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ABSTRACT

An investigation was made of the corrosion of . 
several structural steels exposed to the atmosphere of an 
underground mine. Steel samples were placed in direct 
contact with the copper sulfide minerals, chalcocite, 
chalcopyrite, and bornite in a humid atmosphere (85-93% 
relative humidity) for a 28 week period* The structural 
steels tested were carbon steel, USS Cor-ten A, and USS 
Cor-ten B.

The results indicate that the superior atmospheric 
corrosion resistance of the Cor-ten steels in above-ground 
atmospheres is not present when these steels are used,in a 
continuously high humid atmosphere whether bare or covered 
with the sulfide minerals.

X-ray diffraction tests indicate that the rust 
coatings generated in this investigation are different from 
those produced on steels exposed to above-ground conditions.

A multiple regression analysis of the variables was 
made to determine what variables were of significance in the 
corrosion tests. Only phosphorus and sulfur concentrations 
in the steels proved to be significant variables.

ix
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CHAPTER 1 

INTRODUCTION

1.1 'Background
The atmospheric corrosion of iron, and later steel, 

has been a noticeable phenomenon since Pliny attributed the 
tendency of iron to rust to a curse inflicted by the gods 
on that metal because of its use in instruments of death. 
Eighteen centuries later La Rive (1856) theorized that the 
atmospheric corrosion of iron was an electrochemical 
reaction. Since then, the corrosion of iron, and later 
steel, and its possible prevention has been the object of 
widespread study.

It has been shown that the degree of atmospheric 
corrosion resistance of iron and steel is a direct result 
of the protective nature of the rust film that forms 
initially, and ideally, prevents further attack (Vernon 
1935, Larrabee 1959, Fontana and Greene 1967, Wranglen 
1972). This rust film consists, on bare unalloyed iron, of 
an iron oxide that prevents the attacking medium from 
reaching the unoxidized iron. The formation of the rust 
film results from a reaction of the iron with the water in 
the air, as shown by Vernon in 1935. The protectiveness of

1
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As steel replaced iron as the primary structural 
material, the corrosion resistant properties of the oxide 
film on steel became of major importance. The effect of the 
alloying elements in the steel on the properties of the 
oxide film that formed under atmospheric exposure was in
vestigated by Buck in 1919 and Vernon in 1935. They found 
that additions of small percentages of copper and phosphorus 
to the steel resulted in a marked improvement in the ad
herence of the oxide film, as well as a decrease in its 
porosity. Continuing study has been done on the effects of 
the alloying elements, as well as variables in the environ^ 
ment, such as air pollutants (Haynie and Upham 1971), and 
relative humidity and rainfall (Vernon 1935, Larrabee 1969).

1.2 The Development of Cor-ten Steels
In the 1930's, United States Steel Corporation 

developed a high-strength, structural steel designated as 
Cor-ten steel (Hall, Ruffini, and Norbeck 1971), that con^ 
tained low concentrations of alloying elements, such as 
copper, phosphorus, manganese, silicon, and nickel. These 
high-strength, low alloy steels (HSLA), which exhibit a 
yield point 1.5 times that of structural carbon steel, were 
produced to meet specific mechanical demands, However, the 
alloying elements developed a superior atmospheric corrosion

a rust film can be indicated by its adherence to the metal
base and by its porosity to air and the water in the air.
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resistance in these steels roughly five times that of a 
carbon steel with a low residual copper content (Vernon 
1935, Schmitt and Huelien 1965). Extensive research has 
been conducted toward an explanation of the role of these 
alloying elements in the very superior protective film that 
forms on these steels during atmospheric exposure (Vernon 
1935, Copson 1945, Kelly 1951, Larrabee and Coburn 1962, 
Horton 1965, Schmitt and Gallagher 1969, Misawa et al.
1971).

Recently the trend has been toward the use of these 
steels in an unpainted of uncoated condition for archi
tectural applications (Schmitt and Gallagher 1969). The 
naturally-forming rust film is a desired surface from an 
aesthetic point of view. The corrosion resistance and the 
high strength of these steels make them ideal for structures 
exposed to normal atmospheric conditions.

1.3 Cor-ten Steels in the Mining 
Environmen t

However, not all applications of these steels have 
been as successful. Currently, they are being used for 
support members in underground mines. In this case the 
performance of these steels, from a corrosion viewpoint, 
is far from successful. Specifically, in copper mines in 
which the copper is in the form of copper sulfides, or 
copper iron sulfides, as in the Tucson area, the deteriora^ 
tion of the structural material is extensive and rapid. The
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support elements are exposed to extreme humidity as well as 
intimate and extensive contact with these sulfides. A 
typical example is the structural members in exhaust 
shafts, up which air from lower levels is forced„ This air 
is saturated with moisture and carries sulfide-laden dust 
from the excavation levels. As the air comes to the 
surface its temperature decreases. The cool, wet air forms 
a fine misty rain that falls back down the shaft. This rain 
carries the 'dust, laden with the various minerals, and 
deposits it on the supporting steel structures. These 
steel structures show evidence of severe corrosive attack 
in a relatively short time.

1.4 Description of This Investigation 
A study of the mechanism of this corrosive attack 

and the cause of the unsuccessful material performance has 
been initiated; a discussion of the research and its 
results are reported herein. Apart from the economic con
siderations, the safety of the men below ground make the 
investigation and solution of this problem important.

This investigation into the aforementioned problem 
consisted of the exposure of both coated and uncoated 
carbon steel as well as samples of bare Cor-ten steels to a 
laboratory simulation of the conditions in an exhaust 
shaft. The samples of all these steels were covered with 
a thin, loose layer of different copper sulfide minerals.
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i.e.f chalcocite, chalcopyrite, and bornite„ These samples 
were then placed in a controlled atmosphere having a rela^ 
tive. humidity of 90-95% for a period of seven months. 
Periodically the samples were weighed to the nearest milli
gram and the weight change per square decimeter of exposed 
surface was calculated. These data were then used in a 
computer based, multiple regression analysis to determine 
the significance of influencing variables. Included in the 
analysis were such variables as mineral composition, steel 
composition, humidity and temperature of the ambient atmos
phere, and exposure time. At the end of the exposure period 
the adherent rust layer was removed and an X-ray diffraction 
pattern study was performed to determine the structure and 
composition of this corrosion product.
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CHAPTER 2

THEORETICAL BACKGROUND

2.1 The Atmospheric Corrosion of Steel 
The rate and mechanism of atmospheric corrosion of 

steel is dependent upon the composition of the steel 
(Copson 1945, Schmitt and Huelien 1965, Larrabee 1969), the 
relative humidity of the ambient atmosphere (Vernon 1935), 
the amount and nature of the atmospheric pollutants 
(Larrabee 1969, Haynie and Upham 1971), and suspended 
particles in the air (Vernon 1935)- In special cases, con
sideration should be given to the design of the equipment or 
structure in which the steel is incorporated, and the nature 
of any contact with corrosive agents during the service life 
of the equipment or structure (Kelly 1951, Fontana and 
Greene 1967, Schmitt and Gallagher 1969, Clapp and Swan 
1972, Wranglen 1972).

2.1,1 . General Effect of Steel Composition
The effect of the composition of a steel upon its 

corrosion resistance was initially investigated by Buck 
(1919) and Vernon (1935). The results of the study by Buck 
indicated that steels containing over 0.15% copper showed 
significantly good corrosion resistance. Buck (1919) ex
plained this by proposing that the copper combined with the

6
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sulfur in the steel to form copper sulfide, which was not 
as detrimental as the ferrous sulfide that would have been 
present. This explanation was later given more credence by 
Larrabee (1959) who published the data in Table 1.

Table 1. Effect of Sulfur and Copper in Iron on Atmospheric 
Corrosion —  Prom Larrabee (1959).

Iron
Per Cent
• S .....

Per Cent 
. Cu . . .

Corrosion 
(1 = lowest rate) 
. after 1.5 yrs 

....Exposure. . . .
A 0.03 0.0004 5
B 0,03 0,2 1
C (A annealed) 0.001 0.0004 1
D (B annealed). 0,001 0.2 .....1. .... .

Cop son (1945) , in-.considering the work of Buck, 
believed that, on copper steels, the copper sulfide cor
rosion product proposed by Buck (1919) would oxidize in the 
air and ultimately form a basic sulfate. Copson (.1945), in 
summing up the role of alloying elements on the corrosion 
resistance of steel, noticed that with the exception of 
phosphorus, all beneficial elements, such as chromium, 
manganese, and copper, form insoluble basic salts. These



basic salts were considered to form in the rust layer and 
prevent the exposure of the base steel to the atmosphere.

However, this hypothesis has been weakened consider
ably by lack of any evidence demonstrating the existence of 
basic sulphates of copper and nickel in the rust (Horton 
1965). As pointed out by Horton, there is an uncertainty 
about the manner in which copper and other beneficial 
alloying elements aid in the prevention of corrosion.
Horton suggests that the beneficial alloying effects occur 
in the rust layer rather than in the steel or on the surface 
of the steel. This is due to the facts that significant 
differences in the atmospheric corrosion rate between carbon 
steels and low-alloy steels do not appear until a fully 
developed rust layer is formed, and to the absence of 
beneficial effects in underwater corrosion where no rust 
layer is present.

An interesting result of this chemical analysis was 
the discovery of unusually high amounts of silicon in the 
rust, as well as the presence of elements such as aluminum, 
calcium, magnesium, potassium, sodium, and zinc, which, were 
not in the steel in significant amounts. The results of 
this chemical analysis are shown in Table 2.

Presently, however, the mechanism by which these 
alloying elements exert their effects is in doubt. In con^ 
junction with the role of alloying elements, the conditions 
of the ambient atmosphere, as far as the amount of

8
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Table 2. Semiquantitative Spectrographic Analysis of 17-

Year-oid Low-Alloy Steel Rust —  From Horton(1965) .

Alloying Element3 % in Steel % in Rust
Manganese 0.21 0.2

0.85 0.5
Silicon 0. 02 2.0

1.00 2.0
Nickel o. oi6 0.05

0.80 0.4
Chromium, 0.03 0.1

0.95 .... .......0.35 .

aOther elements found in rust but originating from 
atmosphere as dusts were: 0.3-0.5% Al, 0.15—0.25% Ca, 
0.2-0.25% Mg, 0.1% K, 0.05% Na, 0.05-0.1% Zn.

pollution and the nature of the pollutants, are of paramount 
importance. Also, the amount of humidity and how the water 
in the air reaches the metal play a major role? i.e., • 
frequent rainfall, condensation of dew, or the presence of 
saturated air only,

2.1.2 Role of Humidity
The initial important work on the effect of the 

humidity of the atmosphere, and of the nature and amount of 
suspended particles in the air on the corrosion of steel was 
done by Vernon (.1935) . The steel used in Vernon’s study was 
plain carbon steel of the composition given: C, 0.12%;
Si, 0.01%; Mn, 0.39%; S, 0.052%; P, 0.029%; and importantly, 
Cu, 0.12%. In a later portion of his experiments a steel of
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a composition somewhat lower in the amount of the above 
alloying elements was used.

The results of the exposure of steel to an atmos
phere are given in Figure 1. Curve A, which is the datum 
for exposure to an atmosphere of 99% relative humidity, 
shows a linear rate of attack for the first forty days; 
then there is a marked decrease in the rate. Vernon 
attributed this decrease to the strengthening of the primary 
oxide film, which would tend to make the start of new 
centers of initial attack difficult. This invisible oxide 
film, believed by Vernon to consist of y-FCgOg or a-FegOg 
arid possibly Fe^O^, was investigated by Vernon using an 
electron camera. Copson (1945) proposed the following 
reaction for the formation of this oxide film:

32Fe + aH^O + '̂e2^3 * (1)

Curve B, of Figure 1, shows the result of exposure 
of the steel samples to an environment iri which the rela
tive humidity was increased in steps as shown bn the lower 
horizontal scale,, With, an Initial humidity of zero, the 
humidity was increased to a maximum of 99 per cent in a 
time period of thirty-six days.' It was observed that the 
first.traces of rust appeared after twenty-four days of 
exposure, at which time the relative humidity reached 70 
per cent. This critical humidity was later reaffirmed by 
Wranglen (1972, p. 62) who reported values of 60%. v This
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J A-
PELATIVE HUMIDITY.- 
CURVE A : 99%  FROM START 
CURVE'S : INCREASED IN STEPS 

AS SHOWN.

0  /5 30 t>0 SO 70 80 9 0 99 " ‘ (RELATIVE H U M ID IT Y -, 
0  10 20  30 40 [TIM E-DAYS] 60 '

Figure 1. Rusting of carbon steel in purified air (constant 
and increasing relative humidity) *—  From Vernon 
(1935) .
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critical humidity represents the value below which atmos
pheric attack on steel does not occur. The interesting 
feature of Figure 1 is the considerably lower amount of 
corrosion occurring in the case of the increasing humidity 
as opposed to the amount of corrosion experienced in an 
atmosphere of a constant 99% relative humidity. Vernon 
believed this to be due to the strengthening of the primary 
oxide film during the initial twenty-four days, during 
which the relative humidity was less than 70%.

A slightly different explanation of the flattening 
of the curves in Figure 1 was given by Copson (1945) . In 
addition to the beneficial effect of the primary oxide film, 
the secondary insoluble rust products were believed to form

la protective coating that would prevent additional moisture 
from reaching the steel surface. This has been found to be 
especially true for steel exposed to atmospheres that 
contain SOg and other pollutants.

2.1.3 Role of Atmospheric Pollutants 
and Suspended Particles

The influence of atmospheric pollutants is un
questionably a major factor in the rate of atmospheric 
corrosion of steel. The role played by sulfur dioxide is 
one of grave importance, although other pollutants and 
suspended particles also contribute to the rate of attack, 
both detrimentally and beneficially.
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The role of precipitated solid particles and their 

importance in the atmospheric corrosion of metals was 
studied by Vernon (1927, 1932, 1935). He suggested that in 
urban environments ammonium sulfate was of major importance. 
An interesting study by Dexler (1930), suggested that the 
structure of rust was determined by the type of rust-forming 
nuclei present on the steel surface. In considering the y- 
and a-forms of FeO(OH), the a-form was believed to be 
started by non-dissociated substances such as gypsum and ash 
particles. The y-form was believed to be nucleated by 
highly dissociated substances such as ammonium sulfate and 
ammonium chloride.

2.1.4 Effect of SOg
The major contributor to the atmospheric corrosion 

of steel, as far as pollutants are concerned, is SOg, The 
effects of SOg concentration and the relative humidity on 
the corrosion of steel are shown in Figure 2, from Vernon 
(1935). Vernon found that in the presence of 0.01% SC^, 
the attack and formation of the corrosion product was 
extremely rapid when compared to samples exposed to pure 
air.z This was especially true at high humidities; at a 
relative humidity of 99% the specimen was covered completely 
in one day by rust. Again, the value of the critical 
humidity of 60% was observed. This is shown dramatically 
by Figure 3, from Vernon (1935).
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Figure 2. Effect of sulfur dioxide on rusting of carbon 
steel at high relative humidity —  From 
Vernon (1935).



iG
H

T 
IN

C
R

E
M

E
N

TS
 

FR
O

M
 

T
lM

E
-C

O
R

R
O

S
i

15

ioi

4 0  60 8 0(RELATIVE HUM1DITV
Figure 3, Effect of critical value of relative humidity 

on rusting of carbon steel —  From Vernon 
C1935J .



16
The effect of SO^ on the structure, and hence on the 

protectiveness of the rust film that is formed has been 
investigated by a number of workers (Schramm, Taylerson,' and 
Larrabee 1936; Copson 1945; Larrabee 1959; Levy and 
Merryman 1967; Schmitt and Gallagher 1969; Haynie and Upson 
1971). Copson (1945) considered the following reaction 
appropriate for a fictitious sulfurous atmosphere, in which 
the rain water could be considered dilute sulfuric acid:

2Fe + 3H2S04 — ^Fe2(S04)3 + 3H20 (2)

However, in an actual industrial environment containing 
SC>2 the reaction favored by Cop son is:

2 (x+y) Fe + 3yH2S04 + li (x+y) C>2 + axH20 — »-

xFe2C>3'yFe2 (S'Ô ) 3 * axH20 + 3yH20 (3)

In the case of reaction (1) the corrosion product (Fe203 • 
H20) is insoluble and would have only a beneficial effect, 
in that it would shield the steel from further attack by 
the water and air. On the other hand, the product of 
reaction (2) not only is soluble, but would speed up the 
attack on the base metal. It has been reported (Schramm et 
al. 1936) that a comparatively weak solution of ferric 
sulfate is more corrosive to steel than an equally weak 
solution of sulfuric acid. Regarding the third reaction 
proposed by Copson, the solubility of the basic sulfate 
that forms was believed to be between that of the hydroxide
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and the sulfate. The solubility of the product would be 
expected to increase in proportion to the ratio of y to x. 
When the pollution becomes extreme, as in smoke stacks of 
railroad round-houses, the behavior of the steel indicates 
that the ratio of y to x, in reaction (.3) , becomes so high 
that the basic sulfates proposed by Copson are very soluble 
(Storey 1921).

