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A STUDY OF THE SO-CALLED " OVERREDUCED

"

CONDITION IN MOLTEN STEEL

By J. V. McCrae, 1 R. L. Dowdell, and Louis Jordan

ABSTRACT

A study was made of four heats of acid electric steel for castings in which two
heats were in the so-called ' 'oven-educed" state while the others were in the
normal condition as made according to general practice. The two types were
investigated as regards temperature of the molten metal, structure, and physical
and chemical properties.
The lower fluidity or " runability " of the overreduced (overdeoxidized) steel

manifests itself in a short "filming-over time" with the melters' spoon test.
This is apparently caused by the rapid formation of silica, which rises from the
steel because of the addition of excess metallic silicon to an oxidized steel. This
phenomenon may also be the cause of incorrect judgment of its temperature,
since its emissivity is higher than that of a clean liquid steel surface.
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I. INTRODUCTION

This investigation of the so-called " overreduced" condition in acid

steel as made in the electric furnace for castings was undertaken by
the National Bureau of Standards in cooperation with The Steel

Castings Development Bureau and followed the conclusion of the

I
major phases of an earlier cooperative program on the cause of low
ductility in certain plain carbon steel castings. 2

It appeared probable that the two investigations might supplement
each other to some extent. The overreduced condition has been said

;

to result from, or be accompanied by, an excess of silicon or other

strongly reducing agent in the liquid steel. The results of the earlier

investigation on low ductility pointed to aluminum, also a ^strong

reducing agent which was added to the liquid steel at the time of

1 Deceased. Formerly research associate of Steel Castings Development Bureau.
3 J. V. McCrae and R. L. Dowdell, Preliminary Studies of the Effect of Deoxidation and MoW Condi'

tions on the Tensile Properties of Carbon Steel Castings, B. S. Jour. Research, 5; August, L! SO.
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casting, as the immediate cause of low ductility. Hence it was not

an unreasonable conjecture that some relation might exist between

the overreduced condition in the liquid steel and low ductility in the

finished castings.

The work here reported has profited throughout from the interest,

experience, and suggestions of George Batty, director of research of

The Steel Castings Development Bureau.

II. " OVERREDUCED' ' STEEL IN PREVIOUS
INVESTIGATIONS

In the conference at which this problem was suggested for study

at the bureau, an overreduced steel was described by Mr. Batty as

possessing a low fluidity which can, however, be remedied by a suit-

able addition of iron ore to the bath. Hence, a steel in an unsatis-

factory condition is improved by oxidation and the unsatisfactory

state is more or less logically designated as " overreduced."

The steel melter's test for fluidity in such cases has usually been
to determine the time, in seconds, required for a film to form across

the top surface of a sample of the molten steel poured into a standard
open-core sand mold. A "fluidity count" of about 30 seconds may
be obtained for an overreduced steel. After the addition of from 3

to 4 pounds of iron ore for a 4,000 to 5,000 pound heat, followed by
an interval of about two minutes, the same steel might require about
48 seconds to film over. This filming test or fluidity count appears to

serve as a practical guide to the running qualities of the metal and
experience has shown that a metal having a short count gives trouble
in filling satisfactorily thin sections of castings.

There are in the literature relatively few papers bearing on the
subject of overreduced steels. Melmoth, 3 has mentioned briefly in
several papers the comparative fluidity of steels for castings. In one
of these papers he suggested that "fluidity may not be a direct
function of temperature and orthodox composition, " and goes on to

affirm his belief in the difference in fluidity or "life" which is reported
to exist between electric and converter steels of similar composition.
Greater fluidity of steel made by the converter process has been
attributed to the presence of oxides which continue to react with
deoxidizers during the period of casting with a consequent production
of heat. This theory is to be questioned since no serious loss of
deoxidizing elements during casting periods is encountered in practice.
A second theory was that dissolved oxygen or oxides lowered the
solidification temperature of the steel and so gave a longer liquid
range.

In the discussion of the above paper, Batty was of the opinion
thai an overreduced steel bath was one comparatively free from iron
oxides. The general English practice was to add sufficient silicon,
'dice the oxidizing slag had been removed, to deoxidize the bath
and to leave about 0.10 per cent silicon in the steel. In their basic
practice, additions of carbon were made to the slag so that some of
the silicon would be derived from the slag by reduction. In a steel
overreduced in this manner, it was mentioned that not only was the

lhirtfcol Points in Electric Steel Castings and Notes on Defects, Inst. I
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fluidity lowered, but there resulted also greater shrinkage, more
susceptibility to the effects of gases from the mold, and a greater
tendency to porosity. The increased shrinkage was apparent in both
the fluid condition and in the solidified condition and called for the
use of larger heads or risers and a greater allowance in the pattern
for contraction in order that the casting might conform to proper
dimensions.
Batty cited an instance of an electric furnace heat of 5,000 pounds

which, although very hot, gave a "melter's count" of not more than
22 seconds. The slag samples were whitish in color, indicative of a
strongly " reduced" condition, and not greenish. To this charge
about 100 pounds of rusty plate scrap (plates one-half inch thick)

;

were added and rapidly melted. Within 2 minutes a spoon sample
,

showed a "melter's count" of between 48 and 51 seconds. He stated
that this heat could not have been poured from hand shanks had it

been tapped in the overreduced condition.
In the discussion of the same paper, G. C. Grant supported Batty's

remarks and stated that a small percentage of titanium had a similar

\

effect in bringing a hot heat, which normally would have run without
difficulty through a three-fourths-inch nozzle, to a condition in which

;
it was poured from the ladle only with difficulty.

