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2.1.2 Masking out of the Test Area and Develorment of
a Suitable Teat Cell '

Due to the extrerne 1»'ttleness of the alloy, many specimens
showed cracks on polishins for specimen preparation, This made
impossible the use of the full rod cross section as a test area es
was initially planned, Effective masking out of a test area
proved to be exceptionally difficult, Various masking materials
were tried, including petroleum jelly, bee's wax, paraffin wax and
mixtures of these, coumarone resin, rubber solutions and LACOMIT

marking oul lacquer, None of these proved successful because

penetration of electrolyte under the edge of the screening material

occurred in svery case, Severe crevice corrosion took place along

these edge acause of the setting up of a differential eeration

cell,
Passiv..ed ferrosilicon would be noble relative to the imperfect-

ly passivated material, with the latter forming the anode under tlc

masking material,

Numerous polarization tests vere performed on specimens marked
out with the materials mentioned above, using the test cell illnstintad

in Figure b, Test curves were not acceptably reproducible.

On account of these difficulcies, the test cell shown in
Figures 5 and 6 wns developed, With this cell, creeping of the
electrolyte wvas eliminated and reproducibility of results was greatly
improved, A cepillary tube was used for oxygen bubbling. When
adjusted from above in the contact tip of the cell, about one

centimeter above the specimen surface, it gave "acration" of the
electrolyte close to the test surface, At the same time there
was efficient circulation of the electrolyte, The circular area

marked out by the line contact of the "TYGON" tubing, had a diameter

of 9 millimeters. Thig test cell made possible the testing of

any specimen with the minimum of preparation - only about one square

centimeter being required,

Reference and Auxiliary Electrodes

2.1.3
cell and its operation, made

The simplicity of the test
sting of a number of gpecimene,

/0 platinum wire polarizing electrodes

feasible the concurrent te An

electrode assembly containing ts
er chloride reference ¢
insulated cage protecting the electrodes

ent of this unit from one test cell

and one silver/silv lectrode, was constructed

ae shown in Figure 5, with an

from accidental damage. Movem

to another required very little time.
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The reference electrode” which gave satisfactory service, was

prepared by coating a twisted platinun wire with a paste of silver

oxide and water, The oxide was decomposed to finely divided
metallic silver by flame heating in air at a temperature slightly
below the melting point of silver (960°C). Localized overheatinz
and consequent sintering probably occurred, By repeated coating

and heating a mechenically strong and porous electrode of about l/h"
diameter by 2" long was made, Anodic treatment in diluted

hydrochloric acid provided the required silver chloride.
2.1.4 Electrolytes

A typical analysis of water used in s heavy redium iron ore
beneficiation unit, is given in Table bk, It will be noticed that

this water is not particularly hard and that the principal corrosive

constituents are the C1™ and 80, 1ions present, with a relative.y
smell amount of the inhibiting phosphates and silicates. Alloys

of lover corrosion resistance will corrode excessively in this waler

and caug: service problems on the mine.

TABLE 4 - Typical Analysis of the Water used in a Heavy Medium
Iron Ore Beneficiation Unit

Make Slimes

up return

p} 7;8 {9

Ionic conductivity Micro Mhos/cnm T00,0 800

Total Alkualinity as CaCO, ppnm ' 721.? 9?,6
Total Hardness as “nF03 prm 220,0 260,0
Calcium as CaCO, ppm 190.0 153.3
Magnesium as ﬁn603 ppm 120,0 140,

Sodium as Na ppm | ig.g 12.2
Potassium as K ppm * < .

0.0

Svlphates as 50, ppm gg-g 39 .
Chlorides as Cl1 ppn , oc -

- ‘ .0 27,4

Nitrates as NO, ppm . 3; ; 1561
Silicates as 3i0p pmm .- -

Phosphates as PO, ppm ! 422.0 . §53.0

Total dissolved solids ppnm

e e v -
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Since it is the high chloride and sulphate content of the

nine water which makes it corrosive, a synthetic mine wat
v ¢ er was

co taillixw 1 *Mellds a d O eie
r p p m. O as

Na,S0), This was used for the total immersion tests of powder and

the overvoltage intercept polarization tests, Beceuse of its
low ionic conductivity of 46O micro mhos/em however, "full" ‘
polarization curves could not be determined with the wioting

layout, due to the large olmic potential drop in the electrolyte

at higher current values, This is a difficulty alwnys encountered

when low conductivity solutions are used 16

~ A R - = g " .
An electrolyte containing 1% NaCl and 0,57 Na 80, and wit}
g R i

a conductivity of Jjus ver 10.000 micra m)
1 C ), Ju t over 1 » ) icro m rnf'»/(‘.'ﬁ’ gave curves

