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Ferrogilicon alloys containing from 7.5 to 157 silicen
and alloying additions of Cr, Ni, Cu, C, U and Mo, were subjected to
weight loss and polarization tests in Nuf]/ﬂndﬁﬂh, HCl and HPCO“
electrolytes. The corrosion resist.nce was found, in accordance with
existing knowledge, to increase with silicon content. Chromium
was found to be particularly beneficial as regards corrosion resistance,
vhereas generally speaking, the other elements had little effect,

By the judicious addition of the abovementioned elements, 12,5%
silicon alloys were produced with corrosion resistance comparable
to that of the straight 15% ferrosilicon, but with a considerably
higher specific gravity. his is advantageous, since the material

is used in the powdered form for heavy medium separation where a

high specific gravity is ol benefit,
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CHAPTEP 1

STATEMENT OF THE PROBLFM AND DISCUSSION
OF THE TEST METHODS EMPLOYED

1.,) INTRODUCTION

This investigation is particularly concerned with the heavy
medium used for the float/sink process of iron ore beneficiation,
The medium consists of a suspension of heavy particles, such as
powdered ferrosilicon in water, For proper operation, the medium
should be of a density between that of the ore and that of the gangue,
and the viscosity should be su’ficiently low to ensure the free
movement of the ore and gangue to the bottem and top of the unit

respectively,

A high density of the medium can only be obtained by increasing
the powder solids content, To prevent the viscosity of the medium
from increasing to an excessively high value, the specific gravity of
the powder should be increased to the highest possible value, A
Jurther decrease in the viscosity (or alternatively an increased

medium density for the same viscoeit/) results from the use of a heavy

medium powder, the particles of which ere spherical in shape, The
alloy should therefsre have properties which possible the formation i
of rounded particles by means of the tw ethods of producing |

such particles viz,, atomising of the moliten alloy by means of high
pressure fiuid jets, and spheroidizine by the flame heating of ground
angular particles, This impli~s a sufficiently high surface tension
in the molten state and the possibility of grinding the alloy to a

pc » econemically.

is process is rather fine as shown
is large.

Since the powder used in th
by the figures in Table 1, the specific surface area of the powder
e since corrosion is a surface phenomenon, and as
ttack

This is of great importanc
such a metal in a finely disrcraed form undergoes much greater a

than the material in bulk,
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TABLE 1 - Typical Screen Analysis of Ferrosilicon Fowder

(Spherical “articles) used in a Heavy Medium Plant,
TYLCR MESH | %
- LB + 65 1.2
- 65 +100 9.0
«100 +150 12.0
~150 +200 15.9
«200 +325 20,3

-325 | 41,6

100

The total surface area of the abovemer.ioncd sample was
determined by means of the nitrogen adsorption method and found to be
approximately 1200 ch/q. The calculated surface area of a
ferrosilicon sphere of 1 gram in weight, assuming a specific gravity

of 7, 18 1.32 cmg. This is a thousandfol? increase in area,

In practice the powder is recovered from the contaminated medium
by magnetic means, which imposes minimum requirement on the magnetic

prorerties of the material. Congiderable loss of medium will result

if this condition is no* satisf.od,

1.2 OBJECTS OF THE INVESTIGATION

During recent times a demand for more effective ore beneficiation

has called for particles of fnereasingly high specific gravity, improved

shﬂpe and surface phnrnct(;ri‘ ice. It has been found that unalloved

ferrosilicon does not yield particles of satisfactory quality.

The requirements of high corrosion resistance, grindability,

abrasive strength, high surfa 2 tension, high gpecific pravity and good

magnetic properties, are not together attaineble in a ferrosilicon
alloy without other alloying additions.
x alloy that would possess as meny

Thus, there was a necessity

for developing a somewhat more comple

of the above qualities as possible. This was the primary object

of this investigation.




Until recently the heavy medium powder available, had =
, s hed a

speciric gravity of about 7,0 corresponding to a ferrosilicon allo
-9 4 » y

with silicon content of Y4 to 167, This material is well known
to have a fairly high corrosion resistance, Subsequently an alloy
4th a specific gravily of abnut 7,1 was put on the market Ty;

corrosion resistance of this product is appreciably lower than that
of the older product due to the lower silicon content of 12,57
MV -l o /N
9 o s % e E s
aince a 12.5% ferrosilicon alloy is relatively inexpensive end catisfies
the requirements mentioned betore, except for corrosion resictence
s sicte .

this alloy was chosen as the basis for further development.