In discussing a paper by Dornin,4 Batty stated that McCance had
noted a peculiar phenomenon in that high-chromium steels and high-
silicon steels on casting appeared to give up a considerable proportion
of their surface heat as light. In the bottom pouring of ingots cer-
tain of these steels run short, due to a freezing of the metal on the
surface in the molds during casting and thus develop a back pressure
greater than the ferrostatic pressure of the superimposed metal in

the trumpet.
Batty also stated that overreduced mild steels from basic electric

furnaces are very sluggish in the molds and are somewhat of a menace
in the production of light steel castings. He also expressed the
opinion that dissolved oxide of iron is an essential to fluidity in low-
carbon steels, and that overreduced heats had been cured by adding
oxide of iron in various forms, such as rusty scrap, finely divided ore,

jor mill scale. If the heat is "hot," rusty scrap is the best addition

to lower the temperature; if the heat is close to the correct tempera-

t

ture, mill scale or ore makes the better addition. Mill scale in any
appreciable quantity is undesirable because of the high sulphur con-

1

tent. Batty further stated that he preferred to call a steel which
'was assumed to contain some unknown proportion of this dissolved

! oxide a normal steel. He also mentioned that such a metal had a

finer grain size than that obtained with an overreduced steel of the

same general composition and that the normal steel also machined
more readily although it had a somewhat higher Brinell hardness

,
than the overreduced type.
In a later paper Melmoth 6 states that

:

Over a very large number of electric furnace casts it is strongly suggested that

abnormally high silicon produces a material much more difficult to cast from small

'shanks than when silicon content is normal. The principal point observed is

the tendency to skin over on the surface of the metal immediately after it is

,

.

.

1 G. A. Dornin, "The Melting or Molten Stage of Steel Manufacture, with Particular Reference to the

! Deoxidizing, Refining, and Contamination Phases," Trans. Am. Soc. Steel Treat., 13, p. 29; 1928.

5 F. A. Melmoth, Sheffield, England, "Variables in Steel Foundry Practice," Trans. Am. Fdymen's.
Assoc, 36, p. 323; 1929. Exchange paper with Institute of British Foundrymen.
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exposed to the air. It appears incorrect to state dogmatically that this is due

to the direct action of the presence of silicon, as it may equally be due the furnace

condition which tended toward the production of the silicon content. These

charges are frequently very dead and result from strongly reducing conditions.

Even when hot they do not exhibit the usual degree of fluidity and have been

termed "dazed" heats. The condition is remediable by a return to oxidizing

conditions in the furnace, afterwards finishing as usual.

III. COMPARISON OF OVERREDUCEDANDNORMAL
STEEL

The present investigation consisted of a comparison of the melting
practice, the mechanical properties, and the chemical composition

of the two heats of intentionally overreduced acid electric steel, and
two heats of similar steel made according to normal practice. The
overreduced heats are designated in this report as heats 6698 and
6699 while the normal heats are 6704 and 6705.

All four heats are made at the plant of the Dodge Steel Co., one
of the cooperating foundries of The Steel Castings Development
Bureau. Grateful acknowledgment is made of this assistance ren-

dered by the Dodge Steel Co., particularly the personal interest in

the supervision of the heats by C. Tolan and C. S. Roberts. Thanks
are also due and are gladly rendered to Dr. C. H. Herty, jr., and J. M.
Gaines, jr., of the Bureau of Mines, Dr. R. B. Sosman, of the U. S.

Steel Corporation; George Batty, of The Steel Castings Development
Bureau; and H. J. French, formerly of the National Bureau of

Standards, for their aid in observing and recording data during the
four heats in question. All temperature measurements during the
heats under consideration were made by H. T. Wensel and W. F.
Roeser, of the National Bureau of Standards.

1. MELTING PRACTICE

The detailed data showing the melting practice are given in Table 1

for the two normal heats and in Table 2 for the two overreduced heats.
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The two normal heats contained iron ore in the original charge to
the amount of 80 pounds in the first heat and 40 pounds in the
second. Shortly after the " melting down" of the first heat a further
small addition of ore (4 pounds) was made. Three successive addi-
tions of "wash metal," totaling 130 pounds, were made from 30 to
45 minutes after the melt down and additions of ferrosilicon and
ferromanganese before tapping. The second normal heat was made
much the same as the first, but with a slightly larger addition of iron
ore (15 pounds) after the melt down and with only 50 pounds of
wash metal.
Of the two overreduced heats, the first had only 30 pounds of ore

in the furnace charge while the second charge contained no ore.
Additions of 38 and 20 pounds of iron ore were made to these two
heats, respectively, shortly after the melt down. Wash metal was
not added to these two overreduced heats. The steel in the furnace
was, instead, deoxidized directly by the usual additions of ferro-
silicon and ferromanganese.
Samples of both metal and slag were taken as indicated in Tables

