ti:e electrolytic procedure (46)., All of the other
metliods have been concerned with the determination of oxiides and their combi-
nations, In most cases the originators Fecomménded their method for the
determination of all types of oxide inclusions (including Fe0O) from all types
of steel. Also, in most of these cases -thie results . obtained have been ques-
tionable, even for some of the simple types of steels. In general some of
the oxides, varticulsarly MnO and the sulphides, are attaciked and dissolved,
thus -giving low resvlts, and at the same time otier factors tend to contam-
inate the inclusion residue and to give hizk results. The balance between
these two conditions constitutes the reported analysis,

It is improvable thset a procedure wrick will determine all types of in-
clusions from all tymes of steels will ever be establisned. In order to ob-
tain the oxide and sulphide contents of all types of steels, many and dis-
tinctly different metizods will- probably be needed,

‘The principal metnods waich are being used to-day are tie Ledebur, the
vacuum fusion, Kichline, Eggertz (or:Willems), Dickenson, ‘and the electrolytic
procedures, ‘as suown in Table 1, Of ‘these, tne metiods wunicih have withstood
rather severe criticism are: .

1. The vacuum fusion for tive determination of totel ozygen. (Its
accuracy is still unknown (13).)

2, Tre modified Ledebur methiod for the determination of FeO. .
(absolute accuracy still undetermined.)

-3, 'The modified Hickline. (accurate:for 4lsCy in aluminum-killed
steels.) o : :

4, -The electrolytic. (Accurate for dnC, munS, FeS, 510y, and Al303
in plain and low carbon steels oanly.)

Tre deveélopment of -the fourth method will ce descrited in the following
pages and: althougiy the -analysis of low and high zlloy steels by this method
is not recommended, information concerning the difficulties ‘encountered in
satisfactory vprocedure for alloy steels.,

N Uy
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Table 1l.- Proposed methods for determining oxides and sulphides in steel

Bibliography Recommend ed
Common name reference Mechanism by originators Advantages Disadvantages Remarks
numbers for
Snelus! 1 Mechanical separation of Wrought-iron slag None Many No longer used
slag from metal by
crushing metal
Tucker's 2 Fusion at atmospheric Total oxides None Many Do.

Vacuum fusion

Ledebur's

FTresenius!,
chlorine, or
Pourcels!

Fresenius'!
galvanie

Troilius?t
Mercuric

chloride.
Bischoff's

2.1% inclusive

14-22
inclusive;
60, 61, 62

23-26
inclusive;

"o, 51, 52, 55
LT

27
28, 29

0

pressure in the presence

of carbon !
C + Me0O == CO + Me

CO collected by evacua-

tion of system

Ho + Me0 S HL0 + Me
HO collected and weighed

2Fe + 3C1,% 2FeCl
FeClz volatilized.
clusions in residue

CuCl, + Fe 5 FeClp + Cu
Inclusions in residue

In-

2TeCly + Te % IFeCl,
Inclusions in residue

HeCl, + Fe S FeCl, + Ha.
Inclusions in ‘residue

CulH2C1l, + Hp0 = Tull + HC1
+ M 0H

dHC1 + Fe = FeClo + Ho

2CuCl + Fe = FeCl, + 2Cu

Inclusions .in residue

Total oxides

Fel
All types of ox-
ide inclusions

DO.{‘ .

Do.
No.

Do.

Probably usefxl for
FeC + Mnd0 in »lain-
carbon steels

iProbably useful for
Fe0 in plain-carbon
steels

Probably useful for
Si0, in plain-carbon
steels (51)

None

None

None

Mone

Complete reduction of Si0,
and Al-07 is questionable
(13). Requires elaborate
equipment, . Slow

Many questions concerning

accuracy. Requires

elaborate equipment. Slow
Considerable contamination.

Inclusions attacked (26)

Slow. Very small samnle of
steel dissolved, '
Analytical error great

: Do, -
"Many -

Do.

Being used in some research
laboratories, TFew if any
plant laboratories use it
for control or inspection

Being used in some research
laboratories. TUsed by few
if any plant laboratories.

Only a few laboratories
using method to-day.

No longér used

Do.
Do.

Do.
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R.I. 3205 Table 1.- Proposed methods for determining oxides and sulphides in steel - Continued
Ribliography Recommended
Common name reference _ Mechanism by originators Advantages Disadvantages Remarks
of method numbers | for
Kichline's 31, %2, 33 2HC1 + Fe'éiFecle + Hp 15\.190-5 Accurate for A1203 Dissolves MnO-containing in- |Being used in many plant
Inclusionis in residue - in Al-"killed" clusions. Aljs0; analysis laboratories for deter-
“' o steels (33) inaccurate when much MnO mination of Fe0 in liquid
and §i0, are present steels (33).
Bromine 32, 34, 35, ZHBr + Fe < FeBr, + H, All types of ox- None Contamination. Inclusions Practically extinct.
36, 56 Inclusions in residue ide inclusions » attacked '
Eggertz! 37, 38, 39, 54 |2HI + FeS Fel, + Hp Oxides but not May be fairly accurate |Sulphides attacked. Small Being used in some plant
A Inclusions in residue sulphides for SiC, sample. Analytical error laboratories.
. : large 4
Willems! 4o I, + Fe% Fel, Oxides but not Do. Do. Do.
Inclusions in residue sulphides .
Dickenson's b1, Lo, Uz 2HNO; + Fe é;Fe(No})Q + Hp |Si0, and sili- Fairly accurate for Dissolves Fe and Mn sili- Do.
A JHNOZ + TFe Fe(N03)3 + cates Si0, in Si-"killed" cates, FeS and MnS .
“3/2 Ho steel (U43)
Inclusions in residue ' ,
Phosphoric Ly 2H4POL, + e S Fez(POY), + Do. Hone Dissolves inclusions Never used practically.
acid 3 Hg _ - N |1 and precipitates iron
- Inclusions in residue phosphate :
Electrolytic FeSOy - NaCl, |Fe - 2 eS et MnO, MnS, FesS, Ranid solution, neu- Can not be used for alloy Being used in nlant and
4r_ 49 Inclusions in residue $10,, and Al50+ tral electrolyte, steels (U46) in present research laboratories.
inclusive; in plain-carbon recovers both oxides state
miscellaneous, steels (46} and svlphides (U46)
57, 92, 9% |
58, 59 - - - - -
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ELECTROLYTIC PROCEDURE

Historical Review

The first exnerimental work on electrolytic extraction was done by #ckel
(47) in 1927, who attempted to dissolve electrolytically the steel anode in a
moving electrolyte contalnlng FeSOy, FeClp, and (NH4) oO An alumina-
dialyzing cup was used to separate the anode from the catbode. Difficulty
was encountered due to the formation of certain basic iron salts., An attemmt
to overcome this was made by covering the electrolyte with oil to. prevent
oxidation, and increasing the acidity, but otier conditions were rencountered
which rere rather discovraging. It seemed necessary at that time to maintain
reducing conditions so as to prevent oxidation of the iron salts. Eence
Marshall (44) attempted electrolysis in ferrous sulphate electrolytes under
several atmOSpheres pressure of hydrogen, In this case considerzble hydrozide
pre01p1tat10n was encountered, althougun tihe basic salts did not form. Several
other %yves of cells were devised by this investigator but with similar re-
sults. Eence it became apparent that a study of the hydrogen-ion concentra-
tion was essential for successful electrolysis and inclusion determination,
In this connection Marshall studied the effect of certain buffer solutions
on a 30 per cent ferrous sulphate electrolyte. -He found that the H-ion con-
centration could be maintained at 10-6:73 by means of tartrate solutions, but
simultanecusly a basic iron tartrate précipitation contaminated the inclusion
residue. A similar condition was encountered in connection with the citrate
solution, but in this case the H-ion concentration was mnot easily controlled,
Meneilly (48) was the next to work on this problem, TIhree main improvements
resulted from his work from which was evolved the metnod now being used (46),
Tnese changes were:

1. Tae concentration of FeSO4 was decreased to approximately 3 per cent
to decrease hydrolysis.

. 2. NaCl was added to 1ncrease conductivity of a solutien of such low
H~1on concentretlon.

"ﬂ 3. A collodion bag (dlalyzer) was used to separate the anode from the
catuode portions of the cell and to trap the fallzng inclusion residue,

Krockenberger (49) next studlea the change of E~ion concentration of
the electrolyte in the anode compartment both with and without electrolysis.

. Toe 'dabe obtained from these -experiments and work done by tune other suthors
of this paper were all correlated in such a manner that the method recommended
by Fitterer (46) was finally selected., .The data on wuicn -this development was
based are described herein,

867 -
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Brief Descriwntion of the Electrolytic Procedure
for Plain and Low Carbon Steels

The electrolvtic procedure nas been previously described in detail (46)
so that any steel »nlant chemist should be able to follow the directions and
obtein fair accuracr after some exmerience. Some precautions are necessary
vaich were listed in the mrevious publication. The method will be briefly
described herein for the —urpose of clarity.

Preparation of Sammle for Electrolysis

The steel 50601men, welﬂnlng at legst 50 grams, is soldered to a nlatinum
wire and susvendeéd from & copmey bus Yar.. This is shown inFigure 1. A kink
(markked C in the Flgure) is made in tle nlatlnum vire above which is suspended
a rubber block, B, waich serves as a sunnort for the colledion (or cellophane)
bag, F, which surrounds the samnle. Tais dlalyz1ng bag is first partlally
filled with electrclyte and theh brought up and around the sample, after which
the oven end is tied above the rubber block.

The "Electrblyti‘b Cell

The collodion bags contalnlnb the samnles and some electrolyte are im-
mersed in the tank solution &s shown in Figure 2. The walls of this tank are.
made of copper sheet and serve as cathodes durlng electrolysis. The bus bar
uvon which the sammles and the bags are suspended 1s attached to the positive
terminal and is insulated from the main part of the tank or cathode. About 10
liters of electrolyte, contdining 3 per cent. FbSO4.7H20 and 1 per cent NaCl in
water, is used in each tank.

After approximately six samnles have been placed 1n the tank, the current
is turned on so that there are aporoximately 6 tao 7 amperes per tanl or one
ampere per samnle. The notent 1a1 across the electrodes is annroxlmately 3 to
4 volts, The source of nower can be either a large battery charger or any
d.c. current regulated by means of a lamp-baniz series of resistances.

Theory of Electrolysis

The theory of the electrolytic procedure may, be briefly described in the
following manter. AS soon as the power is turned on, the iron .anode receives
a positive charge. In doing this the iron becomes ionized with two positive
charges, through the loss of two electrons, and passes into the solution at
the rate of apnroximately 1 gram per hour for each sample. These iron ions
then pass from the electrolyte inside the collodion bag through the walls of
this membrane and finally into the external electrolyte. From this, point. they
pass directly to the nearest wall of the tank,. where tley are. dep051ted as
metallic iron. Hence the iron anode gradually decreases in weight and after
24 hours approximately 24 grams of steel will be electrolytically dissolved.
During this process most of the nonmetalllc 1nc1u51ons fal’ from the iron.
anode to the bottom of the collodlon bag, Where they are retalned. It is. be~
lieved that the pores of the collodion bagz are small enouuh to retain these
oxide particles and yet are sufficiently large for the passage of the iron
ions.



H

Figure 1.— Preparation of sample for electrolysis

TFigure 2.~ Multiple electrolytic cell with six samples in position
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2fter the 24-hour n»eriod, the inclusion residue at the bottom of the bag
has become sufficiently large for an accurate analysis., The electrolyzed
samnle and collodion bag are then removed from the ceéll and the exterior of
the bag is washed with water. The collodion bag is then omened and the con-
tents collected in a beaker. Any nommetallic material still adkhering to the
iron anode is scraped off and the samrle washed free from such particles.
This susoension is then filtered and washed about six times with warm water.

Analytical Procedure

The residue on the filter paper contains Fe(OH),, Fe(OH)z, FeO (not de-
termined by this proccédure), graphite, FeS, MnO, inS, SiOs, Alp03, and their
many combinations. The waper is dried, folded, and placed in a clean platinum
crucible and ignited for one hour at a low temwerature (Jjust sufficient to
ignite the paper). The detailed amalytical procedure is given in' the previous
naper (46). g . S

Each analyst has. a preference for ana,l-ytibcalf‘pro‘cedu.res. The methods
used in these laboratories are briefly mentioned in the following discussion.

Aftor fusion with sodium carbonate, the SiOp .is Cetermined in the usual
manner with hydrofluworic acid. AlylGz may be. determined by sodium hydroxide,
the vhosphate method, or by the iron-aluminum hydroxide separation method.
The procedure generally used at the Bureau of Mines is the sodium hydroxide
separ:tion. The total manganese present as InO + MnS is determined by the
usual bismithate method and a recommendation has been made for the separation
of th.se two materials. It has been found, as will be shown in this paper,
that Mn0 is entirely soluble in the sodium citrate solution, whereas manganese
sulph:de is entirely insoluble. This permits the separation of the two and
also rovides a2 means for determining the quantity of FeS present by differ-
ence.

STUDY OF THE FACTCRS WHICH AFFECT THE ACCURACY
OF THE ELECTROLYTIC DETERMINATICH

In the development of a satisfactory method, it is necessary that an
accurate study of many factors be made. Some of the variables encountered

are described in the following pages.