2.1.5 Influence of Alloying Elements
While the importance of the above factors in the 

atmospheric corrosion of steel are certainly not to be 
underestimated, the composition of the steel plays a major 
role. Copson (1945) , in discussing the rust removed from a 
0.05% copper steel, exposed in an industrial atmosphere, 
reported that the fust contained more moisture and more 
sulfite than the rust from a carbon steel containing less 
that 0.02% copper. It should be noted that the 0.05% 
copper steel corroded at a much lower rate than the other 
steel which was different only in the amount of copper. In 
proposing a mechanism for the behavior of the above steels, 
Copson offered the explanation that the copper rendered 
the sulfates insoluble by forming complex basic sulfates. 
Overall, the addition of alloying elements that form in
soluble salts, individually at least, appear to be bene
ficial as far as corrosion resistance is concerned.
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In a later work, a low alloy steel composition such 

as is shown, in Table 3 was taken and the amount of the 
various alloying elements were varied one at a time.
Figure 4,. from Horton (1965) , with the data from Larrabee 
and Coburn (1962), shows the effect of those elements con
sidered to be beneficial to the protection of the steel.
Note the curve for copper, however. Steels bearing less 
that 0.1% copper show an increasing corrosion rate. Above 
0.3% concentration, the copper has no effect on the steel 
corrosion whatsoever. The detrimental effect of sulfur on 
the corrosion resistance of steel is shown in Figure 5, from 
Horton (1965). Overall, the effects of alloying elements 
as given by Horton are as follows: copper (up to 9,3%),
phosphorus, silicon, chromium, and nickel are the most 
beneficial; manganese has no apparent effect; and sulfur 
is harmful.

In general, the alloying elements present in the 
rust layer of exposed steel have been found not to be 
distributed uniformly through the rust thickness. By using 
microprobe analysis Bruno, Tamba, and Bombara (.1973) found 
that various alloying elements are concentrated at dif
ferent layers in the rust film. Figure 6 shows the varia
tion of copper enrichment as a function of the distance 
from the metal surface, for different steels„ Bruno et al., 
after comparing the results of twenty-six months exposure 
in an industrial atmosphere, reported that the corrosion



Table 3. Composition of -USS Cor-ten Steels —  From Schmitt and Gallagher X1969),

Weight Per Cent, Ladle
Type C Mn P S Si Cu Cr Ni V

USS COR-TEN 
A Steel 0,12 max 0,20/0,50 0.07/0,15 0,05 max 0.25/0.75 0,25/0.55, 0.30/1.25 0.65 max * a

USS COR-TEN
B Steel*3 0,10/0.19 0,90/1,25 0,04 max 0.05 max 0,15/0.30 0.25/0.40 0.40/0.65 a 0.02/0.10

aNot specified.
bU 1 S, Patent No, 2,845,345,

HVO
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Figure 6. Concentration profiles of alloying elements in 
the rust of steel compositionally equivalent to 
Cor-ten A exposed in the industrial atmosphere 
of Milan for 26 months —  From Bruno et al.
Cl973} .



23
resistance appeared to be consistent with the interfacial 
copper enrichment. Also noted was the substantial enrich
ment of phosphorus in steels compositionally equivalent to 
Cor-ten A.

-According to Okada (196 8) and Misawa et al. (1971) the 
presence of copper and phosphorus in the rust layer would 
catalyze the formation of very compact non-porous layers of 
iron oxides. These layers would shield the metal base from 
oxygen and water, thus increasing the corrosion resistance 
of the steel, as reported by Copson (1945). However, the 
results obtained by measuring the free corrosion potentials 
of rusted specimens by immersion in 0.5% NagSO^ solution 
and measuring the change in mV/Vs SMSE with immersion time, 
(Bruno et al. 1973) do not support this view.

Bruno et al. suggest that the beneficial effects of 
Cu and other alloying elements are of an ennobling rather 
than a shielding nature. However, this explanation is 
weakened by the fact that anodic weathering of freshly. 
pickled samples does not result in the consolidated rust 
that occurs from atmospheric exposure. A combination of 
both ennobling and shielding types of protection may result 
from allbying. However, a complete explanation of the 
mechanisms of corrosion and protection of low alloy steels 
has not yet been verified.
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2.2 The Structure of the Rust Layer Found 
' on the Cbr-Teh Steels

Copson (1945) attributed the superior corrosion 
resistance of the HSLA steels when compared with carbon - 
steels to the adherent rust film that forms. This film is 
quite complete in covering the base steel preventing 
moisture and other corrosive elements from reaching the 
surface.

In an attempt to determine the effect of these 
alloying elements, studies have been made on the structure 
and composition of the rust layer formed on the HSLA steels 
Schmitt and Gallagher (1969) reported the effect of expo
sure of bare Cor-ten steel when used in architectural 
applications. The composition of both Cor-ten A and B 
steels is given in Table 3. Figures 7, 8, and 9 compare 
the relative performance of the Cor-ten steels with that of 
structural carbon steels in various types of atmospheres. 
The amount and rate of corrosive attack on the carbon 
steels is obviously much greater than that on the Cor-ten 
steels in the same environment. Investigation of the rust 
films of steels exposed to atmospheric attack has been done 
by Horton (1965) and Schmitt and Gallagher (1969) using 
X-ray diffraction techniques. An interesting finding, 
reported by both groups of researchers, is that the bulk 
phases of the films are, for the most part, the same for 
both the Cor-ten and carbon steels. The major phases found

V
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STRUCTURAL

Figure 7. Corrosion of Cor-ten A steel and structural 
carbon steel exposed to moderate marine 
atmosphere 800 feet from the ocean —  From 
Schmitt and Gallagher 0-969} .
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STRUCTURAL 
CARBON S T E E L

L O W -A L L O Y  
A ST E EL

(Cor-ten A)

0 5 10 15 20 25 30
T IM E ,  years

Figure 8. Corrosion of Cor-ten A steel and structural 
carbon steel exposed to a semirural atmosphere 
—  From Schmitt and Gallagher (1969).
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Figure 9. Corrosion of Cor-ten A steel and structural 
carbon steel exposed to an industrial 
atmosphere.



28
in the films are lepidocrocite (a-FeOOH), goethite (a-
FeOOH), and magnetite (Fe^O^). The major constituent,
according to Schmitt and Gallagher, is lepidocrocite, with
the proportion of goethite increasing with the age of the
oxide film, Spectrographic analysis of the rust film by
Schmitt and Gallagher showed the alloying elements
(chromium, silicon, copper, nickel, phosphorus), present in
the Cor-ten steels, to be present in the rust film' in
approximately the same proportions. In addition, the per- 

2-centage of SO^ is greater in the rust film of the Cor-ten 
A than in. the rust film of the carbon steel. This would 
seem to support the proposal of Copson (1945) that the 
superior resistance of the low-alloy steels is due to the 
way the sulfates are incorporated into the rust film.

Schmitt and Gallagher (1969) also reported the 
presence of the diffraction pattern of ferrous sulfate 
tetrahydrate in material taken from pits at the rust/steel 
interface on the Cor-ten A steel after six months exposure. 
After one year, the diffraction pattern for ferrous 
sulfate is no longer present, and a pattern similar to, but 
not identical to, the pattern for basic ferric sulfate, 
karphosiderite, is obtained. However, the frequency with 
which these pockets are found, as the sample is exposed for 
longer and longer times, is reduced. An explanation of the 
role of the sulfate has been proposed by Schikorr (1964):
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a. Fe 4- S0o + 0„ FeSO.2 2 4
b. 4FeS04 +02 + 6H20 — »■ 4FeOOH + 4H2S04
c. 4H2S04 + 4Fe + 202 — 4FeS04 + 4H20 (4)

In the case of carbon steel, Schmitt and Gallagher (1969) 
proposed a self-perpetuating reaction in which the water 
soluble ferrous sulfate develops at the rust/steel inter
face in the presence of atmospheric SC>2 - This would 
explain the 'continuing attack on carbon steel in air con
taining SC>2. In reference to the resistance of the- Cor-ten 
steels in the air, Schikorr (1964) suggests that the 
alloying element's, instead of plugging the pores in the 
rust film by forming insoluble salts, as believed by 
Copson (1945), form insoluble sulfates that stop the 
self-perpetuating reaction by preventing the formation of 
H2SC>4in Equation (4 [b. ]) .

2.3 A Proposed General Mechanism for 
Rust Formation

An interesting and significant study of the 
corrosion of carbon steel,-Cor-ten A, and Cor-ten B was 
conducted by Biber and Harter (1966) that indicates a 
possible mechanism of rust growth. According to Biber and 
Harter, the rusting of Cor-ten A and carbon steels starts 
at specific sites on the steel surface. While the Cor-ten 
A steel exhibited many more of these sites than did the 
carbon steel, the size of the rust mounds on the carbon
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steel indicated that the carbon steel was more active. The 
number of corroding sites on both steels increased as time 
of exposure increased, until eventually both steels had 
a uniform covering of rust mounds. On the carbon steel, 
the rust mounds continued to grow larger and finally split 
open and spalled from the surface. As Biber and Harter 
noted, the growth of the rust mounds on the Cor-ten A was 
much slower, the splitting of the mounds was less frequent, 
and no spalling was observed during the entire length of 
the test period (64 days).

Investigation of the rust layers on the carbon 
steel by Biber and Harter, has given a basic understanding, 
of the manner in which carbon steel rusts. At the specific 
sites of corrosive attack a pit is created and rust is 
deposited over the surrounding surface, with the major 
portion of the rust being deposited in a ridge close to, 
and surrounding, the active site. X-ray diffraction 
analysis of this rust reveals only y-FeOOH, which is in 
agreement with other researchers (Horton 1965, Schmitt and 
Gallager 1969). As more rust is deposited, the ridge grows 
larger and a convex cap of rust forms over the initial site 
The cap continues to grow and eventually combines with the 
ridge to form a mound with a conical profile. The growth 
of a rust mound is shown in Figure 10 (a, b, and c) (Biber 
and Harter 1966). A cross-section of such a mound is shown 
in Figure lOd. X-ray diffraction analysis of such a mound



Figure 10. Different stages of rust mound development 
on carbon steel —  (AI At the start of the 
attack, a pit is formed in the steel and rust 
is deposited in a ridge around the pit.
(B) As the attack continues, the ridge grows 
larger and a convex cap forms over the pit. 
(Cl Eventually the cap and ridge combine to 
form a mound. (Dl the mound^s composition is 
as shown, the mound eventually ruptures, 
presumably because of internal stress due to 
the conversion of iron to the less dense 
yFegOg-HgO" From Biber and Harter (19661„
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— A P P A R E N T L Y  A C H A N N E L  R E M A IN S  
OPEN B E T W E E N  THE C OR R OD IN G
S I T E  AN D THE A I R

Figure 10. Different stages of rust mound development on carbon steel.
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has indicated that the outermost layer is composed of 
y-FeOOH, while the layer just below the outer layer is 
a-FeOOH, and the innermost layer has been found to be 
y-FeOOH again.

The rust surrounding the mound, however, has been 
found to consist of only the two layers, The outer layer 
is y-FeOOH, while the inner consists of a-FeOOH. It 
appears that as the corrosion progresses y-FeOOH is de
posited at the rust/air interface and the underlying rust 
is converted to a-FeOOH. When .this conversion begins, and 
the manner in which it is accomplished have not been 
determined.

It would appear, though, according to Biber and 
Harter (1966), that the presence of y-phase in the pit at 
the bottom of the mound indicates that at the active site a 
channel remains open between the metal and the environment. 
The production of the initial rust product, y-FeOOH, con
tinues even after the mound is formed. Because of this 
ongoing formation of y-FeOOH, internal stresses build up in 
the mound as a result of the conversion of the more dense 
iron to the much less dense hydrated oxide. The mound 
eventually ruptures, and the mound spalls off the surface.

As the mound ruptures,the local corrosion rate is 
considered to accelerate as the initial active site is 
exposed to the environment. Thus, a cycle corrosion mech
anism is developed as follows: (1) initial rapid
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corrosion, (2) the attack slows down as a rust mound 
develops, (3) the mound ruptures and spalls, and (4) the 
rapid corrosion begins again.

It should be noted that this mechanism has only 
been proposed for attack on carbon steel. Due to the much 
smaller size of the mounds on Cor-ten A steel, a satis
factory sectioning and investigation with X-ray diffraction 
has not yet been accomplished. As mentioned earlier by 
Horton (1965) and reaffirmed by Biber and Harter (1966), 
X-ray diffraction analyses of the rust layers of .Cor-ten A 
have shown only y-FeOOH in the initial rusts and a mixture 
of y- and a-phases in older rusts. Although the rust 
mounds on Cor-ten A steel were observed to split, spalling 
did not occur.

The above presents a fundamental mechanism for the 
atmospheric corrosion of carbon steel. Further work is 
needed to develop a mechanism that will explain the cor
rosive attack on the low-alloy steels and their protective 
mechanisms. This additional .work should complement and 
support the proposed mechanism for the corrosion of carbon 
steels.

2.4 Corrosion of Steels in Use in 
Sulfide Environments

There has been little work reported oh the atmos
pheric corrosion of either HSLA steels or structural carbon 
steels in contact with copper sulfide minerals. There have
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been a number of studies made on the effect of sulfur 
bearing coals on the corrosion of structural steels used in 
railroad car bodies. Kelly (1951), while not attempting to 
explain the mechanism by which the steel would corrode, 
reported that Cor-ten steels suffered approximately 1-1/2 
.times less weight loss due to corrosion than structural 
carbon steel. A recent work by Clapp and Swan (1972) 
indicated that when pyritic sulfur is exposed to the 
moisture in'the air, an acidic product is formed. Figure 
11 indicates results, from that study which show the time 
necessary for ferric sulfate to develop from coal leachings 
As indicated earlier, the role of soluble sulfates in the 
corrosion of steel is a major one. There is usually in
sufficient time for ferric sulfate to form in pyritic coals 
being carried in railroad cars. This would not be true in 
the case of sulfufous minerals accumulating on the struc
tural steel in mine shafts.

2.4.1 Role of a Wetting/Drying Cycle
From available literature discussing the use of 

Cor-ten steels in moist atmospheric conditions, there seems 
to be general agreement that a high-strength low-alloy 
steel (HSLA) shows no superior resistance to corrosion than 
a carbon structural steel. In fact, the high-strength, 
Idw-alloy steels show a lower Corrosion resistance than a 
copper steel which contains less copper, silicon.
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Figure 11. Time required for corrosive constituents to 
develop from sulfur bearing coal —  From 
Clapp and Swan (1972).
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phosphorus, and chromium than does a Cor-ten steel. It has 
been indicated by Clapp and Swan (1972) and Schmitt and 
Gallagher (1969) that to be effective, Cor-ten steels need 
to have cyclic drying and wetting periods. Schmitt and 
Gallagher report that surfaces badly exposed to both the 
drying action of the sun and the washing action of the rain 
develop a tightly adherent oxide film, while those surfaces 
sheltered from the rain and sun develop a loose oxide film. 
They also report the presence of ferrous sulfate.deposits 
on areas that are not sufficiently washed by the rain. The 
drying action of the sun, which evaporates any condensed 
water on the surface of the steel, would prevent the 
reaction 4b, assuming that the mechanism proposed by 
Schikorr (1964) is correct. The washing action of the rain 
increases the corrosion resistance by removing soluble 
FeSO^ or Fe2 (SO^)^ which appear to be the corrosive agents 
in atmospheric attack. The initial oxide film (i.e., 
reaction 1, or that which was reported by Vernon [1935] of 
y- and/or a-FegOg or Fe^O^) would remain in place on the 
surface of the steel.