1 and 2. The "A" samples were taken immediately after the charges
melted down, the "B" samples after the furnance additions of ore
and lime were completed; the "C" samples followed the deoxidizing
additions, respectively—wash metal in the normal heats and ferro-
silicon in the overreduced heats. The "D" samples were taken
immediately before tapping. It is to be noted that between the
"C" and "D" samples additions of both ferrosilicon and ferro-

manganese were made in the two normal heats, while in the over-
reduced heats only ferromanganese was added between "C" and
"D" samples. Additional fluidity test samples ("E") were taken
from the heats just before tapping while the "F" samples were taken
immediately after the start of the pour.
The samples marked "T" and "TA" represent sand-cast test

blocks of the finished steel poured from the ladle, the "T" samples
representing the finished steel with no ladle addition and the "TA"
samples metal to which aluminum in the proportion of 1 pound per

(

ton had been added in a 70-pound shank ladle.

2. TEMPERATURE MEASUREMENTS

The temperature measurements at various stages of the heats are

, recorded in Tables 1 and 2. The records of temperature during one
\ each of the normal and overreduced heats are shown in Figures 1

and 2.

It was originally planned to make the temperature measurements
with noble metal thermocouples and preliminary tests were made at

|
the National Bureau of Standards with commercial alundum pro-

• tection tubes. These proved unsatisfactory, both because of their

sensitiveness to thermal shock and also because of the ease with which
they were attacked by acid slags so that they were readily cut through

?

at the slag fine. A very few temperature measurements were made
with a noble metal thermocouple with a porcelain protection tube

next to the couple and an outer clay-graphite tube to protect the

porcelain. All other temperature measurements shown by the two
figures represent optical pyrometer readings.

15377°—30 11
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The temperature measurements in the furnace were made by
sighting the optical pyrometer into a clay-graphite tube inserted

through a hole in the furnace wall just above the slag line. The
clay-graphite tube was inserted at an angle of 45° to the horizontal,

and extended through the slag layer into the metal bath. These
tubes were 36 inches long with a bore of seven-eighths inch and a wall

thickness of one-half inch.
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The temperature of tapping was measured by sighting the optical
pyromot or on the stream of metal flowing into the large (5,000-pound)
laoie. Ine apparent temperature thus obtained was corrected for an
emissmty of 0.40. 6 The temperatures of the steel subsequent to
' appingwere measured by sighting the optical pyrometer on the stream
ot metal flowing from the large ladle into the casting ladles and again

• 0. K. Btman, B. B. Tech. Paper No. 91; 1917.
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applying the correction for an emissivity of 0.40. The correctness of
these readings was checked in the case of another heat (6703), by
simultaneous measurements with thermocouples in the 5,000-pound
ladle and with the optical pyrometer on the stream flowing from the
same ladle. Also in heat No. 6704 (fig. 1) thermocouple temperature
readings were taken of the metal in the casting (250-pound) ladles
while at the same time readings with the optical pyrometer wore made
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on the stream of metal flowing from the 5,000-pound ladle into the

250-pound ladle. The temperature of the metal in the smaller ladle

Iwas found to be slightly lower than the temperature of the stream of

j metal filling the ladle, a condition which was to be expected.

The temperature data obtained do not show any significant differ-

lences between the normal and the overreduced heats. The rate of

cooling of the metal in the 5,000-pound ladle was nearly the same in
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.. i uot. and the temperature of the metal became approximately

iSffS"S^W" to 1,600" O. during the castmg penod.

3. FLUIDITY TESTS

A reliable method for the determination of the fluidity of low-carbon

as measured with a stop watch, required for the metal m this mold to

freSeoT"' film over" was taken as the melter's or fluidity count the

oneer the count the more fluid the metal. The second fluidity test

nsed consisted in casting the molten steel ma splitcoreW mold <rf

ronical shane as shown in the lower half of Figures 3, 4, 5, and b. in

tMs test the fluidity is indicated by the height of the cone. The third

type of test known as the spiral method,' by which a casting of the

o?m nlustated in the upper\alf of Figures 3, 4, 5 and 6 was some

what modified, as applied in the present work, by HsmS a
f
°™™ow

so as to keep the head of the metal in the pouring basm constant while

the mold was being filled. The sand molds were made from split cores.

FluiditySeated by the length of the spiral traversed by the molten

The fluidity tests were taken at various stages during the progress

of the heats as indicated in Tables 1 and 2 The melter s counts (52

59 30 and 48, 72, 48) on the two normal heats indicate* a somewhat

greater fluidity throughout the heats than do the corresponding counts

(43, 33, 43 and 70, 41, 34, 36, 31) of the two o^ed^d^e^
Nevertheless, it is to be noted that the counts were all relatively low

at the finish of all four heats and that the final counts, 30 and 48, on

the two normal heats did not serve at all to distinguish them irom the

two supposedly overreduced heats with final counts ot 43 and di.