The main problem which was encountered resolved itself into the selec-
tion of an electrolyte which would have such a low acidity that the inclu-
sions (mwarticularly MnO) would not be attacked or dissolved, but which at
the same time would not be so low that the hydroxides, particularly Mn(OH)z,
would precipitate. It is obvious that if MnO were soluble in the electro-
lyte the reported analysis would be low, whereas if the manganese hydroxide
precipitated, the results would very likely be much higher. A solution was
‘required which would have neither of these detrimental effects. However, it
was realized that if a solution had a sufficiently high acidity so that the
precipitation of Fe(OH)2 was prevented, the MnO would be highly soluble,
vhereas if an electrolyte was selected in which MnO would not dissolve,

867 -9 -
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considerable iron hydroxide.contamination resulted. At the same time, the ex-
tent of manganese hydroxide rreclnltatlon was. unimown, Howevei'; it seemed ad-
visable to select an. electrolyte which would be satisfactory for MnO and to
vostnone a study of the determination of FeO. Hence an electroljte was re-
quired which would not dissolve MaO or ‘3rec1pitate manganese hydroxide but
probably would precipitate iron hydroxide. It is now apparent that an electro-
lytic determination of FeO must be done under entirely different conditions
than specified by the recommended procedure. The reasons for these conclusions
will be given in the following pages. '

'Cha:actefi stics of the Recommended Flectrolyte

It will be recalled Irom t‘ae hlstorlcal part of this paper that Marshall
(44) studied the electrolysis of steels in ‘highly concentrated ferrous sul-
phate solutlons (30 to 40 per cent). Also, it was obvious from Meneilly's
work ( (48) that the H-ion concentration was a factor of hydrolysis of the
ferrous sulnhate, and for this reason he decreased the FeSO4 concentration as
low as possible without immairing the conductance of the electrolyte. He
found this point to be at approximately 2 to 3 per cent FeSO4.7H30. It also
seemed apparent at that time that an addition of 1 to 2 per cent NaCl would

gregtly 1ncrease the conductance of the solution w1thou’c increas:tng the
aci ltyo

The solubilities of the oxices and the suln‘udes in the electrolyte are
eatirely denendent imov the H-ion concentration. In the more concentrated ‘
solutions such as those encountered in Marshall's worl, verv little nonmetallic
matter was revorted upon analysis. of the residue. As the concentration was
decreased, the inclusion contents increased and became fairly constant at the
recommended concentrations. These indications were of course qualitative and
trere not sufficiently quantitative to be satisfactory for the accurate de-
termination of the nonmetallic matter in steel. For this reason it seemed
necessary to determine the H-ion concentration of the electrolyte and also
the solubilities of the various nonmetalllc materials in the electrolyte which
has been selected. TFinally, it was essential to quantitatively determine the
extent of Mn(OH), precipitation before the accuracy of the MaO or MnO + MnS
determination co%ld be established.

Hydrogen-Ion Concentrations of FeSQ4 and FeSQ,-NaCl Solutions

Ar apparatus was designed as- shown in Figures 3 and 4 by means of which
the change of acidity inside of a oollodion bag could be determined during
the electrolysis of a low-carbon steel sample. An electrolytic cell for the
electrolysis of a single sample was constructed. The steel sample, h (0.02
per cent carbon, 0.15 per cent manganese, Oe 018 per cent nhosphorous, 0.02
per cent sulphur, and 0.08 per cent Si), hed 20 square centimeters of its
surface exposed to the action of the elect*oljte. This samnle served as the
anode and a copper cathode was employed as in the large cell. The electrolysis
took place in a 1-liter solution containing in all cases 3 per cent FeS04.7H0
with amounts of sodium chloride varying from O.to 2 per ceat. As in the
recommended nrocedure (46) the sample was separated from the main body of

electrolyte by means of a collodion dag, i.
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Figure 4.— Apparatus for determination of Ht change during electrolysis
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The external circuit for supplying power to the electrodes was supplied
with a variable resistance, m,. a voltmeterl l, and an ammeter, k. The elec-
trolyte was freshly prepared in _every case and.as soon as the c*eurmle was im-
merse’ in the solution, the external cz*cult was closed and the electroly31s
startcd with a current of 1 ampere and a potential of 2. to 12 volts. This
of course apnroximates the condatlons in the previously mentioned large cell.

The H~ion concentration was detérmined for each freshly prepared solu-
tion containing the constan+ amount of ferrous sulpaate and a variable amount
of sodium chloride. The determination was made in the anode compartment or
insid~ the collodion bag. After the current was turned on a determination was
made approximately every half hour for a period of 20 hours. The H-ion con-
centration at any period was determined by cutting out the external circuit
end inserting a special antimony-antimony trioxide eloctrode 1nto the collodion
bag as shown in the flgures

This tvpe of electrode was suggested by Roberts and Fenwfok{(53),and was
‘recommended for the determination of H-ion concentrations varying from 10-1 to
10-10, 1% is highly essential in the preparation of this type of standard
electrode that cubic antimony trioxide be vpresent and that at no time during
the determination should any uhstable solid phase such as the orthorhombic
antimony trioxide be present. It is alsp extremely necessary .that all dis-
solved oxygen be eliminated from the solutlon and that the equilibrium be
appro:ched frca the aiLallne side. Under these conditions it was found .thet
the cibic antimony trioxide is stable in sulphuric acid solutions up to a
concentration of 1 . Care was taken in this work to observe these precau-
tions at all times.

his electrode was prepared by plating antimony on a platinum wire, f,
from an antimony trifluoride solution. This wire was then placed in a small
test *ube to which had been added some properly crystallized (cubic) antimony
triox'de, g, The test tube, e, had a small hole in the side near the bottom
so as to allow the electrolyte to enter and make contact with the plated elec-
trode. The tip of the calomel electrode, d, was also placed inside of the
test tube and the potentiometer, a, and galvanometer, b, were connected be-
tween these two electrodes for the determination of tie hydrogen ion. The
system was checked from time to time against the Weston standard cell, c,
in order to determine if the electrode had changed in any way. The hydrogen-
ion values were obtained from the millivolt readings by means of the calibra-
tion curve, Figure 5. The slope of this curve will give an idea of the
sensitivity of these determinations. It was impossible to talze readings unless
the electrolytic circuit, o, had been opened, as this voltage set up an elec-
tric field. After completion of a reading the electrodes were removed so that
no antimony was allowed to get into the electrolytic cell.

Results of Hydrogen—lon Determinations

The results obtained from the study of the change of hydrogen-ion concen-
tration inside the collodion bag during electrolysis are illustrated in
Figure 6. It may be seen from this figure that all solutions had a hydrogen-
ion concentration of 10=3¢2 in the freshly nrenared condition due to the

867 - 11 ~



R.I. 3205

aydrolysis of FeSOA. Curve g represents the change of hydrogen-ion concen—
tration in a solution cont aining ‘only 3 per cent FeS0447H50 and no sodium.
chloride. It is obvious that under these conditions the solution became more
acid by ‘changing from hydrogen-ion concentration of 103+2 to 10~2 in 15 or
15 hours. After this time the concentration seemed to be holding fairly
constant. However, with increasing emounts of sodium chloride in the solu-
tion, for examnle C.1, 0.2, 05y 1.0, and 2.0 per cent resvectively for
curves f, e, d, ¢, b, and a, it was found that the hydrogen ion concentration
.decreased apnreciably with the time of electrolysis, rather than increasing
as in the case of curve ge With 1 per cent sodium chloride (the concentra-
tion which is being used Tfor regular electrolytic analyses, curve b) it can
be seen that the hydrogen-ion concentration decreases from 10-3 to anproxi-
mately 1077 within a mneriod of tureg hours. From that time on the concentra-
tion remains fairly constant at 107‘., In other words, the ferrous sulphate
solutions containing annreciable. quant ties of sodium chloride have the
tendencv to become autorrk..ncal 1y neutralized. The nydrogen—lon concentration

£ 1077 is. considered as the value for pure water, although a concentration
of 10-6.5 j is ordinarily used as the standard and represents the hydrogen—:.on
concentration of pure water saturated m.tn 002. '

The 51gn1f1cance of these results 1s slmﬁlJ ‘that a solution prepared
similarly to the rccommended electrolyte for electrolytlc analysis, auto-
matically neutralizes itself within a 3-hour period and from that time on
the electrolvs*s talizes nlace in a neutral solutlon. It has long been the
belief of the authors that if nommetallic materials, particularly Ma0, could
be extracted from steel in a neutral solution, little or no solubility would
talke place, It has also been conceived that a solution having this hydrogen-
ion concentration would probably precinitate Fe(OH)g but not Mn(OH)o5. This
was concluded from the available data concerning tlre solubility progucts of
these hydroxides, although’ this: tyme of 1'1f ormation is qualitative in nature
and can not be cons1dered quant:L tative in connectlon with these two. hydroxldes.
Hence at this point in the study of the electrolvtlc method it has been shown

hat electrolytic solution of the iron may be successfully obtained in a
neutral solutlcn--name'lv the one specified alove. It now remains to be
proved that the ordinary nommetallic materials do not dissolve in this type
of electrolyte and that con*a..unat;\.on of the inclusion residue does not occur
throuah the nrec:unta ion of such naterlals as manganese hydroxide.

It mlf’nt be .advisable to *aomt out at thws tlme that it is not necessary
to electrolvze the reba.lar samples during the nerlod when the hydrogen ion
is chnanging from 10~ 342 to the constant value ‘reached after a 3-hour perlod
‘(B~ion concentration, 1077). Instead, any ordinary samrles of steel may be
electrolyzed without collodion bags during this 3-hour period. - These samples:
may then be taken out of the solution and the regular sammles in collodion
bags may be placed in the electrolyte which has been neutralized in this
manner.
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Solubilities of Certain Oxides and Sulwhides
in the Recommended Electrolyte

£1lthough the previous discussion indicated that the electrolysis in the
recom.ended electrolyte took nlace in a neutral solution and suggested that
a neutral solution wossibly would not dissolve inclusion materials, some
direct* determinations of these factors were made. It is of course impossible
to strdy the solubilities of true inclusion.materials because we have as yet
no accepted means for their extraction from the steel. It is, however,
rossiile to make solubility determinations on synthetic materimls if they are
in the same cryrstalline state of aggregation as are the inclusions. For ex-~
amnle, Siog, the iron-manganese silicates, and Al503z are all amorphous when
present in steel as inclusions. Hence corresvonding synthetic substances
vaich are in the amorvhous state should be used for solubility determination,

Two tymes of solubility determinatioms were made. In the first, a kmown
quantity of the substance was placed in the bottom of the collodion bag in
which a sample of electrolytic iron was electrolyzed for the usual period of
24 hours. The residue was then filtered and analyzed in the usual manner.

The percentage recovery woes determined by the ratio of the amount recovered

to the amount originally placed in the bottom of the collodion bag. Any
solubility -exhibited under these conditions was due to the attaclt of  the solu-
tion itself and was not a function of the electrolytic process.

Ir another series of experiments the solubility induced by anodic or
galvanic reactions was determined. The synthetic material was finely dis-
tributed over the ton of the electrolytic iron samnle and care was taken not
to have any at the bottom of the bag. This iron sample also was electrolyzed
for 24 hours and the solubilities were determined. These values were not
only c3pendent unon the ordinary solubility of the inclusion material in the
electrolyte but also unon any anodic reactions which might occur. An example
of th's tyve of reaction is:

MnO + BHo0 = 1nO4~ + 6 + BE.

This tyve of reaction would be somewhat dependent unon the voltage across the
electrodes, and the higher this voltage the greater the induced solubility.
This *ype of determination was much more severe than the treatment which is
received 7 any inclusion material in actual steels, because these oxide and
sulphide narticles remained in contact with both the iron anode and the
electrolyte for the entire period of 24 hours. It has been determined that

a given inclusion is actually in contact with these two materials for a few
minutes. In the higher-carbon steels, however, the graphitic sludge formed
from the decomposition of the carbides tends to retain the inclusions at the
sample's surface.
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Solubility of FeO in the Electrolyte

Although a direct determination of TeQ content of different steels can
not be made because of hydroxide precipitation, it is believed that FeO is
insoluble in the electrolvte., This belief is based unon indirect evidence,
but the following sources of information have been found:

l. During the electrolysis of a number of rimming steel samples, it
was .observed that the iron oxide in the blowholes was unatiaclzed during the
usual 24-hour electrolysis period. The ‘oxide remained as a shell which had
conformed to the shane of the original blowhole and was retained as such on
the filter paper after electrolysis. This oxide film is largely composed of
TeO. .

2. The solubility wes determined by two methods: By wnlacing a sample
of synthetically preaared FeO (1) in the bottom of 'the collodion bag; and
(2) on top of the electrolytic iron samnle. The original sample of Fe) was
analyzed and found tv be practically pure. An X-ray determination also indi-
cated the same space’ lattice constant as determined by Wvckoff and Crittenden
(63). This sample was quenched at 1600° C. - FeO inclusions. in steel. are
cooled at much slower rates from similar tenmneratures and.it may be concluded
that such particles are crystalline. In fact, an X-ray examination of elec-
trolytically extracted Fed showed crystallinity and the size of the unit cube
was checlzed within 1.5 ver cent. It was necessary to wash the synthetic FeO
samples with a small amount of very dilute hydrochloric -acid after electroly-
sis so as to remove any of the- iron hydroxide or ferric basic sulphate which
may have been formed:during the electrolysis. Recovery in both cases was:
nearly 100 per cent, although this acid treatment had been given. -This
treatment is not to be recommended. as a standard procedure.

