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CHAPTER I
.

INTRODUCTION

Prior to the twentieth century, molybdenum end itscompounds were of academic and scientific interest only.
However, shortly before the World War.many European steel
producers recognised the enhanced qualities of steels con
taining small amounts of molybdenum.
The war created such a demand for molybdenum steel®
that in subsequent years the molybdenum market was flooded
with varying grades and unreliable stocks of molybdenum
concentrates.

Only within the past decade has a reliable

and continuous supply of raw molybdenum concentrates, nec
essary to large scale alloy steel production, been avail
able at a reasonable price.

The development of the large

molybdenum ore body at Climax, Colorado, has assured a
uniform supply of molybdenum concentrates for many years to
come.

The availability of this assured supply of molybdenum

was probably the greatest factor in the increased use of
this metal in the manufacture of alloy steels.
The world production3- of molybdenum increased from

Kissoek, Alan, ’'Molybdenum'; The Mineral Industry During 1937. (New York, McGraw-Hill Book Co., 1938), vol.
46, a. 430
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2,822,000 pounds in 1932 to 31,422,000 pounds in 1957,
This tenfold increase in molybdenum production was due to
the greater demand for molybdenum alloy steels, molybdenum
cast irons, and many new uses in the chemical industries.
The two most Important molybdenum minerals from the
standpoint of sources of molybdenum are molybdenite (MoSg)
and wulfenlte (PbMa04 ).

However, neither ef these minerals

can be added directly to steels without some previous pro
cessing. '■
:

';

■ :.j|... :

Gregg

'

'
'

'
.

""

--

".

'■ ■

"

states that molybdenum may be added to steels

in the following forms:

powdered molybdenum metal, molybdic

oxide, calcium molybdate, and ferromolybdenum alloys.
The use of powdered molybdenum metal os on addition
agent in the production of molybdenum alloy steels has been
unsatisfactory because of its high melting point (2630°C.3 )
and the consequent incomplete dissolution and diffusion of
: .

.

: -

■

■ -

'

'

.-

■:

..

the molybdenum metal In the steels.
Molybdic oxide (MoOg), which is volatile at temper-

Gregg, J.L., The Alloys of Iron and Steel. (New York,
McGraw-Hill B o o k C o . , 19327, p. 68
Butts, Allison,

A^Textbook of Metollurgical^Problems,
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stures below its melting point (759° ± 2° 0.)4 has not been
used extensively in the manufacture of molybdenum alloy
steels because high molybdenum losses cocur at temperatures
attained in furnaces used in the refining and alloying of
steels.
A patent was granted to Kissoek

on the use of calcium

molybdate for introducing molybdenum into steels.

Calcium

molybdate has a high melting point and does not volatilize
appreciably at steel making temperatures. It is particularly
advantageous in the manufacture of low carbon steels be
cause of the complete absence of carbon in calcium molybdate.
Calcium molybdate is usually charged to open hearth
furnaces either with the steel scrap, at the beginning of
refining operation, or alone, after the slag has been formed.
These methods of adding molybdenum to steels necessitate
a fusion period of at least two hours,^ irrespective of the
time necessary to melt the steel scrap, in order to remove
the lima, to reduce the molybdenum trioxide, and to allow
for the complete diffusion of the molybdenum throughout the
molten steel,*
5

Carnally, T., Quoted by Mellor, J.W., A Comprehensive
Treatise on Inorganic and Theoretical Chemistry, (Hew
York, Longmans, Green and Co., 1931), vol. XI, p. §36
5 Kissoek, Alan,

U.S. Patent No. 1,300,279, April 15, 1919

Gregg, J.L., o£. cit., P- 78
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The addition of the usual commercial grades of calcium
molybdate in the manufacture of molybdenum alloy steels has
been satisfactory for the production of steels containing
less than 1.5 per cent of molybdenum;

but the necessity of

removing large quantities of lime, which the commercial
salt contains, has limited its use in the production of alloy
steels containing several per cent of molybdenum.
The addition of molybdenum to steels in the manufacture
of alloy steels containing more than 1.5 per cent molyb
denum may be conveniently done by the use of ferromolybdenum
alloys.