Kelly (1951) has observed that in sheltered areas 
in railroad hopper cars that act as traps for moist dirt 
and coal fines, both carbon steel and Cor-ten steels show . 
a similar, accelerated corrosion rate. Thus, in a similar 
environment such as a mine shaft, i.e., with moist, fine
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particles of copper sulfides in the air, Cor-ten steels 
would not be expected to exhibit superior corrosion re
sistance.

2.4.2 Summary
From studies cited in the preceding few paragraphs, 

it would seem inadvisable to use a high-strength, low-alloy 
steel as a structural material for a moist, underground 
mine. However, this advice,' if ever offered, has not been 
taken. This provides an excellent Opportunity to study 
the suitability of using these high-strength, low-alloy 
steels in a wet, underground mine.



CHAPTER 3

OBJECTIVES

The objectives of this investigation into the 
corrosion and corrosion resistance of various structural 
steels were three-fold.

1. Testing to determine the comparative corrosion 
resistance of structural steels used in mining 
operations. The types of steels used in this 
comparison are:
a. bare carbon steel,
b. Cor-ten A steel,
c. Cor-ten B steel, 1
d. carbon steel covered with a coal tar, epoxy

polyamide coating,
e. carbon steel covered with an organic zinc rich 

primer based on a chlorinated natural rubber 
vehicle, and

f. galvanized carbon steel.
2. Investigating and comparing the mechanism by which 

carbon steel and the high-strength, low-alloy 
(HSLA) steels. Cor-ten A and B, are attacked in a 
humid, high sulfide environment.

38
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3. Attempting, by the use of a computer-based stepwise 

multiple regression analysis and analysis of 
variance, to determine the significance of factors 
believed to be influential to the corrosion re- 

■ sistance of the steels used. Variables tested for 
significance include: composition of the minerals
used in contact with the steel samples, composition 
of the various steel types, and time of exposure.



CHAPTER 4

EXPERIMENTAL PROCEDURE

4.1 Materials
The steels used as samples for exposure consisted 

of high-strength, low-alloy steels, designated as Cor-ten 
A and Cor-ten B; and carbon steel, of a nominal carbon 
content of approximately 0.04%. The complete compositions 
of these steels are given in Table 4.

The high-strength, low-alloy steel specimens were
0.125 inches (0.3175 cm) thick by 2.0 inches (5.08 cm) wide 
by 3.0 inches (7.62 cm) long. These samples were exposed 
in a bare, uncoated condition. The carbon steel samples 
consisted of both bare and coated specimens. The uncoated 
samples consisted of specimens of the same dimensions as 
listed above, and specimens 0,125 inches (0,3175 cm) by
3.0 inches (7.62 cm) by 6.0 inches (15.24 cm).

Also included in the tests were specimens of carbon 
steel that were coated with various protective coatings. 
Among these coated specimens were galvanized carbon steel 
samples with dimensions of 0.125 by 2.0 by 3.0 inches 
(0.3175 x 5.08 x 7.62 cm). Samples coated with various 
organic coatings were of larger dimensions, 0.125 by 3.0 
by 6.0 inches (0.3175 x 7,63 x 15,24 cm). One such

40 ■



Table 4. Nominal Chemical Composition of Sample Steels

.% Alloying. Elements .
Steel Type . . C .. C .u . .. Mn . .. . P. . . ... s.. . .. S i. . .. N.i. . .. Cr. . .. . V. . .. Mo. . .. A1

Carbon Steel O .05 .36 .003 .039 . 0 ,03 .02 0 0 0
Cor-ten A .11 ,33 ,33 00o .003 ,57 <32 .79 ' 0 ,02 .05
Cor-ten B ,13 .31 ,98 .009 ,017 ,22 ,02 ,54 ,03 0 .04

H
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coating consisted of an organic zinc rich primer base in a 
chlorinated natural rubber vehicle (3 mils thick), followed 
by a top coat of a catalyzed elastomer (6-8 mils thick). 
This coating is manufactured by the Prufcoat Division of 
the Grow Chemical Coating Corp. of Cleveland, Ohio. Also 
included in the exposure test were samples coated with a 
coal-tar, epoxy-polyamide coating (7-8 mils thick). . This 
coating is manufactured by Cook" Paint and Varnish Company of 
Kansas City, Missouri.

I would like to express my gratitude to the above- 
mentioned companies as well as United States Steel Applied 
Research Laboratory.of Monroeville, Pennsylvania, which 
supplied the specimens of Cor-ten "A and B, for their 
assistance in supplying the materials needed to conduct 
this investigation.

4.2 Environmental Conditions
Testing was done in conditions believed to be 

detrimental to the corrosion resistance of the various 
structural steels, i.e., a humid atmosphere high in copper 
sulfide dust. The samples were placed in a chamber in 
which a high humidity could be maintained. To duplicate 
the exposure to the copper sulfide dust, the samples were 
covered by a loosely-packed, thin layer of various copper 
minerals. The types of minerals used were chalcocite
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(CUgS)t chalcopyrite (CuFeS^), and bornite (Cu^FeS^). The 
Cu-Fe-S analysis of these minerals is listed in Table 5.

Table 5„ Nominal Chemical Compositions of Mineral 
Coverings

Ore Type .%. Cu . .......%. Fe............% sa
Chalocite 48,0 8.8 21.0
Chalcopyrite 24.0 23.0 25. 9
Bornite 52.0 .9.0...... . . 19.3

aAll concentrations are in weight per cent.

The mineral covering was removed when each sample . 
was weighed. The same mineral covering was re-applied 
after the weighing, so as to simulate a long-term exposure 
to the dust as it settles on the steel structures in a mine. 
The samples were exposed in this way in an attempt to 
simulate the manner of exposure of the steel structural 
members to the environment in a mine. As was stated 
before, steel structures in copper mines in the Tucson area 
are exposed to atmospheres whose relative humidity is of 
the order 80-90%, and in which the air is heavily laden 
with copper sulfide dust. This dust settles on the exposed 
steel in a loose coating. The corrosive attack on the
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steel occurs most noticeably on the surface exposed to the 
humid, dusty air„ Little corrosion is reported on the 
surfaces buried in shaft walls.

To duplicate the high moisture content of the 
atmosphere in the mine shafts, a humidity chamber was con
structed of wood and plexiglass. Two openings for manipu
lation of the specimens were cut into the wood; these 
openings were sealed over during the exposure periods by 
wood covers whose edges were sealed with weather-stripping. 
Incoming air was pumped through water bubblers inside the 
chamber. The final bubbler was placed on a hot plate, the 
temperature of which was kept low enough to avoid any 
extremes in temperature, but high enough to increase the 
incoming air's capacity for moisture as much as possible. 
Using the above experimental apparatus, a humidity of 87- 
95% was maintained during the length of the exposure, The 
relative humidity was measured on a Lufft Durotherm 
Hygrometer, manufactured by the G. Lufft Mellabarometer- 
fabrik, of Stuttgart, Germany.

Each type of sample (i.e., galvanized. Cor-ten A, 
etc.) was exposed to each mineral type, and also, to no 
mineral covering at all. Replicates of each steel/mineral 
type combination were made.

The two Cor-ten steels and the carbon steel samples 
that were received in a bare, uncoated condition were 
initially pickled in a 50 g/1 concentration of HCl bath to
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remove any mill scale„ These samples were then flushed 
with running water and degreased ultrasonically in a bath 
of acetone. One set of bare, carbon steel samples, those 
on the larger set of dimensions, were received in a sand
blasted condition, and these were exposed as received. The 
samples that were galvanized were exposed after degreasing, 
as above. Those specimens coated with the organic pro
tective coverings were exposed in the as-received condition.

4.3 Weight Change Measurements
The exposure period was 28 weeks in length, with 

the weight change measurements made approximately every 
two weeks. Each specimen was weighed before the period of 
exposure began, and subsequent re-weighings were done to 
determine the weight gain (or loss^ of each sample.

The standard procedure for measuring the amount of 
corrosion is to remove the rust from a specimen in a 
sodium hydroxide bath, or by pickling in HCl, weigh the . 
sample, and use the weight loss as an indication of the 
amount of corrosion. However, in other investigations 
(Biber and Harter 1966) concerning the corrosion of high- 
strength, low-alloy steels, the weight gain method was 
found to be a satisfactory method of measuring relative 
amounts of corrosion. In comparison to the standard method 
based on weight loss, the weight gain method indicated 
somewhat less corrosion. However, in a comparative study
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such as this, the advantages of using the weight gain 
method outweigh, so to speak, the possible disadvantage of 
a less than completely accurate measurement of the absolute 
corrosion rate.

The major advantage of using the weight gain method 
is that it leaves the rust layer on the sample intact. 
Since, according to the literature, superior corrosion 
resistance is attributed to greater adherence and pro
tectiveness of a steel's rust layer, the retention of this 
rust layer is of paramount importance.

These rust layers were not only examined physically 
for their structure and composition at the completion of 
the exposure period, but were tested for adherence and 
completeness of covering during the test. The samples were 
cleaned before each reweighing in a manner which attempted 
to simulate the abrasive working conditions found in a 
mine. The cleaning consisted of first removing and saving 
any mineral that may have been placed in contact with the 
sample. The sample was then scrubbed moderately with a 
short-bristled nylon brush while being flushed with water. 
Any rust removed by this method was considered that which 
would have been lost under actual working conditions. The 
sample was then dried in a draft of warm air, and weighed. 
Afterward, the copper mineral that had been removed from 
a given specimen was replaced on that specimen. Thus the 
portion of the rust that would tend to be protective was
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retained on the sample. By replacing the same mineral 
covering on a given sample, there would be a minimal effect 
on any slow or long term reactions that might occur between 
the minerals and the steel sample and/or its rust layer.

4.4 X-Ray Diffraction Analysis 
At the completion of the exposure period (28 weeks) 

the rust layer from each type of steel/mineral sample 
combination was removed mechanically and used to prepare a 
powder sample for X-ray diffraction analysis. The pro
cedure for this analysis is given in Appendix A.

It should be noted that, since the major impetus 
of this investigation came from reported failures of the 
high-strength, low-alloy steels in the mining environment, 
the study of the rust layers from the various samples was 
concentrated primarily on the Cor-ten steels and on the 
uncoated, plain carbon steel.



CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction
The data obtained from' the exposure of the various 

steels are given in Tables 6 through 13. The effect of the 
various copper minerals on the formation of rust layers and 
the effect of variation in composition of the steel samples 
will be discussed separately.

5.2 Influence of Copper Minerals on the 
Formation of the Rust Layers

It can be seen from Tables 6 and 7 that the corro
sion of the sandblasted carbon steel progressed at a rate 
an order of magnitude higher than that experienced by the 
samples whose surface was not so prepared. However/ the 
surface of the steel used in a mining environment is hot 
so prepared, and the surface ;of the Cor-ten steels was also 
not sandblasted. Therefore, the data used for the compari
son were limited to those collected from the samples with 
a simply pickled and degreased surface„ The sandblasted 
samples did provide an excellent example of the influence 
of contact with the various copper sulfide minerals.

The samples that were exposed while in contact with 
the various copper minerals show a marked difference both
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Table 6. Carbon Steel Samples —  Weight change in

milligrams per square decimeter of exposed
surface.

Type of Copper Mineral in
Contact with Steel Exposed Without

Time 
(weeks 1 CuFeS^ Cu2S Cu,-FeS^

Contact to 
an Ore

2 1.26 5.14 2.63 0
6 -15.7 -2.76 1.22 -40.2
8 —13.8 1.49 2.37 -65.9

10 12,6 19.3 6.62 -43.5
12 37.7 - 62.8 29.6 -54.7
14 188.9 204.8 124.1 39,6
16 255.5 390,9 200.0 51.6
18 211.1 409.1 236,8 31.1
20 52..7 168,8 110.8 -148,9
22 19,5 10.9,3 79,2 -173.2
24 5,2 72.9 50,8 -214,7
28 t-43.4 155,6 151.5 -200.8
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Table 7. Sand-Blasted Carbone-Steel Samples —  Weightchange in vcig/dm̂  of exposed surface.

Time 
(weeks}

Type of Mineral in Contact with Steel
CuFeS2 Cu2S Cu5FeS.4 . . Exposed bare

2 418.6 585. 6 602.8
6 531,4 568.1 861.1 818.1
8 642,0 484.3 697.5 697.5

10 883.1 580,0 1076.4 835.3
12 878,4 580.0 990.3 835.3
14 1058,3 568.1 998.9 818.1
16 837.5 789.3 1136.7
18 684,0 59.7,9 1102.2 861.1
20 780,7 580,0 1093.6 835.3
24 615,7 448.4 973.1 645,8
28 1209.1 418.6 1076.4 602.8

t
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2Table 8. Cor-ten A Steel —  Weight change in mg/dm of 

exposed surface..

Time 
(weeks 1

Type of Copper Ore in Contact with Steel
CuFeS2 Cu2S Cu5FeS4 Exposed bare

2 13.2 34.5 14.6 2.6
6 139.0 33,7 66.4 55,3 .
8 120.7 -59.6 19.0 -38.2

10 169.3 — 62.6 28.7 -67.2
12 218.2 25.0 34.5 — 84.4
14 335.5 271.5 76.8 -87.0
16 3 94,7 334.7 103,7 ^96.2
18 427.5 363.0 120.4 -113.3
20 . 333.7 294.5 80.4 -130.4
22 314.0 249.4 68.3 -135.7
24 289.1 228,4 49.1 -146.2
28 280,2 251.7 72.7 -142.2
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2Table 9. Cor^ten B Steel -- Weight change in mg/dirt of 

exposed surface.

Time
(weeks)

Type of Mineral in Contact with Steel
CuFeS2 Cu2S CUgFeS^ Exposed bare

2 9.5 27.5 13.3 7.0
6 170.7 427.2 137.4 83.0
8 227.4 453,0 142.8 52.0

10 271.1 512.6 144.9 60,8
12 301.7 511.8 187.9 60.6
14 432.8 506.2 185.3 91.0
16 464.8 454.0 206.9 72.8
18 4 96.3 431.6 196,3 68.8
20 402,0 437.0 162.0 —2.3
22 374.6 452.4 116,4 -5.7
24 333.3 414.4 113.8 -43.4
28 339.0 100.5 -33.5
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Table 10. Carbon Steel, Cor-ten A, Cor-ten B, in contact 

with Pure Flower of Sulfur —  Weight change in 
mg/dm^ of exposed surface.

Time
(weeks)

Steel Type
Carbon Steel Cor-ten A . .. . . Cor-ten B

2 94.2 26.3 31.6
14 249.9 89.6 102.7
18 53.1 55.3 73.8
22 116.6 42.2 44.8

Table 11. Carbon Steel, Coated with a Coal-Tar, Epoxy- 
Polyamide Coating -—  Weight gain in mg/dirr

Time
(weeks)

Type of Mineral in Contact with Sample
CuFeS2 Cu2S ■ CUj-FeS^ Exposed bare

2 758,0 793.0 862.0 776.0 638.0 629.0
6 707.0 663.7 664.0 647.0 690.0 690.0
8 57 8,0 560.0 560.0 569.0 560.0 603.0

10 698.0 689.6 759.0 707.0 690.0 707.0
12 845.0 836.0 836.0 862.0 819.0 819.0
14 862.0 871,0 879.0 871.0 819.0 819.0
16 810.0 793,0 888.0 905,0 776.0 819.0
22 603.0 612.0 578.0 621.0 621.0 621.0
34 603,0 . 629.0. . 586,0 . 603.0 .. 603.0 .. .. . 647.0 .
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Table 12. Galvanized Steel Samples —  Weight change in

mg/dm2 of exposed surface.

Time
(weeks)

Type of Mineral in Contact with Steel
CuFeS2 Cu2S Cu^FeS^ . . . Exposed bare

2 2.6 2.8 2.6 0
6 62.6 82.7 58.0 103.7
8 149.0 206.4 129.1 249.0

10 251.6 312.3 239.7 401,0
12 347.9 448.4 334.6 537.9
14 475.0 622.6 479.5 798.5
16 599,7 825.5 600.6 1023.3
18 719,0 959.8 724.5 1175.4
20 733.2 962.5 742.9 1178.8
22 777.4 978.2 745.5 1237.6
24 841,4 1019.2 785.0 1287.9
28 996.8 1277.8 1022.0 1679,7
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Table 13. Carbon Steel Coated with a Zinc Rich Primer

Base and Catalyzed Elastomer Coating —  Weight change is in mg/dm2.

