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DETERMINING CORROSION RATES IN INDUSTRIAL 
ORE GRINDING ENVIRONMENTS 

By A. E. lsaacson, 1 P.  J .  McDonough, 1 and J .  H .  Maysilles2 

ABSTRACT 

Bureau of Mines researchers developed and tested equipment to mea s u re 
corrosion rates on a commercial-scale mill . Bench-scale expe r iments 
were designed for duplicating ore grinding conditions closely enough so 
that realistic rate determinations could be made in laboratory tests. 
Rates measured in a laboratory system compared favorably with those 
measured in the field. Cast steel was found to have corrosion rates in 
a copper mill and laboratory test cell of 22 and 2 1  mpy, respectively. 
Corrosion was found to account for less than 5 pct of the total grinding 
media wear in the operations studied. 

1 chemi cal engineer. 
2supe rviso ry chemi cal engineer, Salt Lake City Research Center, Burenu of Mines , 

Salt Lake City , UT. 
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INTRODUCTION 

Ore grinding is a major cost operation 
for the mineral processing industry . The 
U . S .  mining industry consumes more than 
400 , 000 st of grinding rods , balls , and 
mi l l  liners in wet grinding operations at 
an annal cost of $300 mi l lion (_!__) , 3 a 
significant portion of the mi l ling cost. 
A section of a commercial ore grinding 
operation is shown in figure 1. This 
section consists of 13 rod mi l ls and 26 
bal l mi l ls ,  which are on the left of the 
picture. Each bal l  mi ll  weighs more than 
150  st, processes 85  st of ore per hour 

3underlined numbers in pa rentheses re­
fer to i tems in the list of references 
at the end of this repo rt . 

containing approximately 1 , 000 lb of cop­
per and consumes approximately 9 5  lb of 
grinding bal ls during that time. 

Several wear mechanisms act upon the 
grinding media ,  including corrosion , 
abrasion , and impact. The interactions 
between these wear mechanisms are poorly 
understood , and much disagreement exists 
in the technical literature. To deter­
mine the extent to which corrosion con­
tributes to total wear in industrial 
grinding mi lls ,  the Bureau of Mines en­
tered into cooperative agreements with 
two mining companies to instal l  Bureau­
designed electrochemical instrumentation 
on ore grinding mi l ls to make corrosion 
rate measurements. Knowledge of the 

FIGURE 1 .-Grinding section of a copper ore processing operation. 



importance of corrosion in grinding media 
may allo w for changes in mill operation. 
For example, if corrosion rates are lo w, 
conditions of increased salt concentra­
tions and decreaed pH may be used. If 
corrosion rates are high, the use of 
corrosion-resistant alloy may be cost 
effective. 

A second objective of this research 
effort was to design a laboratory test 
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cell that simulates the conditions inside 
an operating ball mill. Use of this type 
of cell would allo w the effect of changes 
in milling conditions such as pulp pH, 
oxygen content, minerals, and salt con­
tent to be quickly evaluated and would 
eliminate the need for expensive and 
time -consuming corrosion testing in pro­
duction mills. 

BACKGROUND 

Results of laboratory studies made by 
different investigators have not led to 
consistent conclusions regarding the 
relative importance of corrosion in 
grinding media losses. Hoey, Dingley, 
and Freeman CI-�) used corrosion inhibi­
tors to reduce total ball wear in a 
laboratory-sized ball mill up to 49 pct 
while grinding sulfide ore. Remark and 
Wick C�) used theoretical electrochemical 
considerations to conclude that corrosion 
accounts for 40 to 90 pct of total wear 
in sulfide ore grinding and that galvanic 
couples bet ween grinding media and miner­
als present in the ore account for a ma­
jor portion of the corrosive wear. On 
the other hand, the Bureau Ci) used lab­
oratory electrochemical testing to mea­
sure corrosion rates of grinding media 
and concluded that corrosion accounts for 
less than 5 pct of total wear. Dodd, 
Huiatt, and Norman CJ_) compared labora­
tory corrosion rates and wear rates from 
industrial mi lls and concluded that cor­
rosion plays a small role in wear at 
basic pH values. 

Dodd and Dunn C l )  stated that mechani­
cal wear is higher in production mills 
than in laboratory mills while corrosive 
wear remains constant, resulting in cor­
rosion being a larger component of wear 
in laboratory mills than in production 

mills. Nass C 8 )  reported that doubling 
the hardness of grinding rods cuts the 
total wear by about 50 pct while grinding 
magnetic taconite ore. Moroz C2_) used 
marked-ball wear tests to conclude that 
grinding media microstructure is the 
dominant factor in controlling wear re­
sistance and that when comparing tempered 
martensite microstructures, hardness is a 
good indicator of wear resistance. 

Pitt and Chang C_!_Q_) and the Bureau Cl!_) 
reported that the total wear rate of 
grinding media is greater than the sum 
of the abrasive wear rates and the cor­
rosive wear rate. Postle waite, Tinker, 
and Ha wrylak C_!l) found similar phenomena 
in slurry pipelines and attributed it to 
erosion-corrosion. Moroz C2_) suggested a 
synergistic effect by which corrosion 
pitting weakens the surrounding matrix 
of the grinding media, increasing the 
amount of spalling that occurs. 

In vie w of these findings, Bureau 
researchers investigated methods to 
determine material losses caused by 
electrochemical reactions at grinding 
media surfaces in order to determine the 
minimum rates of losses due to corrosion 
and provide data for future use in evalu­
ating synergistic effects of chemical and 
mechanical phenomena. 
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CORROSION RATE DETERMINATIONS BY LABORATORY TESTS 

ELECTROCHEMISTRY OF CORROSION 

Meta l lic corrosion reactions in aqueous 
solutions are electrochemical in nature . 
Cor rosion reactions can be expres sed as a 
s um of two ha lf reactions; one represent­
ing a cathodic, or reduction reaction, 
and one representing an anodic, or oxida­
tion reaction. When a metal specimen and 
the electrolyte in which it is in contact 
a re electrical ly isolated from any exter­
na l circuit, no net current wil l  flow be­
tween the two media, and the cur rents 
associated with the anodic and cathodic 
half reactions must be equal in magnitude 
and opposite in direction. If the 
driving force for one reaction to occur 
is greater than that for the other at an 
electrical ly neutra l surface, a charge 
wil l  accumulate at the interface . This 
charged interface is known as the elec­
trica l double layer and acts to inhibit 
the first reaction and enhance the second 
so that the rates become equal .  The 
electrical double layer is equiva lent to 
a potential,  known as the open circuit 
potential, applied to the specimen . 