According to Schmid,^ these alloys may be added with

the cold charge to the refining furnaces, or fifteen min
utes before the steel is to be tapped, or to the molten steel
in the ladle after it has been tapped from the furnaces.
Since ferromolybdenum alloys do not contain large quantities
of impurities, a long fusion period to remove such impur
ities is not required, and consequently the molybdenum losses
are low.

""

At present most of the ferromolybdenum alloys are made
by the reduction of calcines from the roasting of molyb
denite concentrates end oxides of iron with carbon and suit•" - "
.
o
able fluxes in electric furnaces.
The calcines usually
contain small percentages of copper, phosphorous, and sul-8

Sehmiti, M.H., ’’Molybdenum Steel and Its Application,n
Chemical and Metallurgical Engineering;. 1981, vol. 24,
ppV 9 2 ^ - 9 #
. .
8 La Preparation du Perrosaolybdene, Le Genie Civil, June
13, 1936, Tome C7III, pp. 561-562
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phur which ere retained by the finished alloy.

Ferro-

molybdenum alloys prepared by this method also usually eontain considerable carbon as an impurity because of its
affinity for molybdenum.

These impurities are objection

able to steel producers because they are also retained by
the finished alloy steel unless they are removed by some
additional refining.
If a comparatively pure compound of molybdenum could
be reduced by some reducing agent other than carbon, a
ferromolybdemim alloy containing very small amounts of ob
jectionable impurities might be prepared.
Calcium molybdate prepared by a hydrometallurgical
method involving dissolution, purification, and precipi
tation, might contain few objectionable impurities, and in
this event would fill the requirements for a relatively
pure compound of molybdenum.

The substitution of ferro-

silicon alloys for carbon as a reducing agent, if success
ful, would eliminate the formation of molybdenum carbides
which remain in the finished ferromolybdemim alloys.
Q
A patent has been granted to Donahue and Cunningham
for a hydrometallurgical method of leaching, purifying,
and precipitating molybdenum as calcium molybdate in an
alkaline solution.

The precipitated salt obtained by this

Donahue, T.H. and Cunningham, J.B., U.S. Patent No.
2,098,846, October 26, 1937.

method contains few impurities except free lime which
should be removed simultaneously with the chemically com
bined lime in a suitable slag.
Ferrosilicon alloys are relatively inexpensive and
have been used as reducing agents in the preparation of
various ferro alloys from the oxides of the alloying metals.
These oxides unite with the silicon to form silicon di
oxide and an alloy with the liberation of considerable
quantities of heat.
In any pyrooetellurgieel reaction between calcium
molybdate and ferroeilleon alloys, the molybdenum trioxide
in the calcium molybdate should furnish the oxygen for the
oxidation of the silicon, while the silica formed should
unite with the lime to form calcium silicates.
While experimental work has been done using ferrosllioon alloys to prepare ferrooolybdenum alloys, a thor
ough search of available literature has failed to disclose
any publications describing a possible reaction between
-

ferrosillcon alloys or silicon and calcium molybdate.
The object of the experimental work presented in this
paper is to determine the possibility of preparing ferromolybdenum alloys by a pyrometellurgical reaction between
calcium molybdate and ferrosillcon alloys.

CHAPTER II
APPARATUS, MATERIALS, AND ANALYTICAL METHODS

Apparatus
The smelting of experimental charges was done in the
four following types of furnaces:

a combination muffle and

assay, a crucible, an arc, and an induction furnace.
The combination muffle and crucible assay furnace,
lined with fire clay and heated by natural gas, had a cap
acity of six 20-gram fire clay crucibles.

The furnace was

manufactured by the Braun Co., and was known as Type Ho.
40.
The crucible furnace was ten Inches high with an in
side diameter of nine inches. It was constructed of sheet
%
iron and lined with two Inches of fire clay. This furnace
was heated with natural gas and conveniently held a DFC size (K) fire clay melting crucible in which charges up to
400 grams were smelted.
The arc furnace was an independent arc type, manu
factured by the Booth Electric Furnace Go. of Chicago,
Illinois.

This furnace was circular and had a domed roof

with two openings for electrodes.

The furnace was equipped

with two electrode holders which were so constructed that
they could be readily adjusted to carry the electrodes into

8.

the smelting chamber of the furnace at almost any desired
angle.