The cone and the spiral tests generally agreed fairly well between

themselves, as is shown by Figures 3 to 6, except in the case of the

"C" sample of heat 6705 (fig. 4 (c)), where a short cone and a rela-

tivelv long spiral were poured from the same metal.

It is difficult to point out any correlation between the melter s count

and the other types of fluidity tests throughout the course ol tne

heats. However, it is worthy of note that the final furnace samples

of the cone and spiral tests corresponded with what the original state-

ment of the problem of overreduced steel led one to expect on tne

basis of the melter's count. Thus, a melter's count ol 30 at tne u
sample of heat 6704, a normal heat, ran short m both spiral and cone

((ig. 3 id)); while a count of 48 for the "D" sample of normal heat

0705 compared with a long spiral and a long cone test. 1 he same

sit nation existed in the overreduced heats, the melter's count ol 43 lor

beat 6698 matched the long cones and spirals of Figure 5 {d) and {e)

and the short count 31 for heat 6699 compared with cone and spiral

tots which showed practically no fluidity. (Fig. 6 (<?).) .

For the two heats which showed high counts and good fluidity in

the easting tests, namely, normal heat 6705 and overreduced heat

* C. Curry, Fluidity Qualities of Cast iron, Trans. Am. Fdy. Assoc, 35, p. 289; 1927.
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6698, there were also taken fluidity castings from ladle metal towhich aluminum equivalent to 1 pound per ton was added in thehand shank These were the F samples in Figures 4 and 5 and they
indicate that aluminum additions in these proportions very noticeablv
lowered the fluidity possessed previously by the metal.

4. TENSILE PROPERTIES

j
Test bars of 0.505 inch diameter were made from test castings hav-

ing the form and dimensions shown in Figure 7. In nearly all cases
duplicate test castings were poured from each heat both without and
with the addition of aluminum (1 pound per ton of steel, equivalent
to 0.05 per cent Al.). The test castings were heat treated before the

i

Figure 7.

—

Form of test casting for tensile bars

These bars were taken from the 1-inch section.

test bars were machined from them. The heat treatment consisted of
normalizing by heating two hours at 9009 C. (1,650° F.) in a large
;plant furnace, along with other castings, followed by air cooling.

I All of the bars were sound except one bar, from heat 6704, that had
been poured without the addition of aluminum. The results of the
tensile properties given in Table 3 show that the bars deoxidized with
aluminum in the shank ladle had considerably lower elongation and

?reduction of area than the corresponding bars from each heat which
did not contain aluminum. This is the outstanding feature of the
tensile tests and confirms the results of the earlier work on the cause
of low ductility in acid electric casting steels, to which reference was
made in the introduction of the present paper. There are no apparent
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differences between the tensile properties of the normal and the over-

reduced heats. The broken tensile test bars are shown in Figure 8.

Table 3.

—

Tensile properties of the normal and overreduced steels

Heat No.
Specimen

No.
Ladle addition

Yield
point

Ultimate
strength

Elonga-
tion in 2
inches

Reduc-
tion of

6704 (normal).

6705 (normal)

.

669S (overreduced)

.

66'J'J (overreduced)

.

TAi.
TA 2 .

Ti
t;;:::....
TAi
TA2

do
lib. Al/ton
...do

[Ti
T 2

TAi
TA2

[Ti

do
lib. Al/ton

do

None.
TV
TAi. -

TA2 -

do
lib. Al/ton

do

[Ti

T»;;-::;i do
lib. Al/ton.
.....do

Lbs. /in.- Lbs./in. 2 Per cent Per cent
47,000 77,000 34.0 53.0
Not tested because of porosity
'"

000 75,000 24.0 30.0
50,000 73,000 15.0 20.0

44, 500

45, 000
46,000
44,000

46,500
49, 000
47, 000
49, 000

50,500
48, 500
51, 000
50, 000

72, 500
71, 000
71, 000
66, 500

76,500
77, 500
73,500
74,000

79, 000
74, 000
77, 000
76, 500

34.0
34.0
27.5
25.5

32.5
32.5
23.0
27.0

32.4
35.0
26.5
21.0

55.5
53.0
26.5
32.0

50.5
55.0
28.0
36.5

52.5
50.0
32.5

27.0

5. MICROSCOPIC EXAMINATION

Specimens from the four heats were examined microscopically both
in the etched and unetched conditions. The comparison of these
structures for one of the normal and one of the overreduced heats is

given in Figures 9, 10, 11, and 12 but is not discussed in detail. The
specimens for the microscopic examination of the T and TA samples
were taken from the threaded ends of the test bars, while the other
samples were from water-quenched pellets (approximately one-fourth
inch in diameter) obtained by pouring a spoon sample of the metal,
freed from slag, through a heavy metal screen into water.