Information regarding the nature of the 
reaction occurring at the metal surface 
can be obtained by applying a potentia l 
different from the open circuit potential 
and measuring the resulting current . 
Through use of a device known as a po­
tentiostat, the s urface potential of the 
specimen can be varied by applying 
a potential between the specimens and a 
current-carrying inert electrode that is 
s uspended in the same electrolyte as the 
specimen . When the potential of a metal 
specimen is forced to a value more posi­
tive than that of the open circuit poten­
tia l, the anodic reaction rate is in­
creased, giving a positive cur rent . A 
negative current results when the applied 
potential is less positive than the open 
circuit potential .  The results a re 
plotted as potentia l  versus logarithm of 
current. Figure 2 is an idealized p lot . 
The lower, or cathodic, portion of the 
curve represents the reduction reactions, 
the reduction of elementa l oxygen or 
hydrogen ions, for example . A low s lope 
and a linear relationship in this portion 

of the curve indicate activation or chem­
ical reaction control of the cathodic re­
action rate, whereas a high s lope and 
non linea r relationship indicate that the 
reduction reaction is being control led 
and retarded by another type of phenome­
non, usua l ly diffusion . The upper, or 
anodic, portion of the curve represents 
the oxidation reaction, primarily the 
dis solution of metal . A low s lope in 
this portion of the curve indicates that 
the anodic reaction is activation con­
trol led, whereas a vertica l  s lope in this 
portion of the curve indicates that 
another phenomenon is control ling the 
anodic reaction rate, usual ly passivation 
or formation of a surface film or a 
diffusion-limited anodic dis solution . 

The s lopes of the linear portions of 
the anodic and cathodic curves are known 
as the anodic and cathodic Tafel con­
stants, respectively.  The point at which 
the two s lopes intersect is the point at 
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which the anodic and cathodic currents 
are equal ; their common value is the cor­
rosion current .  The corrosion current is 
converted to a corrosion rate , using 
Faraday ' s  cons tant and the density and 
equivalent weight of iron , assuming that 
iron oxidizes to the ferrous state. 

A phenomenon kno wn as pit ting corrosion 
t akes place when an extremely high reac­
t ion rate occurs at highly localized 
places on the metal surface because of 
nonuniformit y  in the environment or 
micros tructure of the alloy at those 
points . Corrosion pit ting result s in a 
higher rate of metal loss than would oc­
cur if surface conditions were uniform . 
The tendency of materials to undergo cor­
rosion pitting can be evaluated electro­
chemically by scanning in the for ward 
direction until pit ting takes place , and 
t hen reversing the scan until the reverse 
scan cros ses the for ward scan. The point 
where the reverse scan cros ses the for­
ward scan is kno wn as the protection po­
tential . Figure 3 is an idealized scan 
t hat results when pit ting occurs . If the 
protection potent ial (E p r ot) is more 
positive than the corrosion potential 
(E c o r r) ,  then pit ting is not likely to 
occur (13- 14). The pit ting potential 
(E e) , al;;;- referred to as critical poten­
t ial , has been used as a criterion to in­
dicate pit ting , but the protection poten­
tial is more reproducible and is no w 
considered a more reliable indicator 
(�). The pit ting potential is defined 
as the potential at which the current 
rapidly increases and above which pits 
will initiate and gro w .  Research has 
been done (_!2) that indicates that pro­
t ection potential is equal to pit ting po­
t ential when pit initiation time is 
considered. 

Classifications of pit ting tendency 
have been developed (�) based on the 
difference of the corrosion potential and 
t he protection potential. The classifi­
cations follo w :  ( 1) If the protection 
potential is belo w the corrosion poten­
tial , the pit ting tendency is high , 
( 2) if the protection potential is above 
the corrosion potential , but within 
100 mV of it , the pit ting tendency is 
moderate, and (3) if the protection po­
tential is more than 100 mV above the 
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FIGURE 3.-ldealized two-way potential-current scan to identity 
pitting tendencies. 

corrosion potential , the pit ting tendency 
is lo w.  

LABORATORY TEST METHODS 

Synthesis of Ore Slurry 

Laboratory corrosion rate determi na­
tions were made using a slurry of simu­
lated mill water and ground rod mill 
feed . Artificial slurry was used because 
of difficulties in procuring sufficient 
mill slurry for the laboratory tes ting ; 
also ,  mill slurry oxidizes with time , 
changing its chemical composition . 

A sample of the mill water from Magma 
Copper contained , in grams per liter , 034 
Ca2 + , 0. 08 5  c1 - , 0. 0 7  K+ , 0 . 22 Na+ , and 
1 . 22 soa - .  The pH of the sample was 
8 . 4 5 ,  and the conductivity was 2. 4 5  
mmho/cm . This mill water was simulated 
with a solution of , in grams per liter ,  
0 . 134 KCl , 0. 04 NaCl , 0. 6 364 Na 2 S04 , and 
0. 5427 CaS04 • 1/ 2H 20 •  The pH was adj us ted 
to 8. 4 5  with NaO H .  The simulated mill 
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water had a conductivity of 2 . 3 mmho/cm. 
E lectrochemical corrosion rate tests 
made using the two waters gave virtual ly 
identical results. 

A microscopic examination of the Magma 
Copper rod mil l  feed revealed that 
quartz , feldspar , clay minerals , chlo­
rite, iron oxides , pyrite , and chalco­
pyrite were present. Various metals , in­
cluding iron , can act as reductants for 
chalcopyrite (!.2_-�) , and pyrite and 
magnetite are capable of increasing cor­
rosion rates of grinding media (.!.2_) . The 
chemical analysis indicated, in percent, 
0. 84 Cu , 2 . 80  Fe , 1 . 63 S ,  and 70. 2 Si0 2 • 

A sample of mil l  water from Pea Ridge 
contained , in grams per liter , 0. 28 Ca2 + , 
0. 25 Na+ , 0. 09 Mg 2 + , 0. 02 K+ , 0. 88 soa - ,  
0. 59 c1 - , and 0. 014 F- . The sample had 
a pH of 7 . 0  and a conductivity of 2 . 8  
mmho/cm. This mil l  water was simulated 
with a solution of , in grams per liter , 
1 . 02 CaS 04 • 1/2Hz0 , 0. 75 MgC l 2

• 6H2 0 ,  0. 54 
NaC l ,  0 . 31 Na 2 S 04 , and 0. 07  KF • 2H 20 .  The 
pH of the simulated mil l  water was ad­
j usted to 7 . 0 with Na0H and H2 S04 , and it 
had a conductivity of 2. 8 mmho/cm. 

A microscopic examination of an ore 
sample from Pea Ridge revealed magnetite , 
hematite , quartz , feldspar , diopside , 
hornblende , apatite , calcite , plagio­
clase , pyrite , and molybdenite. Magne­
tite is capable of increasing the corro­
sion rate of grinding media at acidic pH 
values (.!.2_) .  The chemical analysis indi­
cated, in percent , 60. 0 Fe , 15. 9 Si0 2 , 
and 0. 73  S .  