Time
Type of Copper Ore in Contact with Sample

CuFeS2 Cu2S CiigFeS^ . Exposed bare(weeks)

2 767.0 862.0 828.0 810.0 862.0 733.0
6 241,0 345.0 379.0 397.0 362.0 362.0
8 474.0 595.0 612.0 621.0 560.0 638.0

10 328.0 362.0 422.0 448.0 379.0 43-1.0
12 526.0 577.0 612.0 603.0 552.0 603.0
14 491.0 569.0 603.0 629.0 603.0 569.0
16 578.0 638.0 .647.0 698.0 621.0 595.0
22 474.0 560.0 560,0 569.0 534.0 517.0
34 431.0 517.0 560.0 517.0 517.0 474.0
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in physical appearance and in degree of corrosive attack 
than experienced by those without the mineral covering. In 
all cases the spread of the rust layer is nowhere as 
complete over the whole surface as that on the samples 
exposed without contact with these minerals.

Upon visual inspection it was seen that the rust 
layers on any of these specimens are not homogeneous and 
complete in covering the exposed surfaces. Yet, as indi
cated in Table 1, the weight gain of the samples in contact 
with chalcopyrite (CuFeS^) and bornite (Cu^FeS^) is com
parable to those simply exposed to the humid atmosphere.
In fact, the weight gain at the end of 28 weeks is con
siderably higher for those samples in contact with.chalco
pyrite and bornite.

5.2.1 Rust Formation on 
Uncovered Samples

The rust layer on a specimen that was exposed to 
the high humidity without contact with a copper sulfide 
mineral is a fairly.homogeneous, red-brown covering. The 
rust layer is spread rather completely over the entire 
sample. There are no noticeable variations of thickness 
exhibited by the rust layer, with the exception of the 
areas along the edge of the specimen. The edge of the 
sample shows a more dense accumulation of the corrosion 
product. This is more than likely due to the more rapid 
attapk that occurs on a region of relatively high energy.
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5.2.2 Effect of Chalcocite in 
Rust Formation

The rust layer on the samples in contact with 
chalcocite (CUgS) consists of large rust mounds scattered 
over the surface. These rust mounds are isolated from one . 
another, and could not actually be called a rust layer.
The rust mounds on each type of specimen tend to acquire a 
slight color, corresponding to the general color of the 
mineral that covered it. Accordingly, the rust mounds that 
formed on the samples covered with chalcocite exhibited a 
slight grayish-black tinge.

5.2.3 Effect of Chalcopyrite and 
Bornite on Rust Formation

The rust layers formed on the samples covered with 
bornite and chalcopyrite show a more complete covering, 
although this covering is not nearly as dense as that 
formed on specimens exposed bare. The samples covered with 
chalcopyrite formed a rust layer that consisted of small, 
often interconnected rust mounds. These rust mounds are 
roughly the same size as those found on the samples exposed 
bare. The number of these"rust mounds, however, is less 
than found on either the samples exposed to bornite or 
those exposed bare. The rust on the samples covered with 
chalcopyrite show a slight greenish-black tinge. The 
samples covered with bornite produced rust mounts of 
roughly the same size as found on the samples exposed to
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chalcocite. However, the density and completeness of the 
rust layer is much greater than that on samples exposed to 
chalcocite. These rust mounds are much larger than those 
found on the specimens exposed with no mineral covering, 
although this rust layer is again nowhere as evenly spread 
or as dense as that found on samples exposed bare. As 
before, the rust mounds acquired a slight coloration from 
the mineral covering, which in the case Of bornite is a 
purplish-brown tinge.

5.2.4 Summary
It would appear, if only on the basis of the slight 

coloration of the rust mounds that formed under a covering 
of the various minerals, that some particles of these
minerals became part of .the adherent rust layer. This

* ■incorporation of the mineral concentrate into the rust 
layer was confirmed by X-ray diffraction analysis.. The 
diffraction patterns obtained from the rust layers showed 
quite distinctly the diffraction pattern of the various 
minerals.

The sandblasted specimens provided an excellent 
example of the types of rust formed. However, it can be 
seen from Tables 6 and 7 that the corrosion rate expe
rienced by the sandblasted carbon steel is not comparable 
to that experienced by those carbon steel specimens whose 
surface was not so treated. Hence, the study of comparable
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rates and mechanisms between the HSLA steels and structural 
carbon steel will be restricted to those samples whose 
surfaces have not been sand-blasted.

5.3 Analysis of Weight Change Behavior 
Tables 6, 8, and 9. give the weight change versus 

time for the carbon steel. Cor-ten A, and Cor-ten B steels, 
respectively. Figures 12, 13, and 14 give a graphic view 
of the effects the various mineral coverings have on the 
corrosive attack experienced by these steels.

5.3.1 Effect of Mineral".Coverings
The difference between the rates of attack, as 

expressed by weight change, is much greater when comparing 
samples covered with a mineral concentrate versus those 
samples exposed bare. This is especially true for the 
carbon steel samples (Figure 12). . The corrosion of the 
Cor-ten A steel samples, as modified by the various copper 
minerals, is seen in Figure 13. This difference between 
those samples exposed in contact with the minerals and 
those exposed bare is not unexpected. However, an inter
esting difference of the amount of corrosive attack, expe
rienced is seen in the comparison of samples covered by 
bornite and those covered by the other two minerals.

A similar corrosion behavior also occurs among the 
Cor-ten B steel samples (Figure 14). However, this
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difference observed between the samples exposed to bornite 
and those exposed to chalcocite and/or chalcopyrite is not 
nearly as great.

A possible explanation for this effect on the 
amount of corrosion of the Cor-ten steels by the various 
minerals can be, gleaned from the compositions of these 
minerals (Table 5). As can be seen, bornite has the 
highest percentage of copper and the lowest of sulfur. As 
was stated earlier, copper is believed to be beneficial to 
the formation of a tight, non-porous rust layer, and sulfur 
detrimental. Perhaps the combination of high copper, low 
sulfur in the bornite tends to lower the corrosive rate of 
those samples exposed to this mineral. While this explana
tion may be correct to a certain degree, it obviously is 
too simple.

While the Cor-ten steel samples exposed to chalco
cite exhibit a higher rate of. corrosion, the composition of 
this mineral concentrate also shows a high copper, low 
sulfur percentage« Also, the carbon steel specimens 
exposed to this mineral (Figure 12) do hot exhibit a lower 
corrosion rate. It would appear that the explanation for 
this corrosion behavior is a combination of the copper/ 
sulfur composition of the mineral and the ennobling 
tendencies already present in the HSLA steels.
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5.3.2 Effects Due to Differences 
in Steel Types

A more important difference, or lack of difference, 
in corrosion behavior is that due to the difference in the 
types of steels. As can be seen from Figures 12-14, there 
is very little superiority exhibited by the Cor-ten steels 
over the carbon steel. In fact, the behavior of the Cor- 
ten steels exposed without contact with any copper mineral 
is very similar to that of the corresponding carbon steel 
specimens. Also, there is no evidence of superior cor
rosion resistance on the part of the Cor-ten steels that 
were covered with any of the copper minerals. The amount 
of corrosion experienced by the various steels under the 
same mineral coverings is shown in Figures 15, 16, and 17.

5.3.2,1 Comparison of.Steels with Chalcopyrite 
Covering. Figure 15 shows the corrosion of the various 
steel types while in contact with chalcopyrite. As Can be 
seen, the behavior of the carbon steel is of a similar 
pattern and magnitude as that of the Cor-ten steels up to a 
period of 16-18 weeks. After this time however, the rust 
layer on the carbon steel begins to fall off much faster 
than the rust layers on the Cor-ten steels. It can be seen 
that, while both the Cor-ten A and B begin to lose some of 
their rust layer, it is at a much slower rate.

I
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5.3.2.2 Comparison of Steels With Chalcocite 

Covering. The comparative corrosive attack on the carbon, 
Cor-ten A, and Cor-ten B steels when exposed to the 
covering of chalcocite is shown in Figure 16. The carbon 
steel appears to have produced more rust than the Cor-ten A 
steel, with the peak of the weight gain being reached after 
16-18 weeks. The rust layer of the carbon steel again 
falls off much more easily than that of the Cor-ten A '
steel. The Cor-ten B steel specimens show a fairly con-

\
stant level of rust weight after an initial sharp gain at 
6 weeks. Although this rust layer on the Cor-ten B steel 
appears to also lose some weight, this loss is quite small 
compared to either the Cor-ten A or carbon steels.

An interesting development that shows up in Figure 
16 is the sharp loss of weight that occurred on the Cor-ten 
A specimens beginning at around 6 weeks. While a drop in 
the weight gain occurred on all the Cor-ten A specimens 
that were in contact with a mineral, it was much less 
drastic on the other Cor-ten A samples.

The cause of this anomalous behavior is unknown.
It appears that the Cor-ten A steel, initially forms a 
rather non-adhering rust layer that is composed to a high 
degree of. ferrous sulfate (Schmitt and Gallagher 1969) , 
Ferrous sulfate tends to wash off under normal weathering 
conditions, and would certainly wash off under the abrasive 
cleaning experienced by the specimens. It has also been



found (Schmitt and Muellen 1965) that rust layers formed on 
Cor-ten B steel experienced a lesser tendency to flake off 
in atmospheres ranging from industrial to semi-industrial 
to semi-rural. Thus the behavior of the Cor-ten steels 
initially conforms to that expected on the basis of outdoor 
exposure tests.

5.3.2.3 Comparison of Steels With Bornite 
Covering. The behavior of the specimens covered with 
bornite was somewhat unexpected (Figure 17). As predicted 
in the literature the Cor-ten steels show a greater initial 
weight gain, then level off to a fairly constant rust 
weight- However, during the entire length of the test the 
carbon steel specimens' rust weight never dropped below 
that of the Cor-ten steels.

5.4 Formation of Rust Layers as Influenced by 
Steel/Mineral Combinations

Figure 18 illustrates graphically the weight change 
behavior of the carbon and Cor-ten steels exposed to the 
humid atmosphere without contact with the copper minerals. 
It appears that the carbon steel sample is undergoing con
siderable corrosive attack. The Cor-ten A sample shows a 
somewhat less complete rust layer, although as seen in 
Figure 18, the weight loss of the Cor-ten A samples is 
nearly as great as that of the carbon steel specimens. The
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Cor-ten B sample appears to have a fairly unaffected sur
face and this is reflected in Figure 18 also.

5.5 Effect of Contact With Elemental Sulfur
This last type of surface covering was included to 

help clarify what effect intimate, long-term contact with 
high sulfur-bearing minerals would have on the corrosion of 
steel. .Table 11 (and Figure"19) gives the respective rates 
of weight gain for the steel specimens covered with sulfur. 
The carbon steel samples show a much greater weight gain in 
the initial 14-16 weeks. The carbon steel samples then 
begin to rapidly lose their rust layer until the total 
weight change is similar to that of the Cor-ten steels.

5.6 Summary
Overall, considering the three steel types and the 

three types of copper minerals, there is seen little 
evidence of superior corrosion resistance on the part of 
the Cor-ten steels. The decrease in rust weight (i.e., a 
decrease in overall sample weight) of the Cor-ten steels in 
contact with the chalcocite and bornite concentrates is 
very similar to that of the carbon steel. Even more sur
prising are the weight losses of these three types of steel 
when exposed without any contact with a copper mineral.
This behavior is illustrated in Figure 18.

The carbon steel specimens corrode in accordance 
with theory (Vernon 1935). These samples lose weight in a
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constant if somewhat erratic pattern„ This erratic 
pattern of slight gains followed by relatively large weight 
losses can be explained by the theory developed by Biber 
and Harter (1966).

The behavior of the Cor-ten steels not in contact 
with a copper mineral, in particular the Cor-ten A steel 
specimens, is one of unexpectedly poor corrosion resistance. 
As seen in Figure 18, at the end of 28 weeks, the total 
weight loss of the Cor-ten A steel is nearly equal that of 
the carbon steel. The Cor-ten B specimens also show a 
continuous decline in weight. It would appear that a major 
influence on this lack of superior corrosion resistance is 
the high relative humidity of the environment. Table 15 
(p. 97) gives the observed values of the relative humidity 
during the length of the experiment.



CHAPTER 6

X-RAY DIFFRACTION ANALYSIS

To help determine the mechanism by which these 
steels are attacked, X—ray diffraction analysis was used to 
study the structure of the rust layers. X-ray diffraction 
studies were done on samples that represented all possible 
combinations of steel/mineral covering. Appendix A shows 
a tabulation of the possible constituents of the fust 
layers of the various specimens, along with.the d spacings 
and relative line intensities, ly of these constituents.

Also included in Appendix A are results of dif
fraction studies on the various mineral types used in this 
study. As can be seen (Tables A.1-A.3), the chalcopyrite 
(CuFeS^) mineral contains very appreciable amounts of 
CUgS and FeS^- The chalcocite (CUgS) concentrate contains 
considerable amounts of CuFeS^ and Cu^FeS^, along with a 
lead oxide/sulfate, MoSg, and iron(III) copper oxide. The 
bornite (Cu^FeS^) mineral concentrate also contained some 
iron(III) copper oxide and some Cu^FeSg.

Table 14 lists the various constituents of the rust 
layers of all the different steel types/mineral covering 
combinations. This table lists the rust constituents by 
mineral cover as well as by steel type.
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Table 14. Constituents Present in the Rust Layers

Steel Type
Mineral cover Carbon Cor-ten A Cor-ten B

Bare a-FeOOH a-FeOOH 
• d-Fe202

a-FeOOHa-Fe203
___6-FeOOH

CuFeS2 CuFeS 2
a-FeOOH
6-FeOOH

CuFeS2
Cu2S
a-FeOOH

CuFeS2
Cu2S
a-FeOOH

cu2s Cu2Sa-FeOOH
Cu2S 
CuFeS2 
Fe2Cu04 
a-FeOOH

Cu2S CuFeS2 
a-FeOOH 

Y-Fe2Og .<■ H20
CUgFeS^ CugFeS^ 

ar-FeOOH 
6-FeOOH 
Fe COHl2

CUgFeS^
a-FeOOH
FeS

CugFeS^
a-FeOOH

Elemental Sulfur a-FeOOH
FeS
FeS2

a-FeOOH 
FeS2 F (OH) 2

a-FeOOH
a-Fe203
FeS
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6.1 Rust Production of the Different 

Steel Types

6.1.1 Rust Production of 
Carbon Steel Samples -

The major constituent found in the rust layers on 
all carbon steel specimens was goethite, a-FeOOH, or 
iPegO^'HgO. By comparing the relative line intensities it 
appears that this rust product is present in considerably 
greater quantities than any other type of rust product.
Rust taken from the carbon steel sample exposed without any 
mineral covering was found to be entirely goethite.

The rust layers removed from the samples of carbon 
steel that were exposed in contact with the various 
minerals had very strong diffraction patterns that corre
spond to the respective mineral coating on the sample., As 
seen from Table 5, for.the minerals used in this study, 
the chalcopyrite (CuFe^) concentrate contained the smallest 
amount of copper and the greatest of sulfur. Also, the 
corrosive attack experienced by carbon steel samples 
exposed to chalcopyrite varies considerably from that 
undergone by the samples covered with the other two 
minerals (Figure 12). It should be noted that the inten
sities for the chalcopyrite were roughly seven times less 
than for chalcocite (CUgS) and bornite (Cu^FeS^).

The rust formed on the carbon steel specimens 
covered with chalcopyrite consisted of particles of CuFeS^,
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the major rust constituent iFegO^'HgO, and to a lesser 
degree a-FeOOH. The rust taken from the sample exposed 
while in contact with chalcocite was found to consist of 
particles of Cu^S and goethite. The sample covered with 
bornite was found to have a rust layer that consisted of, 
beside the expected adherent particles of Cu^FeS^, a large 
amount of iFegOg'HgO, and lesser amounts of 6-FeOOH and 
FefOHjg. The rust layer that-formed on the carbon steel 
specimens that were covered with elemental sulfur was found 
to be primarily iFegO^'HgO, along with some FeS and FeSg.