The furnace was lined with fire clay and conven

iently held a Dixon No. 1 graphite crucible which was 3-5/8
inches high and had an outside diameter at the top of 3-3/8
inches.
The electrodes used with this furnace were 5/8 inch
diameter Aoheson Graphite electrodes 12 inches in length.
The furnace was operated on 110-volt single phase current
with 50 amperes flowing.

The furnace was connected with a

110-volt power line through a resistance panel consisting
of four Chramel-X resistance coils connected in parallel.
This panel provided a means of determining the approximate
amount of current flowing to the arcs by the eelor of the
heated resistance wires which were cherry red under normal
operating conditions.
The induction furnace was e 3 KVA Ajax-Sortbrup high
frequency oleotro-induetlon furnace, which had the standard
interrupting arc replaced by an adjustable one from a
larger furnace.

This furnace held a carbon crucible which

was 3 inches high and had an outside diameter of 2& inches.
The carbon crucible was separated from the primary copper
coil by a refractory material consisting of 25 per cent of
thorium oxide and 75 per cent of magnesite.

This made it

possible to center accurately the crucible in the furnace
in order to get an even distribution of heat throughout the

9

charge.
Materials
The ferrosillcon alloy used as a reducing agent
throughout all the experimental work was furnished hy the
Vanadium. Corporation of America through the courtesy of
Mr, Howard C. Parkaas of the leeeerwh Department, who also
furnished the following analysis of the ferrosillcon.
Silicon, per
cent
Iron,
per
cent
Manganese, per cent
Cartoon, per
cent
Sulphur, per
cent
Phosphorous, per cent

48.42
48.96
0.52
0.04
\ 0.018
0.032

The precipitated calcium molybdate used in the pre
paration of ferroaolytodenum varied in molybdenum content.
A typical complete analysis of one lot of this precipitated
salt as reported toy the Los Angeles Testing Laboratories was
as follows:

.

Molybdlo oxide.
Lime,
Carbon,
Phosphorous,
Sulphur,
Manganese,
.
Moisture,
Carbon Dioxide,
Silica,
Alumina,
Ferric oxide,
Magnesite, ■.
Strontium,
Copper,
Lead,
Chloride,
Silver,

per
per
per
per
per
per
per
per
per
per
per
per
per
per
per
per
per

cent
cent
cent
cent
cent
cent
cent
cent
cent
cent
cent
cent
cent
cent
cent
cent
cent

63.24
30.50
Hone
0.048
lone
lone
0.07
2.43
0.53
0.43
0.12
0.49
Trace
Trace
lone
lone
lone

10.

The Iron, sodium nitrate, and calcium fluoride fluxes
used were chemically pure.

.

The materials used in the experimental charges were
ground to minus 100-mesh.

Analytical Methods

. .

The volumetric analysis of molybdenum, while fairly
'
rapid, is apt to be inaccurate because of interfering
elements and the reoxidation of reduced molybdenum sol
utions unless proper precautions are taken.

Chemically

pure ammonium molybdate, to which possible interfering ele
ments were added, was analyzed by the following method and
the procedure gave consistently accurate results.
A half gram sample was treated with 25 ml. of concen
trated nitric acid and heated for fifteen minutes.

The

solution was than cooled and 25 ml. of concentrated sul
phuric acid added, and the solution evaporated.to sulphur
trioxide fumes.

The evaporated solution was cooled and

diluted to about 500 ml. with distilled water.

The solution

was then neutralized with concentrated ammonium hydroxide
until a slight amount of precipitate formed.

The solution

was heated to boiling and poured into a 600 ml. beaker con
taining 50 ml. of concentrated.ammonium hydroxide.

The

molybdenum solution containing ferric hydroxide was made
.up to 500 ml. and 250 ml. of molybdenum solution was filter-

11

eti Into a volumetrlo flask.

The 250 ml. of molybdenum

solution was then neutralized, with concentrated sulphurie
acid and 15 ml. In excess was added to the neutralized
solution.
The 250 ml. of acidulated molybdenum solution was
passed through a Jones1 Redactor3-0 charged with amalgamated
zinc and thence into a one liter flask containing 55 ml.
of ferric phosphate solution as described by Low.