Simulation of Abrasive Conditions 

A laboratory test cel l  (fig. 4) was de­
signed to simulate the chemical and 
mechanical conditions inside an operating 
mil l .  An ultrasonic probe was used to 
provide energy to actively abrade the 
metal surface by increasing the force of 
particle impact on the metal surface. 
Alumina powder , which is electrochemi­
cal ly inert , was added to the stirred ore 
s lurry to provide additional abrasive 
action. The ultrasonic probe was chosen 
because it provides equal abrasive action 
over the surface of the test specimen and 
has no mechanical parts , simplifying test 

FIGURE 4.-Laboratory electrochemical test cell. 

operations. Testing in this cel l  showed 
an increase in corrosion rate as the 
ultrasonic power input was increased 
(.!.2_) , indicating that a protective layer 
of corrosion product was being abraded 
away from the test specimen. 

The test vessel (fig. 4) consisted of a 
plastic cylinder 13 cm high and 13 cm in 
diameter . The test specimen , mounted on 
a stainless steel rod, was inserted in 
the side of the vessel .  The stainless 
steel rod was insulated from the test 
solution by a length of latex tubing. A 
tapered glass tube containing a salt 
solution and the reference electrode was 
inserted through the top of the test ves­
sel immediately above the test specimen. 
A graphite counter electrode was inserted 
on either side of the test specimen , and 
an air bubbler was placed immediately in 
front of it. A 300-W ultrasonic probe 
was mounted above the test vessel ,  with 
the tip of the probe above the test 
specimen. 



The test specimens were provided by 
Armco Research and Technology. Five dif­
ferent alloys were provided in the form 
of 0. 488-cm-diam rod. The alloys were 
( 1) a cast steel containing 1 pct C and 
0. 5 pct Cr , (2) a wrought steel contain­
ing 0. 8 5  pct C and 0. 3 pct Cr , (3) a Ni­
hard iron containing 3. 5 pct C, 2 pct Cr , 
and 4 pct Ni ,  (4) a white castiron con­
taining 3 pct C and 12 pct Cr , and (5) a 
white cast iron containing 2. 6 pct C and 
27 pct Cr. 

Working electrodes for the laboratory 
testing were cut from the samples pro­
vided by Armco. A 3/4-in-long length of 
the electrode material was mounted in 
epoxy with one end exposed. Prior to 
testing , the test specimen was polished 
with 600-grit emery cloth and lapped with 
0. 0 5-J.Jm alumina. 

Determination of Potential­
Current Data 

P otential-current data were obtained in 
laboratory tests with use of a Princeton 
Applied Research (PAR) model 350A corro­
sion measuring console , 4 which is a 
microprocessor-controlled scanning poten­
tiostat that was designed specifically 
for use in corrosion research to make 
measurements of the type required for our 
investigations. Other equipment used was 
an Apple II+ personal computer , software 
developed by the Bureau , and the three­
electrode system described in the pre­
vious section. A simplified illustration 
of this equipment is shown in figure 5. 
The potentiostat section of the PAR sys­
tem applies a sequence of potential val­
ues between the metal specimen working 
electrode and the reference electrode and 
measures the voltage between those elec­
trodes and also the resulting current 
flowing between the working electrode and 
the graphite counter electrode. A volt­
meter and ammeter , as shown in figure 5 ,  
are thus part of the potentiostat. 
The potential and current data are stored 
and processed by the computer. 

4Reference to speci fic  
not imply endorsement by 
Mines. 

products does 
the Bureau of 

Computer  

Potent iostat 

R w C 

E 
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KEY 

V Potent iostat vo lt meter  
A Potent iostat ammeter  
R Reference e lectrode 
W Work ing  e l ec t rode 
C Cou nter  e le ct rode 
E E l ect ro l yte 

FIGURE 5.-Equipment used to determine potential-current 
data. 

Laboratory tests to determine corro­
sion rates were made in a 5-pct-solids 
slurry of rod mill feed in synthetic mill 
water. Air was bubbled through the test 
solution to maintain a constant oxygen 
concentration. 

The testing to determine corrosion 
rates was performed by scanning from 
150 mV below the open circuit potential 
to 150 mV above it at 0. 5 mV/s. This is 
the same voltage range and scan rate used 
in the mill testing. 

Pitting evaluation was also performed 
in a 5-pct-solids slurry of ground Magma 
rod mill feed,  but the scan range was 
different for each material evaluated. 
In general , the material was scanned in 
the anodic direction from below the open 
circuit potential to a point above the 
critical potential and then in the ca­
thodic direction until the current again 
became cathodic. The difference between 
the corrosion potential and the protec­
tion potential was used to determine the 
pitting tendency , as explained in the 
previous section. The test specimen was 
microscopically examined after testing to 
ensure that pitting took place. 
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LABORATORY TEST RESULTS 

Corrosion rates obtained in the labora­
tory testing are given in table 1. Fig­
ure 6 is a typical scan for the cast 
steel. The highest corrosion rate found 
was 25 mpy for cast steel in conditions 
simulating those in a copper mil l ;  the 
lowest was 0. 3 mpy for 27-pct-Cr white 
cast iron in conditions simulating those 
in an iron ore mil l. The type of mill  
environment did not significantly change 
the corrosion rate of a particular type 
of grinding medium. For example , in con­
ditions simulating those in a copper 
mil l ,  the cast steel had an average cor­
rosion rate and standard deviation of 21 
and 3. 0 mpy , respectively, with a high 
rate of 25 mpy and a low of 1 7  mpy ; in 
conditions simulating those in an iron 
ore mil l ,  the cast steel had an average 
rate and standard deviation of 13 and 
6. 7 mpy , respectively , with a high rate 
of 22 mpy and a low of 7. 5 mpy. 
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FIGURE 6.-Potentlal-current scan of cast steel in the 
laboratory test cell. 