1
1
was especially difficult to obtain micrographs showing the average

inclusions for the different samples with a magnification of 100
diameters. With a magnification of only 25 diameters most of the
inclusions were too small to be recognized. The "nonmetallic"
inclusions in the unetched samples from the overreduced heats appear
to be more finely divided than those in the normal heats. This is

doubtless due to the presence of larger proportions of silica in the
inclusions of the overreduced heats and as a result there has been
less cleansing of this steel than in the case of the normal steel. With
the normal practice there were apparently formed ferrous silicates
higher id iroil oxide which more readily agglomerated and rose to the
Blag,

In general, it was noted that the inclusions were darker after the
ferrosmcon additions. This was apparently due to a higher concen-
tration of silica m the inclusions which caused them to be more trans-

'. to appear darker under reflected light and to have a "bull's
tnce. (Fig. 11 (A)X100.) There is no appreciable

difference between the unetched micrographs of the "T" and "TA"
BamDles. There was a considerable difference in the ductility of

i and without aluminum, but this difference in properties
tlv not caused by large particles of alumina.
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Figure 9.

—

Inclusions in samples from normal heat 6705. Unetcked

condition

Letters indicate the time at which samples were taken during the progress of the heat. (See
Table 1.)
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TA

TA i

X100 xiooo
Figure 10.

—

Inclusions in samples from normal heat 6705

Letters indicate the lime at which samples were taken during the progress of the heat. (See
i
a
,l ,y Specimens in upper half of figure in unetchc-i condition. Specimens in lower

half of Ogure etched in 2 per cent nital.
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xiooo

*
i

j

D " '

X100
Figure 11.

—

Inclusions in samples from overreduced heat 6699. Unetched

condition

Letters indicate the time at which samples were taken during the progress of the heat. (See
Table 2.)
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Figure 12. Inclusions in samples from overreduced heat 6699

indicate the timo at which samples wen- taken during the progress of the beat. (See
'l able 2.) Specimens in upper half of figure in unetched condition. in lower half
of figure etched in 2 per cent nitaJ.
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The specimens from samples "T" and "TA" were etchod in n 9per cent solutaon of nitric acid in alcohol in order HLw^^e* dstructure There were no appreciable differences in ^ mLlTtTuctures of the steels before and after the aluminum addition

6. CHEMICAL COMPOSITION
(a) METAL AND SLAG

The results of chemical analyses of the metal for the usual con-stituents and of the slag have been included in Tables 1 and 2The chief differences m the two types of heats, as shown by' thesedata are that the normal steels were inclined to melt down to andmaintain, m the early part of the heat, a carbon content wbiohfe
distinctly lower than is the carbon at the corresponding stages of anoverreduced heat. This is consistent with the idea that th? normal
heats are more highly oxidized than the overreduced heats.

(b) INCLUSIONS AND OXYGEN
Analyses were made of all samples for nonemtallic inclusions and

for oxygen and nitrogen. 8 The results of these analyses are given in
jl a Dies 4 and o.

'Analyses by H. C. Vacher, J. Sicken, and E. H. Hamilton of the National Bureau of Standards.
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The determinations of the inclusions were made by the hydro-
chloric acid residue method. This method is based on the one
described by Kichline 9 and by Oberhoffer and Amman 10 for the
determination of alumina in steel. It was found that by suitable
treatment of the nonmetallic residue left from the solution of the steel
sample in hydrochloric acid (a treatment similar to that used by
Oberhoffer and Amman in treating the residue obtained by their
modification of the bromine method) a rather satisfactory determina-
tion of silica could be made in addition to that of alumina. The
alumina determination is quite accurate. The silica determination
by the hydrochloric acid method has been shown to be rather satisfac-
tory when the nonmetallic inclusions are over 50 per cent silica; it

probably gives a more correct value than does the Dickenson method, 11

if, as is often the case, the latter is applied with the use of a caustic
soda wash for the residue. While it is also possible to secure very
closely checking determinations of manganous oxide in the residues
by this method, such values are generally in error on the low side,

due to the solubility of manganous oxide in the acid solvent. How-
ever, in the present case it is the silica which is of chief interest in the
inclusion analyses.

The method, in brief, consists in dissolving on the steam bath, a 50-g
sample of the steel (chips if desired) in approximately 30 per cent
hydrochloric acid, filtering, washing the residue finally with hot 3 per
cent Na 2C03 to remove silicic acid, and then igniting if it is desired

to determine total residue. The residue is then fused with KHS04

and the cooled fusion dissolved in dilute hydrochloric acid. Any
undissolved material is separated by nitration, ignited, fused with
Na2C03 and dissolved in dilute hydrochloric acid. The combined
solutions of the fusions are evaporated to dryness, the silica dehy-
drated and separated by filtration, ignited and corrected with hydro-

fluoric acid. Any residue from the silica volatilization is dissolved

and combined with the filtrate from the silica separation. The solu-

tion is treated with H2S03 to reduce any chromium and with nitric

acid to oxidize the iron. Manganese, iron, and chromium are then

separated from aluminum by pouring the solution into a sodium
I hydroxide solution, heating the solution to boiling and allowing it to
1 stand and cool for two hours. The precipitate contains the manga-
nese, which may be determined and calculated to manganous oxide

|
in the inclusions. The filtrate contains the aluminum which is

determined as the phosphate.
The oxygen and nitrogen in all samples were determined by the