11

The reduced molybdenum solution was titrated with
standard potassium permanganate solution to the usual pink
end point and the percentage of molybdenum in the sample
was calculated.
The slags were analyzed for silica, iron, and lime
by standard analytical methods.
-m '
.
=■. ' ' :
*'
Bonardi, J.P., Molybdenum, Analytical Methods for
Pertain Metals. (Washington, D.C., Government Print
ing Office, 1925), V.S. Bureau of Mines Bull. Ho. 212,
p. 115
11 Low, A *H.,
York, John

CHAPTER III
EXPERIMENTAL IVORX
The essential reaction upon which the experimental
work presented in this paper is based consists of the
reduction of molybdenum trioxide by the silicon of a ferrosilioon alloy.

This reaction might be expressed in the

following form:
(1)

3 Si + 2 MoOg

= 2 Mo 4 3 S102

A calculation of the heat of this reaction at 0°Centi,

_

■

-

>

.

grade showed that 1,328 calories should be liberated for
each unit of molybdenum metal formed.
The experimental work of I. Grigolyuk

12

showed that a

charge containing roasted molybdenite concentrates, a ferrosilioon alloy, and suitable fluxes, when ignited by means
of an ignition powder, generated sufficient heat to make a
molten slag and a ferromolybdenum alloy containing 68.6 per
cent of molybdenum.
Since the compound to be reduced by the silicon of the
ferrosilicon alloy contained lime,.it was necessary to mod
ify the basic equation in order to include the lime in a

18 Grigolyuk, I.,
pp. 5-6

Novosti Teknhlkl. 1956, vol. 48-49,
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slag as a silicate of lira®.

It was desirable to prepare

a ferroraolybdemm alloy of oonraeroial grade containing
between 50 to 60 per cent of molybdenum.

According to an

equilibrium diagram as constructed by Gregg13 based on

.

data obtained by Sykes, and Take! and Murakami, iron and
molybdenum form an intermetellio compound, Fe3Mo2 , which
contains 53.42 per cent of molybdenum and melts at approx
imately 1600° 0.

This•intermetallic compound would contain

sufficient molybdenum to be of a commercial grade, and the
charges were calculated to obtain an alloy of this compos
ition.

Since the iron in the ferrosilicon alloy would not

be sufficient to produce a ferromolybdenma alloy of the re
quired iron content, the deficiency was made up by the
addition of metallic iron.
.The basic equation modified to obtain the required iron
and molybdenum contents, and as previously mentioned to take
into consideration the lime content of the calcium molyb
date, might be written as follows:

(2) 3 Fesig + 4 CaMo04 + 3 Fe = 2 FegMog + 4 CaO : 6 SiOg
The oxidation of silicon contained as ferrosilicon
should generate considerable heat, but the amount could not
be calculated as all the data for such a calculation are not

15 Gregg, J.L.,o£. cit., p. 28

14.
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:

Although the trisilloate slag formed from this re
action is one of the calcium silicate slags having a low
melting point (1460°), according to Hofman,
are viscous.

such slags

Because of the viscous character of this

slag a great deal of the experimental work presented in
this paper deals with the effects of various substances
on the melting point and fluidity of the slag formed.
THE-USE OF AN IGNITION POWDER TO START THE REACTION: The
objects of the first two tests were to determine, first,
whether a reaction would take place between the suggested
materials if properly ignited, and second, if such a re
action did take place to determine if the heat evolved
was sufficient to complete the reaction and melt the
resulting products.
The charges shown in the following tabulation were
;. - ;■ .- " :
'
-1 ■ .- •
- : ::*
ignited in a 30-gram fire clay, crucible by means of an ig
nition powder consisting of 10 parts of powdered aluminum
and 94 parts of barium peroxide.

The powder was placed in

a depression made in the top of the experimental charge and
ignited by means of magnesium ribbon.

A

Private communication from the U.S. Bureau of Standards

18 Hofrasn, H.O., General Metallurgy. (New York, McGraw-Hill
Book Co., 1913), p. 4 4 F “

15.

Charge Bo. 1

Charge Ho. 2

graas.

grams.

20.0

12.6

£3.8
57.1
None

31.5
1.9
2.4

The experimental results showed that although the
ignition powder reacted violently, the desired reaction
between the constituents of the charge did not take place.
This condition indicated that either the ignition powder
failed to furnish sufficient heat for the reaction to take
place, or that a reaction would not take place between the
constituents of the charge.
TOE OSS OF A MOLTEN SLAG TO START THS REACTION:

The object

of the two tests which follow was to ignite the charge by
some means other than an ignition powder.
A patent was granted to Beoket

16

for a method of re

fining ferro alloys prepared by a self-propagating silieothermic reduction of ores and concentrates.