3. In an addendum to his thesis, Krockenberger determined the solu-
bility of FeO in various concentrations of sulphuric acid. The FeO used
for this work was the same as mentioned above. All of the solutions were
of much higher acidity.'than the recommended electrolyte, but FeO was prac-

tically insoluble un to a concentration of 1. 88 c ce of 95 per cent HgSO4
per liter of HgO, -as ghown bv Table 2.

867 - 14 -



R.I. 3205

Table 2. = :The solubility of Tel in 52504'and
' Ho504-FeSO4 solutions

_Solution”
Cubic ceatimeters Grams FeSOg.7H;0
of 25 ner cent per liter of Time exnosed, FeO recovered,
H5S0s mper liter water hours ner cent
of water. .
0.47 0 24 97
.94 0 24 o7
1.88 0 24 28
9.40 0 24 el
47 50 30 Basic salt
formed.
.94 50 24 98
.94 100 24 99
$ 94 150 48 98

A solution containing 50 grams of TFeSO4:7H,0 and 0.47 c.c. of sulphuric
acid ~er liter of water became sufficiently oxidized during the 30-hour ex-
posurc neriod so that the basic ferric sulphate formed. This did not occur
in ans of the other solutions given in the table. The iron hydroxides were
not o.served in any of these solutions during exnosure neriods of from 24
to 48 hours. It was found that steel could be readily .electrolyzed in these
solptions and could be used without dissolving TFe0 or wrecipitating either
basic sulphate or the hydroxides. It is also a fair certainty that little
or no metallic iron will fall from the anode. and become part of the electroly-
tic r 'sidue in these solutions, because the electrolysis is quite efficient.
It is immortant, however, to keep in mind that the higher the acidity the
sreater the tendency to dissolve FeO, whereas the carbides will become more
~table. The prover balance betveen these two factors should be thoroughly
cetermined vefore any electéblyte can be recommended for the electrolytic
analysis of FeO. The hizher carbon steels’offer some difficulties because
of the contamination of the coxide residue with undecomposed iron carbide.

In this connection it is questionable if an electrolrtic method could be
devised for the determination of FeO in any but the low-carbon steels. The
accuracy of such a method, even in this type of material, must be determined
before any recommendations can be made.

Kroclzenberger electrolyzed samnles' of electrolytic iron unon which were
placed lmown quantities of nearly mure FeO in the followinz electrolyte: 3.68
c.co of 95 per cent HoSOg, 2 grams of NaCl, 200 grams of FeSC4.7H50, and 2
liters of Hp0. He found that this electrolyte did not attack the Fe0
varticles during the nericd of 24 nours. However, as could be expected,
hydrogen gas was liberated at the cathode and the acidity of the solution
was decreased in proportion to ‘the ammerage so that basic ferric sulphate
formed within three hours. Hence it was necessary to control the acidity to
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sractically the same value.as that of the freshly wrevared electrolyte. The
acidity was roughly controlled by dronping 10 c.c. of sulvhuric acid solution
per hour (40 c.c. of cmcentrated E>SCq per liter of soluti on/ into the elec-
trolvte. Under these co*cn tions the electrolyte armarently Iu.nctlon.ed proper-
1 Wlthouu Trecini "a’c the hydroxides or .dissolving the FeD, although tlne
was not avallaole to estebl sh a method for the exact control of the acidity.
In order to do this, it would be necessary to utilize the hydrogen-ion appara-
tus which was nreviously described.

It may be seen from the above discussion that the electrolytic determina-
tion of ¥eD is nossidle if adequate means are provided for the contrql of the
hydrogen-ion concentration.

Solubility of M0 in the Electrolyte

The solubilities of i.20-countaining slags were determined by the.two nro-
cedures just outlired. Tueé ordinary solubi 1lity of MO in the electrolyte,
together with the solubility induced by the salvanic action occurring between

the inclusions, .steel, and solution, were determined.

Three tymes of srmthetic materials were studied and their solubilities
determined byr:these two nrocedures. Pure Mn0O was first studied, then combina-
tions of Te( and ’\/L-,, and finally MnO—S¢O9 combinations. TIn-every case the
solubility of MnO in the Dbottom of the:collodion bag was practically zero.
Some solubi? 1’c*r was fownd, however, when the oure Mn0 and Fe0-n0 materials
vere )1acec1 on top: of tue electrolytic-iron anode. This was only the case
Tith' mure M0 and TeC-in0 samnles.  In the latter case the solubility de-
creased with decrcasing 1m0 content, “as would ‘be exmected. -All samples of
’nan'"ar\ous ‘silicates were totally insoluble in both tymes of solubility de-
termination. No semmles of MnO-MnS combinations: ‘were availavle for this work,

aithough such determmaqons on- these.materials would be valuable.
Soluvility of Pure MnC

A samnle of nure InG was -)“eoared by.Daniloff (64) by passing hydro

over fmelv powdered manganous catbonate for: three hours at 850° to 1000° C.
The material as prenared at. 850% C. contained $9.3 ver cent ¥nO. It is be-
lieved that a very small nercentage of thiis material is present as MnzO4.
Before solubility. de»e'r‘mmatlons vere iade the sample was screened to approxi-
mately 300 mesh. It mi. “ht be interesting to note at this time that MnO in-
clusions are usuall+ smal 1--approx1m'3.telv 300 mesh screen size, -and are -
taoroue,ﬂy crystalline. This has been shown by Titterer (&5). In each of
the soluo:r.l ty tests 0.05 to 0. 1 gram of synthetic meterial was used.. This
is-the sameé as having Ce.2 per cent MnO in a gteel of which 25 grams are ‘
electrolyzed.: It can o€ Seeﬁ from Table 3:that the solubility of MnO in the
elec»rolvte is negligible., In the two cases shown; the: recovery was. from 98
to 100 per cent. - However,: when the sammle was placed on: top -of the electro-
lytic iron samnle, where it was subgected not ondy. to-the ordinary solublllty
in the electrolyte but also to the ameodic reactions): the solubility is approxi-
mately 30 per cent. These results:are.also.shown in the table.
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Table 3. ='The solubility of MnO in thé electrolyte at pH 7
! ‘ Recovery of }Mnd, per cent
! Analysis, per cent When sample Then sample |Recovery
Semple | T is placed on| is placed on |of 51O,
number g MnO’;H;;g:Q?if Fé,05 510, bot%om of glectrolytic per cent
N S | <7 ag_' i _diron §am-ple )

1 9855 | 98,0 - -

1 98.5 . -100.0 - -
1, i 98.5 1000 70,8 -

1L 98,6 : 10020 70.2 -
! {98.5.2p i 4100.0 73.8 -

3-4 64.8 , 100.0 73.0 -

F | 34,45 -100.0 7845 -
16-1 | 55.51 180%0 79.0 -
10-F 57459 100.0 77.0 -

9-D | 39.64 100.0 80.3 -

9 | 58.8 10040 1/ 96.0 92.9-
12 | 48,9 1110850 101.5 100.0
13 44,2 116050 1/102.0 100.0
14 39.4 100.0 © 101.0 104.4
73 84,3 100.0 1/ 95.0 98.0
93 71.0 16050 100.5 102.5
95 66.0 100.0 28,8 98,9
98 52.0 005G 101,0 100.5

101 23.5 AN (1004"' 98.6 102.0

_jﬁThe analjtlcal error sEens: tb beﬂ+ 2 per cenﬁ in hanullng ‘such small quan-
tities of inclusion matsdials-

g

Solubility of 10 When Existing.in. FeO-MnO Slags

The solubilities.of” five FeO-MnO synthetic slags a§ prepared by Daniloff
(64) were determined by the two wreviously mentioned methods. The analyses
of "the slags, tbgetheriwif{li their recoveries after 24 hours of electrolysis,
both in the bottom of‘ﬁhé“@bllodlon bag and on top of the electrolytic iren
sample. are shown in Table¥3: - In the bottom of the.collodion bag the mange-
ese ox’de recovery in every case i8 700 per-cent; whereas when the slag was
in comtact with both the elsctrolyte and the anode the recovery varied from
73 to SO per cent. It is obvious from comparison of the analysis of the
slag h the recoveries in'the Second condifidn that the MnO is more insoluble
as thg Feo content of the 'slag increases. Thé solubilities of these materials
are s.own graphically in Figure. 7. £&-g{raight line at 100 ver cent recovery
repre:scnts the results of solubility determination in the bottom of the col-
lodion bag, whereas the recoveries when the sample is placed on top of the
elect: olytic iron, represented by a line, gradually vary from 70 per cent re-
covery at pure MnO to 100 per cent recovery at 100 per cent FeO or O per cent
MnO.
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These results are somewhat discouraging in view of the fact that it was
hovned that a neutral electrolyte sucih as was used in.this method would not
attaclz MnO. - In fact, the electrolyte itself does mot, but it requires the im-
netus given by the-ionization reactions which occur on the surface of the
samnle during electrolysis. Although time was not available for the determina-
tion of such factors, it has been conceived that the true solubility of MnO-
containing inclusions, el ther .as pure MnO or as FeO-MnO complexes, lies some-
where between the two values obtained by these experiments, It was micro-
scovically determined by iieneilly (48) that a given inclusion narticle is not
s1mu1taneous1J in coatact with the electrode and electrolyte for a period of
more than 15 minutes. During. this time the inclusion had been bared to the
action of the electrolyte by electrolysis and sufficient iron had been dis-
'solved so that the inclusion . particle dropved from the anode into the bottom
‘of the collodion bag. In other WO”dS, for a nerlod of 15 minutes the inclu-
‘sion was subjected to the @nodic reactions and the ordinary solubility in the
‘electrolyte, and then for. the remaining period, the difference between 15
minutes and 24 hours, was subgected only to the solu,blhtv in the electrolyte.
This it will be recalled is ZEeTr0+e Bepause of ‘these experlmentsklt is con-
ceivable that the ac*ual solubility of inclusions during the electrolytic pro-
cess is much less than the 30 per cent value ds indicdted here. It is be-
lieved that the experiments in which the slag samvles were in contact with
both the electrolyte and tle anode for the full period are more drastic than
is actually the case with real inclusions. Future experiments should be made
which will determine the rate of fall of inc1u51on partlcles from the anode
to the bottom of the bag, .and also which will determine the solubilities when
the sample is subjected to anodic reactions for periods of 15, 30, 45, and 60
minutes, etc., so as to correct the values given here to the necessary extent
as shown bJ these exueriments.

Solubilities of Mn0-Si0z-Slags

With the increasing application of the manganese-silicon alloys as pro-
nosed by Herty and Fitterer (65, 66) for the deoxidation of steels end the
removal of the deoxidation products by means of fluxing reactions, interest is
growing in the oxide system MnO-$i0.. Conley and Royer (67) and Smith (68)
studied the apparent fusion points Of Mn0-SiO2 slags, Nearly all of their
samples, as prepared, were sudercooled glasses. .These materials were gompared
under polarized light with inclusions extracted from steels deoxidized with
manganese-silicon alloys. Both types of silicates were supercooled liquids
and only in a few cases were there any eV1dence of crvstal‘initv The struc-
tures of these two tvnes of materials. comoared favorably.

, The solubilities of the synthetic slags (Nos. 9, 12, 13, 14, 73, 93, 95,
and 98) were determined in the usual manner. As shown ih Table 3, these matér-
ials varied in analysis from 39.4 to 84.3 per cent MnO. The solubilities at
both the bottom of the co1lod10n bag’ and the ton of the. sample were found to

be very small,

It is.also 1nte“est1ng to note that the 5102 recoverles of these manganese
silicates varied from 28 to 102. 3er cent, This can be taken as a + 2 per
cent error in either ‘analyzing or handllng such small quantities.
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Solubilities of MnO—ContainingvInqlusions
in Practical Steels (Summary)

he stress which has been —laced in theé foregoing pages uwon the import-
ance’ of MnO recovery is entirely justified when one considers that up to this
time no method has been nroposed which will recover either nure MnO or in0O
vhich is combined with other oxides. The solubility of this wmaterial in the
reazents of other methods is as high as the recovery in the electrolytic method.
Hence in this manner great »rogress has been made.

Although it was thought from the first exeriments made in these labora-
tories thaat MnO was totally insdéluble in the electrolyte, the foregoing data
are somewhat -to the contreryand show some appreciable solubilities. However,
it must be remembered that the tests wherein the sample was nlaced in con-
tact with the anode were extremely drastic.

Other factors which will tend to malte MnO more insoluble in the eleétro-
lrte under these most drastic conditions are:

(1) (a) The combination of 10 with MnS.
(b) The combination of MnO with FeO in high FeO complexes (as shown).
(c) The combination of MnO with SiOs (as shown)s
(a) The combination of inQ with Als0z, etc.

