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ABSTRACT

METHODOLOGY FOR INVESTIGATION OF INTERNAL

COATING IN WATER MAINS

BY

John C. O'Malia

The purpose of this thesis is to develop a

methodology in which to review any type of internal

coating in a water main. It brings together an overview

of the various scattered data and techniques into focus

on several specific samples and conditions.

A review of the literature reveals that various

identification techniques have been used in identifying

various internal coatings (protective and non-protective).

The thrust of the methodology is to coordinate

a multi-investigation as regards the identification of coat-

ings or compounds. This investigation involved the use

of chemical testing, X-ray diffraction and use of the

petrographic microscope.

The coatings for testing were for both the Calcite

(Calcium ion bearing) or iron bearing compounds.

The use of the three methods on the two coating

systems did reveal that the combined tri-effort can be
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very informative, accurate and reinforcing. That is,

that the strong feature of any one method compensates

for any drawback that another method may have.

The method that allows the quickest and most

accurate identification of any coating or compound is

the use of X—ray diffraction. The initial use of the

X-ray method then allows effective and efficient use of

the chemical and petrographic microscope methods.

The Visual aids to illustrate the laboratory

techniques as regards each methodology will be most

helpful in refining the physical parameters that are

involved in the protective coating mechanism on the

internal surface of a water main.
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CHAPTER I

INTRODUCTION

It was reliably estimated a little over 13 years

ago that the replacement cost of all water distributions

systems in the United States was ten billion dollars (1).

In addition, it was estimated that 60% of all water works

capital is in the water distribution system. The internal

area of a water distribution system for a population of

25,000 has been estimated to be 17 acres or 740,000 square

feet (2). These staggering statistics point to a need to

maintain a water distribution system in near perfect

shape.

Technology will surely lead to development of

corrosion resistant pipe. However, we are presently

installing pipe that can corrode and deteriorate and must

maintain thousands of miles of installed pipe that is

deteriorating.

In partial answer to reducing or eliminating cor-

rosion in the water distribution system several "protec-

'tive coatings" have evolved and experienced much labora-

tory refinement. Calcium carbonate (calcite) is one

;protective coating that has proved beneficial over many



years. In the past fourteen years, the refinement of the

calcite protective coating--through water chemistry—-has

evolved to a workable anti-corrosion mechanism that has

field application.

Refinements of the coating process have, however,

related to the mechanism of deposition and not to the

coating formation and/or composition.

It has been the object of this thesis to develop

a methodology for investigating the corrosion products,

calcite protective coating and iron compounds that are a

result of the protective coating mechanism or are caused

by corrosion before, during or after the coating process.

To accomplish the investigation reported here,

water chemistry, X-ray defraction and Optical crystal-

lography were used on various Calcite and iron compound

formations or coatings. The development of an orderly

investigation or methodology to correlate the unknown to

the known has advantages not only for identifying coating

composition and structure, but for refinement of the

coating process.



CHAPTER II

LITERATURE REVIEW

In 1903, M. Whitney (3) first stated the electro-

chemical theory of corrosion. In the ensuing years his

thesis has been used, refined and reused to predict this

natural phenomena. Many techniques for water main corro-

sion control, some successful and others with limited

success, have been tried over the years and include;

(a) pH adjustment, (b) deareation for removing oxygen

and carbon dioxide, (c) silicate feed, (d) poly and

glassy phosphates, (e) mechanically applied inert internal

pipe coatings, (f) biological growth control using chlori-

nation, and (g) a balanced control of pH-alkalinity-

calcium carbonate.

The presence of calcium carbonate in most domestic

‘water supplies makes this compound a logical choice as a

corrosion inhibitor. Calcium carbonate appears in nature

in three forms. The one most common and stable at

standard temperature and pressure is Calcite. The other

tn“) (Aragonite and Vaterite) are either unstable at

:atandard temperature and pressure or readily alter to

Calcite.



The Theory of Corrosion

The corrosion process can be quite complex. Cor-

rosion is an electrochemical balance between the anode

and cathode areas and generally is described with the

following reaction:

anode: Fe° (metal) + Fe++ + 2e_ (1)

cathode: 2H + 2e + 2H+ (2)

Secondary reactions that occur in the aqueous

2H + 1/202 + H20 (3)

Fe++ +-20H' + Fe(0H)2 (4)

4Fe (0H)2 + 02 + 4H20 2Fe203 (5)

The corrosion cell is an electrolytic cell in

which metal is removed from the anode (negative) during

the passage of a direct current between the cathodic

(positive) area and the anodic area. The cathode area is

usually adjacent to, and larger than, the anodic area.