Preliminarv tests indicated that chromium has a beneficial

effect on thn+vnrronion resistance of the alloy, but that an addition
of more than = 2% chromium not only made ball mill comminution of the
alloy very difficult, but also affected the surface tension adversely
so that spherical particles could not be produced by waterjet atomlizing
of the wolten material, However, additions of nickel and copper
were found to coviteract the deleterious effect on the surface tension.
The: problem was thus reduced to the determination ol the
Cu, N4, Cr, Mo, C and U) oa the

influence of a number of elements (Cu,

£ a 12.5% ferrosilicon alloy.

A

specific gravity and corrosion resistance o

1.3 HISTORICAL = Ferrosilicon
se of its low cost and good corrosion resistance to media

Becau
formic and lactic ecids, ferrosilicen

guch as HPCOM' HNO%’ Hszh, ncetic,

names such as Duriron,
'he brittlcness of the alloy

(also known under trade Tantiron and Corrosiron)
has been used extensively in the past

guch a8 non-expendabl
and for pump and valve components in the

1imits its use to castings, e anode rods for cathodic

protection of {nstallations,

S

handling of corrosive chemical
A more recent application of this alloy,

sonatituent for mineral separation.

{ncreasing quantity of the alloy is used for this purpose but very little

. development of &n alloy for this specific

ware of only one overseas concern which has

e alloy as A heavy medium povder -

o nimed at without due regard to

e knowledge of the corrosion

{zed as follows !

i{s its use in powdered

A large and

form as a heavy medium

work has been done on thi

purpose. The autior is a

investigated the properties of th
a high specific gravity vt
The availabl

joys may be gummar

apparently

t he corrosion resistance.

behaviour of ferrosilicor al

l‘/ LR LN
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The corrosion resi

gilicon content3’u05n5.7

stance is improved by increasing the

althoush for most appl’cations little

benefit is derived from an increase beyond 15%. The silicon content/
corrosion rate relationship is given in Plrure 1

Where the envirommental conditions are gtill more demanding,
an alloy containing 17-18% silicon is sometimes used

4 3 .
containing 1U4,5% silicon and 37 molytdenum has been found to be

particularly resistant to hydrochloric ncid.5’7

An alloy

Two erxplanations
are given in the literature for the improvement in corrosion resistance

by the addition of molybdenun. Tn one explanutionY. it is clained

that extremely stable complex carbides are formed, resulting in the
> - » -3 A

elininatioa of graphite and thus improving corrosion resistance.

The other explanation is that the resistance to chlorides is due to

the molybdenun oxychloride pascive film formed > It hes been found
that neither copper nor nickel contribute significantly to the corrosion

<

resistance of high silicon iron.”

It is cl&inodg that the corrocion and abrasion resistance of
an alloy containing 8 to 207 silicor can be improved by the addition
of 0,01 to 0,3% ceriun, The improved corrosion resistance is
ascribed to the fact that the formation of graphite lamellae is prevented.
These lamellae may be considered as granhite filled cavities in the
netal, Or allowing corrodent to enter such cavities, a relatively
large surface area of the metal is contacted. Nodulizing of the
graphite greatly reduces this ares and consequently the metel dissolution

rate,

The reni:tnncn7 of ferrosilicon *o corrosion is balieved to be

due to the development of a corrosion resistant film containing a large

proportion of silica, This means that some slight corrosion of the

before the film can ferm, It
and that tests of long

metal must necesser{ly take place

follows that initial corrosion rates are high

duration must be performed for the prodiction of the corrosion

s stagnant or non-abrasive enviromment,
required for uniform corrnsion

| performance of the alloy in ¢
Minimum times3'7 of 50 to 100 hours may be

rates to be reached,

1.4 HISTORICAL - Test Methods

1.4.1 The Total Immersion of Powder

~A
Two types of corrosion test have been used by prcducers of

In the first test? the time lapse from

r at 70°C until the evolution of
a measure of the corrosion resistance

powdered ferrosilicon.
irmersion of the powder in wate

hydrogen gas, i8 considered to be

Of tae alloy. 5 / ese san
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This teet method which is used by Knapsack Griesheim
Aktiengesellschaft of Germnny, is based on the reduction of
water by silicon and iron as follovs :=

51 + 2H20 — i‘;iO2 + ?HQ

and 2Fe + H,0 + 0, —»Fe,0

2 + ”?

3

The silicon and iron oxides occur as hydrates.