vacuum-fusion method, the solid samples being melted in vacuum at

1,600° C. in a gas-free graphite crucible and the evolved carbon

monoxide and nitrogen determined gravimetrically and vclumetri-

j
cally, respectively. This method is considered to give correct values

i for nitrogen for all the samples from the four heats thus analyzed and

also to give accurate results for the total oxygen content ol all the

samples except those final samples to which aluminum had been

I

added. Oxygen determined by the vacuum-fusion method m samples,

9 F. C. Kichline, "Note on the Determination of Aluminum Oxide and Total Aluminum in Steel," J.

Ind. Eng. Chem., 7, pp. 800-807; 1915. ,. . . .... , . . „„
,

10 P. Oberhoffer and E. Amman, "Ein beitrag zur bestimmucg oxydischer einschlussc in roheisen un.l

stahl," Stahl und Eisen, 47, pp. 1536-1540; 1927. -o.it » t f-u* x- <t»»i .„»
u J. H. S. Dickenson, "A Note on the Distribution of Silicates in Steel Ingots, J. Iron A Bto

113, No. 1, p. 177; 1920.
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such as these latter, is usually somewhat lower than the correct value

due to the slow reduction of aluminum in this method.

One of the difficulties in making analyses which shall be repre-

sentative of the oxygen present either as inclusions or in solution in

a steel during the progress of a heat is the manner of taking the metal

samples. The analytical samples from the four heats in question

were taken as indicated in Tables 4 and 5. Directly after the melt

down of the heat, the metal was too wild to permit pouring any solid

samples. The only "A" samples, therefore, were pellet samples

secured by pouring a spoonful of metal, freed from slag, through a

c 10

TIME-MINUTES
40 60 BO 100 ito 140

OXYGEN BY VACUUM FUSION NORMAL HEAT MO. 6704
Si t FROM ORIGINAL PELLETS CHARGE
Si0 t AVERAGE OF WASHED 3000 LB3.3CRAP, 60 LBS. ORE
T3, POURING BASIN. AND
ER*S INGOT

o —.
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Figure 13.—Change in oxygen and silica content during the progress of normal
heat 6704

heavy metal screen into water. Similar pellet samples were taken
at each sampling period from each heat up to the time the metal was
tapped into the ladle. In addition, there were available for samples
the spiral castings from one kind of fluidity test and the hemispher-
ical casting from another (melter's count) . The analytical samples of
t be finished metal, without and with the addition of aluminum in the
pouring ladle, were taken from the cast tensile test bars. The results

*u
e

,

vacuu™-fllslon method for oxygen analyses and of the residue
method for silica analyses are shown graphically in Figures 13 to 16,
inclusive, id addition to the tabulated data in Tables 4 and 5. The
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tables include also nitrogen by the vacuum-fusion method and manga-
nous oxide and alumina by the residue method, as well as a figure lor
total oxygen recovered as manganous oxide, alumina, and silica in
the inclusions.

The analyses of the "A" samples by the vacuum-fusion method
were made on the pellets, but only after very careful cleaning. The
pellets were first treated with ammonium citrate solution, then with
1:2 hydrochloric acid, next with hot 3 per cent sodium carbonate
solution to remove silicic acid, and finally they were heated at 900° C.
in hydrogen for 15 to 20 minutes and allowed to cool in hydrogen.

20

TIME-MINUTES
40 60 60 too ICO 140

OXYGEN BY VACUUM FUSION NORMAL HEAT NO. 6705
5iO t FROM ORIGINAL PELLETS CHARGE

080

PELLETS, POURING BASIN. AND
WELTER'S WG0T
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Figure 14.

—

Change in oxygen and silica content during the progress of normal
heat 6705

The cool pellets were then used for the vacuum-fusion analyses with

the reasonable assurance that they contained no surface oxide or slag.

The samples designated as from " center of spiral" were solid pieces

cut from the small reservoir of metal which fed directly into the

spiral in the spiral fluidity casting, namely, from that portion of the

spiral casting which shows uppermost in Figures 3 and 6. Samples
designated ''spiral proper" were taken as small sections of the spiral

runner itself and those marked "pouring basin (spiral)" were from

the larger reservoir of metal of the spiral casting, that portion which

appears in the illustrations as the base of the spiral casting. The
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values obtained for nitrogen by the vacuum-fusion method indicate

no differences among the four heats nor do the nitrogen values show-

any appreciable variation throughout any heat. The heats all

maintain and finish with a nitrogen content of between 0.008 and
0.010 per cent.

All four heats melted down with an oxygen content of from 0.06

to 0.08 per cent irrespective of whether considerable ore or no ore

had been added with the charge. This oxygen content decreased

quite steadily throughout all the heats until all four steels finished

in the furnace with an oxygen content very close to 0.02 per cent.