6.1.2 Rust Production on 
Cor-ten A Steel Samples

When considering the rust layers formed on the 
Cor-ten A steel specimens covered with the various mineral 
types, the major constituent was again found to be goethite 
The Cor-ten A samples exposed without contact with any 
mineral covering formed a rust layer that was composed of 
goethite and hematite, a-FegOg. Also, as before, the 
samples covered with the various mineral concentrations 
showed a strong pattern corresponding to the particular 
mineral with which the sample was in contact.

However, an interesting behavior that differed from 
that of the carbon steel was found in the analysis of the 
rust products formed on the mineral-covered Cor-ten A 
samples. As mentioned previously, the chalcopyrite 
(CuFeSg) and chalcocite (CUgS) concentrates contained large
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amounts of Cu^S, and CuFeSg and CUgFeS^, respectively. The 
rust taken from samples with chalcopyrite concentrate was 
found to contain a large amount of CUgS, along with the 
adherent CuFeSg particles and goethite. Cor-ten A samples 
covered with chalcocite concentrate exhibited some CuFeS2 
and Fe2Cu0^in their rust layer. These compounds were also 
present in the chalcocite concentrate. This is in addition 
to the expected Cu^S particles and the goethite. The 
samples exposed while in contact with bornite (Cu^FeS^) 
concentrate had a rust layer consisting of Cu^FeS^, 
goethite, and unexpectedly, FeS.

6.1.3 Rust Production in Cor-ten B 
Steel Samples

The Cor-ten B steel specimens formed rust products 
similar to those found on the Cor-ten A and carbon steels. 
Again, all Cor-ten B samples exhibited goethite as a major 
phase of the rust layer. As before, the rust of the 
samples exposed while in contact with the mineral concen
trates chalcocite and chalcopyrite contained adherent 
particles of the other copper sulfides present in those 
concentrates. The Cor-ten B samples exposed without any 
mineral covering formed a rust layer that consisted of the 
expected goethite, as well as hematite (G-FegO^) and
a-FeOOH.
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6.1.4 Summary

There appears to be only one noticeable effect of 
the various copper minerals on the types of rust product 
formed on the various steels. This is the incorporation of 
particles of the various copper minerals directly into the 
adherent rust layer.

6.2 Rust Formation Correlated With 
Weight Change Behavior

6.2.1 Carbon Steel Samples
The carbon steel samples that formed rust layers 

consisting of iron-oxygen-hydrogen compounds other than 
goethite showed unusual weight change behavior. Those 
samples covered with chalcocite and bornite had a postive 
overall weight change. The samples covered with chalco- 
pyrite had a rust layer-composed only of goethite and the 
overall weight change was negative. This was also true for 
the samples exposed without mineral covering, where the 
rust layer consisted only of goethite. The presence of 
some form of iron hydroxide (i. e., 6- or (3-FeOOH) in the 
rust layer of a specimen corresponded to a positive weight 
gain.

6.2.2 Cor-ten A Steel Samples
The rust layers formed on the Cor-ten A samples 

that were covered with the copper minerals do: not show a 
more complex iron-oxygen^hydrogen structure. The influence



80
of the copper mineral covering seems to be one of inclusion 
of that mineral into the adherent rust layer. The weight 
change of the Cor-ten A samples covered with bornite, as 
seen in Figure 13, may have been influenced by the presence 
of FeS in the rust layer of those samples, FeS is much 
more soluble in water than goethite„ Thus, the presence 
of FeS in the rust layer could be detrimental to the ad
herence of that rust layer. This lack of adherence could 
account for the relatively small weight gain experienced by 
these samples.

6.2.3 COr-ten B Steel Samples
The composition of the rust layer found on the 

Cor-ten B steel samples was not the same as that developed 
on the Cor-ten A samples. The specimens exposed without a 
copper mineral covering had a rust layer consisting of a 
number of different iron-oxygen-hydrogen compounds (i.e ., 
6-FeOOH, goethite, and FegOg). The specimens exposed while 
covered with the various copper minerals produced a rust 
layer consisting of, for the most part,’ goethite and ad
herent particles of the covering concentrate. Again the 
samples covered with bornite exhibited a much smaller 
weight change than the samples covered with other minerals. 
The only noticeable difference in the rust products is in 
the mineral particles that were incorporated into the rust 
layer. The samples exposed in contact with chalcopyrite



81
and those in contact with chalcocite exhibited X-ray dif
fraction patterns corresponding to both types of these 
minerals. On the other hand, the samples covered with 
bornite showed only particles of bornite as the mineral 
contribution of the mineral covering to the rust layer,

6.3 Variation With Different 
Mineral Coverings

Comparison of the corrosion rates of the three 
steel types (carbon, Cor-ten A, Cor-ten B) exposed with the 
same mineral covering was also found meaningful. Figures 
16-18 show the ways in which the various steels reacted to 
the same mineral covering. Figure 19 shows the effect of 
elemental sulfur covering on the various steels.

6.3.1 Samples Exposed Without a 
Mineral Covering

The rust products produced on the surfaces of 
the samples exposed without any copper mineral covering 
contain goethite as the mgjor constituent in all cases.
In the rust layers of the Cor-ten A and B steels one also 
finds that hematite CFe^Ogl is an important component.
The carbon steel samples did not contain this constituent 
in the rust layer that formed under the same exposure 
conditions. The Cor-ten B steel samples also had 6-FeOOH 
in their rust layer. What effect or influence these 
various rust products have on the behavior of these steels 
is not clear. The continuous loss of weight by the HSLA
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steels (Figure 181 is quite unexpected. The adherent, 
protective rust layer on Cor-ten steels that is supposed 
to improve its corrosion resistance over that of carbon 
steels does not appear to have formed. This lack of the 
protective rust layer is especially noticeable on the 
samples that had no contact with the copper minerals.
From this, it would appear that the high relative humidity 
is a major factor influencing this lack of an adherent 
rust layer on the Cor-ten steels.

6.3.2 Samples Exposed with a 
Mineral Covering

When comparing the rust layers found on the 
different types of steels that were covered by the various 
copper minerals, one is struck by a single similarity 
common to them all. All the samples, irrespective of the 
steel/mineral type, exhibit roughly the same type of rust 
product, goethite:(a-FeOOH), with just minor constituents 
of other types of iron oxide-hydroxides.

The compositional pattern of the rust layers pro
duced on these steels while in contact with elemental 
sulfur was similar to that of the samples exposed bare. 
Although, the samples covered with sulfur exhibited a 
form of iron sulfide in their rust layer, something not 
found in the rust of the samples exposed bare.
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6«, 4 Summary

In summation, the major difference between the 
corrosion experienced by those samples uncovered or 
covered with the various minerals is the positive weight 
change for the covered samples. This compares with a 
negative weight change for the samples exposed bare. This 
can possibly be accounted for by the presence in the rust 
layer of the copper minerals. The long-term influence of 
these minerals, either beneficial or detrimental, to the 
corrosion resistance of the various steels has yet to be 
seen.

The comparative corrosion behavior of the various 
steels seems, in the case of those samples exposed bare, 
to be one of overall weight loss. The carbon steel 
specimens experienced the greatest amount of loss, with 
the Cor-ten A samples losing somewhat less, and the 
Cor-ten B steel losing, by far, the smallest amount, The 
carbon steel samples covered with the copper minerals 
showed an erratic weight change pattern. This can be 
explained by the manner in which carbon steel corrodes, 
as explained by Biber and Harter Cl966). The Cor-ten 
steels exhibited a more constant weight gain, with the 
overall gain somewhat greater for the Cor-ten B samples
than the A.



MULTIPLE REGRESSION ANALYSIS

7.1 Introduction
A computer-based multiple regression analysis and 

and analysis of variance was used to determine the factors 
of significance involved in the corrosion of the various 
steels. More specifically, the influence of the variations 
in the composition of. the mineral concentrates and in the 
composition of the different types of steel were studied.
It should be noted, however, that the influence of these 
factors were studied separately. That is, the influence of 
the compositional variations in the mineral coverings were 
analyzed separately by assuming there were no interrela
tions ./with the steel alloy composition. The analysis was 
then repeated using the variation in the steel alloy com
position alone.

The mathematical method for this step-wise multiple 
regression analysis, including flow chart, is discussed by 
Efroymson (1960). Also, additional documentation and a 
practical guide are provided by The University of Arizona 
Computer Center, authored by Huszar (n.d.) .

A couple of cautions should be noted when using 
this analysis. This program develops an equation involving

CHAPTER 7
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the corrosion rate as the dependent, variable, and the 
various influencing factors as the independent variables. 
One must not take this equation as a true means of predic
tion of the corrosion rate. This is especially true due to 
the large number of influencing factors and the simplifying 
assumption used to treat them. As stated earlier, this 
assumption is one of independence between the variables due 
to the mineral covering and those due to the different 
steel types.

A second note of warning should be considered when 
using a multiple regression, analysis program to evaluate 
the significance of influencing factors. Variables can be 
introduced, and judged significant, that lack any actual 
physical meaning. This may happen when one such variable 
exhibits a broad range of values, so as to exhibit 
excellent correlation with the variation of the dependent 
variable. To avoid this, only variables that have been 
theorized as truly influencing were included in the regres
sion equation. Also, the levels of significance were 
critically examined in the light of the spread of the range 
of that certain variable.

As mentioned earlier, the effects due to the com
position of the different steels (carbon. Cor-ten A, Cor- 
ten B) were examined separately from those due to the 
mineral coverings. From a visual inspection of the data 
(Figures 12-18) the forms of the regression equation were



86
chosen. One form of the equation was that of a polynomial
using increasing powers of the exposure time and linear in
respect to the other factors. The other form of the
equation considered was that involving an exponential of

(aft + a2t̂ )time of exposure in the form Of e and linear
with respect to the other influencing factors. Appendix B 
gives values of the various critical statistics used to 
determine the significance of the various factors.

7.2 Investigations of the Effect of the 
Steel Composition

To study the effect of the alloy composition of the 
various steels the data from the steels exposed with no 
mineral covering were used (Figure 18). The variables 
included, besides time of exposure, were the weight per
centages of the following alloying elements: copper,
chromium, phosphorus, sulfur, and silicon. The values of 
these percentages for each of the various steels are shown 
in Table 4.

Using the polynomial form of the regression equa
tion, the most significant variable was found to be the 
square of the exposure time. The significance of this 
variable Well exceeded the 99.5% confidence level. Also 
significant at a level greater than 99.5% were the amounts 
Of phosphorus and silicon found in the various steels.
These three variables were found to have a correlation

2coefficient, r, of 0.874. This means that 10Or = 76.4
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per cent of the variation of the corrsibn rate and can be 
accounted for by differences in the values of these three 
variables (Miller and Freund 1965).

Using the exponential form of the regression equa
tion, the significant variables were the exponent term 
(ea-*-t + a2t2  ̂, the phosphorus, and the silicon percentages, 
in that order. The correlation coefficient was found to be
0.8738. As before, this implies that 100r^ = 76.4% of the 
variation of the corrosion rate can be accounted for by 
the differences in the values of the three variables.

As. was seen, the significance of the variables in 
both forms of the regression equation.was considered. As 
the regression equation illustrated approximately the same 
goodness of fit, it was felt that the significance of these 
variables in both cases may be important. It should be 
emphasized, however, that the determination of a quantitive 
rate equation is not feasible, or considering the com
plexity of the influencing factors, and thus can not even 
be considered an object of this study.

As noted above, the time term (i.e., t^ or the 
exponential)., the amount of phosphorus , and that of silicon 
included in the steels, were the most significant variables 
The absence of the alloying amounts of copper, chromium, 
and sulfur as significant variables is, at first sight, 
surprising. However, this absence and its implication 
illustrates the need for critical evaluation of
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computer-based analysis of data. The measured values of 
these variables (i.e., copper, chromium, and sulfur) are 
such that the diagonal elements in the inverse matrix 
corresponding to those variables is zero. This implies 
that those variables are not independent. Thus they are 
omitted from the regression analysis by the computer. 
However, by bearing in mind the physical entities that 
these variables represent, one can see the error in such an 
analysis. There is a reasonable basis for assuming the 
high level of significance of the amounts of phosphorus and 
silicon in the steels is correct. However, to assume the 
alloying elements copper, chromium, and sulfur are not 
influential independently on the corrosion rate is a grave 
error.

7.3 Effect of Mineral Composition 
An attempt to obtain a more quantitative measure of 

the influence of the various elements present in the 
copper minerals was also undertaken. Initially, the copper, 
iron-sulfur composition of all the various minerals was 
used, along with time of exposure, in the multiple regres
sion analysis. However, due to the vagaries of the com
positional data, there existed a degeneracy resulting from 
diagonal elements becoming zero in the inverse matrix.
This resulted in those variables corresponding to those 
zero diagonal elements being omitted from the regression
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equation. To work around this difficulty the exposure data 
of the various steels covered with a certain mineral were 
used separately. Thus a multiple regression analysis on 
each steel (carbon. Cor-ten A, and Cor-ten B) was done 
separately for each type of copper mineral covering, with
the data from those samples exposed bare and with a cover' ■
of elemental sulfur included in each case.

Before considering the significance of the various 
amounts of copper, iron, or sulfur in the mineral coverings, 
the role and significance of the time of exposure should be 
noted. In all cases, that is, the combination of all the 
steel types and mineral coverings, some form of time of 
exposure was found to be significant at the 99.5% level.
The forms of the time of exposure were the various powers 
of time, from linear to cubic, and exponentials such as 
eat2 and eat:+bt2.

7.3.1 Mineral Effect on 
Carbon Steel

Initially,all the mineral types were considered 
together while in contact with the carbon steel samples.
It was found that the amount of copper in the mineral was 
significant at only slightly greater than the 75% level, 
and the compositional value of the iron was found to have 
no significance. The variable representing the amount of 
sulfur in the various minerals was omitted from the re
gression equation due to a degeneracy in the data.



The data from exposure of carbon steel while in 
contact with the chalcbpyrite mineral, elemental sulfur, 
and those samples with no covering were’then considered 
alone. In this instance the influence of the iron was 
placed at a 99.5% confidence level. The level of signifi
cance for the amount of sulfur in contact with the carbon 
steel samples was found to be 99.0%. The levels of sig
nificance of the iron and sulfur in the chalcocite mineral 
covering were placed at 99.5% for both constituent elements 
The same was found true in the case of the bornite mineral 
covering. It should be noted that the copper values were 
not entered into the regression equations due to a de
generacy in those values,

It appears that in the case of the carbon steels 
covered with the various mineral types, the amount of 
copper is much less significant than that of either the 
iron or sulfur in those minerals.

7.3.2 Mineral Effects on 
Cor-ten A Steel

When investigating the significance of various 
types of composition of the copper mineral coverings while 
on Cor-ten A steel, it was found that the iron composition 
was significant at the 99.5% level and the copper at 97.5%. 
These values were determined from a regression analysis on 
all the mineral coverings together. To clarify the

90
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influence of the sulfur contained in these minerals, 
analysis was also done on the individual mineral coverings 
separately.

Consideration of the cha1copyrite mineral covering 
gave significance levels for the sulfur and iron composi
tions of 99.5%. In this case the copper composition was 
not entered into the regression equation. When the chalco
cite covering was studied, the iron composition was omitted 
from the regression equation, and the copper and sulfur 
variables were found significant at levels of 99.5% and 
95.0%, respectively. Analysis on the bornite covering gave 
both the copper and sulfur compositional variables signifi
cance levels of 99.5%.

Overall, one can say that the amounts of copper, 
iron, and sulfur in the minerals covering the Cor-ten A 
steel samples have a high level of influence on the 
resulting corrosion rate.

7.3.3 Mineral Effect on 
Cor-ten B Steel

The regression analysis of the collective exposure 
data obtained from the Cor-ten B steel samples.while in 
contact with the various minerals showed a 99.5% level of 
significance for the compositional value of sulfur. The 
levels of significance for the iron and copper compositions 
were found to be less than 75%.
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The chalcopyrite mineral covering alone and the 

influence exerted by its composition on the corrosion rate 
of the Cor-ten B steel was placed at a 99.5% level of sig
nificance for both the iron and sulfur constituents. How
ever, when considering the other mineral coverings, the 
significance of the sulfur compositional values was some
what lower. The iron value was found to be significant at 
a 99.5% level in all cases. The data from exposure of the 
Cor-ten B samples while in contact with chalcocite indi
cated only a 75.0% significance level for the sulfur 
content. The data corresponding to a covering by bornite 
gave a significance level of 99.0% for the influence due to 
the amount of sulfur present.