The charge,

with an excess of ferrosllioon and nitre to promote the
reaction, was added to a bath of molten ignition slag to
start the reaction between the constituents of the charge.

16 Becket, F.M.,
1931

U.8. Patent No. 1,835,925, DecemberJB,

16.

Test 1
The object of this test was to determine the.poss
ibility of preparing a molten slag, which would heat the
charge to Its Ignition temperature as suggested by Backet.
The slag, calculated to a silicate degree of 1.5, was
made by fusing a mixture of silica, lime, and sodium carbonate contained in a fire clay crucible in a pot furnace.
After the slag had become fluid, the eharge with an excess
of reducing agent and nitre was slowly added.

The products

of the reaction were heated further for fifteen minutes after
the reaction had apparently ceased in order to increase the
fluidity so that the alloy might separate from the slag.
Test 1 in Table I (page 19} shows the composition of
the ignition slag, the composition of the charge added to
the molten slag, and a partial analysis of the products of
the reaction.
Results of Test 1
The ignition slag formed from the lime, silica, and
sodium carbonate was very fluid and a vigorous reaction took
place when the charge was added to the molten slag.

A

metallic button formed from the reaction was found in the
bottom of the crucible.

The slag resulting from the re

action between the slag and charge was not very fluid and
it contained a white substance on the surface.

The white

it..

product proved to be soluble in water and was removed from

-

'

:-

-

.

. ';

■■

the other constituents of the slag.

f

.. :

.:. -n

•

A qualitative test of

the solution showed the presence of considerable molybdenum,
no doubt present as a molybdate of sodium and potassium.
The results of this test indicated that the greater
part of the heat was produced by a reaction between the
ferrosilicon and nitre, since very little molybdenum was
found in the metal produced.

The use of sodium and potass

ium salts in either the ignition slag or charge causes a
loss of molybdenum in the slag as sodium and potassium
molybdates.
'

-

.... -■‘ Test 2 '

■

'—

The object of this test was to determine the possi
bility of preparing a fusible iron-calcium silicate ig
nition slag.

-

:

-

" • '1-

'.-;

The ignition slag was prepared by fusing a mixture of
iron, hematite, lime, and silica calculated to make a slag
of 1.55 silicate degree.

The mixture was fused in the

pot furnace and the charge was added to the molten charge
as in Test 1.

The charge contained 16 per cent of excess

ferrosilicon in order to insure the complete reduction of
the calcium molybdate.
Test 2 in Table I (page 19) shows the composition of
the ignition slog, the weights of the constituents cm-

18.

ployed In the charge to be smelted, and a partial anal
ysis of the products of reaction.
Results of Teat 2
'
'
'
The alloy produced from the reaction was distributed

throughout the slag in the form of small beads.

It was

impossible to separate these small metallic heads complete:
f'
ly from the slag. The iron-calcium silicate slag formed
was very fusible and a very vigorous reaction tool place
when the charge was added to the molten slag.
The results of Test E indicate that it is possible
to prepare a ferr©molybdenum alloy of commercial grade by
the reduction Of calcium molybdate with an excess of a
ferrosilioon.
It is also possible to prepare a fusible iron-calcium
silicate slag which will ignite the charge, but it is
difficult to separate the slag from the alloy because the
reaction fails to furnish enough heat for the collection
of the alloy produced.

19.

Table I
Charges and Results of Test 1 and E
test
No.
1

2

Charge, grams

Ignition Slag
: Analysis, i>er cent
Slag
Composition, grams:
Alloy
Mo
7.26 23.65

Si02
100.0
FeSl® 100.0
70.0
CaMotL 156.0 i: GsO
Na2003
105.0
Fe
25.0
K803
90.0
FeSig
CaMo04
Fe
Fe203

12.2
51.5
2.4
1.9

SiOo
CaO
io8os

I:

100.0
55.0
b I:°

1.64

52.3
:

1.82
:
5

THE SMELTING OF EXPERIMENTAL CHARGES IH AN ASSAY FURNACE:
Although there was a possibility of raising the tem
perature of the ignition slag and also Increasing the weight
of the charge added to the ignition slag in order to in
crease the amount of heat produced by the reaction so that
the products of reaction would separate, the apparatus for
much large scale tests was not available and therefore s
the self-propagating silico-thennio method of preparing a
ferromolybdeaum alloy was abandoned in favor of heating a
smaller charge of calcium molybdate and ferrosilicon in an
assay furnace.
The object of this series of tests was to produce a