{2) It should be recalled that in these experiments electrolytic iron was
used vaich contained no manganese. In actual electrolysis the steel sample
contalins the alloy manganese which ionizes and passes into the sulphate elec-
trolyte; -Hence as the Matt concentration increases, the sclution potential de-
creases 'and there is less tendency for the MnO to go into solution. In fact,
the M 't concentration could increase ito a point where it would vrecipitate
as it Jormed-because of the solubility mroduct of Mnt+ (0H™)Z.

.

Solubility of FeS and lnS in the Electrolyte

Solubility of synthetic materials. - Very pure MnS and FeS were prepared
according to the method provosed by Anderson (69), who passed COs and CSp over
iron oxides (FeO + Fep03) and mangenous sulphate at 850° and 7500 C. respec—
tively. The solubilities of these sulphides were determined by placing a
wnown quantity of the material on top of an elec¢trolytic iron sample. After
electrolyzing for 24 hours, recoveries were determined. In the case of iron
sulphide it was necessarv to determine the recovery, which was 27 to 923 per
cent, on the basis of the sulphur content rather than the iron content, due
to contamination by the hydroxides, etc. The loss in this case might very
likely have been mechanical. In the case of manganese sulphide, two 0.05-
gram samnles were each nlaced on top of an electrolytic iron anode for 24
hours and recoveries were 0.0496 and 0.0499 gram, or 99.2 and 29.8 per cent,

respectively.

Recovery of total sulphides as compared with the ordinary sulphur de-
terminations. - The discussion of a previous wublication (46) raised a ques-
tion as to whether all of the sulvhides were recovered in the electrolytic
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residue. Some experiments had been made in Whlch a samnle was electrolyzed
and the sulphur conteant on the electrolytic residue was determined b+ placing
the-residue in an evolution flask with hydrochloric acid. According to their
exneriments, the percentage of sulphur recovered by the electrolytic method
was much lower than the ordinary sulphur analysis of the same steel. There
vas some difference in owinion as to just what recoveries vere obtained, but
it was thouzht that the values were low.

Some experiments of 2 similar nature had -reviously becen made in these
laboratories but in a somewhat different manner. It was found that an addi-
tion of metallic zinc to the flasl: was necessary so as to form a considerable
anount of hydrogen gas., Tais flushed out any HoS which was formed from the
sulphides in the electrolytic residue and carried it over into the cadmium
chloride solution. It was also Iound that it was necessary to have sufficient
acid and zinc together in the flask so &s to evolve hydroven for a period of
from one-half to one Lour. The evolution of. HoS in all cases was found to be
slow at first and beczme very rapid after anrroxlﬂatelv one-half hour has
clapsed. When these iactors were taken into consideration, it was found in
all cases that the sulvhur coatent of plain~carbon. steels as based on the
electrolytic residue could be checlzed very closely with the ordlnary sulphur
determination on the same steel. Illustrations of this D01nt are given in

the following teble,

Table 4, = Commarison of ordinary sulphur analrsis with
‘sulvhide. sulphur retained in electrolrtic
1residuea§QJa1nfcarbon steels)

, | B recovered
Analysis of | Steel | 1y evolution Difference
Sample steel, | electro- of sulphide s, between steel
number per cent lyzed, S in electro- per cent | and inclusion
. grams . lytic residue, analysis,
Mn S oy ' per cent S
49 0.46 0.090 26.6 0.0239 é}OQO‘ 0,000
52 1 2443 077 21.4 .0163 .076 .001

These results were considered by the authors to be very conclusive with
regard to the recoveries of the sulpnides in the electrolytic method. It
1ndlcates in conjunction with this that iron.and manganese sulphides are not
attacked by the clectrolyte during electrole1s in the recommended solution.
If elemental sulphur were formed on decomposition of sulpbldes, or if the
sulphides were oxidized to. sulphates during electrolysis, ‘they would not have
been determined as sulphides by the evolution method.
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. Separation of Mn0 from Mns

‘ SolubllltJ of MnO in- Citrate
Solutions

A5 one time during the development of this method, it was recommended
(by Mr ieilly (48)) that sodium citrate be used as a buffer solution in con-
nectici with the electrolyte. It was hoped that with the use of this mater-
ial ti= iron hydroxides and the basic sulphate would not be formed because
the CLi-ion would enter into molecular combination with the citrate ion with-
out arireciably changing the hydrogen ion concentration. However; it was
found fter some investigation of citrate-sulphate solutions that other tyves
of coniamination resulted and the treatment was therefore discontinued. Ig
vas a?_p found during this work that MnO was quite soluble in citrate-sulphate
solutims. 4n example of this solubility may be illustrated as follows:

Two 0.,C5~gram samples of mire UnO prenared as previously described were
each nlaced in the bottom of a collodion bag in which, in samnle 1, 30.8
grams of electrolytic iron, and in sample 2, 35.3 grams of electrolytic iron,
were electrolytically dissolved. The MnO in both cases was in contact with
ne electrolyte for over 30 hours. The residue of sample 1, together with
approximately 50 c.c. of electrolyte, was treated with 50 c.c. of a 25 per
cent solution of sodium citrate and allowed to stand for 12 hours at room
temperature. Sample 2 was filtered directly without this additional citrate
treatment., Recovery of sample 1 was 0.027 gram or 54 ner cent of the amount
placed in the bottom of the collodion bag, whereas recovery of samnle 2 was
0.051 gram or 102 ver cent. Hence it was conceived that a citrate separation
of MnO from MnS might be possible, and determinations of the solubilities of
in0 and kaS in citrate sulphate solutions were made. It was found that such
a separation could be made because im0 is entlrelv soluble under certain con—
ditions, whereas MnS is entirely insoluble. These findings therefore gave
the basis for the separation which was recommended in the analytical procedure
given by Fitterer (46). The solubilities of these materials, together with
the solubility of FeS, are shown in the following table.

Table 5. ~ The solubilities of FeS, MnS, and MnO
in citrate-sulphate solutions

Solution, cC.cs B
‘ 20 per Tempera—- | .

Mater- | Grams Electro- cent Time, ture, Grams re-. | Per cent
ial " tested | lyte citrate | hours oC. covered | recovery
MnoO | 0,02. | - 80 50 1 80 1/ 0.001 5.0
Mno | .02 50 50 1 80 1/ .0006 3.0
MnS .05 50 50 1 80 « 0497 99.4
MnS .05 100 50 1 80 0499 99.8
MnS .05 50 25 1-1/2 80 «0492 98.4
MnS .05 50 25 | 1-1/2 80 .0492 98,4

"PeS .05 100 50 1 80 .0445 89,0
Fes «05 ‘ 50 50 12 60 0440 88,0

1/ Analytical blanks.
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The recoveries listed--namely, 0.001 and 0.0006 gram--are considered as
analytical blanks. !nS treated under the same cornditions is 92.4 mer cent
insoluble, as shown b the table, whereas FeS is 88 mer cent insoluble. This
latter value need not be considered as important, however, because in the
separation of Mnd from 1S just these two materials need be considered.

The procedure for c.eye*m:.n ag thiese two materials is to make one elec—
trolvtic extraction wmoil waich tie com bined value of ver cent MnO + per cent
MnS is determined and calculated to ner cent n0. The citrate separation is
then made on a second electrolrsis of the same sample and the insoluble ma-
terial--MnS, is.deéteriined and calculated to ¥nO. The difference between the—
manganese values obtained in these two electrolyses then represents the per-
centage of ¥n0 present in the s’ceel. " Inasmuch as the determination ¢f MnS
has been made bJ this 'qeu.‘od, he amount of FeS may be determined by differ-
ence between the total ‘sulohur (as determined by ordinery steel analysis) and
the sulphur as MaS. This separation is highly important and should prove to
be very useful to ma: Ay me uallurg:.sts who are worling on low-carbon and plain-
carbon steels.

It is particulay lv 1'n')oruant to nomt out at thls time that this separ-
ation would bé inaccurdte for steels contajnlng -apnreciable amounts -of
mangenese ~ilicaites. This is true because. tae MnO forms ‘both compounds and
solid so wvicu wita silice which will protect the ¥n0O from citrate attack.
This ace?  world tend to woke the MnS content of the. steel higher than the
actual cxcunt and the in0 value lower. Thls consideration :mst be included
in any seamvle where the deue rination of these: two quantities is desired.

Separation of ¥aS from FeS

Solubility of 1nG, ifmS, and FeS-in
Hgoo So.a.tlons
According to Hendsrson and Wygor {70); when SOg is massed through an

ice-cold water susmersion of Tes fervous sulpinite 1s precinitated.s If the
current of gas is cortinued, it Is found that ihe »recipilzte dissolves and
a solution of Ie(HSYy o is fo;:mem Fo**evor, if this solution is heated the
sulphite Leprec:.nlta es. Rarmelsberg (71) stated that if MaS is treated in
the above manner the soluble thiosulphate and sulphur are formed, and the
suloixite of manganese is not nrecinitated even on heating to boiling. In
this connection, then, it was co,acewved that a mixture of these two sulphides
could be senarated by messing an-excess of -S5Qy through the water suspension.
The saluble Fe(HSO )., and MnSgOg will be formed and on heating to approximate-
80° C. the FeSO; rewr ecvé:.tates and the mangenese and iron salts could be
separated by f&termg. ‘Also, Koene (72) found thdt the thiosulphates may be
extracted.from a water solution by means of; ethyl alcohol in which they are
soluble. [The sulphides are insoluble in this liquid.

These data were sorrelated with the hope of dévelopment a method for
he separation of Mn® .and imS from FeS. It was considered that if the sum
of MnS + M10 could bBe .determined 6n one electrolytic residue and the separation
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of MnS from FeS made on the second, theén a comnlete semarate analysis of all
these materials would have been made. This sevaration could be made if the
MnO were also changed to the thiosulphate by the SOy treatment. The MnO and
MnS would then be in the filtrate as thiosulphates whereas the FeS could be.
determined from the rrecipitated ferrous sulphite. Hence, knowing the sul-
phur content of the steel, the MnS could be calculated by" ‘difference and the
MnO also could be détermined according to the relatlon

Per cent MnO + per cent MnS (by first extractlon) - per ¢ent MnS
(calculated from total sulphur - sulnhur‘as FeS) = per cent MnO.

The action of these materials in, the SO0z treatment was determined with this
procedure in mind and the data obtalned are shown in Table 6.

Table 6. - Solubility of MnO, MnS, and FéS in HsS03

 Time

Weight in SOo .
tested, treatment, | Subsequent Grams Per cent
Material grams minutes treatment recovered recovery
MnO 0.02 20 10 min. at - 0.0
80° ¢, -
MnO .02 2-3 do. - .0
MnS .05 150 Filtered 0.001 2.0
cold
MnS .05 2-3 10 min. at | ™" —-— 0.0
800 (C.
FeS .05 30 Filtered 0476 95.2
cold
Feg .05 30 Piltered .0424 84.8
hot
FeS .05 2-3 do. 0499 99.8
Mixture .1l FeS + 10 do. .0923 TFesS, 92.3 FeS,
.1 MnS .0001 MnS 1.0 MnS
Mixture .01 FeS + 10 do. +0091 FesS, 91.2 FeS,
.01 MnS .0015 MnS 1.5 MnS

The solubilities shown in the .foregoing table indicate that this separa-
tion could probably be made in the manner suggested, but the oxperience of the
authors in this connection indicates that the sevaration of these materials is
more ~asily and accurately accomplished by the citrate method than by this
seconcary procedure. It is apparent, however, that both MnO and MnS entirely
disso ve (nrobale as the thiosulphate) after from two to three minutes in the
saturi.ted solution of SO,. These materials were also heated for 10 minutes at
80° C. FeS under the same conditions was,found to be 99.8 per cent insoluble.

Many other means for separating these oxides and sulphides were considered
and investigated, but these two procedures, and narticularly the citrate method,
seeme. to be the most applicable.
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CONTAMINALION OF THE ELECTROLYTIC RESIDUE WITH
MATERTALS WHICH WOULD ATFECT THE AWALYTICAL
RESULTS .

It has been shown in the U%eVlous alscus51on taat maany of the interesting
inclusion materials are Ansoluble in.the electrolyte. If this were not the
case, the reported analysis on each ox1de would be considerably lower than the..
actual content of the steel.

There are other factors, noweve“, which would tend to give hlgher results
than actually exist as oxide and sulvhide inclusions in the metal. For ex-
amwle, the iron hydroxides and . basic ferric sulphate, precipitate during
electrolysis together with TFeO. Hence any analysis for FeQ will be much)
higher than the true value. o

Similarly, if- tne m5ﬁganese (as alloy) in steel goes into solution as
Mot and exceeds the Lntt( (OH™)< solubility product, Mn(OH)0 will precipitate;
giving high results vhen an MaO determination is made. The MnS result would
not be affected inasumch as both MnO and ﬂn(On)g are soluble in the citrate
solution. ' ,

In a similar manner it is possible that HpSiOz might form during electroly-
sis of steels containing the alloy silicon. The formation of this gel would
greatly contaminate the $iQ; residue and give high results.

Hence investigations along these lines were made so as to determine the
reliability of the electrolytic extraction method. The data which follow
indicate the results of these investig atlons and for the most mart it was
found that the method could be relied upon inasmuch as these contaminating
factors were insignificant. Only contaminations which might result from the
electrolysis of plain-carbon steels are given in the following sections. The
alloy steels will be discussed in a separate section.