7.3.4 Summary of Mineral Effects
. There appears to be no general pattern as regards 

the levels of significance of the various influencing 
factors due to the mineral coverings. However, it is 
definitely valid to say that there does exist a high level 
of influence on the corrosion rate of the three types of 
steel due to the copper-iron-sulfur composition of these 
mineral coverings. The evidence for the existence of this 
influence can be seen in Figures 12-14 and in the results 
of the X-ray diffraction analysis. In addition, the above 
multiple regression analysis has reaffirmed and quantified 
the existence of this influence.



CHAPTER 8

RESULTS OF EXPOSURE OF THE PROTECTIVELY 
COATED SAMPLES

Also included in this study was the exposure of 
carbon steel samples supplied with protective coatings. 
These included galvanized samples, samples protected by a 
zinc-rich primer/natural rubber coating, and samples pro
tected by an epoxy-based coating. These samples were 
exposed under the same conditions, as regards contact with 
the various copper minerals, as were the steel samples 
already discussed. The data obtained are shown in Tables 
11-13.

8.1 Samples Protected by an 
Organic Coating

The samples protected by an organic coating were 
found to absorb water from the air. This was especially 
true for those samples protected by the zinc-rich primer/ 
natural rubber topcoat system. The weight change pattern 
for the epoxy-based coating, while similar to the other 
organic coated samples, showed much smaller levels of 
variation, indicating less absorption of water from the 
atmosphere. Both types of organic coating showed good 
life, with no cracking or flaking off of the coating 
occurring during the entire test length.

as
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8,2 Galvanized Steel Samples 

The galvanized steel samples (Table 12) showed a 
continuous weight gain for all the exposure conditions.
The magnitude of this weight gain is comparable for those 
samples covered with the different minerals and those 
exposed with no mineral covering. It was found that part 
of the covering mineral became quite adherent to the zinc 
coating on these samples. The entire surface of these 
samples eventually acquired a homogeneous top layer of 
adherent covering mineral, giving the samples the charac
teristic color of the mineral. The samples exposed without 
contact with a copper mineral underwent severe oxidation of 
the zinc, giving the samples a pale, white color. This 
adherence of the various minerals and oxidation of the 
zinc on the uncoated samples accounts for the similarity 
of the magnitude of the weight gain experienced by these 
samples.



CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions
The most important conclusion that can be drawn 

from this study of the comparative corrosion rates and 
mechanisms of carbon and HSLA steels is the most obvious. 
That is, the HSLA steels, with few exceptions, did not 
exhibit the expected superior corrosion resistance over 
that of the carbon steel. The amount of rust formed, i.e., 
weight gain, for these steels in contact with the various 
copper minerals is quite similar for both the HSLA and 
carbon steels. The Cor-ten B samples did show evidence of 
a more adherent, protective rust layer, although not to a 
significant degree in many cases. The behavior of the HSLA 
steels exposed with no mineral contact is one of unex
pectedly poor corrosion resistance. The difference in 
weight gain between the Cor-ten A and the carbon steel is 
negligible.

9.1.1 Role of Humidity
The explanation for this corrosion behavior is 

apparently quite complex and can only be approximated. A 
partial explanation rests on the role of humidity as
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regards rust product formation. The superior corrosion 
resistance of these HSLA steels is directly attributable to 
their protective rust layers (Vernon 1935, Copson 1945, 
Larrabee 1969). The formation of this rust layer has been 
found dependent upon the existence of a wet/dry atmospheric 
cycle (Vernon 1935, Copson 1945, Evans 1968, Larrabee 1969) 
The exposure conditions found in this experiment, in which 
the relative humidity (Table 15) was consistently well 
above the critical level (Fontana and Greene 1967, Wranglen 
1972), did not allow for a dry period.

9.1.2 Proposed Corrosion Mechanism
A more viable mechanism for the formation of rust 

products due to atmospheric corrosion than that suggested 
by Copson (1945) has been proposed as follows:

Fe2+ + 20H_ — Fe (OH) 2

4Fe (OH) 2 + 02 — Fe (II) hydroxo-complexes

Fe (.II) hydroxo-complexes —  ̂y-FeOOH

This y—FeOOH product then transforms to a-FeOOH by dissolu
tion and reprecipitation in aqueous solutions. This 
presence of a-FeOOH has been found to predominate on the 
back side of samples exposed to industrial, atmospheres 
(Misawa et al. 1971). It should be noted that the back 
sides of these specimens also do not experience a drying 
cycle: .
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Table 15 Per Cent Relative Humidity Versus Timea

Time (weeks1 % Relative Humidity. .

2
6
8

10
12
14
16
18
20
22
24
28

90.0
92.7
93.1
91.1
92.8
93.6
92.1
90.1
86.3
86 , 0.
87.9
92.3

aThe values of the relative humidities are those averaged over the interviewing time period, not cumulative,
i.e,, for the time period of 6 wks, the average of the 
relative humidities over the 4 wk period ranging from the 
end of the 2nd wk to the end of the 6th wk.
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9.1.3 Structure of Rust Layer

Thus, the formation of ot-FeOOH as the major con
stituent of the rust layers formed in this experiment is 
surprising. Not only is ct-FeOOH the dominant component of 
the rust layers of the samples exposed bare, but also the 
major rust product formed in the rust layers of the samples 
exposed while in contact with the copper minerals. It 
appears that a rust layer consisting extensively of a-FeOOH 
is a less protective coating. Comparison of the corrosion 
rate and the rust layers of the different steel types 
exposed with no mineral cover provides an excellent example 
of this lack of adherence of the rust layer. The HSLA and 
the carbon steels both exhibit a-FeOOH as the major rust 
product. As seen from Figure 18, the weight losses of 
these steels are quite similar. In fact, a-FeOOH was also 
found to be the major constituent in all of the exposed 
samples, regardless of contact with any of the copper 
minerals. . This may explain the similarity between the 
magnitude of the weight changes experienced by the Cor-ten 
and carbon steels. The adherent, non-pprous protective 
rust layer so characteristic of the HSLA steels has been 
found to consist primarily of fine particles of y-FeOOH 
(Schmitt and Gallagher 1969, Misawa et al. 1971). With the 
exception of samples of carbon steel with a bornite mineral 
covering, this product was absent from the rust layers of 
any of the steels.
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There was no evidence of the presence of any of the 

alloying elements, or their sulfates in these rust layers 
(Schmitt and Gallagher 1969). In fact, the only sulfur 
compounds in the rust layers were the sulfides found in the 
mineral coverings. The solubility in water of these 
minerals is quite low. The solubility product of CUgS in

— 13water is 1 x 10 g/1, which is quite small. Thus any
leaching of these sulfides due to the high humidity at the 
low ambient temperature of the atmosphere in this experi
ment would be very long term, to say the least.

9.1.4 Effect of Mineral Coverings
\ •

It appears that the mineral covered samples' weight 
gain can be attributed, for the most part, to the incorpora
tion of particles of the mineral cover into the rust layer 
of those samples„ This is especially true of the HSLA 
steels. The adherent rust layers on the Cor-ten steels 
were found to contain not only the major constituent of 
these mineral types, but minor additional compounds also 
found in the mineral sample. The carbon steel samples

I ‘

exhibited less incorporation of the various mineral-types 
into their rust layers. This may be due to a greater 
tendency for the rust layers of the carbon steel to spall 
off the surface (Okada 1968).

Differences were found in the types of Fe(II) 
hydroxo-complexes formed bn the different steels covered by
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the different minerals. The carbon steel samples, in 
particular, showed 3- and 6-FeOOH in some cases. Also 
found were small amounts of y-FegOg'HgO in the rust layer 
of Cor-ten B steel covered by bornite. However, these 
differences and the relative amounts of these types of rust 
products when compared to the quantity of ot-FeOOH are quite 
minor.

9.1.5 Results of Multiple 
Regression Analysis

The multiple regression analysis of the contribu
tions to the corrosion rate by the alloying elements showed 
only phosphorus and silicon as significant. It should be 
emphasized that the absence of the other alloying elements 
from the regression do not imply insignificance on the part 
of those elements. However, the significance of phosphorus 
and silicon agrees with Horton (1965), who found that 
phosphorus was highly beneficial, and that the beneficial 
effect of silicon was also quite marked.

.The significance of the copper-iron-sulfur composi
tion of the mineral covering is less clear cut. Impor
tantly, ■ however , the. influence of the sulfur in these 
minerals was consistently at a significance level of 
greater than 99.0%.

The effect on the rust layers due to the contact 
with the various copper minerals was strictly one of 
physical incorporation into the rust layers of complete
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particles of the mineral. There appeared no physico
chemical effect on the corrosion rates due to the 
formation of some type of SO^ or SO^ as caused by the 
copper sulfide minerals.

9.1.6 Summary
When considering the overall corrosion rate/product 

formation combinations on the various steels, it appears 
that the high relative humidity prevents the adherent, 
homogeneous rust layer from forming on the HSLA steels.
In fact, the corrosion behavior of the Cor-ten A steel is 
very similar to the carbon steel. The Cor-ten B steel 
performed only slightly better.

9.2 Recommendations
Recommendations for future work are as follows:

1. A detailed,.long-term study should be undertaken on 
the structure and composition of the rust layer 
formed on HSLA steels when exposed to high 
humidity alone.

2. An investigation should be done on the effect more 
soluble sulfur compounds have on the rust layer of 
various steels at various humidities.

3. An investigation should be done on the effect of 
the above exposure conditions on HSLA steels that 
have been painted (Copson and Larabee 1959).
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Recommendations on the best material for use in the 

underground copper mines should be made with extreme 
caution, especially after only a limited laboratory test.
Be that as it may, the following recommendations are put
forth:

1. Considering the economic factors involved, i.e., 
the large amount of material needed for structural 
support in a mine, it is recommended that plain 
carbon steel be used and replaced as needed. A 
steel high•in chromium may show improved corrosion 
resistance (Evans 1968), but the cost of such steel 
in the quantities necessary would be prohibitive.

2. An alternative to the use of a high chromium steel 
would be painted or epoxy-coated HSLA or carbon 
steels. This could be especially valuable on 
structural members that do not experience great 
amounts of abrasive wear.

3. A further and final recommendation would be for the 
mining companies to so coat (cf. 2 above) some of 
their already available replacement structural 
material. Thus the practicality of recommendation 
2 could be tested.



APPENDIX A

X-RAY DIFFRACTION ANALYSIS .

A.1 Sample Preparation
The X-ray diffraction analysis of the various rust 

products was accomplished using the powder method. ' The 
specimens of the various rust layers were obtained by 
mechanically removing the rust layer from each combination 
of steel type/mineral covering. After removal, the rust 
layers were then ground into fine powders and spread on 
double-sided adhesive transparent tape and attached to 
glass slides.

A.2 Procedure
These samples were then placed in a specimen 

holder that was able to rotate through a 28 range of 0° 
to 210°. In actual practice, however, the range of 28 was 
generally limited to approximately 120°.

The target material used was cobalt, with a 
characteristic Ka wavelength (X) of 1.790 A. The material 
used as a .filter was iron. A 50-kilovolt potential was 
maintained between the anode and cathode in the X-ray tube 
The tube current was eleven milliamperes.
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A.3 Results

In the following tables, the left-hand column 
gives the d spacing of each observed peak over the height 
(I ) in centimeters of that peak. The data concerning the 
various constituents of the specimen are given in the fol
lowing columns. These data for each individual constituent 
occupy two columns. The first column gives the theoretical 
d spacing for the peaks characteristic of that material and 
the theoretical intensity (I/I^) for each peak. The 
second column gives the intensity calculated from the peaks 
observed and assigned to that substance.

In addition to the rust layers of each steel type/ 
mineral combination, there were included specimens of the 
various mineral concentrates in the diffraction analysis. 
Tables A.1-A.3.give the composition of the chalcopyrite, 
chalcocite, and bornite, respectively.

The remaining tables (A.4-A.18) show the results 
of analyses of the various rust layers. The headings on 
each table describe the particular steel type/mineral 
covering combination.
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Table A.l. CuFeS2 Concentrate

CuFeS2 Cu2S FeS2
Observed Known Calc. Known Calc. Known Calc.

d/Icm a/i/i0 d/I/I0 I/^o d/I/I0
3.326/1.6 3.39/30 84
3.216/0.5
3.113/0.3

3.21/20 26.4.
3.13/36 16.5

3.025/12.1 3.03/100 100 3.05/20 ?
2.887/0.3
2.6995/0.2
2.634/0.5 2.63/5 4

2.88/20 15.8
2.71/84 12.5

2.414/0.6 2.40/70 31.6 2.923/66 33.3
2.203/0.4 2.22/20 21.0 2.212/52 22.2
2.0404/0.3
1.91/0.3

1.97/80 15.8
1.916/40 16.5

1.863/1.9 1.865/40 16 1.87/100 100
1.848/4.0 1.854/80 33
1.63/1.8 
1.59/2.3 1.59/60 19

1.69/40
1.66/20 95? 1.6332/100 100

1.57/0.9
1.537/0.3

1.573/20 7.4 1.588/20 46.5
1.56/14 16.5

1.513/0.2 1.514/20 10.5 1.503/20 11
1.448/0.2
1.3117/0.4 1.323/10 3.3 1.28/30 21. 0 1.448/24 11
1.2112/0.4 1.214/10 3.3
1.2031/0.6 1.205/30 ' 5.5
1.08/0,85 1.077/60 7
1.068/0.9 1.069/30 7.5 1.093/27 50



Table A.2. Cl̂ S Concentrate

1
Observed

Cu2S CuFeS.| Cu5FeS4 PbS04-3Pb0-H20 MoS2 Fe2Cu04
Known Calc. Known Calc. Known Calc. Known Calc. Known Calc. Known Calc.

d/:cm d/I/I0 z/'o d/I/I0 %/%o d/I/Io z/'o d/.I/I0 '/I. d/I/I0 I/%o d/I/I0 I/Io
9.78/1.0 9.8/30 32.2
6.07/1.95 6.09/100 1004.96/0.7 4.85/30 46.54.199/0.9 4.08/10 28
13.56/0.45 3.54/10 14.5
3.31/3.1 3.39/30 74 3.31/90 97 3.27/100 10013.17/1.6 3.21/20 38 3.18/60 50 3.12/20 64.5
[3.04/4.2 3.05/20 100
'2.975/1.5 2.995/30 1002.844/1.75 2.88/20 41.5 2.80.20 55
2.76/2.0 2.79/50 62.5
2.693/2.15 2.69/10 69 2.71/70 ?2.62/1.7 2.63/60 71.5 2.603/50 93.52.52/1.0 2.47/20 24 2.50/40 31 2.49/10 32 2.495/100 66.62.41/0.6 2.44/22 19.5 2.421/20 402.36/1.43 2.40/70 34.5 2.34/60 74.22.203/1.15 2.22/20 27.4 2.19/60 592.16/0.5 2.14/10 12 2.182/25 33.52.04/0.3 2.06/10 7.2 2.07/15 9.7 2.059/50 201.99/0.8 2.03/30 41
1.98/0.85 1.97/10 27.51.954/3.2 1.97/80 76 1.94/100 100
1.929/2.3 1.87/40 55 1.889/40 ?
1.85/4.2 1.87/100 100 1.854/80 100
1.6767/0.5 1.696/25 33.51.667/0.8 1.695/40 19 1.67/25 53.21.636/0.7 1.65/20 16.5 1.65/30 22
1.63/0.95 1.63/25 30 1.614/30 63.31.587/1.1 1.59/60 26 1.58/10 34.5 1.588/50 73.51.577/0.5 1.573/20 12 1.57/10 16 1.581/70 25.61.559/0.33 1.53/10 11.0 1.53/70 18
1.498/0.4 1.514/20 9.5 1.497/100 26.6
1.445/0.4 1.43/20 12.5 1.455/50 26.6

jl.32/0.95 1.323/10 22.5 1.37/20 30
!1.26/0.3 1.278/30 7.2 1.26/50 9.4 1.25/40 15.5 1.248/25 20
i1.208/0.35 1.205/30 8.3 1.19/50 11.0
1.101/0.55 1.099/50 28.2 1.109/25 36.6
1.072/0.1 1.077/60 9.5
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Table A.3. Cu^FeS^ Concentrate

Observed
cugFes4 Fe2CuC>4 CUgFeSg

Known Calc. Known Calc. Known Calc.

d/Icm d/i/i0 I/Io d/I/I0 z/h a/i/io I/Io
4.795/0.4 4.85/30 14.8
4.053/0.7 4.08/10 6.5
3.63/0.3 3.64/5 2.8
3.3576/2.7 3.31/40 25
3.295/3.0 3.27/60 61.5
3.158/4.9 3.18/60 45.5 3.14/100 100
3.083/0.7 3.01/5 6.5 2.995/30 26
2.804/1.55 S.80/20 . 14.3 2.82/100 31.6
2.734/2.8. 2:. 74/50 26 2.70/80 57.2
2.628/0.5 2.603/50 18.5 ..