7

of wvhich Figure 7 is a typical case,

" "e,, " . .
Further "full" polarization tests were carried out in 2,5 wt %

HC1l and 2,5 wt % H_80,. he conductivity was 230 mhos/em for

. i
) iU

the HC1 solution and 52 mhos/cm for the d,

(=

C”L solution.
2.1.5 Temperature Control

o G
It has been reported that the ccnduvtancol' of a dilute

. p 0
electrolyte increases at a rate of about ?f per C temperature rise,

and that polarization currents  are ¢ven more dependent on

temperature, On the basis of the above information it was considered

essentinl that tests should be performed at the same temperature if
they vere to be compared,
A temperature control unit was designed and installed, mainteining

+ -
the laboratory air temperature at 25 « 0,25 C, The drop in cel)

< n ol
temperature due to gas bubbline was of the order of 1°C. Before

1 3
test runs, the electrolyte, specimens and other apparatus were nllowed

to adjust to room temperature overnight.

' AN T m Y Q "(‘
THE OVERVOLTAGE INTERCEPT AND I LARTZATION/TIME STUDIES

2.2.1 Introduction

of this investigation {t becare ¢lear that

givation tendencie
jal were accompanied

At an early stage

8.

strong self pas

the ferrosilicon alloys have
1y corroding potent

High rates of change of the free
by a long term drop in the corrosion rate.

rves over A considerable

The determination of polnrizntion cu

n value because the curves were greatly

i
length of time was of uncerta imen vhich lasted

he spec
affected by the non-equilibrium pehaviour of ¢ x

for several days.
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It wvas therefore decided that a study be made of the kinetics of
film build-up, Thie required the development of a test which would
least affect the condition of the specimen surface, so that further
tests would give a true indication of the ageing characteristics
of the material, Furthermore the test should be of such short
duration that the natural drift of potential and corrosion currert in

the test period will be asnall.

The polarization resistance methoqu wvould have been ideally
suited to this application bccause of the very -mall polarization
currents employed and the resulting small amount of interference with
the electrochemical processes taking place et the metal surface.

This method makes use of the slope of the polarization curve at the
corrosion potential where the potential-current relationship is linear,
Tests indicated that this linear relationship was only satisfied

-
foo ferrosilicon for current densities of the order of 10 = micro
)

amperc/cz' and smalle., This wvas unfortunately beyond the sensitivity

limits of the apparatus available, Cathodic polarization tests with

a potential shift of 100 millivolts were carried out on specimens

1 to 32 (as cast), The curves for a number of the specimens after

24k hours immersion in a H&“]/Hn)ﬁﬂh solution are given in Figure 8,
These are typical of the curves for the series.

Since these curves essentially maintain their positions relative
to one another with changing potential, the current densities at
20 millivolts from the freely corroding potential, place the alloys

in the same sequence as do overvoltage intercept values for

100 millivolt tests,

As can be seen in Figure 8, the current densities for the specimens

handled, did not exceed one micro ampere per square centimeter for a

rotential shift of twenty millivolts from the freely corroding potentinl
;t that instant, Corrosion currents determined by extrapolation
of the straight line portions of the curves of Figure 8 until they
meet the freely corroding potential (i.e, m V Relative to Reversible
Potential = zero), are of the same magnitude as the 20 millivolt

polarization currents. ldeally, the test current densitgﬁshould be

less than the corrosion current for negligible disturbance,

It was considered that the relatively small polarization current

densities asgsociated with 20 millivolts potential shift, appiied to the
seconds and thus surplying to it only

a negligible effect on the conditions
The reproducibility of test

system for a period of a few

a few microcoulambs, would have

at the metal-electrolyte interface.

figures showed that this wvas a Justified assumption,
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TABLE 5 = The Dependence of Capacitor Charging

2.2.2 Apparatus

A schematic diagram of the apparatus used in this test is
given in Figure 9, The actual laboratory layout is shown in
Figure 10, A perfectly smooth and reproducible scanning
voltage was produced with the resistance - capacitance circuit
shown in Figure 9, Scanning rates of 3 to 100 mV/sec, could
be selected by adjustment of the variable resistance. The

component values were :-

cell voltage 1.35 volts (constant voltage mercury cell)
capacitance 5000 Microfarads

variable resistance 50,000 Olms

The output of this circuit was connected in series with the
internal potential controller of the PRT 2000 TACUSSEL electronic
potenticostat, The linearity of the scanning circuit ouiput
voltage versus time within the range of interest, was

experimemntally found to be very good, This is further substantiated

by the calculated figures shown below.