The second method, which is used by African Metals Corporation
(AMCOR), consists of the repeated wetting of the powder with distilled
water and accelerated drying at an elevated temperature., The
weight increase is recorded after each drying step and the change
in weight with time used as a measure of the corrosion rate, As
pointed out in Section 1.3, the develomment of a protective film
on ferrosilicon is dependent on the partial corrosion of the material
and the consequent formation cf the passive layer. From this
consideration it appears most unlikely that the hydrogen evolution
test will supply sufficient information for the proper evaluation

of the corrosion resistance,

The second method, on the other hand, may be considered as
an accelerated ageing test and will give a corrosion rate - time

relationship of considerable value,

In the case of particles in rubbing contact with each other,
guch as i8 encountered in a heevy medium plent, the corrosion rate
will not only be determined by the tenacity of the protecti-e passive
surface layer, Lut alsoc by the rate at which the disturbed layer is
repaired, The slope of the corrosion rate-time curve of the
second test close to the time of immersion will be a measure of the

rate at which a damaged protective layer will be healed,

1.4.2 The "Full" Polarization Curve

The term "Full” is used to denote the polarization curve
covering the region from hvdrogen evolution -t the cathodic end to

oxygen evolution at the anodic end.

It is generally accepted by scientists in the corrocion
fieldl'11'3b that the modern electronic notentiostat and polarization
dingrams determined therewith, can be used to advantage in the study

of corrosion properties. Judicious use of the polarization curves

can give interpretable data of a high degree of reproducibility

in a relatively short time.

6/ L LE R
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Figure 2 is a typical polariwuation curve .or an electrolytic
systen showing active dissolution and passivation at different
potentials, The potential is changed to cover the field of

interest with the current as the dependent variable.

These curves may be determined by changing the potential in
steps and waiting for equilibrium to be reached before making a
further potential adjustment (potentiostat’c method), or by regularly
changing the potential regardless of the degree of equilibrium
reached (potentiodynamic method), A common variation of the

latter method is a continuous scan of the potential,

If the potentiodynamic method is used, then the potential

scanning rate must be exactly reproduced because the shepe of the
polarization curve will be affected by the impressed current?s'27

The impressed current rt any moment is the difference between the
actual current supplied to the system, and the value required for

the system to be in equilibrium at the potential which it is then
forced to assume, r-‘lis,l1 et al reported the continuous scan

to have given more conclusive results thun the stepwise method.

The extent to which a metal is liable tc passivate in use,
is given by the deviation of the curve (Figure 2) in the passive

region towards smaller current densities. The potential region

over which passivation is indicated by the curve, determines how

widely the envirommental conditions may vary ? without breakdown of

passivity.

Flectrochemical dissolution in the transpassive region is
22,26
normally associated wit’ mi ind molybdenum, ° these metals

being axidized to thej “nt soluble states,

Secondary passivi .oribed by Prazak22 to the adsorption

of oxygen Just before the evolution of oxygen gas at a still more

noble potential,
With reference to the electrochemical behaviour of iron silicon

2L L
alloys, Besson and Kunz reported that the polarization curve 1is
r current densities in the region of passivation,

pushed towards lowe
with increasing silicon content. Tis implies increased corrosion
resictance with increasing gilicon, At higher silicon contents self
passivation was found to occur, whilst anodic corrogion was observed
in HN03 and HC1 solutions for the lower silicon alloys without

the passivation peint being reached.
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The overvoltage intercept method for determining corrosion

rates, is frequently used and its validity has been amply
substantiated by experiment. 13,20,25,29

The background of this methed may be briefly stated as

follows :=

The corrosion of a metal body is an electrochemical process,
A large number of anodic and cathodic sites appear at random
on the surface, and electric currents flow from the anodes to the
cathodes via the electrolyte in contact with the body. The
total of all these current elements constitutes the corrosion

current, which by Faraday's law is proportional to the rate of

corrosion, For the system to be in equilibrium, the sum cf the
anodic currents must be equsl to the sum of the cathodic currents

{f there is no external current supply.

Activation polarization is characteristic of metal iron
deposition or dissclution, Tts relationship to current density

has been established to be in accord with the Tafel equaticn :-

i
n =8 log ==
Lo

= activation polarization

«
- 4
o
-
)
il

R = constant
i = constant

{ = polarization current
This may be rewritten is follows

A~ logm 1
leorr

il

n

where f¢c = slope of the sgarithnic local cathodic curve

i, = cathodic current density

lcorr = corrosion curr.nt density

to give the expression used for the determination of the corrosion

current by the uv«rvoltnrn-inﬁ"rfvvt'm°th°d'

Pigure 3 represents such a pntcnt[n]—current density relqti:nrhip
Ideally, the extrapolated gtraight line anodic and catnodic cur:et
should intercept the zero current potcntinl 1ine at the same point.
This does not occur in practice and the cathodic (or hydrnien
overvoltage) curve is nore often vsed for corrosion curren

determinations,

B/ sev ves
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Figure 3 chows how the corrosion current is determined in

prnvtice by extrapolation of the

The use of this method in the pre

discussed in 2.,2.1.