2.502/2.7 2.50/40 25 2.495/100 100
2.457/019 . 2.421/20 33.3
2.419/4.2 2.42/40 85.5
2.208/0.55 2.182/25 20.3 2.20/40 11.2
2.124/0.9 2113/20 ; 8.4
2.1086/0.9 2.06/50 33.3
1.9601/0.9 1.94/10 33.3
1.934/10.8 1.937/100 100
1.8685/0.7 1.89/100 14.3
1.848/0.5 1.85/10 4.5 .1.85/100 10.2
1.816/0.7 1.75/15 26
1.695/0.3 1.696/25 11.1 1.73/40 6.2
1.665/0.6 1.672/25 22.2
1.649/1.4 1.652/30 13
1.642/0.85 1.614/30 31.5 1.63/60 17.3
1.579/0.45 1.584/10 4.2 1.588/50 16.6 1.56/100 9.2
1.531/0.8 . 1.534/10 7.4 1.497/100 29.6 107



Table A.3■--Continued CUgFeS^ Concentrate

Observed
Cu5FeS4 FegCuO^ Cu5FeS6

Known Calc. Known Calc. . Known Calc.

d/,Icm d/VIo I/Io . .. d/I/I0 oH\H

a/i/io VIo
1.469/0.4 1.455/50 OOi—

1

1.446/0.5 1.444/40 10.2
1.424/0.5 1.427/20 4.5
1.368/0.55 1.37/20 5.1
1.337/0.3 1.32/80 6.2
1.258/8.55 1.258/50 5.1 1.29/30 . 20.3
1.1178/1.2 1.119/50 11.1
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109
Table A.4. Carbon Steel/No Covering

Observed

Goethite 
1/2 Fe203-H20 a-Fe
Known Calc. Known Calc.

d//Icm a/i/i0 Vlo d/l/l0 I/Io
4.955/0.7 4.98/10 13.7
4.165/5.1 4.18/100 . 100
3.36/0.55 3.38/10 10.8
2.686/2.1 2.69/30 41
2.57/1.5 2.58/8 29.4
2.496/2.0 2.490/16 39.2
2.446/4.6 2.452/25 90
2.247/6.4 2.252/10 27.4
2.186/1.3 2.192/20 25.5
2.0223/0.1 2.027/100 100
1.915/0.3 1.92/6 5.9
1.7998/0.4 1.799/8 7.85
1.7143/1.6 1.721/20 31.4
1.559/0.7 1.564/16 13.7
1.5055/0.8 '1.509/10 15.7
1.4512/0.5 1.453/10 9.8
1.4406/0.25 1.433/19 62.5
1.358/0.3 1.357/8 5.9
1.3177/0.35 1.317/8 6.85
1.2403/0.35 1.241/2 6.85
1.2008/0.35 1.98/2 6.85
1.169/0.3 1.170/30 75.0

V



Table A.5. Carbon Steel/CuFeSg Covering

a-FeOOH f
CuFeSg 1/2 FegOg":H2° 8-FeOOH

Observed Known Calc. Known Calc. Known Calc.
7.445/0.6 7.40/100 75
5.309/0.5
4.9314/0.65 © 4.98/10 23.2

5.25/40 62.5
4.249/2.8
3.368/0.7
3.077/1.0 . 3.03/100 100

4.18/100 100
' 3.31/100 87.5

2.727/1.1
2.609/0.7

2.69/30 39
2.616/40 87.5

2.597/0.8 2.543/80 100
2.468/2.0 2.45/20 71.5
2.266/0.6 2.255/10 21.4 2.285/40 75
2.221/1.6
1.97/0.6
1.869/0.55 1.865/40 55

2.192/20 57.2
1.944/60 75

1.8655/0.1 
1.729/0.75

1.854/80 40
1.72/20 26.8 •

1.6716/0.6 
1.582/0.35 1.591/60 35

1.694/10 21.4 1.635/100 75
1.573/0.6
1.515/0.6

1.573/20 60 1.564/10 21.4 ,
1.515/40 75

1.454/0.3 1.438/80 37.5
1.3634/0.3
1.0827/0.3 1.077/60 30

1.374/40 37.5

HNO



Ill
Table A.6. Carbon Steel/Ci^S Concentrate Covering

Observed

Goethite 
1/2 Fe203*H20 Cu2S
Known Calc. Known Calc.

d/:cm a/i/i0 I/^o a/Vi0 I/^o
4.931/0.6 4.98/10 30
4.182/2.0 4.18/100 100
3.389/0.5
3.337/0.55 3.38/10 27.5
2.685/0.7 2.69/30 35.0
2.4405/1.3 2.452/25 65.0 2.40/70 ,2.2567/0.45 2.25/10 22.5
2.195/0.7 2.192/20 35.0
1.947/0.35 1.969/80 87.5
1.912/0.35 1.92/6 35.0
1.854/0.4 1.87/100 100
1.724/0.45 1.72/20 22.5
1.709/0.3 1.695/40 75.0
1.282/0.2

-
1.278/30 50.0



Table A.7. Carbon Steel/CUgFeS^ Cone. Covering

CUgFeS4 S-FeOOH 1/2 Fe203• H2° Fe (OH) 2
Observed Known Calc. Known Calc. Known Calc. Known Calc.

d/Icm d/l/l0 I/Io a/i/io I/Io m / i 0 I/Io a/Vi,, I/Io
5.003/0,9
4.773/0.6

4.98/10
4.61/80 20.6

4.216/2.15 4.18/100 100
3.358/2.2 3.31/40 28.6 3.38/10 ?
3.176/2.6 3.18/60 33.7
3.0506/0.65 3.01/5 8.4
2.812/1.2 2.80/20 15.5 2.82/50 41.5
2.747/2.9
2.713/1.5

2.74/50 37.7
2.69/30 70

2.634/0.9
2.59/11.05

2.63/5 11.5
2.55/100 . 95.5.

2.507/2.75 2.50/10 35.7 2.49/16 ?
2.462/2.9
2.26/1.0
2.195/0.9
2.176/0.9 2.13/20 11.7

2.255/100 91
2.45/25 ? 2.92/100 100

1.944/7.7 1.937/100 100 .
1.857/0.55
1.778/0.4
1.729/1.1

1.85/10 7.3
1.69/100 100 1.72/20 51

1.79/28 18.5
1.653/0.8 1.652/30 10.4 1.64/36 37.2
1.565/0.7 1.58/10 9.1 1.564/16 32.6 1.54/20 32.6
1.43/0.6
1.373/0.7 1.37/20 9.1

1.47/100 54.5 1.453/10 28
1.119/0.7
1.1117/0.75

1.119/50 9.1
1.104/20 67



Table A.8. Carbon Steel/Elemental Sulfur Covering

a-FeOOH, or
1/2 Fe203•h20 FeS FeS2

Observed Known Calc. Known Calc. Known Calc.

d//Icm <VI/I0 I/Io a/i/i0 I/Io a/i/i0 I/;Co
5.003/1.3 4.98/10 . 27
4.199/4.8 4.18/100 100
3.397/1.2
3.0593/1.0
3.03/1.6

3.38/10 25
2.97/33 76

3.13/36 33.3
2.706/1.1
2.686/2.1 2.69/30 44 2.65/33 100

2.71/84 .46.5
2.584/1.0 2.58/8 21
2.473/1.9 2.49/16 39.5
2.446/3.2
2.42/3.1

2.45/25 67
2.423/60 100

2.257/1.6 
2.203/1.1

2.252/10 33.3
2.06/100 95 2.212/52 ' 46.5

2.189/1.7
2.0259/2.0

2.192/20 35.5
2.0187/1.8
1.9274/0.7 1.92/6 14.5 1.916/40 22.6
1.805/0.6 
1.7676/1.6

1.799/8 12.5
1.7392/1.1 1.72/20 23 1.71/33 52
1.6313/0.7 1.69/10 14.5 1.632/100 22.6
1.5653/0.9 1.56/16 18.7 1.56/14 29
1.511/0.9
1.5037/0.8

1.509/10 18.7
1.503/20 26 H



Table A.9. Cor-ten A Steel/No Covering

Goethite Hematite
1/2 Fe203-•n 20 a-Fe203 Fe

Observed Known Calc. Known Calc. Known Calc.

d//Icm a/i/i0 I/Io a/i/i0 I/Io l/Vio I/Io
5.027/0.8 4.98/10 37.2
4.233/2.15
3.7103/0.1

4.18/100 . 100
3.66/25 44.5 '

3.358/1.05 3.38/10 49
2.70/0.9 .2.69/30 41.7 2.69/100 100
2.59/07 2.58/8
2.502/1.2 2.49/16 56 2;51/50 - ?
2.468/1.75 2.45/25 81.5
2.248/0.6
2.234/0.55

2.252/10 28
2.20/30 61

2.203/0.65
2.03/0.7
1.836/0.3

2.19/20 . 30
1.838/40 33.3

2.027/100 100
1.732/0.5 1.72/20 23.2
1.719/0.6 1.694/10 28 1.69/60 66.5
1.567/0.5
1.4693/0.4

1.56/16 23.2
1.4332/19 57

1.1534/0.3 1.173/30 43
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Table A.10, Cor-ten A Steel/CuFeS2 Mineral

Observed
CuFeS2 Cu2S 1/2 Fe20.f H2°

Known Calc. Known Calc. Known Calc.

d//Icm a/i/io I/Io d/l/l0 oHH

d/I/Io I/Io
4.2497/0.8 4.18/100 100
3.39/0.4 3.39/30 26.7
3.255/1.15 3.21/20 76.5
3.0506/7.5 3.03/100 100 3.05/20 ?
2.72/0.8 2.73/10 53 2.69/30 100
2.653/0.55 2.63/5 2.67/10 36.6
2.507/0.5 2.47/20 33.3 2.49/16 62.5
2.457/0.9 2.46/70 60 2.452/25 ?
2.2209/0.35 2.22/20 23.3 2.192/20 43.5
li92/1.2 . 1.969/80 80
1.872/1.5 1.865/40 20 1.870/100 100
1.86/2.0 1.854/80 26.8
1.729/0.3 1.721/20 37.6
1.719/0.35 1.696/40 23.3
1.676/0.25 1.645/20 16.5
1.595/1.2 1.591/60 16
1.579/0.6 1.573/20 8 1.564/16 75
1.325/0.4 1.323/10 5.3
1.077/0.6 1.077/60 8

HH



Table A.11. Cor-ten A Steel/Ct^S Covering

Observed
CuFeS2 Fe2CuO4 eu2s

a-FeOOH, 
1/2 Fe203

or
•h20

Known Calc. Known Calc. Known Calc. Known Calc.

d/Icm <Vi/io H \ H 0 a/i/i0 0H\H a/i/i0 I/^o . d/I/Io I/:Eo
5.05/0.6 4.98/10 25
4.955/0.6 4.849/30 31.6
4.233/2.4 4.18/100 100
3.358/0.8 3.39/30 40
3.216/0.6 3.21/20 30
3.05/2.75 3.03/100 100 2.995/30 ? \
2.713/1.7 2.69/30 71
2.609/0.8 2.603/50 42
2.462/1.9 2.459/100 100 2.47/20 ?
2.451/2.0 2.40/70 100 2.452/25 ?
2.22/.75 2.20/20 37.5 2.19/20 31
2.0295/0.5 2.059/50 26
1.964/1.6 1.969/80 . 80
1.944/0.9
1.8655/0.9 1.865/40 32.8 1.87/100 45
1.86/0.9 1.854/80 32.8
1.724/0.75 1.72/20 31
1.714/0.7 1.696/25 37 1.695/40 35
1.636/0.4 1.614/30 21 1.645/20 . 20 .
1.595/0.5 1.591/60 18.2 1.588/50 26
1.577/0.6 1.573/20 . 21.8
1.565/0.6 1.56/16 25
1.5145/0.5 1.514/20 25 1.509/10 21
1.4496/0.4 1.497/100 26 1.453/10 16.5
1.323/0.85 . 1.32/10 31 116



Table A. 12. Cor-ten A Steel/CUg.FeS^ Covering

a-FeOOH, or
Cu5FeS4 FeS 1/2 Fe203'■h 2o

Observed Known Calc. Known Calc. Known Calc.

d/Icm d/i/i0 I/Io a/i/i0 I/Io d/i/i0 I/Io
4.84/0.4 4.98/10 14.8
4.267/2.7 4.18/100 100
3.3576/2.253.326/2.3 3.31/40 30.7

3.38/10 83.5
3.177/3.3
2.975/0.4

3.18/60 44
2.97/33 44.5

2.819/1.1 2.80.20 14.7 '
2.747/2.7
2.6995/0.5

2.74/50 . 36
2.65/33 55.5 2.69/30 18.5

2.513/2.4 2.50/40 32 2.49/16 ?
2.462/1.8 2.45/25 66.6
2.212/0.6
2.033/0.9 2.06/100 100

2.192/20 22.2
1.94/7.5
1.732/0.55

1.937/100 100
1.71/33 61 1.72/20 20.2

1.658/0.8 1.652/30 80
1.426/0.5
1.1178/0.6

1.427/20 6.7
1.11/13 66.6
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Table A.13. Cor-ten A Steel/Elemental Sulfur Covering

Observed
1/2 Fe203-H20 FeS,> Fe(OH) 2 a-Fe
Known Calc. Known Calc. Known Calc. Known Calc.

a /^cm d/I/Io I/Io a / i / i o I/Io a / i / i 0 i / i 0 a/i/io i/io
5.076/0.5 4.98/10
4.605/0.65 4.597/100
4.267/2.2 . 4.18/100
3.4559/0.5 3.44/40
3.3897/0.6 3.38/10
2.8714/0.3 2.82/80
2.7266/0.7 2.69/30 2.71/100
2.5246/0.55 2.49/16
2.4623/1.35 2.45/25
2.4244/0.65 2.41/25 2.40/100
2.2705/0.45 2.25/10 2.32/25
2.212/0.4 2.192/20
2.0367/0.85 1.91/30 ? 2.0268/100
1.734/0.5 1.76/63 1.78/80
1.7217/0.45 1.72/20
1.6403/0.3 ■■ 1.63/80
1.571/0.3 1.56/16 1.59/20
1.513/0.35 1.535/60
1.448/0.4 1.41/20 1.4332/19
1.354/0.3 1.35/60
1.186/0.3 1.1702/30
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Table A.14. Cor-ten B Steel/No Covering

Observed
5-FeOOH

Goethite 
a-FeOOH, or 
1/2 Fe203"H20

Hematite
Fe2°3 a-Fe

Known Calc. Known Calc. Known . Calc. Known Calc.