Contamination of FeQ in the Residue
with Fe(0H)5, Fe(OH)SOy, and FezC

”he jmnossibility of determlnlng Feo in the residue of a steel electrO* :
lyzed in the usual electrolyte (3 per cent FeSOz.7H50 + 1 mer cent NaCl) has
been indicated in the foregoing section. The reason for this is that the
iron hydroxides and basic sulphate form. These would give abnormally high
results, as would the presence .of any undecomposed FezC. For these reasons
acid electrolytes of controlled H-ion concentration have been suggested for
the determination of this oxide.

However, the characteristic reactions of ferrous sulphate solutions are.
Interesting with regard to the reasons for such contamination and will be
discussed in the following pages.
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Characterlstlc Reactions of Ferrous Sulnhate
: Solutlons

Ferrous sulphate solutions are verj unstable in the nresence of alr, due
to several reactions. Some knowledge of the exact conditions under which
these reactions occur is required before the extraction of inc¢lusions by the
electrolrtic process can be understood. One of the authors (49) studied the
hydrolJSLs, oxidation, precinitation, and the H-ion concentration change with
each vhenomenon, both in the presence and absence of oxygen. Studies under
the letter conditions were necessary for a basis of comparison.

Experimental Procedure

The apparatus used for the determination of the H-ion concentratlon dur-
inz various reactions is represented by Figures 8 and 9. The complete equivn-
ment cs shown therein was required for determination when oxygen was excluded
from the system. It was not necessary, of course, to use all of these parts
when the effects of oxygen were investigated. The exverimental procedure also
was much more simple in this case.

When investigations in the absence of oxygen were made;, nitrogen was
introduced at 1 and allowed to bubble through a solution of pyrogallic acid
and sodium ayarox1de (in tube, k of Figure 8), to remove the oxygen. This
then moved through concentrated | sulphuric acid (in tube, i) so as to remove
any entrained sodium hydroxide. The stream then vasses down through the
emnty calibrated dropping fumnel, i, and into the mixing chamber, h. The
mixing chamber at this time contains a weighed amount of dry ferrous sulphate.
A little quinhydrone was mixed with the sulvhate but not in a sufficient
amount to change the H-ion concentration of the sulphate solution being
studied. The nitrogen next circulates through the reaction chamber or cell
(¢ of this figure). The cell is emnty at this time and the gas displaces
the air which escapes through the bubbling tube, g. This prevents aay air
from passing back into the system. Although several tubes are inserted
through the rubber stopner, vhich closes the uvper end of the cell, it is
sealed gas-tight so as to exclude air. A bright platinum electrode, c, and
a normal celomel electrode, b, were connected to the potentiometer circuit
at a. A thermometer, d, was Tinserted so as to allow for any necessary temper-
ature corrections. Also a burette, £, was inserted through the stopper so as
to facilitate any acid additions which were made in some of the experiments.,

The nitrogen was circulated through the system for about 15 minutes. The
calibrated dropning funnel, i, was next filled with boiling distilled water

which would contain a negligible amount of dissolxed ozygen. During this
nrocess nitrogen was bubbled un through the funnel so as to displace any

inconing air. The instant that the funnel was filled it ‘was closed and
sealed by the connecting nitrogen tube.

The water was slowly massed down over the dry ferrous sulphate and

quinhydrone in the mixing chamber. As soon as the sulphate dissolved, the
solution was led into the cell, c, where its ut aoncentrathn‘was,de+erm1ned
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potentiometrically. Thée quinhydrone nresent in the soliition dissociates into
quinone and hydroquinone, but since its solubl,.lty i aqueous solutions is
low, solid quinhydrone is always rresent, Hence in solutions more acid than
those havingz hydrogen-ion concentrat*ons of 10~7 quinhydrone maintains a prac-
tically constant value. The ratio (73) of C hydroguinone = 1l. Hence in the
equation ~ C quinone

Bp, = B + RT. In (EY) - BT 1a ¢ hydroquinone
T 2T C quinone’

the last factor is eliminated from the exmression because it is practically
equal to 1In 1, Then

By = B - 0,000198 T pH
waere the Eh is the observed electrode potentizl difference and F. is a con-
stant which is established by ca11brat10n. In this case calibration was made
with reference to the normal calomel electrode, b, and e.m.f. values for dif-
ferent H-ion concentrations are shown in Figure 10. The calibration of this
electrode was standardized according to several of Sorensen's standard mix-
tures (74).

The solutions enteringz t'h_e‘ cell were hot and temperature corrections were
macde according to the readings of the thermo‘me'ter,, d, and the above equation.

Three types of determinations were made with this equipment:

1. The hydrogen-ion .concentration of freshly prenared solutions—-hydroly-
sis (in the absence of oxygen).

2. The change of H-ion concentration with time (in the absence of oxygen).

3. A study of the oxidation of the ‘electrolyte and the formation of

Hydrolysis.-of: Ferrous S_ulpha,te_‘in Ac’meous Solutions

Ferrous sulphate was lmowa to-hydrolyze according to the following re-
action

FeSOy + 2Hg0 & Fe(OH)p + HpSO4

but the extent to which ‘this took place was not mowa. This reaction would
of course affect the’ ;‘-—1on concentration of the sulphate solutions and for
this reason the extont of hydrolysis .of solutions containing from O to 12

per cent TFeS0,. 0 was determined. This was reflected in the H-ion concen-
trations of freshly wrehared solutions in the absence of oxyzen as determined
with the apparatus just deseribed: JFigure 11 grapnhically represents the ex-
tent to which hydrolysi§ talzes nlace at.the different concentrations. This
effect is very interesting in that hydrolysis appreciably increases the H-ion
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concentration from 10-7 to 10733 when the FeSO,.7Hz0 concentration is in-

creased from O to 2 per cent. When the concentration of this salt is in-
creased beyond 3 per cent, ‘the H-ion concentration increases only slightly.

The effect of 1 mer cent NaCl on the hydrolysis of all of these freshly
nrevared solutions was determined. This was found to be slight, as indicated
by the open circles of Figure 1ll. -From this curve it may be seen that a
freshly nrenared solution containing 3 per cent FeS04.7HpO0 and 1 per cent
naCl would have a H-ion concentration of 107°*<, This was previously shown
to be the case when the change of H-ion concentfation with time of electroly-
sis was discussed as shown in Figure 6.

Although the sodium chloride addition does not anpreciably affect the
H-ion concentration, it is advantageous to use it because it increases the
condu: sance of the sulvhate solution. This mav be seen from a study of the
f0lloving table:

Table 7. — Ionic conductances (91) of the various ions

in the recommended electrolyte, 130 (.

Sation 1. Anion 1,
313.0 OH- 174.0

1/z mett 45.3 1/2 5047 67.9

Na+ 43.3 c1- 65.3

vherein 1lg = cF = ionic conductance ner gram equivalent;
c the absolute velocity of the cation in cm./sec.

Faraday's equivalent, 26,500 coulombs.

I

F

Il

It wvill be recalled from Figure 6 that the H-ion concentration during
electrolysis in the recommended electrolyte is 1077, (This is also true of
the OH-ion concentration.) This value is small and little conductance in
thls electrolyte could be attributed to these ions, although their ionic
conductances are large (313 and 174 amperes per second per equivalent,
respectively). This would renresent 3.13 x 10-5 amperes per second for HF
and 1.74 x 10-5 amperes ner second for OH-.

On the basis of concentration the Fet+ and S0, ions can carry 0.244
and 0.366 ampere per second, resvectively. However, the sodium and chlorine
ions can carry 0.742 and 1l.12 amperes per second, respectively. Hence the
condi:.ctance of the sulphate solution is greatly increased by the chloride
addi.ion.
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Chanze of the HT Coacentration of a & Per Cent
FeSCy. 750 ‘Solution with T;me“(Ng~Atmogphere);

'

When air is excluded from a 3 wer cent FeS0,.7H,0 solution (containing
no NaCl), its hrdrogen-ion coacentration does not change with time. The
freshly preﬁared soluxtiocn has a hydrogen-ion conceantration of 1073+2 moles

per liter and retains this value as long as 48 hours. Also, the solution re-
mains werfectly clear during this time, since no prec1)1tate occurred. The
reason for this is that oxidation effects have been inhibited in these experi-
ments and no electrolvsis has talen places The only reaction which has been
permitted is the original hydrrlysis off the salt uoen the preparation of the
solution. This is shown jramiically as the uvwmer curve of Figure 12.

,:Q%her reactions occur when the solution is-allowed to stand ‘inthe
presence ol air witliout electrolvsis., These reactions anvreciably affect
the pH of the soluticn, as will be shown in the next section.

Chazgze of the ut of a 3 Per Oent -FeS04. 7HoO
Solution with T:'Lme’ (in the Presence of Air)

Waen ferrous sulnhate solutions are allowed to stand in contact with air,
ertain detrimental oxidation reactions occur. Some of these are illustrated
by the following equations:

3

FeSCy + 2Hg0 éé Fe(OH)p + HyS0, (1)
2Fe(0M), + 1/2 Og + Hp0 2= 2Fe(0H)z  (2)
2TeS0s + 1/2 O3 + Hg0 & RFe(CH)SO4  (3)
Fe(CH)S0 + 2Hz0 & TFe( d'H.):gji + HpS0y (@)

. The first occurs just as it dld when air was excluded and is the reason
for the H-ion concentration of 1075-2 in the freshly prenared solution. The
other reactions occur chiefly at the surface of the solutlon. This causes
two effects, namely: o

1. Precipitates occur as soon as the solubilities of e(OH)SO4 and
“e(OH) have been exceeded. These )re0101tates are vellow and reddish yellow,
resvectlvely, in color and notlceablv cloud up the solution. These are the
nrecipitates which have been so much discussed. by various. investigators who
tried to use the proosed electrolvtlc method for the first time.

2. The HT concentfatlon is annrec1ab1v 1nc”eased,as shown. bj the lower
curve in Figure 12. After standlng in the »resence of alr for 48 hourg a 3
ner cent solution chanses its H-ion concentration from 107 3.2 o 1078 op
becomes guite acid. This is probably due wvrinciwally to reaction (4), which
involves the formation of H5504.
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Effects of Oxidation on an FeSO4 Solution After
the H-ion Concentration Has Been Lowerednto 10-7

Tae ferric basic sulphate (Fe(OH)SO4) has been noticed by nearly every
one who has operated the electrolytic extraction process. Because it is an
interrzdiate product for the formation of sulphuric acid according to reaction
(4) it is objectionable. , Also, as stated before, it contaminates the electro-
lytic residue and prevents an accurate determination of FeO.  The latter ef-
fect can not be overcome but the former can. be mlnlmlzed.

p oxamnle, it has been shown on nagelz that the automhtlc buffer action
of ferrous hydroxide keeps-the H-ion -cancentration at 10~7 as long as iron is
being electrolyzed. However, if the solution at pH of 7 were allowed to stand
with L1e external circuit open, its a01d1ty would approach 10-3 according to
reaction (4). Then if electrolysis is started again, the acidity will approach
10-7 - - virtue of the automatic action of Fe(OH)2

However, if inclusions are subjected to the electrolyte between the time
that current is stopped and started again, there will be some loss due to the

increased acidity during this period.

It was for these reasons that it was recommended that the electrolyte
should not remain idle after preparafion. Otherwise the acidity would in-
crease. Sammles of steel without collodion bags should be elegtrolyzed for
at least three hours in order to decrease the acidity from 107°+< to 10~7
before regular .samvles are electrolyzed. Also, it was recommended that when
the regular sammles were removed:othersénould be placed in the cell and elec-
trolysis started immediately. Otherwise the 'acidity would increase to such an
extent as to be detrimental to the next determinations.

Possibilities of Control of Fe(OH)SO4
Precipitation

~ The control of the formation of this basic salt is desirable but not neces-
sary if the precedlng precautions are followed (items 6, 7, and 8, page 206,
reference 48),- The only method which proved satlsfactory at all was the addi-
tion ¢f HoSOg. ' "

Although such an addition would increase the solubility of other types of
inclusions, it can be seen from the previous discussion, page 15, that lmow-
ledge of the amount of acid required to prevent its precipitation would aid in
the datermination of Fe0. For this reason these limits were determined.

e results of the H-ion determination . on the ferrous sulnhate-sodium
chlor: de— ulnhurlc acid solutions are shown gra h1ca11v in Figure 13. It can
be seen from this figure that an acidity of 10~ is necessary to prevent
Fe(0H)SO , Precipitation.
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All solutions rehresented in.the figure above line AB remained clear
after standing in air many days. - Those renresented below line AB were clouded
to various degrees by the nrecivitation of the basic salt. Precipitation
occurred after 24 hours in all solutions below line ACT, 48 hours in region
TCDG, and 96 hours in region GDEH. It can Vbe seen from Table 2 that TeO would
be entquly insoluble in all solutions above line AB. .