cathodic polerization curve,

ent investigation is further
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CHAPTER 2

TES PROCEDURE

PRELIMINARY DISCUSSION
Rsded Alloya Tested

e the aim of this investigation was the development of an
alloy ¢ corrosion resistance not inferior to that of the standard
14=16% Si y~oduct, a 15% ferrosilicon alloy was taken as the reference,
nly alloys witu corrosion resistance equal to or higher than that
of the reference alloy would be considered for use as heavy medium
powder,

A 12,5% silicon alloy which is known to have & higher density
and lower corrosion resistance then the 15% alloy was adopted as the

basis alloy for the developnent of suitable alloys.
Table 2 presents the raw materials used for the production of

the alloys Jisted in Table 3.

TABLE 2 -~ Raw Materials for Preparation of Alloys

ELEMENT DESCRIPTION
Iron Refined iron of analysis :-
0.019%8, 0,006%P, 0,08%51, 0.07T1C, 0.0L ™Mn,
S8ilicen LJ:j;:}: Furnace Orade Ferrosilicon T0% .
Copper Electrolytic
Nickel High Purity Shot
Chiam{um Refined low Carbon Ferrochromiun
Carbon Sprctrogrnphic Grade Graphite
_;;&nium ‘ Natural Uranium Metal i
Molybd enum Technical Grade Ferromolybdenum
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Melting of the specimens wes carried out in a zirconia crucible

in a high frequency induction furnace under an argon atmosphere.

The specimens were cast in copper moulds to give cylindrical

rods of one inch in diemeter, These chill castings were intended

to represent on a bigger scale the particles obtained by vater
atamizing of the molten alloy.

Duplicate specimens of alloys 1 to 32 were heated to BOOOC, soaked
for one hour and cooled overnight in a nitrogen atmosphere, Here the
object was to get the cast specimens into the same state as small
ground particles which have been flame spheroidized with
a relatively slow cooling thereafter, The nitrogen simply served

to prevent oxidation,

TABLE 3 = Nominal Specimen Compositions

Specimen Si Cu | MM | Cr C U Mo | Spec.,
No. % y4 % . y 4 % 4 Gravity
-
0 15 ol Bl - - - - 7.0
| 12,5! = - - - - - T.250
2 12.s 1 | - - - - - -
3 1?-5 - 1 - - - | - -
l‘ 12.5 1 1 - - { - - 7.281
S 12.5 - - ) - i ~ - -
6 12,5 1 - 2 - - - 7 198
7 12.5 - 1 ? - - - | . ;
8 12,5 | 1 1 2 | = - - T.307
9 12, - - - 05 - - -
lq ' 12.5' 1 - - 0.‘) l - - - "
11 1 12,5 = 1 - 0.5 | = - T.2uk
2 | 1245 1 1 - 0.5 - - -
13 12,5 - - 2 0.5 Y SRR PE
14 2.5 1 - 2 0.5 - - T.17%
15 2.5 - 1 2 0.5 - - -
16 2.5 1 1 2 | 0.5 - - | -
17 12.5 - - - | = 0.5 - | -
18) 12.5; 1 - - 0.5 - ! 7-196
19 2.5 - 1 - | = 0.5 - -
¢ , : ' 5 _
20 12.5 O - | = 105 - | .
21 |12.5| -« = | 2 i = |05} = 7,200
22 112.5| 1| = 2 - | 0.5 - 7.203
23 12,5 = 1 |2 - 105 - .
ol f 12.5 f 1 1 ; | - { H.? - | T.209
26 |12.5] « | = | = | 05 105 ‘ -
6 112.5] 1| « | = (05 05 - -
| IS 0.5 s -
27 112,5| = 1 - | 0.5 . .
28 112,51 1 1 - 0.5 | 0.5 - T.211
€ | a1 'm 2 1 0.5 0.5 - -
i?) {va:‘ 1 | - 2 | 0.5 | 0.5 - .
3l 12,5 - | 1 2 ‘ 0.5 {05 | = T.17
2 112,5| 1|1 2 |05 0.5 | = -
33 12,5 - EREE N LI '
3k 12,5 = | = o o B |
| | - ! 2 -
33 (125 - | = | = |03 | 2 _
36 112.8 | = - - 0.5 e & ]
e/ | | i ! - . = 2 | =
';7 \12.5 ‘ - l - ! 2 ‘ _ 5' - b i g
¥ 183 =1 = {5 los]| = | 2| -
39 112.5 .Y & e T | & | -
o |12.5| - | = | 2 (05 < S

an—
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