) cO

time-minutes
4.0 60 CO 100 ltd UQ

OXYGEN BY VACUUM FUSION
SiO^FROM ORIGINAL PELLETS
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Figure 15. -Change in oxygen and silica content during the 'progress of overre-
duced heat 6698

I here ifl thus no indication of any lower content of total oxygen
at any stage or at the finish of those heats of the present series which,
in the opinion of the steel plant operator, were overreduced.

he more complete analyses for the inclusions, that is, those
including manganous oxide and alumina, were made only on the
ordinal pellet samples which were taken throughout the progress of
WW heats. By ''original" pellet samples is to be understood the
Pellets just as they were recovered from pouring in water and without
being subjected to any acid wash or other cleaning previous to their
BoluUon in the hydrochloric acid (residue method). Such pellets
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obviously were somewhat rusted on their surfaces, but as the residue
method is not used for determining oxides of iron, no error was thus
introduced. It was apparent, however, that in certain samples
there was a very appreciable concentration of silica on the surface
of these pellets. There was a possibility that this might represent
films of furnace slag remaining on the pellets or it might represent
reaction at the surface of the pellets between excess silicon in the
metal and air or steam surrounding the pellets during freezing when
poured into water. Additional determinations of silica only were,
therefore, made on samples from the pouring basin of the spiral casting

(1 10 4.0
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Figure 16.
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Change in oxygen and silica content during the progress of over-

reduced heat 6699

and from the melter's count casting as well as on additional pellet

samples which were subjected to a preliminary short-time treatment
(heating on the steam bath) in 1 : 2 hydrochloric acid, then removed,
washed, dried, and the samples weighed for the residue analyses.

The residue analyses showed little change in either manganous oxide
or alumina throughout the progress of the heats, and no differences

among the four heats with respect to these two constituents of the
inclusions.

The results of the residue analyses for silica are possibly best

presented in Figures 13 to 16. The silica indicated by analyses of
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the original pellets is plotted separately. In addition, there is given

a curve for silica representing the average of the results of analyses

of acid-washed pellets and samples cut from the pouring basin and
from the melter's count ingot.

It is readily seen that in the case of the two overreduced steels

there is a very great discrepancy between the silica content of the

original pellets and that of the other three types of samples. This

marked difference does not occur in the two normal heats. It is

also to be noted that the normal heats melted down very low in silica

as compared with the overreduced heats indicating the prompt
fluxing and cleansing action of larger amounts of ferrous oxide

derived from the ore in the furnace charge of the normal heats.

Probably even more significant is the fact that in the overreduced
heats the curves for the silica inclusions rise distinctly above the
curves for total oxygen, but that they fail to do this in the normal
heats. If one selects the "C" samples of the four heats, which
most distinctly showed the differences in melter's counts (long counts,
52 and 72, for the two normal heats, 6704 and 6705, respectively,

and short counts, 33 and 35 (average of two determinations), for

the two overreduced heats, 6698 and 6699, respectively), one finds

that the silica inclusions (considering the curve of the average silica

of the three types of samples) in the normal steels at the "C" sample
account for less than half of the total oxygen in the steel.

At the same point in the overreduced heats the silica content (from
the similar "average" curve) accounts for all of the oxygen present.
Further, at this same stage of the two overreduced heats there is

present in the melt, silicon in very great excess over that combined
as silica, the total silicon being 0.16 and 0.28 per cent, respectively.
At the corresponding stage of the two normal heats the total silicon
is only 0.05 and 0.08 per cent, respectively, and, consequently, rela-
tively little silicon is present in the metal beyond that combined as
silica. It is therefore reasonable to believe that the great difference
already noted between the "average" silica and the silica of the
original pellets in the overreduced heats at the time of taking the
"CT" samples is indicative of a very rapid oxidation of silicon at the
surface of the liquid metal of these two heats. This occurred before
pouring operations. At the time of pouring there were no great
differences in the two classes of steels. This rapid oxidation of dis-
solved metallic silicon at the surface of the overreduced metal can
well account for the shorter filming times or melter's counts, reported
to be characteristic of such metal, the film formation which is ob-
served bemg not the initial freezing of the metal but the formation
and separation of a silica or silicate film. During the cooling of a
normal steel which contains relatively very low concentrations of
[not allic silicon little or no film formation is to be expected until much
lower temperatures are reached (longer time has elapsed) andiron
oxide, or possibly iron silicates relatively very high in iron oxide,
beans to form or separate from the liquid.

1 tie composition of slags taken at the "C" stage of the four heats
snowed a higher content of silica for the overreduced heats than for

1(> normal beats and a lower content of manganous oxide also. In
the case o the overreduced heats a considerable excess of ferrosilicon
was added before the "C" samples were taken while wash metal (low
in silicon) only was added to the normal heats at this stage.
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Just before the final samples were taken from all heats the ferro-
manganese additions were made. It is believed that ferromanganese
rectified largely the effects of the overreduced heats by aiding in flux-
ing the inclusions high m silica. In the case of the normal heats the
ferrosilicon was added about three minutes before the ferromanganese
while m the overreduced heats the ferrosilicon was added about 20
minutes before the ferromanganese.