Zrrors in the TeQ Analvsis Due to Contamination of
Falling Iron and Iron Carbide

Investigation was made of the hossibility that contamlnatlon by falling
iron narticles may cause errors in FeO determination. A number of steels were
thorouchly deoxidized with manganese-silicon alloys (66) and electrolytic ex-—
traction was made on these samnles.  The weight of the. dissolved iron, .the
weight of the residue, and the -analysis of the re51due were determined in each
cases These are all shown in Table 8.

Table 8.:= Iron conteat of extraéted residues

Veight of Veight of | ' ' TeO in

Sample steel dis- residue, Percentage in residue | petal,
number -solved, grams: arans g Ano | Si0s TFeo0z ner cent
1535-21 3249 : 0.,1620 545 7.61 | b5b.68 0.3%7
1515-11 34,0 - .2305 8.23 12.63 - 56.52 524
1637-11 ' 36.2 ! .1379 1 5.9 44,071 15.81 .0824
1520-11 |. 34.1 '.2351 8.18 3.79 | 68.63 «650
1524-11 33.7 J1840 | 11,13 | 11.63 | 48,92 .378
1525-11 37.8 .2042 | 23,59 27.53 21.15 .157

From this table it may be seen that the total elcctrolytic residue
weighed from 0.138 to 0.35% .gram. A4Also, a large proportlon of this residue
was composed of iron compoynds. These are reported in' the Ten0z values listed
in the table and vary-from. 16 to 68 ner cent of the residues. These values
are based on vercentaze of Fel in the metal as shown in the last column of
the table. he values vary from 0.08 to 0.65 per cent. cse latter values
may be contrasted with Tedebur analyses of the samc steels, wvhich averag edA
approximately 0.01 ner cent Fe0. It was thought that thls difference between
the TL.edebur analvs1° and the enalysis’ for iron compounds in ‘the electrolytic
residue was due chiefly to fall;ng metallic iron particles. However, electro-
magnetic sevaration revealed the presence of only 0.0l to 0.02 per cent of
metallic iron in every case. -Hence the difference between metallic iron and
the FeO values listed in the table must be due either to the ba51c sulphate,
the hydroxide nrecipitates, or to:FeO-not determined by the ‘T,edebur method.
The formulas for these precinitates were given in the previous 'sections. How-
ever, there is another tyme of »recinitation which should bec discussed at

his time, Iron hydroxides may be formed by the action of water unon iron
carbide., Some discussion of these nrincinles will be given in the next sec-
tion.
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As described wreviously, the success of the electrolytic method, or of
any other method for that matter, devends largely upon the commlete solution
of all constituents in the steel sample with the exception of the nommetallic
material. As a rule, compounds formed between electronegative and electro-—
positive elements are more stable than those which are composed of two elec-
tropositive elements such as the metals. Various salts are of the former
&yme, whereas the intermetallic compounds and such materials as the carbides
of marsanese and iron are of the latter. Hence in order to malze this method
quantitative, the carbides must be totally decomposed and the decomposition
oroducts must be of such a nature that they are readily talten into solution
in the electrolyte and do not;cdntaminate the electrolytic residue. At the
same time the inclusion materials must remain unaffected by the nrocess and be
retained in the electrolytic residue in exactly the same state in which they
existed previously in the steel.

Some information has been obtained concerning the decomposition of iron
carbides which is varticularly vertinent to the subject of extraction of non-
metallic inclusions from steel. It has been found by previous workers that
FezC is not stable and tends to decommose into iron and graphitic carbon.
Ralston (75) has shown this to be the case by calculating the free energy of
formation of FegC from its elements at 250 C, (2980 X,). This he found to be
+10,590 calories. In other words, the compound has more of a tendency to de-
compose than it does to form at this temperature. It is also known from
vrevious work that when FezC is in the nresence of water it tends to decompose
rapidly to form gravhitic carbon, methane, and many other hydrocarbons. In
other words the reactions

FezC + 6HT 2= 3Fett + ¢ + 3Hp (1)
FezC + 6HT 2= 3Pe™ + CH, + K, (2)

occur to an appreciable extent in aqueous solutions. White (76) found that
the stability of iron carbide in aqueous solutions incrcased with increasing
hydrogen-ion concentration. However, high concentrations of the forrous ion
also are necessary to keep the carbide stable., He also found that in elec-
trolytic processes low current densities tend to increase the stability of
iron carbide. However, it has been shown previously in this paper: that the
hydrogen-ion concentration of the recommended electrolyte is quite low and
that a fairly high current density is being used. Hence the tendency for the
iron carbide to decompose during the electrolytic cxtraction by the recommended
nrocess should be appreciable. Schenck (77) listed the above two equations
and discussed them from the physical-chemical standpoint. However, further
data are available at this time and this information has been recalculated.
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In the equation

TezC + 6HY 2 BFet + € + 3H,

2:.Fion (51F) =0

A¥on. (67ett/2) = 61,050
47208 formation (PezC) = +10,590
ATreaction = =71,640

The formation of Ci, by decomposition of Fe,C

FezC + 6HT Z 3me™ + CHy + H

2
ATogg (67ett/2) = -61,050.
ATogg Chia = -12,800
AR = -73,850
Again
Ar (6rY) =0
47298 formation (FegC) = =10, 590

LF - AD(geg0) = LFreaction = -84,440

Note: The foregoing calculaticns have been made using Lewis' (78) data for

ATogg (Fett/2) = -10,175

i

NEPsgg Chg. ~12,800.

Thesé thermodynemic calculations indicate that both reactions between
he iron carbide and the Wydrogen ion take plage. to:an ampreciable extent,
inasmuch as there is a large nezative iree-egnergy c change in both reactlons.
Also, the tendency to form methane is. sreater by 12,800 calories. Practically,
however, it is known that the decommosition of- iron cartice ':c"'"T ts in the
f ormation of both gramhitic carbon amé the. geturatea and. unsabarated hydro-

arbons. Grapvhitic.carboir has been obserwed :n 211 of .the eW ectrolytic

resu.dues which have been odtained in these laboratories to. date. Also an odor
of acetrylene is noticed by the omer ator when taking the samwle from the bag
and washing it in water. From the amount of graphite present it has been
thie authors! contention that in spite of the thermodynamic data given, the
first reaction which results in the formation of grayhitic carbon is by far
the more important. It is highly possible that although the free energies as
calculated from the equilibrium data roughly indicate that methane should have
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a greater tendency to form than graphite, yet it is nossible that the rate of
reaction vhich involves the formation of graphite might be much larger than
the one for the .second reaction. This would involve a greater deposit of
granhitie carbon than an evolution of methane.

In any case these data all indicate that the iron carbide was very

largely -decomposed in the recommended electrolyte. However, ﬁhere is a
possitility that in the hlgher—carbbn steels large globlles of carbide may
be present. When these particles are exposed to. the solution b electrolysis,
it is highly probable that a surface coatlng of granhlte forms. which clings
to the rarticles and prevents further decomb051t10n of the carblde in its
central portion. These protected particles drop to the bottam. of the collodion
bag without being:. thoroughly decomposed. Schonck and others (77) ‘have shown
that FegC is complétely Gecomposed in 1/30, 1/3, and 5N solutions of sulpitiric
acid at 6Q0 C. Alsg, it is thoroughly decomposed with a 1N acetic acid solu-
tlon, 2ad i 0.4 mole of FetF per liter is present in the solution, the iron

bldes 001n1etelv decompose’ irtto graphite. without. the formation of either
netha or the higher hydroecarbons. The effects of these solutions on iron
carblde mey nrove useful to investigators who are working on high-carbon steels
and who suspect that a certain amount of undetomposed carbide as nreviously
described is present in thelr electrolytic r651due. Schenck and his associates
also indicaed that many other and higher aJdrocarbons form under various gon-
ditions through the action of agqueous solutions on the iron carbide. However;.
it was believed that the two reactions given above which involve the formation
of either graphite or methane were by far the most important. Further data
(94) have been obtained concerning the decomposition of FegC during the elec-
trolysis ¢f high-carbon stoels. This work will probably be published in the
near fubure.

CONTAMINATION OF MnO IN THE ELECTROLYTIC RESIDUE WITH MN(OH)g, MnzC,
AND TALLING METALLIC--PARTICLES

The discussion of the solubility of various types nf mahganese-containing
inclu510n3~has‘Shﬂwnnthat in most of the ordinary combirnations of manganese
oxide in steel, high recoveries are obtained. However; it is also the purpose
of this investigation to determine the extent to which varlous contaminatic.

factei1s affect the electrolytic  analyses for manganese ox1de. The follow1ng
section is.devoted to a study of these factors and for most na“t indicates
that contaminations of this tyne are negligible.

Contamination from Falling Metallic Particles

According to Heyn and Grossmann (79) an electrolytic current does not
have a selective action umoﬂ either metal when the two metals form a solid
solution. It has been shown by Krivobok (80) that manganese forms a solid
solution in nlain-carbon steel at room temmerature un to le.4 per cent. Hence
in al. practical steels the manganese should be in solid solution, with the
exception mossibly of any manganese which is nresent as carbide, and accord-
ing to Heyn's theory it should dissolve as metallic ions. In other words,
the reaction ‘

Mn > Mot o+ 2e
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takes lace without interference or selective action insofar as the electro-
lytic cu::ent is concerned. From the mractical standpoint a survey of
a)proxwmatelv 100 elect*olytlc residues has snown that in no case has the
weight of the electrolytic residue been larber than 0.3 gram, Tais has been
previously illustrated by the valués given in Table 8 in which the electro-
lytic residues varied from 0.138 to 0.23 gram. If, for an extreme example,
0.3 gram residue is obtained through the electrolysis of a 30-gram samnle of
steel, the residue will renresent ¢f course 1 per cent of the total weight of
steel electrolrzed. Now, if we agssume that all of this residue is commosed
entirely of metallic marticles and that the steel contains 0.60 ver cent
manganese, a maximum contam1nat1oa of 0,006 ner cent of manzanese in the
electrolytic residue will result. This would renresent 0.0077 per cent MnO
as analyzed in the electrclytic residue composed as described in this extreme
case. However, it was shown wreviously that mwagnetic.sewaration of metallic
varticles from the electrolytic residue gave anmproximately only 0.0l to 0.02
gram of metallic iron. 4Hctually then the contamination due to metallic
particles as determined magnetically would be one-tenth of the value given
above or 0.00077 ver cent 1nO. This amount of contamination is well within
the analytical error and may be conscientiously neglected.

In this conneétion, certain steels containing more than l.4 per cent
manzanese were electrolvzed and the manganese oxide (Mn0) contents were found
to be rather high--frem 0.13 to 0.194 wer cent. The SiO; concentrations in
these samnles are also hizh. Unfortunately, the MnO-MnS senaration was not
made on these sammles, but even if it had been the results “Hrobably would
have been inaccurate inasmuch as so much SiO, is present, The inclusions
nrobably exist as manbaneSe silicates and the leaching action of citrate
would have little efs ‘ect on the MnO combined in this manner, However, the
results of this investigation are shown in Table 9.

Table 9. - The cxtraction of inclusions from manganese steels

. . Inclusions, Contamination magnetic

Sample Meb:;“?22i¥51s’ ner ceant portion of electrolytic
number A . Mal+ residue, per cent
c M S1 MnS | SiOp Ma0 + MnS Si0s
41060-P5 0.51 1.49 | 0.119 0.194 0.114 0,001 0.002
41060-P6 52 1.55 | .121 « 133 . 120 .001 .002
41080-P7 .52 | 1.53 .124 L130 | L1111 .001 ,001

‘Because the mangenese contents were higher than the solubility of manganese
in iron at room temwerature (1.4 mer cent), it was thought that high MnO con-
centrations were probably due to the selective action of electrolytic current
onthe iron and that hizh-mangdnese metal probably dropned into the anode

sludbe. A magnetic separation was made on electrolytic residues when from 35
to 53 grams of these steels were eleCurol"zed. As can be seen from the table,
the contam;natlon resulting from these metallic particles is low with regard

to both MnO and s&oé. Ih no case has the. contamination exceeded 0,002 mer cent.
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Another method was tried in order to determine the quantity of metallic
iron in the residue. A4 billet sample of steel weighing 30.6 grams,was elec-
trolyzed and the residue treated with hydrochloric acid in such a way that
the hydrogen evolved from the action of the acid upon any metallic iron which
might have been nresent was accurately collected and measured and the volume
corrected to 0° C. and 760 mm. pressure. This was calculated back on the
basis of the equation - N :

Te + 2HCL = Hy + FeCly

and the equlvalent amount of iron determined. It was found that this repre-
sented 0.35 gram of metallic iron. This amount is higher than the value
shown above, but the hydrogen gas was probably contaminated with HpS result-
ing from the reactlon of the acid with iron and mangenese sulvaides

Possibility of Tormation of Mn(OH)s Through
the Electrolysis of Manganese Alloyed with Iron

Theoretical Calculation from Hydrogen—
Ion Determination"

To ascertain whether manganese sulphate solutions reacted in a manner
similar to ferrous sulphate solutions with respect to the formation of hy-
drox”des and basic sulphates, certain experiments were conducted similar to
thot 2 studied in the determination of ferrous sulphate contaminations, in
which the manganese sulphate concentration varied from O to 12 per cent.