The corrosion rate did have a signifi­
cant dependency on the type of grinding 
medium being tested. In conditions simu­
lating those in a copper mil l, the cast 
steel had a corrosion rate and standard 

TABLE 1 .  - Corrosion rates of grinding media 
under laboratory conditions , mils  per year 

Copper mill  conditions Iron mill  conditions 
Average Std Range Average Std Range 

rate dev rate dev 
Steel : 

Cas t • • • • • • • •  21 3. 0 25 -17 13 6. 7 22  - 7. 5 
Wrought • • • • •  16 2. 6 20 -15 18 4. 5 24 -13 

Cast iron : 
Ni-hard • • • • •  4. 6 2. 2 7. 6- 1. 9 4. 6 1. 3 6. 2- 3. 2  
12-pct-Cr • . • 4. 4 1. 6 6. 2- 2. 6 5. 4 1. 7 7. 8- 3. 9 
2 7-pct-Cr • • •  . 9  . 4  1. 5- . 5  . 6  . 4  1- .3  

TABLE 2 .  - Corrosion potentials of grinding media under laboratory 
conditions, volts versus voltage of saturated calomel electrode 

Copper mill  conditions Iron ore mil l  conditions 
Average Std Range Average Std Range 

potential dev potential dev 
Steel : 

Cast • • • • • • • -0. 493 0. 008 -0. 482  to -0. 502 -0. 468 0. 023 -0. 441 to -0. 502 
Wrought • • • •  -. 4 75 . 005 -. 469 to -. 483 -. 459 . 012  -. 422  to -. 473  

Cast iron : 
Ni -hard • • • •  -. 382  . 030 -. 346 to -. 409 -. 349 . 024 -.320 to -. 386 
1 2-pct-Cr • •  -. 42 7  . 015 -. 409 to -. 442 -. 403 . 015 -. 391 to -. 4 2 7  
2 7-pct-Cr • •  -. 346 . 010 -. 333 to -. 361 -. 283 . 032 -. 245 to -. 325 
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TABLE 3. - Cathodic and anodic Tafel constants of grinding 
media under laboratory conditions , volts per decade 

Copper mil l  conditions Iron ore mill  conditions 
Average 

I 
Std 

I 
Range 

constant dev 
Average 

I 
Std 

I 
Range 

constant dev 
CATHODIC TAFEL CONSTANT 

Steel : 
Cast • • • • • • • • • • • • • • • • • •  0. 282 0. 025 0. 3 3 9-0. 251 0. 131 0. 046 0. 191-0. 084 
Wrought • • • • • • • • • • • • • • •  . 2 61 . 024 . 2 91- . 2 34 .187 • 0 34 . 224- .148 

Cast iron : 
Ni -hard . • . • . • . . . . . . . . .  • 158 . 023 .184- .123 .109 . 014 .125- . 0 92 
1 2-pc t -C r  . . . . . . . . . . . . .  .153 . 026 .173- .109 .131 . 029 .160- . 097 
2 7 -pc t -C r  . . . . . . . . . . . . .  .102 . 005 .108- . 095 . 092 . 012 .10 3- . 075 

ANODIC TAFEL CONSTANT 
Steel : 

Ca s t  . . . . . . . . . . . . . . . . . .  
Wrought • • • • • • • • • • • • • • •  

Caat iron : 
Ni hard • • • • • • • • • • • • • • •  
1 2-pc t -C r  . . . . . . . . . . . . .  
2 7-pc t -Cr . . . . . . . . . . . . .  

0.137 0. 010 
. 096 . 004 

.107 . 024 

.114 . 018 

. 241 . 055 

deviation of 21 and 3. 0 mpy , respec­
tively , compared with 0. 9 and 0. 4 mpy , 
respectively for 27-pct-Cr cast iron. 

The corrosion potentials of the test 
specimens fol lowed the same pattern under 
conditions simulating copper and iron 
mil ling. The cast steel had the most 
active potential in both instances , with 
the 27-pct-Cr al loy being the most noble. 
The average potentials and standard 
deviations are given in table 2. 

The cast steel , wrought steel, Ni-hard 
cast iron , and 12-pct-Cr cast iron all  
had cathodic Tafel constants greater than 
the anodic Tafel constants , indicating 
that the reaction rate is control led by 
the cathodic half reaction , which is 
probably the reduction of oxygen under 
the test conditions. The 27-pct-Cr cast 

0. 145-0. 127 0. 074 0. 013 0. 091-0. 058 
.102- . 092 . 061 . 015 . 075- . 043 

. 1 3 3- . 07 3  . 067 . 019 . 081- . 0 34 

. 1 30- . 085 . 067 . 013  . 080- . 051 

. 307- .174 .137  . 018 .161- .116 

iron had an anodic Tafel constant greater 
than the cathodic Tafel constant under 
both conditions, indicating that the cor­
rosion reaction is control led by the 
anodic half reaction or the dissolution 
of metal. The cathodic Tafel constants 
were slightly higher in the testing simu­
lating a copper mil l  than in the testing 
simulating an iron ore mil l ,  indicating 
that the cathodic reaction proceeds more 
slowly in the conditions simulating a 
copper mil l. The anodic Tafel constants 
were also higher in the testing simu­
lating a copper mill , indicating a more 
tenacious surface film formed at the 
higher pH values found in the copper 
mil l. The cathodic and anodic Tafel con­
stants for this testing are given in 
table 3. 

CORROSION RATE MEASUREMENTS IN A COPPER ORE MILL 

Magma Copper Co. is a subsidiary of 
Newmont Mining Corp. and operates an 
underground mine approximately 50 miles 
north of Tucson , AZ. The mine has 221 
mil lion st of proven reserves of 
0. 72 pct Cu. The ore is mil led using 
conventional grinding and flotation. 
Reverberatory furnaces and Pierce-Smith 
converters are used to smelt the 

concentrate , and electrolytic refining is 
used. Byproducts of the mine are molyb­
denite from the flotation circuit , gold 
and silver from electrolytic slimes , and 
sulfuric acid from smelter offgases (lQ_). 
The deposit and processing are typical 
of large southwestern U. S. copper 
operations. 
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EQUIPMENT DESIGN 

Testing was done in a nominal ly 10- by 
10-ft Marcy Mine and Smelter Supply bal l  
mi l l  (f ig. 7 )  rotated at a speed of 
18. 7 rpm. The cast iron liner is held  
inside the mi l l  by  a system of bolts with 
f lared ends. The bolts are 9 in long and 
1-1/2 in. in diameter. The ends of the 
bolts are f lared to 3 i n. in one di rec­
tion. The f lared ends f it inside the 
liner , and the threaded ends extend out­
side the mi l l ,  where they are secured 
with nuts. The face liners are secured 
with two circles of 16 bolts each at 
radii of 2 ft  10 in and 4 ft 8 in. 

Electrode Assemblies 

The electrodes were mounted in the ends 
of the m i l l  liner bolts (f ig. 8 )  on the 
outer ci rcle of bolts holding the face 
l iner in place. One bolt was used per 
electrode system , for a total of five 
bolts. The end of the bolt was extended 
so it would  be f lush with the inside of 
the mi l l. The f lared end was hol lowed 
out on a mi l ling machine , and a hole was 
d ri l led the length of the bolt to run 
electrical connections. 