%>.

ferromolybdenum alloy in the manner deserlbed whleh would
separate from a fusible slag produced from the reaction of
the charge and suitable fluxes.
The charges were heated in 20-gram fire clay crucibles
in the assay furnace for forty five minutes.
Test 1
In this test the charge consisted of calcium molyb
date, ferroeilieon, metallic iron, and alumina.
Test 1 in Table II (page 22) shows the composition of
the charge used and a partial analysis of the products of
reaction.
Results of Test 1
The ferromolybdenum alloy produced was again distrib
uted throughout a rather viscous slag in the fora of small
beads.
The results obtained in this test indicated that the
heat evolved by the reaction plus the heat supplied by the
essay furnace was not sufficient to separate the alloy
produced from the slag.

21.

Test 2
The object of this test v;as to determine if the
addition of borax glass to the molten charge after it had
been heated for thirty minutes would produce a more fluid
slag.
"
" ' »•
'
/
‘
Test 2 of Table II (page 22) shows the composition of
•

'

-

.

■

-

th® charge, the amount of borax glass used, and a partial
-

.

'

-

.......

.

:-

analysis of the products of reaction. .

'

;

Results of Test 2
The slag formed from the reaction and the borax glass
was fluid only at the top, end the alloy produced was in
the form of several small buttons distributed throughout
the viscous portion of the slag.

The use of borax glass

Increased the slag loss of molybdenum as shown in Table II.
: Test 3
The object of this test was to determine the effect of
borax glass upon the slag end alloy when added before melt
ing the charge.
Test 5 of Table II (page 22) shows the composition of
the charge employed in this test.

28

R e m i t g of Teat 5
The slag produced fraa this charge was completely
fluid, but the molybdenum was retained in the slag and
consequently a ferronolybdenum alloy was not produced.
Table II
Charges and Results of Tests 1-3 inclusive
Charge, grams

Test
Mo.
1

2

3

:
:

FeSle
CaMo04
Fo
A1203

.
20.0
47.5
10.0
7.0

: :

FeSi2
C&M0O4
Fe
Ale®* '
Ka2B|07

20.0
47.5
10.0
7.0
10.0

:
:

FeSio
CaMou.
Fe
^
AlpOa
HagB^Oy

Analysis.
Alloy
Me
Fe

per cent
Slag____
. .Mo...._

S

47.048.1
7.7

:

35.135.7
10.8
"...

:
:

t. . ■
:
:"

20.0 :
47.5 :
10.0 :
7.0 :
10.0 :

-

TSE SMSLTIKG OF EXPERIMENTAL CHARGES IN AN 7JtC F O R M Q R ;
The object of this series of tests was to determine
the possibility of preparing suitable slags in an arc fur
nace.

:

.

:

'

'

The constituents of the charges used were thoroughly

mixed and placed in 15-gram Battersea crucibles.

The

crucibles and contents were heated for fifteen minutes
la the arc furnace.

The crucibles and contents were then

cooled and broken in order to examine the results.

The object of this test was to determine if a fluid
slag could be obtained by introducing ferrous oxide and
calcium fluoride into the lime silicate produced.

The

ferrous oxide was to be formed by the oxidation of metallic
Iron by calcium molybdate as indicated by the following
equation:
(3) PeSig + 2 CaMo04 + 4 Pe = Fe3Mo2 + 2 PeO ; 2 CaO : 2 Si02
Test 1 in Table III (page 27) shows the composition of
the charge and a partial analysis of the resulting products
of reaction.
Results of Test 1
The slag obtained from the reaction was quite viscous
and contained many small globules of the metal formed. The
slag contained 48.5 per cent of silica, 34.6 per cent of
calcium oxide, and 5.01 per cent of ferrous oxide. These
results indicate that very little of the metallic iron was
oxidised by the calcium molybdate in the presence of the
ferrosilicon alloy as the slag formed from the reaction
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should have contained 38 per cent of ferrous oxide. The
alloy did not contain the desired amount of molybdenum
because of the failure of the iron to reduce the nolybdlo
oxide, and the iron unoxidized went into the alloy.
Test 2
The object of this test was to make an iron-calcium
silicate slag simultaneously with the reaction between
calcium molybdate and ferrosilicon.