The voltage drop over a capacitor charged by means of a
constant voltuge source through a resistor, is given by the
following exponential expression,

- ok
)

Ve = Vg (] « e C

where Ve = voltage drop over capacitor in volts

Vs = gsource voltage in volts

t = time in seconds from instant of switching on

C = capacitance in Farads

R = resistance in Ohms,

The figures in Table 5 were caleulated for a value of R

that would give a capacitor voltage of 20 mV in 4 geconds, The

anall variation in voltage increase for each second shows that

the scanning rate is very nearly constant,

Rate on Time

———————————— --—

Time \ Capacitor Voltage Increment

+ Voltnge | nV/sec
Bnéondq Ve

; ¥ mV :

) \

o 10,0k , 5.01

3 15.03 . .99

I 20,00 ‘ L.,o7
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The TAC" SSEL PRT 2000 elnctronic potentiostat has the

fnl]ﬂw’n? (“\ﬁ_l‘l]k‘t‘uri f'rt‘l(ff', -

Qutput voltage 4 22V

Maximum deviation from reference voltage - S5V

Output current Ioa

Minimur time constant 1 to 3 microseconds

Potential stability = 15 mV for output variation of 0 - 20 V

Hum and noise insensitivity 2 emV

A 1k
A high impedance - 10 olms « TACUSSEL voltmeter was used for

potential measurements, lhe WENKING quasi logarithmic diode shunt
was used in its linear region for supplying a drive vcitage to the
PHILIPS XY recorder, with this voltage being proporiional to the

polarization current, The electrolytic cell and electrode unit

-

shown in Figure 5 were emploved.

n

2.2.3 Experimental Procedure

The one inch diameter cylindrical specimens were polished at
one end to a LOO grit finish end liberally washed with ethyl rlcohol.

The mounting was done as shown in Figure 6 with the "TYGON"

tube/specimen Joint aealed with molten petroleum jelly. No movement

of petroleum jelly onto the circular test area was found to occur,
The hole in the rubber stopper was plugged from above with a glass
rod before introduction of the electrolyte, All immersion time

values were referred to the moment of withdrawal of the glass rod,

Polar!.uticn tests were performed after immersions of 1 minute,
5 minutes, 3 hours, and further periods of from 1 to 3 days, Specimen
potentials at the time of each test, were recorded,

The following test procedure was followed

With reference to Figure 0 -

] Find the specimen potential with gwiteh A in position 1

and with the pntvntioutnt output gswitched off,

2 With switch A in position <, gswitch on the potentiostat

output aid ndjust the internal potential supply of the

potentiostat to give a potential equal to that of the

gpecimen.
3. Gwitch back to position 1 and finally adjust the internal
p(*pnfqn] controller for zero external current flow,
Throw over awitch B from 1 to 2. This allows the constant

l
reury cell to charge the capacitor through the

voltage me

variable resistor. ) : .

e -




AT~

A gradually changing voltage is thus superimposed by the
scanning circuit on to the internal potential controller of the
potentiostat, This noves the potential >f the specimen through
20 millivolts at a rate of = 5 millivoits per recond. By means of
the XY recorder, the resulting polarizing curreat is plotted against

the shift of potential fram the “reciy correding value.

2.2, 4 Results

Figure 1l is an exwnple of the polarization ¢.uirves shown by
means of the XY recorder, The decrease of current density with

immersion time before running the test is apparent.

As explained in 2,2,1, the current densities at 2) millivolts
from the freely corroding potential will put the slloys in sequence
according to corrosion resistance, The current densities at
20 millivolts were plotted for all specimens as a function of time,
The plots for specimens 0, 1, 4 and 5 (as cast) are given in
Figure 12. The 1 minute values were omitted because of the

i{nfluence on the tests of the high rate of potential drift just

after immersion,
For compnrison purposes the current densities at 10,100 and

1000 minutes were read from these curves, The values are recordcl

The reversible potentianls (freely corroding) at immersion times

of 5 minutes and longer, are shown in Figure 13 as a function of

0 millivolts potential displacement

Jid

nolarization current density at .

for specimens O to 32.
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TABLE 6 - Polarizastion Current Densities after 10, 100 and 1000 Minutes