Figure 9 is a schematic of the elec­
trodes mounted in the hol low bolt. The 
test specimens provided by Armco were 
used for working electrodes , 1/8-in-diam 
graphite rods were used as counter elec­
trodes , and a calomel cel l  with a salt 
bridge was used as a reference electrode. 
One end of the working and counter 
electrodes was plated with copper , and 
wires were soldered onto the electrodes 
for electrical contact. The wi res were 
run up the hole dri l led the length of the 
bolt. The calomel reference electrode 
was mounted on the outside of the mi l l , 
and a length of latex tubing , which con­
tained a salt bridge , was run down the 
center of the bolt. The salt bridge con­
sisted of 4-pct Agar gel led with a 3 . SM 
solution of KCl .  A wick was also run the 
length of the latex tubing to aid in 
maintaining conductivity. A piece of 
fritted glass was fitted in the end of 
the latex tubing to prevent loss of the 
salt bridge and to reduce contamination 
from the mi l l  solution. The working 
electrode and the end of the salt bridge 
were mounted in the center of the flared 
end of the bolt , with a counter electrode 
on either side of the working electrode. 
The electrodes were sealed in the bolt 

FIGURE 7.-Ball mill used for field studies. 
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FIGURE 8.-Electrodes mounted in mill liner bolt for field tests. (See also figure 9.) 

KEY  

A Hol lowed-out  l i n e r  bo l t  

B Gra p h i te  cou n t e r  e l e ct r o d e  

C Meta l spe c i m e n  work i n g  e l e ct ro d e  

D Tu be conta i n i n g  con d u ct i ng  g e l  s a l t  b r i d g e  

E Epoxy f i l l e r  

F Ground  con n e ct i o n  

FIGURE 9.-Electrode assembly diagram. 

11 

I I I 
Sca l e ,  i n  

____ / 

I 
I 
I 
I 
I 
I 
I 
I 
I 



12 

with epoxy . 
mounted in 
(fig .  10) so 
ins ide of the 

The electrode systems were 
the mi l l  from the ins ide 

they were flush with the 
mi l l  surface (fig.  11) . 

Wiring System 

E lectrical  contact between the elec­
trodes rotating in the mi l l  and the sta­
tionary test equipment was made through a 
s ystem of copper s lip rings and elec­
trical brushes (fig.  12) . Four 1-1/2-i�­
wide concentric copper rings were lami­
nated onto an aluminium backing plate , 
with a 1/2  in of space between each of 
the copper rings . The backing plate had 
an ins ide diameter of 6 ft and an outs ide 
diameter of 7 ft 3 in.  The copper rings 
were insulated from the aluminum by a 

1/16-in-thick layer of fiber-reinforced 
phenolic resin. The aluminum ring had 
eight mounting brackets offset by 2 in ; 
each mounting bracket had 1 in of adjust­
ment. The mounting brackets fit over the 
inner circle of mi l l  liner bolts and were 
secured by an additional nut. Each of 
the three e lectrodes used one of the cop­
per rings for contact. The fourth ring 
was used to ground the equipment. Two 
brushes (fig.  13) , 7 in  apart , were used 
on each ring to prevent loss of data due 
to the brushes skipping. The brushes 
were spring-loaded s i lver-impregnated 
graphite and were manufactured by 
Pine Instrument. Al l electrical  contacts 
other than the rings were made through 
shielded coaxial cable . 

FIGURE 1 0.-lnstallation of electrode assembly in ball mill .  
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FIGURE 1 1 .-lnstalled electrode assembly. 

FIGURE 12.-Copper slip rings installed on ball mill. 
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FIGURE 1 3.-Carbon brush electrical contact assembly. 

Potentiostat-Computer for Making 
Potential-Current Scans 

Corrosion testing at Magma Copper Co. 
was performed with a Princeton model 273 
potentiostat control led by an Apple II 
computer via Princeton model 332 corro­
sion software. This al lowed data to be 
stored on a computer disk for future 
processing. The equipment was housed in 
a cabinet next to the mil l  for protec­
tion from water and dust, as shown in 
figure 14. 

Testing was done by scanning from 
1 50 mV below the open ciruit potential to 
150 mV above it at 0. 5 mV/s. 

The corrosion current was determined 
from the point of intersection of the 
cathodic and anodic Tafel slopes. The 
exposed area of the working electrodes , 

used in determining the current density , 
was measured after the testing was com­
pleted. Tafel slopes were determined 
using a linear regression routine on an 
Apple II computer. Prior to determining 
Tafel slopes , the data were smoothed 
by taking a running average of every 
15 data points. 

COPPER MILL TEST RESULTS 

The corrosion data from measurements in 
a copper ore mil l  are given in table 4. 
Figure 15A is a typical scan on the cast 
steel. There is some scatter of about 
one order of magnitude of current 
density , but the shape is that of a typ­
ical corrosion curve. Ten usable tests 
were obtained using the cast steel elec­
trode. The average corrosion rate is 
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22 mpy with a standard deviation of 
11 mpy . The cast steel had an average 
corrosion potent ial of - 0. 609 V wi th a 
standard deviat ion of 0. 020. The cathod­
ic Tafel constant is greater than the 
anodic Tafel constant , indicating the 
corrosion react ion is cont rolled by the 
cathodic half react ion.  

The wrought steel produced simi lar re­
sults (fig. 15B )  t o  the cast steel .  
Eight usable tests were obtained. These 
corrosion rates have an average of 25 mpy 
with a standard deviat ion of 12 mpy .  The 
wrought steel had an average corrosion 
potent ial of - 0. 637 V wi th a standard 
deviat ion of 0. 035 V. The cathodic Tafel 
constant is greater than the anodic Tafel 
constant , indicat ing the corrosion reac­
t ion is control led by the cathodic half 
react ion.  

No data were obtained for the Ni-hard 
cast iron owing to a ci rcuit 
discont inuity .  

Data were obtained for the 12-pct-Cr 
whi te cast iron ; however , the plot was so 
errat ic that it was unintel ligi ble , as 
shown in figure l SC .  The upper portion 
of the plot has many cathodic-anodic 
t ransit ions , making it impossible to 
determine an anodic Tafel slope or a cor­
rosion potent ial . 

FIGURE 14.-Field test electronic equipment and protective 
cabinet. 

Four usable tests were obtained us­
ing the 27-pct-Cr whi te cast iron , which 
had an average corrosion rate and stan­
dard deviat ion of 0. 2 and 0. 1 mpy , 

TABLE 4. - Corrosion data for grinding media in an operat ing copper mi l l  

Rate,  mpy Potent ial , Tafel constant , V/dec 
Std Vs c E  Cathodic Anodic 

Average 

Steel : 
C a s t  • • • • • • • • • • • •  • 22 
Wrought • • • • • • • • • •  25 

Cast iron : 
Ni -hard 1 • • • • • • • • •  NA 
12-pct-Cr 2 • • • • • • •  NA 
2 7-pct-Cr • • • • • • • •  • 2 

NA Not avai lable. Vs c E  
1 Data not obtained owing to 
2Data uninterpretable owing 

dev Average Std Average Std Average 
dev dev 

1 1  - 0. 6 09 0 . 020 0. 196 0. 049 0. 114 
12 - . 637 . 035 . 217 . 055 . 158 

NA NA NA NA NA NA 
NA NA NA NA NA NA 
• 1 - . 506 . 008 . 046 . 009 . 110 

Voltage relat ive to saturated calomel  elect rode. 
elect rical discontinuit y .  
t o  excessive elect ronic noise. 