Consistent with the explanation in regard to the formation of
refractory film are the melter's counts obtained when the "B" and
"C" tests of the two overreduced heats were taken. At the time the
"B" test of heat 6698 was taken the count was 43 seconds (Table 2),
the total silicon was low and the residue analysis indicated that the
" average" silica content of the metal accounted for only a small part
of the total oxygen; that is, considerable iron oxide was present in the
metal. Between the "B" and "G" tests this condition was radically
changed. All the oxygen previously present as iron oxide reacted to
form silica, metallic silicon was present in excess, and the analyses of
the original pellets showed rapid surface oxidation of silicon, and the
melter's count dropped from 43 to 33. In the case of heat 6699 the
drop in melter's count between the "B" and "C" tests was still more
striking, from 70 to 41, 34 and 36 (Table 2). This drop corresponds
with the reaction of all the oxygen, remaining as iron oxide in the
steel, to form silica and the presence of an excess of metallic silicon
susceptible to rapid surface oxidation.

It is also to be recalled that it has already been noted that the addi-
tion of metallic aluminum to finished steels previously possessed of
rather good fluidity (D, heat 6705 and E, heat 6698, Tables 1 and 2)
very markedly reduced this fluidity as indicated by the cone and the
spiral casting tests (F, heat 6705 and F, heat 6698, Tables 1 and 2) (figs.

4 and 5). That is, the presence of an excess of metallic aluminum
may have a similar influence in reducing the fluidity of a steel and
producing an overreduced condition by the formation of more refrac-

tory inclusions as does an excess of silicon.

If the presence of an excess of some reducing agent, as silicon or
aluminum, with the accompanying necessary absence of iron oxide

J

is indeed the characteristic of overreduced steels, and the nonmetallic
film formation is the cause of the short count in the fluidity test, there

still remains the need of offering some explanation of the manner in

which this condition of the metal reduces the fluidity and causes

i difficulty in casting thin sections.

While it is true that the formation of a refractory oxide film on
the surface of overreduced steel will cause that surface to appear
brighter than the cleaner surface of a normal steel at the same tem-
perature, because the emissivity of the oxide film is higher than that

i
of a clean liquid iron surface, the actual temperature measurements

1 made during the present investigation do not indicate any significant

difference in temperature of the two sets of heats. Furthermore, it

may be argued that there was actually little, if any, difference in the

I
metal of the four heats at the time of finishing and that any distinction

between normal and overreduced steel existed only before the finishing

stages of these heats.

A higher emissivity of the surface of an overreduced steel does, in-

deed, mean that heat radiation from this surface is greater than from

15377°-

..
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a cleaner liquid metal surface and this difference may cause an ap-

preciably greater rate in cooling of an 'oven-educed steel. However,

it is also possible that errors in comparing the temperatures of over-

reduced metal and normal metal have been made previously and

because of the higher emissivity of the overreduced steel such heats

have been cast at very considerably lower temperatures than the

comparison normal steels with the consequent greater difficulty in

running thin castings with the colder metal.

Quite aside from differences in pouring temperatures or in cooling

rates, there is the possibility that the continuous silicate film formed

on the liquid surface of an overreduced steel as it runs through a

sand mold may cause a retardation of the flow of the metal. The
silicate film may act as a membrane holding back the flow of a free

surface of metal in a thin section. It may also cause what is prac-

tically a wetting of the sand of the mold faces by the iron inasmuch
as the iron silicate film might be expected to be "wetted" bythe steel

and in turn it should wet the sand. Such a condition might well

seriously retard the rate of flow of the liquid iron over the sand of a

mold.
IV. SUMMARY AND CONCLUSIONS

A study of four heats of acid steel made in the electric furnace for

steel castings, two of the heats being described by the steel foundry
operators as "overreduced" steel and two heats as normal steels,

failed to reveal any significant differences in temperature, rate of

cooling, tensile properties, or microstructure as being the cause of the
reported difficulty in pouring thin castings of the overreduced metal.
There were some differences in the steels during the progress of

the heats as revealed by fluidity tests. These differences were that
during the latter part of the heats of the two overreduced steels the
inciter's count (fluidity test) was much shorter (lower fluidity) than
at the corresponding stage of the normal heats. Chemical analyses
showed that at this same point all the oxygen, present as iron oxide
in the overreduced steels, had reacted to form silica, and that there
remained in the metal an excess of metallic silicon which very readily
oxidized to a film of silica at the surface of the liqiud metal. This
rapidly forming film of silica presumably accounts for the short
fluidity count given by overreduced steels. It also may be the cause
<»1 incorrect measurement or judgement of temperature, since its

emissivity is higher than that of a clean liquid steel surface. This
may result in attempting to cast an overreduced steel at a tempera-
ture which is considerably lower than the temperature of a normal
BteeJ <>i the same apparent brightness at the surface.

he higher emissivity of the surface of an overreduced steel also
should result in greater radiation losses as compared with a normal
teel. It has not been possible to judge from the present work
whether or not this factor is significant in its influence on the rate of

ing oi such metal in practice and thus have an effect on fluidity.
" is bed also that the silicate film formed in overreduced
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a<>1 as a skin or membrane retarding the free flow of the
liquid BteeJ and even resulting in what is practically a wetting of the
sand «.! the mold by the liquid oveneduced steel.

II the of steel are deoxidized with aluminum, shortly be-
fore pouring, the percentage elongation and the percentage reduction
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of area of the finished product is appreciably lowered. It is shown
that appreciable amounts of alumina remaining in the finished steel
are responsible for the lowered ductility.
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