Immersion in NaCl/Na_ S0, Solution. 00 p o
50 Doper, soh). »50), (100 p.pem, Cl and
|
POLARIZATION CURRENT DEN3ITIES
in microamperes per em®
Spec. Constituents AS CAST | ;
No. | f 8 \S CAS I HEAT TREATED
10 | 100 {1000 [ 10 | 100 | 1000
min [ min ' min ! min |__min_| min
0 15% S L )1 - 16 - - -
1 12,5% S W72 | .6k .30 JTh .52 .30
2 + Cu .16 62 .36 - W54 ! U6
3 + N J6 0 W72 .58 66 | 66 6l
4 + CuNi .80 18 8 68 .68 AY
5 + Or U2 26 I 16 .28 | .18 i
6 + CrCu Ji2 ! - 16 «30 " .2h | .16
7 + OrNi ‘ Juk | «26 ' JA8 | Lk l .32 W2l
8 4+ CrCuNi l .50 ; L {]; 30 .hﬂ .38 22
Rl + C | .62 50 .20 .60 A2 .24
10 + C Cu | W70 .66 72 66 ! 6l 72
11 +C N W70 66 | 70 | .68 | .66 | .68
2 + C CuNi 6l R o3 .6k i 236
3 | scor R e B S S
1k + C CrCu M0 .26 16 | 3 ! W2k | W1k
15 + C CrNi Uz 26 16 | b i 28 ! 18
16 +C CreuNi __,b2 .28 b .36 2k 20
17 + U o710 g2 Te .66 , .66 . 10
18 ' ¢ U Cu L6l A2 .26 .60 : L2 | 32
19 + ' Ni . 6 58 | .60 70 | 66 | 70
20 | + U CuMi .60 36 I .22 .64 222 39
21 +UCr 2 26 W1h B . 3 .24
22 + U CrCu 40 26 S U L6 32 .22
23 + U CrN A2 28 | .16 b2 .26 | 28
ol + U CrCuNi ik 220 .18 235 20
25 + UC Ny A2 L .62 : o4 | .36
26 + UCCu .6 - S ¥ 2
2T + UCHi .60 W40 28 6? ' - °£8
PR + UCCuNi 62 L2 0 SR - 38 -
= s g =1 10 RS .26 Ak
29 + UCCr . "v e & 0 | 14
4 - 38 .08 .20 L6 _ 11 2%
i + UCCPNi ] 26 .:‘\.} .1(\ 'I&O sk { .l:
32 + UcCrCuli J M€ 30 ',“” 22D = -
33 + 2% Mo Tl b " ‘
3 + 4% Mo 12 70 o |
35 + C 2% Mo 76 T _rl’;
36 + C Ui Mo o 12 19 ';(’
31 + Cr 2% Mo 52 | b v -3
38 + Cr U% Mo N B S -
39 +CCr2fMo 68 | 70 '(,‘, 1
Lo 4+ CCr U Mo .50 98 | a8 {

10 / ses eoe
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2.,2.,5 Discussion

In this investigation use has been made of the relationship

ic
" B log T:;;;‘(Sﬁ” 1.4,3) by holding n at 20 millivolts for all
specimens and assuming fc to be consiant for the purpose of arranging
the alloys in the sequential order of corrosion resistance. UndorJ
these conditions icorr is directly proportional to 1o and may be used

as a measure of the corrosion rate,

It is considered that the corrosion reve of a static body
in an electrolyte may be predicted from a knowledge of the polarization

charactericstics after lengtl v iI;'I‘IF'r_",imn - say, 1000 minutes or

more. After periods such as this, the protective film is
completely formed, For a body in frictional contact with other

a o ) y 4 Y M . *2 1 . M
bodies, i.e. with the protective film being continuously disturbed,

the corrosion rate will be more properly given by the polarization

current densities at shorter immersion times.

In the case of a heavy medium plant, it could well be that
both short term and long term passivation qualities come into the

picture, In a heavy medium bath which is continucusly stirred,

[P ee

there may be relatively little difference in operation using either

an alloy showing a tendency to passivate such as specimen 1 =

Figure 12, or an alloy showirg no such tendency such as specimen U,

haracteristics will be predominant,

bath which is left unstirred for a day or

On the other hand, ¢ h
g0 (e.2. a week end shut down), may turn into a solid mass when
using an alloy with a small nagssivating tendency, Thies is a

practical consideration which may be of overriding importance.

Figure 12 shows that passivity is developed at a rate roughly
propertional to the logaritim of immersion tinme, A similar
linear-log relationship has been reported for mild steel in
i )

' n lop=log relationshiy

R/E 1
ammonium nitrate, and for 18/0 stainless

steel in sulphuric acid.