Std 
dev 

0. 037 
. 050 

NA 
NA 

. 038 



1 6  

Cl) > 
> .. 
_J 
� 
.... 
z 
l.lJ 

- 0,450 A 

- .520 

- .590 

- .660 

- .730 

-2 -I 
1 0  1 0  

b -o.5oo 
Q.. 

C 

- .565 

- .630 

- .695 

- .760 

.8 25 

· . . · .-. : 

0 I 
1 0  1 0  

. · · : ·  . . · 

- I  0 -2 
1 0  1 0  1 0  

2 
10  

. ' 

3 
1 0  

.. . 
. . 

4 5 
10  10 

. .... . . . . 

I 
1 0  

.. · . 
. . 

i •  • . , 
.1: . 

:,· : . ' · . .. . . , 
: •. . . 

- :  . 

2 
1 0  1 0  

-0.475 

- .540 

- .605 

- .670 

-:- .735 

B 

. '• . . . . . . . 
. .\ . . •. . 

: 1 . -;  

\ -�- ­.. . .  

-2  -I 0 
1 0  10  10 

I 
10 

2 
10 

-0.400 

- .480 

- .560 

- .640 

- .720 

D 

\ .. . . . 

3 
1 0  

4 
10 

5 
10  

. 8 0 0 .____._..___......_..___�.__ .......... ...___..._....___...-... 
-3 -2 - I  O I 2 3 

1 0  1 0  1 0  1 0  1 0  1 0  1 0  

C U RRE N T, µ A /cm 
2 

FIGURE 1 5.-Potential-current scans tor alloys tested in ball mill. (A) Cast steel, (B) wrought steel, (C) 1 2-pct-Cr cast iron, (0) 
27-pct-Cr cast iron. 



respective ly. Figu re 1 5D is a typica l 
p lo t .  The corrosion potential of the 
27-pct  al loy had an ave rage and s tan­
dard deviation of -0. 506 and 0. 008 , 
respective ly. The anodic Taf e l  cons tant 
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i s  great e r  than the cathodic Taf e l  con­
s tant , indicating that the corrosion 
reaction is con t rolled by the anodic half 
reaction. 

COMPARISON OF LABORATORY AND COPPER ORE MILL TESTS 

A compa rison of test  results  is shown 
in table 5. The laboratory testing re­
sulted in an average corrosion rate and 
s tandard deviation of 21 and 3 . 0  mpy ,  
respective ly , for the cast stee l .  This 
is s tatis tica l ly equal to the corrosion 
rate of 22 mpy found in the mil l .  

The wrough t s teel  had a n  ave rage corro­
s ion rate and a s t andard deviation of 16  
and 2. 6 mpy in  the  laboratory tes t ce l l ,  
which is s tatis tica lly equal t o  the cor­
rosion rate of 25 mpy and s tandard devia­
tion of 12 mpy found in the mil l .  

The 27-pct -Cr  white iron had a n  ave rage 
corrosion rat e  of 0. 9 mpy with a s tandard 
deviation of 0. 4 mpy in the laboratory 
t e s t  ce ll  at 5 pct solids . This is not 
equal to the corrosion rate of 0. 2 mpy 
f ound in the mi l l .  The dif fe ring e le c­
t rochemi ca l characte ris tics of the 27-
pct-Cr  cas t  iron test  specimen and the 
cas t iron mill  line rs and carbon s t eel  
g rinding ba lls  produce a ga lvanic effect  
between the  test  specimen and the more 
a c t ive mill  line r and grinding bal ls 
(.?...!._). This lowers the corrosion rat e  of 
t he 27-pct-Cr t e s t  specimen in the mill  
to  a point whe re it  is not equal to the 
corrosion rat e  found in the test cel l .  

The cathodic Taf e l  s lope for the cas t  
s te e l  is greater  than the anodic Tafe l  
s lope in the t e s ting done in both the 
mill  and the laboratory t e s t  ce l l ,  indi­
cating that in both situations the 

corrosion reaction is control led by the 
cathodic half rea ction. 

The wrought s teel  had a great e r  cathod­
ic Taf e l  cons tant than anodic Taf e l  con­
s tant in both the copper mil l  tes ting and 
the laboratory tes ting designed to simu­
late it . This indicates  that the cor­
rosion reaction is cont rol led by the 
cathodic ha lf reaction unde r both 
conditions . 

The 27-pct -Cr cas t  iron had a greater  
anodic Taf e l  cons t ant than cathodic Taf e l  
cons t ant in both the laboratory and cop­
pe r mil l  tes ting . This indicat e s  that 
the corrosion reaction is cont rol led by 
the dissolution of the me tal  in both  
ins tances . 

The corrosion pot entials obt ained in 
the mil l  tes ting at Magma Copper Co . were 
consis tent ly lower than the corrosion 
potentia ls det ermined in the labora tory 
t e s ting . For example , the corrosion po­
tential of the cas t  steel  in the mil l  was 
- 0. 609 V as compared with  - 0. 493 V in the 
laboratory tes ting .  

The lowe r corrosion pot entia ls found in 
the mi l l  can be explained by the s t ress  
caused by the  grinding bal ls s t riking _ the 
e le c t rodes . Endo and Komai (�) dem­
ons t rated  a corre lation be tween  s t ress  
and corrosion potential and  showed that 
s t ressing carbon s teel  through s everal  
thousand s t ress  cycles is  capable  of  de­
c reasing the corrosion potential of 

TABLE 5. - Comparison of grinding media corrosion data f rom t e s t s  
unde r simu lated  and actual coppe r ore mill  conditions 

Rat e ,  mpy Potential , V s c E  
Te s t  ce ll Mil l  Tes t  ce l l  Mil l  

Ave rage Std Ave rage Std Average Std  Average St d 
dev dev dev dev 

S t ee l :  
C a s t  • • • • • • • • • • •  • • • • • • • 21 3. 0 22 1 1  -0. 493  0. 008 -0 . 609 0. 020 
Wrought • • • • • • • • • • • • • • •  16 2.  6 25 12 - . 4 7 5  . 005 - . 6 3 7  . 035  

Cas t iron : 27-pct-Cr • • •  • 9 . 4 . 2  • 1 - . 346  . 0 10 - . 506 . 008 
V s c E  Voltage re lat ive to s aturated ca lome l e le c t rode . 
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carbon steel from about - 0. 450 to about 
-0. 600 V. Dunn and Martin (Q) measured 
stres s rates in operating bal l  mills of 
up to 1. 75 x 106 MP a/s caused by the 
grinding media impacting the shel l 
liner. 