Ferric oxide was to

be reduced by flour to ferrous oxide which would be incor
porated into the slag.
Test 2 in Table III (page 27) shows the composition of
the charge and a partial analysis of the alloy formed.
The slag formed from this charge was rather viscous,
but the alloy was in the form of one large button.

The

alloy, however, was found to be brittle which prevented a
complete separation from, the slag.
Tests 5. 4. and 5
Although Test 2 produced a satisfactory alloy, the use
of carbon in the charge to reduce the hematite to ferrous
oxide was objectionable because of the possible introduction
of carbon into the alloy.

The object of these tests was

to determine the possibility of obtaining a satisfactory
alloy and a fluid slag by the use of sodium carbonate to
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increase the fluidity of the slag.
Tests 3, 4, end 5 in Table III (page 27) show the
composition of the charges and a partial analysis of the
products of this reaction.
Results of Teats 5. 4. and 5
1.

The slogs produced by this method were very fluid,

but the alloys produced were in the form of many small
globules distributed throughout the slags.
8.

It was observed that the charge, after being heated

for a few seconds by the arc, reacted vigorously and con
tinued to react without further application of external
heat.

These observations indicated that the reaction is

not only exothermic, but exothermic to the extent that the
' - ' '- heat generated might be sufficient to permit the completion
.

of the reaction if larger charges were used.
3.

The use of sodium salts even under high temper

ature conditions resulted in the slags containing an apprec
iable amount of molybdenum.
4.

The arc furnace fails to produce a temperature

sufficiently high to permit a complete separation of the
alloy from the slag.
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Test 6
The object of this test was to produce more heat byadding potassium nitrate and an excess of ferrosilicon to
the charge in order to raise the temperature of the slag
for the separation of the ferroeolyMeaum produced.
Test 6 in Table III (page 27) shows the composition of
the charge and a partial analysis of the products of re
action.
Results of Test 6
1.

The addition of nitre and an excess of ferrosilieon

to the charge resulted in the production of sufficient heat
for a complete separation of the slag from the alloy.
2.

It was observed that the charge reacted even more

vigorously than in the previous tests.

This observation

Indicated that the oxidation of the excess: ferrosilieon
developed the additional heat required to raise the temper
ature of the slag.
3.

The presence of potassium oxide in the slag caused

a loss of molybdenum in the slag.
Test 7
Since the use of sodium and potassium salts resulted
in losses of molybdenum in the slag, this test was made in
order to determine if an iron-calcium silicate could be made

by oxidizing metallic iron by ferric oxide simultaneouely
with the reduction of calcium molybdate by ferrosilicon.
Table III
Charges and Results of Tests 1-7 Inclusive
Test

Charge, grams

Analysis, per cent
Alloy
: Slag

No.
1

2

Fi s H

5 0

Fe
CaMoO,
CaF2 e

20.0
43.0
5.0

ie g n
CaM004

i o

FegO^
Flour
Fe

5

FeSio

CoM oua
Fe
4

5

6

7

56.6;
$
:

8.4

54.8

44.8

Sons

i

10.0
28.6

::

6,0
12.6

FeSio

20.0
57.2
10.0
25.8

Fe
Na2C03

42.1

:

30.7
12.9
'6,0
5i0

NsgCOg
CaMo04

:
:

FeSlp
CaMoO/
Fe
*
Na2C03

10.0
28.6

Fesig

I O

CaMoo4
Fe
KN03
NagCOg

28.6
5.0
9.1
12.6

FeSlp
Ca%oUx
Fe
%
FegOg
CaFg

12.64
31.5
2.4
1.9
1.6

5.0
6.3

;•

54.7

43.3

3.6

47.5

42.3

4.2

42.1

49.7

4.94

!

15.8

9.9

56.3

41.8

1.8
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Test 7 in Table III (page 27) show® the composition
of the charge and a partial analysis of the products of
reaction.
Results of Test 7
1.

The slag formed was very fluid at temperatures

obtainable In the arc furnace.

The alloy produced by the

reaction was in the form of two metallic buttons.
8,

A fluid iron-calslum silicate, which contained a

small percentage of molybdenum, was produced.
3.