The hydrogen—-ion concentrations of these solutions were determined immediately
on prevaration by means of the nreviously discussed quinhydrone electrode.
The acidities were also studied at different veriods so as to determine the
effect of oxidation from the atmosphere for as long as three days. The re-
sults of the investigation'are shown in Figure 14, which indicates that on
preparation the hydrogen-ion concentrations varied ranidly from 10-7 to 10-°
with 1 per cent MnSO,4 . 4H50 present in the solution. Greater concentrations,
however, did not appreciably increase the hydrogen~1on concentration. A small
increase from 10-5 to 10~% was 1nd1cated when the concentration was raised
from 1 per cent to 12 per cent. After this solution stcood i ‘the présence of
air for a weriod as long as three days, no evidence of the formation of basic
nganous salt nor -any appreciable change in hydrogen-ion concentration could
be detected. It was therefore believed that no contamination of this type
(due to Mn(OH)SO4) existed in any electrolysis of manganese-containing steels.

Manganese Hydroxide Precipitation

Since it was determined previously that ferrous hydroxide precipitated
continually throughout electrolysis, it was also believed that the precipi-
tation of manganese hydroxide was entirely possible inasmuch as manganese
ions from the alloyed manganese are continually forced into solution by the
electrolytic solution pressure. However, it must be realized that precipita-—
tion of manganese hydroxide would depend entirely upon the relative values
of the solubility products of manganous hydroxide and of ferrous hydroxide
and uvon the relative concentrations of ferrous and manganocus ions present
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together in the eleetrolrte. An exact tneoretlcal caléualation is immossible
because the exact solubility product.of Ferrdus hydroxide is unknown and the
extent to which the concentratlon of mangzanese ions will build u» in solution
without recipitation is also unknown. Various investigators have attempted
to determine the solubility product of ferrous hydroxide and have obtained
values varying from 10-14 to 10722, The reason for:this discrepancy is
probably that the basic ferric sulphate forms during the determination and
appears during the early stages of tho ocxperiments as a colloid. However,
experiments were mude with the object of determining the occurrence and extent
of precinitation of manganese hydroxide under various conditions. The first
studied involved an investigation of .the concentration of manganese in the
electrolyte which would cause sufficient mrecivitation of the hydrOX1de to

be detected by the eye.

In these exmeriments, electrolytes were prepared which contained various
lmown amounts of .:ganese ions and ferrous ions. The total metallic-ion
content was kept COuatant at a value equivalent to that of 3 per cent ferrous
sulphate.

The electrolytes were exposed t6 thé electrolysis of manganese-free elec-
trolytic iron in collodion bags in the usual manner. Unon the completion of
the electrolysis the residue inside the bag was filtered, washed, and analyzed
for manganese. The results shown in Table 10 indicate that up to a ratio of
1 part of margenese to 1 part of ferrous ions there is no vrecipitation of
manganese hydroxide. Actual determination at this point showed the presence
of 0,0005 gram .of manganese which may be considered as an analvtlcal blank,
With higher ratios there is some slight evidence of wre01p1tat10n. In no
nractical case ever sncountered by the authors have they clectrolyzed in a.
solution Whlch contained even as high a ratio as 1/3 unless it was in the case
of the electrolv31s of ferromanganese described on page 48, Hence no precipi-
tation would bg expected in ordinary steel samples.

Table 10, - Precipitation of Mn(OH)g during electrolysis
in iron-manganese sulphate electrolytes

R Grams of .

Ratio o£+ | M in 1 T Time of Grams of MnO

Mot/ pe liter of electrolysis, in residue

electrolyte electrolyte. . hours . . in bag
1/3 1.50 12 0.0002
13 1.50 8 .0002
2/3 2,40 16 .0002
1/1 3.00 : 15 0005
5/4 3.33 . 12 0009
3/2 3.60 10 .0013
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In the second series of tests, the 3 »er cent TPeSOl,.?h'gO aad 1 per cent
sodium caloride electrolyte contained no aan*anese ions at the beginning of
the experiment, but manganese sulphate was added in amounts equivalent to
thoge which would go into solution through the electrolysis of »nractical
naﬂganeSp steels, according to the usual solution rate of 1 zram of steel

igsolved wmer hour. This solution was added inside the collodion bag by
means of a burette., ZElectrolrtic iron was azain useld in these exner 1ments
as the anode. The solution inside the collodion bag was treated as in previous
exneriments. The results of these exweriments indicate that the manganese
content of the electrolyte may be as large as the equivalent amount which
ould be wresent after the electrolysis of a & per cent manganese steel. At
and above this councentration the manganese ions become sufficiently concen~—
trated in the solution to cause mrecinitation. The results of these exmeri-
ments are suown 'in Table 11,

Table 1l. - Precinitation of Mn(OH)2 resulting from the

addition of MaJs04 to the ferrous sulnhate
electrolvte, during electrolysis

Manganese steel Time of rams of MnO
equivalent, electrolysis, in residue
wer cent liours in bag

Q.5 4. 0.0002

«D 5 0002

) 16 +0C03

. 1.0 8 _ 0002
5.0 1z .0005
10.0 10 .0014&

In commection with these exreriments siirilar tests were made with elec~-
trolvtes varving in sodium chloride content. whe manganese-ion equivalent
ol a Q.5 er cent manganese steel was added to the solution. These results
snovr that the sodium chloride content did not affect the preciwitation, for
in no case did the Ma0 analisis become ampreciable., The results of these
experiments are shown in Table 12.

Table 12, - The e

ffect of NaCl uvon in(0H), nrecinitation
during electroly81s o

HaCl Time of Grams of MnO
centent of electrolvsis, in residue
electrolyte nours in bagz

0.0 6 1/ 0.0003

.1 8 .0004
1.0 16 .0003
2.0 10 .0003

co

(2
.\1

}/ Ho wrecinitation of ferrous hydroxide occurred,
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Hence it mar. be concluded from these ezperlments that in no case will
manganese hydroxide o ec1n1tate through the electrolisis of the ordinary
manganese sveels in- 4he: recommended electrolyte. Howevcr, it is imnortant
to point out at -this time that. & given electrolytic solution should not be
used for more than three wacce531ve electrolyses because the manganese-ion
concentration will increase in tbe fourth run to an extent sufflcient to
give some vrecinitation. If this precaution is observed, no nrec1p1tat10n
of manganes e hyrdroxides: snoula occur.

Precivitation of Jn(OH); According
to the: Solub111ty~Product Princinle

According to Sackur and Fritzmann (81) the solubility product of
MatH(OH-)2 = 4 x 10~%, Hence if we assume that thg recoimended electrolyte
has the constant hydrogen ion concentration of 10~ =7 it will also have an
(OH)™ concentration of 10~7 because the ionic product for water is 10-14.

Thus the manganese concentr ation must cxceed 4 moles per liter before precipi-
tation of Mn(OH), can occur.

(") (oE") = 1071 and ®¥ = 1077
i (or-)2 = 4 x 10714

Mn'l"+ — 4 x 10‘14 =
(10772

Four moles per liter of manganese = 4 x 54,93 = 219.72 grams ver liter.

For the purpose of comparison let us assume that low-carbon ferroman-
ganese containing 80 ner cent Mn is electrolyzed for & meriod of 24 hours
at the rate of 1 gram per hour. One liter of solution would contain 0.80
x 24 or 19.2 grams of Mntt., Hence no precipitation -should occur from this
source. '

It can be seen that ié?g or 11 and a fraction. of ‘such samnles could be

electrolyzed in the same solutlon beforé the manganese hydroxide would pre-
cipitate as based upon these calculations, which, it must be admitted, may
be subject to considerable e:ror.

In pure manganese su1phate solutlons 7u0 grams of MnSOg. 4H50 per liter
of water must be added before this precipitation would occur.

PRACTICAL DETERMINATICYN OF MANGAWESE HYDROXIDE PRECIPITATION
BY THE ELECTROLYSIS CF OXYGEN-FREE STEELS

A sample of oxygen—free vacuum-fused iron was made available through
previous experiments at the Bureau of .iines on the problem of case carburiz-
ing (82)s This pure iron-manganese sammle contained 0,522 per cent manganese.
One of the authors electrolyzed 32.6 grams of this material, and analysis of
the residue indiecated that 0‘0005<per cent .of Mn0 was preésent in the steel,

867 - 38 -~



R.I. 3205

This was considered as an analytical blank and because the sample contained
little or no sulphur it was not believed to have been manganese sulphide.
Lience it can be concluded from this single exneriment that no contamination

of electrolvtlc residue was encountered through the electrolytic solution

of 0.522 »er cent manganese steel or 0.17 gram of manganese. This amount of
manganese is very similar to the amounts found in ordinary or practlcal
steels, Unfortunately, adeouate vacuum equinment was not-available in these
laboratories for further exverlments of this mature. However, another method
of making the same type ‘of. determlnatlon was dev1sed, and this problem will be
described in the follcw1ng Tages. .

Electrdiytiq'Iron Heat

. Cne hundred pounds of relatively pure electrolytic iron was melted in
the nele lined (with pure magne31te) 'Lectromelt furnace., The slag under
which this was carried out was composed chiefly of lime and iron oxides. The
actual analysis at tap was 17.5 per cent Fe0, 22.4 per cent Fe50z, 6.3 per
cent Si0ps 344 per cent Als0Oz, 0.24 per cent ManO, 45,4 per cent Ca0, and 5.9
ner cent MgO. It can be seen that electrolytic iron melted under these
conditions would contain considerable dissolved iron oxide and very little
carbon. Also, because the manganese oxide content of the slag is very small,
it could be expected that the residual manganese in the iron at tap would be
very low, In faect, the first sample noured from this heat contained 0.06 per
cent carbon, 0,005 per cent manganese, O. 0113 per cent sulphur, and 0.005 per
cent silicon. . Some of thesé valués are extremely low and probably represent

analytical blanks,.

Steels to Which Aluminum Was_Added Prior
to the Manganese Addition

Small amounts of the melted electrolytic iron were taken from the furnace
with large test spoons. In the first series of samples the liquid metal was
deoxidized thoroughly with anproximately 1 per cent. of’pure aluminum. While
the metal was still molten in the large test snoon, various amounts of low-
carbon ferromanganese were added and the’ metal was held in & liquid condition
as long as nossible so as to eusure homogenelty. Uhder these circumstances
the iron should contain little if any manganese oxide because of the aluminum
deoxidation nrior to the manganese addition. & similar heat was also preparsd
in vhich boiler punchings or low-carbon steel scrap was used as a base. The
original metal in this case contained apnrox1mate1y O 1 per cent menganese
before deoxidation, and for this reason'the results were not expected to De
as convincing as in the electrolytlc ‘iron heat. However, this was not the
case, as the results in the second heat were Jjust as important as in the
first. The results of these tests are shown in Tdble 13 and indicate that
no contamination due to the electrolytic sélution of manganese is obtained
in steels containing as high as 1.34 per cent alloyed manganese as in sample
45 of this table. The electrolytic¢ iron samples varied from 0.005 per cent
manganese in same 1 to 0,662 ver cént manganese in sample ‘3. The first elec~

trolytic analysis of these samples indicated as high as 0. 031 per cent MnO.

ol
e}
1
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However, as shown in the table, this is resent as either MnO or MnS. It

was belleved that this was entirely MaS, inasmuch as avireciable amounts of
sulphur were present in eve"v case. . For this reason citrate separations were
made as descr*bed in the nrev1ous oubllcatlon on this method (46). MnO and
in(OH)5 are both entirely soluble in the citrate sulvhate solution, whereas
manganese sulpnlae is entl“ely 1nsoluble. A second electrolysis was made on
each of the samWIeo, and the eleCurolvtlc -residue was subjected to the separa-
tion of sulnhide from oxide., It was LOdﬂd in practically every case that
accurate checks were obtained on previous determinations without the citrate

separation. Ia other words, no MnQO or Mn(OF) is pr esont, and all of the
manganese 1n tne 1oclus1on re51due is present as MnS.:. oo

Similar tests Weve Jast as conclu51ve 1n the low-carbon steel samples,
as 111ust rated by samnles 41, 43, 45, and 47. . The manganese- contents of
these sanjles varied from O. 35 to 1,34 per cent, and the manganese in the
1nclu51on res1due was found again to be nresent entirely as-MnS. The authors
consider the values listed in the last colmmm of Table 13-.as h1ghly conc1u~
sive that manganese as alloved in stcel does not contaminate the incIusion
residué in'any way. As shown in this table, the Als0z contents of these
steels are quite h: gh——approx1mately 0. 225 per cent. . This is taken as an
indication that oractlcallv all of the oxysen which was present in the i
samples before deox1dat1on was tr ansformed into Algon ‘and that no MnO Was
present in snite of the subsequent addition of ferromanganese. .If this de-
oxidation with aluminum had been incomplete or heterogeneous in any way,
nigh manganese values. would have been obtained due to the formation of MnO.
On the other hand; in case. this aeoxldatﬂon was complete and no MnO had
formed, and manganese throxlde “had formed, the values in this column would
also have been hizh. The UnO: values gived in this table are plotted against
the manganese content and are renresented bv the lower curve in Flgure 15.'