A comparison of potentia l-current scans 
for cast steel made in the laboratory 
(fig. 6) and in the Magma ba ll  mil l  
(fig. 15A) shows that a significant 
amount of electrical noise is present in 
the ba l l  mil l  scan. Possible sources of 
this noise are (1) noise generated by the 
graphite brushes skipping on the ring and 
brush system , (2) impact of grinding 
media causing potentia l change due to a 
piezoelectric effect , (3) noise generated 
in the reference electrode , (4) rotation 
of the mil l  generating areas of different 
s lurry resistance , and (5) the potentio­
stat operating out of range. 

Figure 16 is a scan with the rings con­
nected to a battery and resistor circuit 
instead of an electrode system. This 
supplies a steady signa l and al lows for 
examination for noise from the ring and 
brush system. The scan is smooth with no 
electrical noise , which indicates that 
the source of the noise is from the 
mil l  itself as it rotates and not from 
the ring and brush system. 

The rotation of the electrodes with the 
mil l  causes them to pass through zones of 
differing s lurry resistance and impact 
stress. At the top of the mill  the coat­
ing of slurry may not be thick enough to 
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FIGURE 1 6.-Potential-current scan using · a battery-resistor 
circuit in place of electrode assembly. 

supply sufficient electr ica l conducti vity 
to al low testing. When this happens , the 
potentiostat increases the applied volt­
age in an attempt to dr ive current be­
tween the electrodes. When the elec­
trodes again enter the more conducti ve 
s lurry , the high voltage causes a current 
spike , resulting in electronic noise. 
Near the lower portion of figure 15B are 
several current spikes , indicating that 
this phenomenon was pos sibly occur ring. 

ADVANCED FIELD TEST EQUIPMENT DESIGN 

While providing adequate data , the 
copper ring system for mil l  testing re­
quires severa l days to mount on a mil l  
and must be custom designed for each dif­
ferent mill. The unshielded copper rings 
a lso are subject to electromagnetica l ly 
induced electronic noise. To simplfy 
in situ mil l  testing , a telemetry system 

was des igned and built in which a poten­
tiostat was mounted on the side of 
the mill  and the data were trans mitted 
to a receiver via radio. This paper 
briefly describes the operation of the 
system. Figure 17 is a photograph of the 
telemetry system. 
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FIGURE 1 7.-Bureau-designed telemetry system. 
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FIGURE 1 8.-Telemetry system mounted o n  rod mill. 

ANALOG-DIGITAL CONVERSION 

The potentiostat associated with the 
telemetry system was mounted on the side 
of the mil l  (fig. 18) . The data obtained 
were transformed from analog to digital 
form prior to being transmitted .  This 
technique eliminated electronic noise ex­
cept for that induced in the wires from 
the electrode to the potentiostat , and 
this was greatly reduced by boosting the 
signal with an electrometer mounted next 
to the electrodes . The analog-to-digital 
conversion allowed a greater range of 
data values to be measured than would  
have been possible if analog data had 
been transmitted . 

RADIO TRANSMIS SION OF DATA 

The radio transmis sion of the data eli­
minated the need for copper contact rings 
and maj or portions of the wiring. Prior 
to transmis sion , the data were trans­
formed from paral lel to serial , or 
sequential , form.  The data bits were 
then converted to radio frequencies and 
transmitted by FM radio to a receiver 
connected to a computer near the mil l .  

DATA RECEPTION AND PROCES SING 

The received FM signal was relayed to 
an interface circuit , which trans lated 
the FM signal to digital form and made a 



serial-to-parallel conversion on the 
data. The data were then injected into 
the Apple computer in the form of an 
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eight-bit word and then saved on floppy 
disks as machine language files. 

CORROSION RATE MEASUREMENTS IN AN IRON ORE MILL 

Pea Ridge Iron Ore Co. is a subsidiary 
of St. Joe Minerals Corp. and operates 
the only U. S. underground iron ore mi ne ,  
about 1 2  miles south of Sullivan , MO. 
The mine has 1 96 million st of proved re­
serves of massive magnetite. The ore is 
concentrated using magnetic separation 
and flotation. The concentrate is ag­
glomerated using vertical shaft furnaces. 
The final products are iron ore pellets , 
iron oxide powder , hematite , and pyrite 
(�). The fluoride ,  0. 0 14  g/L , found in 
the mill water is not usually found in 
mill  waters. 

Corrosion rates of the cast steel and 
wrought steel alloys were measured in a 
nomi nally 9-by 14-ft Kennedy Van Saun rod 
mill at the Pea Ridge Iron Ore Co. , using 
the Bureau-designed telemetry system. 
The other three alloys were not tested 
because a power surge damaged portions of 
the comnputer before the testing was com­
pleted. The mill rotated at a speed of 
18. 4 rpm. The mi ll liner was held in 
place with a system of flared bolts simi­
lar to those used in the ball mills at 
Magma Copper Co. The electrode assem­
blies were placed in the bolts in the 
same manner as those used at Magma Copper 
Co. 

One test was analyzed for the cast 
steel. Figure 19A is the potential­
current plot from this test. The test 
resulted in a corrosion rate of 8. 6 mpy 
with a corrosion potential of -0. 533 V. 
The cathodic Tafel constant had a value 
of 0. 066 V/dec , and the anodic Tafel con­
stant had a value of 0. 050 V/dec, 

One test was analyzed for 
steel. Figure 19B is the 
current plot from this test. 
resulted in a corrosion rate 

the wrought 
potential­

This test 
of 21 mpy 

with a corrosion potential of - 0. 440 V. 
The cathodic Tafel constant had a value 
of 0. 1 90 V/dec , and the anodic Tafel con­
stant had a value of 0. 067 V/dec. 
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FIGURE 1 9.-Potential-current scans for alloys tested using 
the telemetry system. (A) Cast steel and (8) wrought steel. 
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COMPARISON OF LABORATORY AND IRON ORE MILL DATA 

A comparison of the results in the iron 
ore mil l  and testing designed to simulate 
it is found in table 6. The corrosion 
rate found for the cast steel in the rod 
mil l  at Pea Ridge Iron Ore Co. was sta­
tistical ly equal to the average rate of 
13 mpy , with a standard deviation of 
6. 7 mpy , which was found in the labora­
tory test cel l . 

The corrosion potential was signifi­
cantly lower in the iron ore mil l ,  
- 0. 533 V versus - 0. 468 V ,  than in the 
laboratory testing. This is consistent 
with the results found in testing in the 
copper ore mi l l .  