The production of a fluid slag by this method

did not interfere with the production of a ferromolybdenua
of the desired grade.

THE SMELTING OF EXPERIMENTAL CHARGES IK THE INDUCTION
FURNACE:
The small arc furnace used to prepare the ferromolybdenum alloys did not furnish a sufficient amount of heat
to superheat the slag and metal produced so that the ferromolybdenum formed would separate from the slag.

While the

slags were frequently very fluid the alloy was usually dis
tributed in the slag in the form of small beads.

The

alloy, if of the proper composition, I.e., 50 to SO per cent
of molybdenum, was very brittle and non-magnetio. Therefore,
it was impossible to remove the slag from the alloy by
grinding or to separate them by the use of a magnetic sep-
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arator.
Several charges were smelted in the induction fur
nace in order to obtain a separation of the alloy and
slog so that a recovery of molybdenum might be calculated.
Two of the charges shown in Table IV were smelted in
magnesite crucibles under different temperature conditions.
The results obtained from the first fusion indicated that
the temperature of the furnace had caused the magnesite
crucible to fuse.

A second charge was smelted with better

temperature control and also at a lower temperature. This
test was also a failure because again the magnesite cru
cible fused.
Test 5
Since the magnesite crucibles fused under the con
ditions necessary to smelt the charges, a carbon crucible
was made from a 3-inoh diameter carbon electrode. The
charge shown in Table IV, Test 3, was heated at the high
est temperature attainable in the induction furnace. A n x
optical pyrometer was employed to measure the temperature,
and the highest temperature recorded was 1800° C.

The

charge was heated for fifty minutes, and the crucible and
contents were allowed to cool in the furnace.

1^2675

Results of Teat 5
The charge was completely fused and a good separ
ation of the slag and alloy was made.

The small amount

of alloy prepared by the reaction formed a very thin layer
of metal on the flat bottom of the crucible.

While it

was possible to separate the slag from the metal, a con
siderable amount of carbon from the crucible adhered ten
aciously to the metal and the slag.
Referring to Table IV, Test 3 (page 51) the alloy
formed was in the commercial range, but the molybdenum
loss in the slug was high.

This loss indicated that alum

ina slags even at very high temperatures retain a rather
large amount of molybdenum.

The results obtained indicate

that while a complete separation of the slag and metal was
possible, the tendency for the carbon to adhere to the
products of reaction makes it difficult to obtain accurate
quantitative results.

Table IV
Charges and Results of Tests 1-3 inclusive

feat
No.
1

sun* sis, per cent
Alloy
:• Slag
l'o
Fe : l:o
.....
■ :

Charge, grams
:
:
:
:

FeSio
CaI.Iod4
Fe
FeSip
CaI5ou.
3Te
‘

10.0
45.0
20.0
10.0
43.0
20.0

:
:
:
s
:.
:
:
t

•:
:

,v

:
:

■- ’

I
:fic'

•

:

:

r■

FeSio
CaMoO.
Fe
“
A120

20.0
57.2
10.0
8.0

_

:
:
j
:

S

50.15

IT:.--.,
I

•:
!

%

J.l:

8.32

:

%
■t

:

^

_
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CHAPTER IV
CeBCLUSlONS
In concluding, a summary of the results obtained
from the experimental work is as follows:
1.

It is possible to prepare a ferromolybdenum alloy
by a pyrometallurgical reaction between calcium
molybdate and a ferrosilicon alloy.

2.

The reaction between calcium molybdate and ferro
silicon is exothermic, but does not generate
sufficient heat, when the charges are small, to
permit the completion of the reaction without
the application of external heat.

3.

The slags end the alloy produced are infusible
at ordinary temperatures obtained in gas heated
furnaces.

4.

The use of alumina, borax glass, sodium and
potassium salts in order to obtain more fusible
slags results in the loss of molybdenum in the
slags.

5.

Slags containing about 35 per cent of ferrous
oxide, with the balance of the slag as products
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of the reaction, are fusible at temperatures
attained in the arc furnace.
6.

Any further experimental work on this method
of preparing a ferromolybdenum alloy to obtain
results on the possible extraction of molybdenum
should be done in a crucible which would be so
designed that the metal might be collected in a
well in order that it might be weighed without
contamination from the slag and crucible.
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