The dependence of nolarization ourrent on time of inmersion,
1 | |
is piven in summarized form in Teble 6, showing that in most cases

there is a decrease of polarization current

as the immersion time

. - my. 4 , t
{ncreases from 10 to 100, *to 1000 minutes. This drop in the curren
is n measure of the self passivation tendency of each spec imen,
Heat treatment does not appear to have had any gignificant effect on

the polarization currents.




=20

Figure 13 shows that for the family of ferrosilicon alloys
tested, there is a strong linear relationship between polarizing
current density and specimen potential. Insofar as the
polarization current at 20 nV from the freely corroding potential
is a measure of the corrosion rate, the specimen potential can be
said to be related to the corrosion rate, AlthLough potential values
alone could be largely misleading, in many cases they will place
specimens in the sequence of the relative corrosion resistance,

Limited use could be made of this finding.

In the series of alloys from 1 to 32, the specimens which
ghowed corrosion resistan:e closest to that of the 15% silicon alloy
(specimen 0), were those containing 2% chromium, viz, specimens
5-7, 13=16, 21-24 and 29-31 (Table 6), This is clearly shown
by the polarization current values given in Table 6. Bearing in
mind that the polarization current values tabulated, are a measure
of the corrodability of the alloys, it is of interest to note that the
abovementioned alloys had corrosion rates close to that of the 15%
silicon alloy, not only shortly after {mmersion (10 minute values) but
also after more lengthy immersion (100 minutes and 1000 minutes).
Furthermore, the decrease in corrosion rate with time, which is a
well known property of the 15% silicon alloy, was also found to occur

with these other alloys. (Note decreasing current values with length
of immersion time).

For some of the other specimens high corrosion rates are

{ndicated by these figures with herdly any or no tendency at all

towards passivation, Specimens 4, 10, 11 and 17 show these

properties,
the samples containing molybdenum (33 to L0O)

igh rate without the tendency to passivate
Tn the absence of chromium,

Rather surprisingly,
wvere found to corrode at a h

even after relatively lengthy immersion.

the addition of carbon improved the corrosion resistance in the

presence of uranium - compare gpecimens 17-20 with 25-28 (Tnble 6).

Copper and nickel proved to be deleterious additions in the absence

of chromium - compare specimens 2, 3 and L with 1 (Table 6),

2.3 THE "FULL" POLARIZATION CURVE

2.3.1 Introduction
The "fu)l" polarization curve ranzing from hydrogen evolution
ed for the study of the electrochemical

to oxygen ev..ution was us
penimens in 2,5% HCl and 2.5% H,80),

behaviour of the different s

solutions.

21 / see v
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2.3.2 Apparatus

Essentially the same apparatus as described in 2,2.2 was used,
The scanning potential supply which in this case replaced the
o ing i v Y T o b o | . \
potentiostat's internal potenti:..] controller, is shown in Figure 14

vith the rest of the layout, The circuit component values were :=

Scanning rate controller 5 KO
10 Turn potentiometer 5 K&
6 Volt battery opposed by 1.5 volt

2.3.3 Experimental Procedure

Calde
-

The specimens were prepared 2nd mounted ns described in 2.2.3,

A test procedure which was found to give good reproducibility,
was the following :-

Immerse the specim~n for 5 minutes - switch on potentiostnt

output with potentinl set at - 1,5 volt - hold for 1 minute =~

an the potential from - 1,5 volt to +2.5 volts at a constant rate.

Exploratory lone nt different scanning rates,

" the shape oi' the polarization curve on the

The dependence of >
geanning rate, is illustrated by Figures T and 15. For the tests
{n HC1 and H.80, solutions, n scanning rate of 500 millivolts per

‘ “

The anodic parts of the polarization curves for specimens
1 to 32 are given in FPigures 16 and 17 for the HCl solution and
Figures 18 and 19 for the H I solution. The curves for specimens
33 to 4O are presented in Fipure 20, The cathodic parts of all
curves were similar with a polarization current density of
212 r;f‘./f'.':'. Bt = 15

volts,

" Q sndencies
In order to compare quant itatively the pn‘.ni\J'!t,ion tendencie
.3 - » anecimen | 1ich shows no
of the different alloys, the curve of specimen 4, which
g m ' i 8 show that
passivation, was taken as the reference, (Tables 6 end ¢ sh l
of all the alloys).

specimen Ik is the least corrosion registant
the curves from this reference was used
Te tuke account not only

a8 an
The deviation of
indication of the passivation tendency.

in the passive region,
n the curve of specimen i

mt also the potential
of the change in current but a

formed betvee

spread of this region, the area
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