Steels‘to Whlch.Only Ferromanganesa WaSAAdded

For the ba81s of comnarlson several other types of tests were made on
the e two heats. For examole, in one series ‘of ‘tests both in the electro-
lytic “iron heat and in the Jlow-carbon steel heat, the aluminum addition was
elimlnatea. ‘Test swoons containing the }iquid iron were partially €eoxidized
with varlous amounts of low~ca“bon ferromanganese. In the electrolytic iron
heat 'the samples varied in manganese content from 0.045 to. 0.563; whereas _;
the low—carbon steel samples varied from 0+120 to:0.700 per cent manganese.ff
The: results of these’ tests.are shown in Table 14 and the upper ‘curve of )
Ilgure 15. As would be expected, the manganese content (as per cent MnO + '
per cent MnS) was anpreC1able in all of these:samples. ‘The oltrate extrac—’;
tion’ was also made on. these. samnles and it was:found by means of contrast:
With the prev1ous series . tlat con31derab1e MnQ’ weéfpresent in every case-as
shown by the last column in thls ‘table. It-may be corcluded from the: pre—
ceding series that no Mn(OH)g was present.in the.eleetrolytic residues of
this second series inasmuch as’ the manganese contents of the steels were even
lower than in the first series. By virtue of this reasoning it may also be
concluded that the values listed in the last column of this table really
represent Mn0O inclusions rather than anJ tyve of contamination.
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Table‘lj.;— Electrolytic analyses of samoles to which aluminum was added p;evioﬁs
to the manganese additicn, per cent

METAL AFALYSIS - ELECTROLYTIC IRON HEAT

Sample R ' MnO + |
number Mn S c Si Slozi/ Al1502 1/ ¥ns - ¢ Mns2/ . Mno 3/
1 0.005 0.011% 0.060 0.005 0.005 0.226 . 0,002 Not . —_—
) ‘ : determined |-
9 .170 L0214 010 .005 .002 .225 .031 0.023 4/ o0.008
7 Lol2 .0176 .026 .005 .002 .216 .022 ‘4023 ~ .001
5 «560 L0164 .036 .005 .007 Not .019 ,019 000
) determined - .
3 602 .0176 .0l40 .005 .008 .29 022 .02% . - .001
METAL ANALYSIS — LOW-CARBON STEEL SCRAP HEAT
43 - | 0.350 | .0%H .10° | .005 _ — 029 | .026 |- . 0.003
41 .6lio .070 .08 .005 - — Lo4L- | 028 4,013
47 . 780 <072 .09 .005 - -— SO . 035 - +001
L5 1.3k0 .03k .09 .005 —_ — .ok .06 .002
1/ Determined on electrolytic residue,
2/ Determined as insoluble matter in sodium citrate separation.
3/. Determined by subtracting MnS frem !'n0 + MnS. v
B] ;Lgrge values unexplained. May be due to .segrezation in steel specimen.
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- Steels deoxidized with low-carbon ferromanganese

Table 14.
(no aluminum addition), metal analvsis, mer cent
ELECTROIXTIC IRON HEAT

Sample o - R Mho'+§
number | Mn S ¢ | Sk Si0p -|-A1203 | MnS | | unS Mno
6 0,045 0.0176 | 0,010 0.004 30.002 0.007 0,011 0,010 | 0,001
2 222 0113 080 004 - 4004 0,006 045 033 . .C12
4 <284 0176 +032 .004 [ ,003 010 +066 .042: .024
8 « 563 0176 .020 004 .002 011 9084_ 040 | J044

LOW~CARBON STEEL SCRAP HEAT
| L i ' ! o ]

46 120 i .03¢ | ,o40-| .004 - - .040 | 033 | .007
42 0560 . 29 ' a065 0004 bt ]. T l066 : '.0044 1 0022
44 : . 700 '- .031 ] .085 .004 - i - ;1081 ..067_ «041

. | i ! !

It interesting to note:that both the MnO and the IS contents of these
steels increase gradually’ with the total manganese eontents, as would be ex-
nected. The values for the two heats also commware favorably on the basis of
equivalent amounts of total manganese. The MnO contents of these samvles
have also been plotted against the total manganese contents of the steels in
Figure 15. A commarison of these two curves is interesting inasmuch as little
or no MnO is wnresent in the first series and as-mach as 0.044 per cent is
present in the second series.

A very rou gh 6onc°ﬂt10n of what the deoxidation constant of manganese
might possibly be at 1600O ¢. may be gotten from the values in the last table.
Sample 6 would have to be- disearded for this »urnese, inasmuch as only 0.001
ver cent MnO is present, which is of the order of an analytical blank. How-
ever, the other samnles may be used for this rough calculation. The reaction
involved is:

FeO(gissolves in iron) T ¥(uncombined) = M20(gissolved in iron) + Fe..

It may be seen from this equation alone that the calculation involves many
assumptions and should not be taken as final. For example, it must be assumed
that the temperature of deoxidation in each case was exactly 16000 C. and that
no appreciable variation was ﬁreseﬁt even in the two heats. Also, it must be

assumed that the reaction is entirely nomogeneous altloubh it is not ltnown
whether all of the MnO present was dissolved in the steel at 1600° C. There

is quite a possibility that the reaction was somewhat heterogeneous and that
some of the MnO existed as an insoluble phase, vnrobably as inclusions contain—
ing both MnO and some FeO. Contrary to many systems: of this tyve, the slag
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nhase which is mresent does not necessarily form an immiscible layer but is
~enrecented bv colloidal particles which are distributed througnout hedeX
liguid iron. It must also be assumed that 0.470 mer cent FeO (as shown bﬁ
0.225 wer cent AlgOz in the aluminum-"killed steels) was present in 'ali”
sammles before deoxidation with manganese. The last assumntion Whléh must “be
made is that the reaction reached equilibrium before the samnle was’ ndured
from the test smoon into the mold and did not change in temﬂerature frOm the
time of the addition to the time that it reached equlllbrlum. Alfhough many
assumntions arc involved in making these calculations, the equilibrium con-
stants as calculated in each case are surprisingly wiiform as compared with
previous worl on the subject. The free or uncombined mangenese was calculated
by subtracting the manganese present as MnO and MnS from the total manganese.
he "free" FeO was calculatad by subtracting the oxyzen combined as MnO from
the total oxygen as determined by aluminum deoxidation--namelw, 0.47 per cent

I'e0. The calculated tolues are listed in Table 15, The maximum variation in
values of the equilibrium constant, ’

X = ___per cent MnQ
- (per cent Fe0) (per cent Ma)

is from 0.14 to 0.30, and may be due to differences in temmerature alone. The
average value for this constant is 0.177.

Table 15. ~ Calculation of manganese-FeO equilibrium

] - i

. — Percent A ,. |
Sample FeO Free~
number at start . MnO TeQ Tree Mn _ K
2 0.470 0,012 0.458 0.222 - 0,035 = 0,187 | 0,140
4 0470 ¢024 .446 02% - -051 = ‘233 '23(:
8 470 044 426 563 - 065 = ,498 « 207
46 0470 0007 o465 0120 - 0051 = 0089 ¢ 0170
42 .470 .022 448 360 - L0531 = ,L,309 « 159
44 «470 041 429 «700 - ,084 = ,516 «155

e calculation of this constant has been narticularly difficult previ-
ous to this time and it is to be regretted that time was not available for
its accurate determination by eliminating some of the variables. Un to
this time it has been highly questionable as to whether any of the values
previously determined on this constant were at all useful. The reason for

this is that no determination of MnO in the metallic phase was pogssible.
However, a determination of this tywe is possible with a fair degree of

accuracy through the use of the electrolytic method as described in this
paper. It is somewhat questionable from the standpoint of electrolytic ex—
traction and the solubility of MnO inclusions in the electrolyte (discussed
previously) as to whether the MnO values are as large as they should be.
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Further exmeriments on this noint and investizations involving more thorough
study of this solubility under the conditions swecified and studies concern-
ing the solubility under different conditions of electro’;tic potential
should be made. A thorough study of all these considerations should enable
future investigators to determine such irmortant -hvsical-chemical relations
as the distribution ratin of Mn0O under various tvmes of slags and consequent-
1y the solubilitv’of Mn0 in 'steel at veriocus temveratures and also the
accurate equilibrium constant for the reaction of manganese with FeO in
liquid steel at various temveratures. In spite of the large bulk of informa-
tion given on this subgect by revious 1vvest1~ators, the entire system needs
a thorough investigation before these values can be satisfactorily established.

High—Sulphur Steels

Some interesting information was obtained con cernlng the effect of sul-
phur on the deterllnatlons vreviously made, where aluminum was both present

and absegt. The results are given in Table 16.

In the first series of samnles the molten electrolytic iron of the
'Lectromelt heat was taken from the iurnace by means of a test spoon and
various emounts of I‘eb.j were added. This was followed immediately by an addi-
tion of low-carbon ferPomanganese while the iron was still molten. No
aluminum addition was made. The manganese varied from 0,234 wer cent in
samrle 10 to 1.275 wer cent in sample 12 and the sulvhur content in the same
sammles varied from 0,049 to 0.145 per cent respectively. All other constitu~
ents, with the exce tion of manganese inclusions, were nractically the same,
The MO + MaS content of samnle 10 was 0,044 wper cent, whereas that for
sammle 12 was 0.372. OF these amounts 0.036 and 0.300 ver cent, resvectively,
was nresent as MaS. This is entirely as would be exvected inasmuch as samnle
10 was a low-manzanese low-sulphur steel, whereas sam->le 12 was a high-
manganese high-sulohur steel. The Ma0O contents as given by the last column
were both prouortional to the total menganese.

The second series of samlles as shown in Table 16 was divided into two
grouvs, the first being made in an electrolytic iron heat and the secohnd in
a low-carbon steel heat. In both of these series the samnle was first deoxi-
dized thoroughly with aluminum and then additions of FeSs and low-carbon
ferromanganese were made as oon as possible. It is to be expected that the
MnO contents of these steels are all low regardless of the manganese addition,
inasmuch as the aluainun was added previous to the manganese addition. That
this was the case is illustrated by the last colum of the table inasmuch as
the sample containing 0.168 per- cent manganese showed a negative amount of
MnO as -0.004 and the hig hest manganese~containing steel. (2 43) contained
0.036 per cent im0, . This value is higher. than would be exmected, but it is
highly possible that some MnO was added as & coqst1tuen+ wart of the low-carbon
ferromanganese, rarticularly since this. sanmle contalﬁed a very l rge amount of
manganese as comnared to-the ovdlnarv steels. It is also possible that selec-
tive electroljtlc action.was encountered in this sample inasmuch as accordlng
to Krivobok's (80) determinations two immiscible solid solutions occurred in
steels containing morc than 1.4 per cent manganese. - Hence the electrolytlc. ‘
residue might have contained sufficient falling metallic particles to raise the
manganese content to 0.036 ner cent.
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Table 16. - Analyses of high-sulvhur steelo, ver cent

."
"y
il

ELECTROLYTIC IRO\T HEAT (FeSg~addltlon;f_,o‘llowed
by Mn; no aluminum)

Samnle | B

v

'.". -.': ~s ' {:' ‘ ‘ ' Mno ‘+
numbe: }in C si Si0p | 41303 | MnS | Mn5-| MnO
10 7| 0.284 | 0,049 | 0,034 | 0,005 | 0,007 0,006 | 0.044 | 0,036, 0.008
‘12-: | -1s275°| .145| .040 | .005 | .Oll .018 3750 .300( LO72.
e ELECTROLYTIC FROW HEAT :(aluminum addition
followed b" FeSo tnen by man; anese)
1 | 0,158 | 0,671 | 0,020 | 0004 | 0,004 03272 | 0,100 [04104{-0.004
13 | .474| .080| .040 | w004 | .004 Not 7140 |7 124 ,016
i ! determined ’
AL "——‘ _ i ‘,'. te. t
LOW-—CA_RBON STEEL -SCRAP HEAT (Al addition, followed
¥ by Fe52 then by manganese) »
'i | | . i ) !";"""
49 | 0.460./0.090 | 0,065 | - — - 0.107 !0.,081 | 0.026.
50 | .790 | .068| .080 | —- _— _— .116 | .105| .010
51 | 1.000 | .046| .,090 | —- | -- - .058 | ,056|. .002
52 2.430 | 077 | .,120 |© —-= = | - | .2 0851 ,036

e
e

It is interesting to note the effect of the high .sulphur ad.d;l.tlon‘s on the
MnS coutents of the steels as given in the next to the last columi in this
tables The values seem to increase in »roportion to the amounts of manganese
and sulvhur added. In fact, an attem)t was made to determine the 1ron sulphide-
manganese equilibrium constant under somewhat the same assumptions as made
nreviousl” for the mangancse oxide equation and in this case also the calculated
equilibrium constant remained in approximately the same order of magnitude with
the excention of one samnmle. The values used to calculate this constant for
the reaction

FeS + Mn(uncombined) = MnS + Fe

aré given in Table 17. It was of course impossibleito use any samoles which
vere not deoxidized with aluminum because of difficulties encountered with

the MnO. The manganese inc¢lusions in these samnles should be nearly all MnS
as shown by the nrevicus table. The average coastant as given by these cal-
culations is approximately 1.9 and nrobably-represents the first calculation
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of this tywe in which a determination of the reaction wroducts was made. The
fact that these values are of a similar order of magnitude is encouraging.
Some of the experimental conditions can be controlled so that eventually the
constant will be determined accurately.
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