The cathodic Tafel constant is greater 
than the anodic Tafel constant in both 
the mi l l  testing and the laboratory 

testing , indicating that the corrosion 
reaction is control led by the cathodic 
half reaction in both the mill  and the 
laboratory test cel l . 

The corrosion rate found for the 
wrought steel in the rod mill at Pea 
Ridge Iron Ore Co. is statistical ly equal 
to the corrosion rate of 18 mpy , with a 
standard deviation of 4. 5 mpy , which was 
found in the laboratory test cel l .  The 
corrosion potential of the wrought steel 
in the iron ore mil l  was statistical ly 
equal to the potential in the laboratory 
testing. The cathodic Tafel constant is 
higher than the anodic Tafel constant in 
both the laboratory and the mil l  testing , 
indicating that the corrosion reaction is 
control led by the cathodic half reaction. 

TABLE 6. - Comparison of grinding media corrosion data from tests under 
simulated and actual iron ore mill conditions 

Rate , mpy Potential ,  Vs c E  
Test cel l  Mil l  Test cell  Mil l 

Average Std dev Average Std dev 
Cast steel • • • • • • • • • • • • • • •  13 6. 7 8 . 5  - 0. 468 0. 023 - 0 . 533 
Wrought steel • • • • • • • • • • • •  18 4. 5 21 - . 459 . 012 - . 440 
V s c E  Voltage relative to saturated calomel electrode. 

DISCUSSION 

The Magma Copper initial bal l  charge is 
S O  pct 1. 5-in-diam carbon steel bal ls and 
5 0  pct 2. 0-in-diam bal ls. The total 
grinding bal l  wear rate is 1 . 13 lb/st of 
dry ore ,  and mil l  throughput is 85 st/h . 
This is equivalent to a linear penetra­
t ion rate of about 2 , 600 mpy ; therefore , 
corrosion is directly responsible for 
about 1 pct of the total grinding media 
wear at Magma Copper Co. 

Pea Ridge Iron Ore Co. charges carbon 
steel grinding rods that are 3 in. in 
diam and 13 ft in length . The total 
g rinding rod wear rate is 0. 9 lb/st of 
dry ore. This is equal to a linear pene­
t ration rate of 230 mpy ; therefore , cor-

rosion is directly responsible for about 
4 pct of the total grinding media wear in 
the rod mil ls at Pea Ridge Iron Ore Co. 
The wear rates , in pounds per short ton , 
are not related to the linear penetration 
rates in the two mil ls in the same 
manner because the rods and bal ls have 
different volume-to-surface area ratios , 
and the iron ore density is approximately 
twice that of the copper ore. 

Although iron ore is abrasive , magne­
tite and hematite , the maj or components 
of the iron ore , are fair ly brittle in 
nature , especial ly when compared with 
quartz , the maj or component in the copper 
ore (3i) . 



Several investigators have stated that 
total wear in slurry systems is greater 
than the total of the corrosion and me ­
chanical wear , or 

Wt > C + M ,  ( 1 )  

where Wt total wear , 

C = corrosive wear in the 
absence of mechanical wear , 

and M = mechanical wear in the 
absence of corrosive wear. 

This necessitates adding an additional 
term to make the equation 

Wt = C + M + Sy , ( 2 )  

where Sy represents the syne rgistic ef­
f ect between corrosion and mechanical 
wear. This syne rgistic effect can in­
crease the total wear of ferrous alloys 
up to twice the sum of the individual 
wear rates (�). 

The phenomenon of erosion-corrosion 
synergy is we l l  documented (�) , and 
grinding media do exhibit higher corro­
sion rates unde r abrasive conditions than 
under nonabrasive conditions (_!_Q_, _!1). 
Because and corrosion rate of ferrous 
material is greater under abrasive condi­
tions ,  as in a grinding mi ll , the 
corrosion rates measured in this study 
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FIGURE 20.-Corroslon pitting and associated spalllng In  a 
grinding ball from Magma Copper Co. 

include the term C in equation 2 and a 
portion of the term Sy. 

An eff ect of corrosion on mechanical 
wear also exists. Figure 20 is a photo­
micrograph (X 15) of a corrosion pit 
in a grinding bal l  f rom Magma Copper Co. 
An increased amount of spalling is evi­
dent around the edges of the pit. The 
corrosion pit weakens the surrounding 
material , increasing the amount of 
spalling (_�). 

The pitting tendencies of the materials 
tested were evaluated in the laboratory 
test ce l l  (table 7) using simulated Magma 

TABLE 7. - Pitting tendencies of grinding media 
in aerated solution 

Ecor r  
- Ep l Pitting 

Ave rage , Std dev tendency 
VscE 

Stee l : 
Cas t • • • • • • • • • • • • • • • •  • • • • • • 0. 136 0. 017 Hi gh 
Wrought • • • • • • • • • • • • • • • • • • •  • 130 . 013 Do. 
Ni -hard cast iron • . . . . . . . .  . 120 . 0 2 7  Do. 
1 2-pct-Cr i ron ........ • ... . 061 . 043 Do. 
2 7-pct-Cr i ron . . . • . . • . . . . .  -. 884 . 057 Low 

V s c E  Voltage relative to saturated calome l  electrode. 
1Corrosion potential minus protection potent ial. 
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mill  slur ry. The 27-pct-Cr cast iron had 
a low pitting tendency , and the other 
four materials had high pitting tenden­
cies. Because of its much lower pitting 
tendencies and the fact that stainless 
steel , which makes up the metal lic matrix 
of the 27-pct-Cr cast iron , is less sus­
ceptible to erosion-corrosion (�) , the 
high-Cr white cast iron should have a 

much lower synergistic effect between 
corrosion and mechanical wear than the 
lower al loyed materials. 

Owing to the synergistic effect , 
decreasing the corrosion rate in a mil l  
may decrease the total wear by a greater 
percentage than can be attributed 
directly to corrosion. 

CONCLUSIONS 

Th ree 
reached 
studies : 

important conclusions 
after comp letion of 

were 
these 

1. Material losses due to electro­
chemical surface reactions were only a 
small  part of total media losses for the 
operations in which field tests were 
made. 

2. Total losses caused by corrosion 
effects can be significantly greater than 
those due to chemical reactions if fre­
quent impact or continual abrasion on the 
media surfaces occurs in the mill , since 

many common ly used alloys are susceptible 
to pitting under mil ling conditions. 

3. Rates of grinding media loss from 
electrochemical reactions at the surface 
of the material can be determined from 
wel l-designed laboratory tests. There­
fore , if corrosion is known to contribute 
to material loss in a particular opera­
tion , tests can be made to determine if 
changing mil ling conditions can signifi­
cantly lower chemical reaction losses , 
which may result in substantial reduc­
tion in total losses. 
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