‘ d/Icm a/i/io 0H\H a/i/i0 Vlo d/I/I0 I/Io d/I/I0 I/:Co
6.55/0.4
5.05/0.9 4.98/10 26.4
4.955/0.7
4.61/0.55 4.61/20 39
4.2997/3.4 4.18/100 100
4;133/1.1
3.61/0.4 3.66/25 20
3.38/0.6 - 3.38/10 17.6
2.71/2.0 2.69/30 59 2.69/100 100
2.60/1.3 2.58/8 38 i 2
2.54/1.4 2.545/100 100
2.49/2.7 2.49/16 79.5 2.41/40 ?2.457/3.15 2.45/25 92.5
2.26/1.2 2.255/100 86
2.248/0.9 2.25/10 26.4
2.203/1.0 .• 2.192/20 . 29.4 2»201/30 50
2.033/1.55 2.027/100 100
1.836/0.4 1.838/40 20
1.72/1.2 1.721/35 35.4
1.68/0.8 1.685/100 57 1.694/10 23.5 1.69/60 40
1.5614/0.45 1.564/16 , 13.2
1.515/0.7 1.51/10 20.6
1.506/0.45 1.484/35 22.5
1.46/0.5 1.471/100 35.6 1.452/35 25 1.433/19 41.5



Table A.14.-^Continued Cor-ten B Steel/No Covering

Goethite 
a-FeOOH, or Hematite

6-FeOOH 1/2 Fe203«H20 Fe2°3 a-Fe
Observed Known Calc. Known Calc. Known Calc. Known Calc.

d//Icm a/i/i0 i/i0 a/i/i0 i/i0 a / i / i 0 i/i0 a/i/i0 i/i0
1.3214/0.3
1.169/0.3
1.165/0.3

1.31/35
1.162/10

15
1.170/30 25

15
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Table A.15. Cor-ten B Steel/CuFeS^ Mineral

' : CuFeS2 Cu2S ■ 1/2 Fe203•h 2o
Observed Known Calc. Known . Calc. Known Calc.

a/Icm a/i/i0 I/Io a/i/io I/Io
4.267/2.15 4.18/100 100
3.358/1.2 3.39/30 39.4 3.38/10 55.7
3.0506/17.1 ■ 
2.713/1.3

3.03/100 100 3.05/20 ?
2.69/30 60.5

2.6534/1.3
2.609/1.0

2.63/5 7.45
2.58/8 46.5

2.519/0,8
2.468/2.0 2.47/20 65.5

2.49/16 38.2
2.435/1.5 2.40/70 49.2 2.45/25 70
2.239/0.7
2.22/0.65 2.22/20 21.3

2.252/10 32.5
2.195/0.6 
2.033/0.7 1.97/80 23

2.192/20 27.8
1.872/3.05 1.865/40 17.5 1.87/100 100
1.854/5.75
1.73/0.6
1.712/0.4

1.854/80 33
1.695/40 13.1

1.721/20 27.8-
1.638/1.0
1.595/2.9 1.591/60 16.5

1.645/20 . 32.8
1.579/0.9
1.5127/0.55

1.573/20 5.15
1.514/20 18

1.324/0.35 1.323/10 4.3
1.323/0.65
1.2132/1.0 1.214/10 5.75

1.28/30 21.3
1.2055/1.15 1.205/30 6.6 1.19/10 37.7
1.0781/1.3 1.077/60 7.5
1.0757/1.1
1.065/0.6 1.069/30 3.4

1.074/10 36 121



Table A.16. Cor-ten B Steel/Cu^S Concentrate Covering

..... .... ' ' 1 :: ~Cu2S CuFeS2 a-Fe 1/2 Fe203-H20 Y-Fq203-H20
Observed Known Gala. Known Calc. Known Calc. Known Calc. Known Calc.

d/Icm d/i/i0 . i/:o a/i/i0 • :/io d/I/Io VI0 d/i/io I/Io d/I/X0 =/:o
6.2334/0.7
5.1004/0.8 4.98/10 66.6

6.26/100 52
4.267/1.2 4.18/100 100
3.3682/0.7
3.245/0.6

3.39/30 98.2 3.38/10 58
3.29/90 44.5

3.2254/0.6 3.21/20 41.5
3.059/2.4
2,804/0.9

3.05/20 ? 3.03/100 100
2.7266/1.7 2.73/10 ? 2.69/30 ?2.5922/0.6
2.507/0.9

2.54/10 41.5
2.49/16 50

2.4734/1.35 2.47/20 ? 2.45/25 7 2.47/80 1002.435/1.4 2.40/70 96.5
2.221/0.95 2.22/20 65.5 2.19/20 " 79
2.051/0.9 2.05/10 62 2.09/20 66.6
2.037/1.6
1.9702/1.45 1.969/80 100

2.029/100 100
1.947/0.75
1.8775/0.55 1.87/100 38 1.865/40 23

1.937/70 55.5
1.8596/0.6
1.74/0.4 1.695/40 27.5

1.854/80 25
1.72/20 33.3 1.732/40 29.6

1.638/0.8
1.5975/0.45

1.645/20 55.0
1.591/60 18.7 ’

1.5732/0.4 1.573/20 16.5 1.56/16• 33.3 1.524/40 29.6
1.448/0.4 1.4332/19 25 1.433/20 29.61.328/0.35
1.3227/0.4
1.1728/0.4

1.323/10 16,5
1.17/30 .25

1.367/30 26
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Table A,17. Cor-ten B/CUgFeS^ Cone. Covering

Observed
CUj-FeS4 a-Fe 1/2 Fe203-H20

Known Calc. Known Calc. Known Calc.

a/Icm <a/i/i0 I/^o d/i/i0 I/:Eo
4.233/1.9 4.18/100 100 '
4.149/1.3 4.08/10 29
3.358/1.45 3.38/10 76.5
3.321/1.3 3.31/40 29
3.187/1.8 3.18/60 40
2.819/0.8 2.80/20 17.8
2.734/1.8 2.74/50 40
2.6795/0.75 2.69/30 39.52.596/0.7 2.58/8 36.3
2.507/1.8 2.50/40 40 2.49/16 ? 95
2.468/1.7 2.452/25 90
2.257/0.55 2.252/10 29
2.2034/0.45 2.192/20 23.7
2.184/0.4 2.13/10 8.9
2.0367/4.55 2.0268/100 100
1.9103/4.50 1.937/100 100
1.7266/0.6 1.721/20 31.5
1.6512/0.5 ' 1.652/30 11
1.4337/0.6 1.427/20 13.3 1.4332/19 13.2
1.256/0.4 1.258/50 8.9
1.1798/0.7 1.1702/30 15.3
1.1178/0.7 1.119/50 . 15.5
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Table A.18. Cor-ten B Steel/Elemental Sulfur Covering

a-Fe .FeS
FeO(OH)a- 
1/2 Fe203

term
•h20 aFe203

Observed Known Calc. Known Calc. Known. Calc. Known Calc.
4.96/0.5 4.98/10 25 5.0/20 25
4.216/2.0 4.18/100 100 4.21/100: 100
4.069/0.75
3.368/0.65 3.38/10 33.3 3.37/20 33.3
3.05/0.3 2.97/33 9.4
2.6995/0.6 2.69/30 53.3 2.69/80 33.3
2.603/0.5 2.65/33 15.5 2.57/20 25
2.468/1.25 2.45/25 62.5 2.44/70 62.5
2.275/0.55 2.25/10 27.5 2.25/20 27.5
2.203/0.45 2.192/20 22.5 2.18/40 22.5
2.037/3.2 2.027/100 100 2.06/100 100
1.825/0.4 1.803/20 20
1.737/0.5 1.721/20 25
1.-729/0.6 1.72/50 30
1.722/0.6 1.71/33 18.7
1.705/0.45 1.694/10 22.5
1.6998/0.3 ' 1.689/20 25
1.57/0.3 1.563/30 15
1.434/0.4 1.433/19 12.5 " 1.452/20 20
1.324/0.4 1.32/13 12.5 ;
1.295/0.4 1.318/20 20
1.1719/0.75 1.170/30 23.5
1.115/0.4 0.9064/2 ? 1.11/13 12.5
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APPENDIX B

MULTIPLE REGRESSION ANALYSIS

The procedure for developing the data listed in 
Tables B.1 through B.15 consists of the stepwise addition of 
a single variable to the regression equation such that the 
overall variance is reduced. The variable which most 
reduces the variance is entered first, providing the 
calculated F-level for the addition of that variable exceeds 
a specified F-level. The specified F-level for the inclusion 
of a variable was set at a = 0.01. Where this F-level 
appeared too restrictive for some sets of data, however, 
an a = 0.250 was used.

In determining the significance of a variable on the
corrosion rate, two different general equations were used.
The first was a polynomial form involving various orders of
time up to the cube, and the elemental composition of the
steel types of the mineral coverings selected on the basis
of the shape of the data when plotted versus time. Also the
second, equation used was an expression involving exp(a^t)

2and exp(a1t+a2t ), where a^,a2 are general coefficients and 
t represents time. The second or exponential equation also 
included the effects of elemental composition of the steel 
types or mineral coverings.
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Table B.'l. Influence of Alloying Elements and Time; Polynomial Form

Order of 
Inclusion Variable ;

Calculated
F-level a Level

Theoretical, 
F-level R R2

.1 t2 17.638 0.995 8.968 0.584 0.342
2 P 9.498 0.995 6.153 0.699 0.489
3 Si 37.313 0.995 5.028 0.874 0.764

Table B.2. Influence of Alloying Elements and Time; Exponential Form

Order of 
Inclusion Variable

Calculated
F-level ' a Level

Theoretical,
F-level R R2

1 exp(a,t + 
a2t2f 17,611 • 0.995 . 8.968 0.584 0.341

2 P 9.492 0.995 6,153 0.699 0.488
3 . Si 37.258 0.995 5.028 0.874 0.7.64

H
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Table B.3. Influence of Time and Elemental Composition of Chalcocite Covering
Carbon Steel; Polynomial Form

Order of 
Inclusion Variable

Calculated 
F-level a Level

Theoretical, 
F-level R R2

1 Fe 14.457 0.995 9.406 0.598 0.357
2 S 6.890 0.995 6.598 0.704 0.496
3 t3 3.371 0.950 2.795 0.752 0.565

Table B.4. Influence of' 
Carbon Steel;

Time and Elemental Composition of Chalcocite Covering 
Exponential Form

Order of 
Inclusion Variable

Calculated 
F-level a Level

Theoretical,
F-level R R2

1 Fe 14.457 0.995 9.406 0.598 0.357
2 S 6.890 0.995 6.598 0.704 0.496
3 exp (an t + 

a2t ' 8.027 0.995 . 5.519 0.78 9 0.623
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Table B.5. Influence of Time and Elemental Composition of Bornite Covering
Carbon Steel? Polynomial Form

Order of 
Inclusion Variable . .

Calculated 
.F-level . a. Level, .

Theoretical, 
F-level R R2

1 Fe 12.352 0.995 9.406 0.568 0.322
2 S 9.191 0.995 6,598 0.710 0.504
3 t2 2.745 0.900 . . . . 2.206 0.7,51 ., 0.564

Table B.6. Influence Of 
Carbon Steel;

Time and Elemental Composition of Chalcopyrite ' 
Polynomial Form

Covering

Order of 
Inclusion Variable. . .

Calculated 
. F-level a. Level.

Theoretical,
. . F-level . . . ....R . R2

1 S 8.102 0.990 7,721 0.487 0.238
2 Fe 6.806 0.995 6,598 0.633 0.401
3 t3 3.677 0.950 3.010 0.693 0.480
4 t2 6.728 0.995 . 4,9.50. . .. 0.773 . . . 0.598
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Table B.7. Influence of Time and Elemental Composition of Chalcopyrite Covering
Carbon Steel? Exponential Form

Order of 
Inclusion Variable

Calculated 
F-level a Level

Theoretical, 
F-level R R2

1 S 8.102 0.990 7.721 0.487 0.238
2 Fe 6.806 0.995 6.598 0.633 0.401
3 exp (a-i t +

a2t2i 7.375 0.995 5.519 0.736 0.542

Table B.8. Influence of Time and Elemental Composition of Chalcocite Covering 
Cor-Ten A Steel? Polynomial Form

Order of Calculated Theoretical,
Inclusion Variable F-level a Level . F-level . R R2

1 Cu 11.867 0.995 9.406 0.560 0.313
2 S 3.836 0.950 3.385 0.636 0.405

. 3 t2 1.645 0.750 1.438 0.682 0.465

HN)



Table B.9. Influence of Time and Elemental Composition of Chalcopyrite Covering
. Cor-Ten A Steel; Exponential Form

Order of 
Inclusion Variable

Calculated 
F-level a Level.

Theoretical, 
F-level R R2

1 Fe 49.630. 0.995 9.406 0.810 0.656
2 S ' 10.790 0.995 6.598 0.872 0.760
3 2exp at 6.720 0.995 . 5.519 . . 0.901 . 0.812

Table B.10. Influence of Time and Elemental Composition of Bornite 
Cor-Ten A Steel; Polynomial. Form

Covering

Order of 
Inclusion .

Calculated
Variable . F-level a Level

Theoretical, 
F-level R . . . R2

1 S 15.312 0.995 9.406 0.609 0.371
2 Fe 23,620 0.995 6.598 0.822 0.676
3 t2 .. . 7.613 0.995 . . . . , . .5.519 .... .0.8.7.3. . . . 0.761
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Table B.ll. Influence of Time and Elemental Composition of Bornite Covering
Cor-Ten A Steel; Exponential Form

Order of 
Inclusion Variable

Calculated . 
F-level a Level.

Theoretical, 
F-level R . R2

1 S 15.312 0.995 9.406 0.609 0.371
2 Fe 23.620 0.995 6.598 0.822 0.676
3 exp (ait + 

a2t2) 9.032 0.995 5.519 0.875 0.765

Table B•12• Influence of 
on Cor-Ten B;

Time and Elemental Composition of Chalcocite Covering 
Polynomial Form

Order of Calculated Theoretical,.
Inclusion Variable F-leyel a Level F-level R R2

1 Fe 110.561 0.995 9.406 0.903 0.816
2 t 11.726 0.995 5.519 0,938 0.880
3 t2 5.544 • 0.995 4.950 0.951 0.904
4 S . . 1.665 0.750 1.438 0,955 0.911 131



Table. B.13. Influence of Time and Elemental Composition of Chalcopyrite Covering
on Cor-Ten B Steel; Polynomial Form

Order of 
Inclusion Variable

Calculated
F-level a Level

Theoretical, 
F-level R R2

1 Fe 58.366 0.995 9.406 0.832 0.692
2 t ; 2.587 0.900 2.528 0.849 0.721
3 t2 10.274 0.995 5.519 0.897 0.804

Table B. 14... Influence 
Cor-Ten B

of Time and Elemental Composition of Bornite 
Steel; Polynomial Form

Covering

Order of 
Inclusion Variable

Calculated
F-level a Level

Theoretical, 
F-level R R2

1 Fe 29.710 0.995 9.406 0.730 0.533
2 t 5.578 0.995 5.519 0.885 0.783
3 t2 18.197 0.995 4.950 0.908 0.824
4 S 4.557 0.990 3.988 0.925 0.855
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Table B.15. Influence of Time and Elemental Composition of Bornite Covering
Cor-Ten B Steel; Exponential Form

Order of 
Inclusion Variable

Calculated
F-level a Level

Theoretical, 
F-level R R2

1 Fe 29.710 0.995 9.406 0.730 0.553
2 exp (at2) 2.953 0.990 2.528 0.763 0.583
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In summary, then, the two equations investigated had 

these general forms:
1. Polynomial:

1 2 3aQ + a^t + a2t + a^t + a4[Ĉ ] + ag[C2] + ...

where aQ , a^, a2, ... are general coefficients, 
t represents time
C^, C2 ... represent composition percentages 

of the steel types or the mineral coverings.
2. Exponential:

exp(z,t) + a2[Ĉ ] + a3[C2] + ...

2exp(a^t+a2t ) + a^EC^] + a^[C2] + ...

where the symbols are defined as above.

The two equations were both used in the analysis of the data. 
Only when both showed significant correlations were both 
used. When one form or the other failed to fit the data at 
the required confidence level, that form was not included 
in Tables B.1 through B.15.

Tables B.l through B.15 contain the following basic 
information:

Column 1: The order of inclusion of the variable; based 
on maximum reduction of the variance.

Column 2: The variable included.
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Column 3: The calculated F-level; this is the F statis

tic determined by the regression equation, 
where

_ regression mean square 
- residual mean square

Column 4: The a level; this is the confidence level, 
based on the comparison of the calculated F 
and the theoretical F, that the null 
hypothesis, i.e., the coefficient of the 
included variable, a^ = 0, is false.

Column 5: The theoretical F-level; this F-level is
determined by a ratio of the degrees of freedom 
of the regression to the degrees of freedom of 
the residual.

Column 6: R; correlation coefficient calculated from the
regression equation.
2 27 s R ; 100 R = the per cent of the variation 

that can be accounted for by the variables 
listed. This has an accumulative effect for 
all the variables included to that point.

Column
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