A review of equations 2, 3 and 4 indicate that

both oxygen and pH play important roles in the rate of

«corrosion. Many authors (14, 25, 31 and 34) have stated

that dissolved oxygen is the most important mechanism of

renmwing hydrogen from the cathode and increasing the

:rate of corrosion. Also, corrosion of iron in aqueous



solutions has been found to be under cathodic control if

the pH is less than 11. Therefore, some workers have

postulated that if a metal is under cathodic control, the

corrosion rate may be slowed by removing oxygen, by cover-

ing cathodic areas with protective coatings to reduce

contact with oxygen or by altering the reactions of cor—

rosion. Control of corrosion is a control of equation

2 and/or 3.

Parameters Used in Developing

a Protective Calcium

Carbonate Coating

The early recognition that calcium carbonate may

form an internal protective coating for inhibiting cor-

rosion were empirical. Baylis (15), as reported by Evans

(14), in 1926 recommended that an aggressive water be

treated with just sufficient alkali to cause it to develop

calcium carbonate slowly on pipe interiors. Once the pipe

had a continuous calcium carbonate layer, he recommended

that alkali be added in such an amount that it would cease

to deposit, but not dissolve the film.

In 1932, Tillman and others (5) developed a prac-

tical and useful test to determine the degree of water

super- or under-saturation with calcium carbonate. This

.initial refinement or "marbel test" did provide control

.and.predicted the tendency toward scale formation or



dissolution. Four years later, another more important

test or index was developed--the "saturation index" by

Langelier (6).

The "Saturation index," based on physical chemistry

principles, provided an indication of the duration of the

chemical equilibrium driving force. A positive index

indicated a tendency for the water to be scale forming and

scale solution was association with a negative index. A

discussion by Moore (7) described how a water might be

adjusted by addition of lime and/or sodium carbonate to

yield a positive scale forming indes.

The Langelier "saturation index" provided a new

refinement (8, 9) by considering temperature effects on

the pH of the water. Progress also resulted from the

work of Larson and Buswell (10) who computed the effect

of temperature and salinity on ionization constants.

Ryznar (11) proposed an empirical "stability index" with

the View of estimating the degree of scaling to be

expected from a water with a specific alkalinity, calcium

and hydrogen ion correlation.

Dye (12) suggested that the concentration of

calcium carbonate in excess of the solubility product

constant be called the "momentary excess" of calcium

carbonate. The "momentary excess“ is that concentration

<of calcium carbonate which under specific chemical and

;physical condition is available for precipitation. More



recently, McCauley (13) has proposed a new parameter to

predict a tendency toward Calcite coating which he has

termed "driving force index" and defined as the ratio of

the product of the calcium and carbonate concentration

over the solubility product of calcium carbonate (CaCO3)

all expressed as CaCO3. The driving force index indi-

cates the magnitude of the equilibrium force causing

calcium carbonate (Calcite) deposition or coating.

The above parameters are indicative of the

physical-chemical concepts that have evolved to predict

calcium carbonate (Calcite) coating formation mechanism

and the relationship between the physical conditions

that effect the CaCO equilibrium in water.
3

The Role of Oxygen in

-Protective Coatings

The role of oxygen in protective coating develop-

ment poses one problem-—does it or does it not enhance

the protective coating? It has been an American water

‘works practice to keep oxygen concentration to a minimum

because oxygen appears as the primary factor controlling

the corrosion rate. On the other hand, European workers,

as reviewed by Evans (14), intentionally aerate a water

to increase oxygen levels before it enters the pipeline.

{Ehe European argument is that corrosion resulting from

'hhe oxygen content is desirable for promoting and



accelerating deposition of a calcium carbonate protective

coating,

4e'+-o2 + 2H20 + 40H- (6)

0H“ + Ca++ + Hco3’ + Caco3 (Calcite) + H20 (7)

According to Schikorr (18) and others, an oxygen concen—

tration of at least 6 mg. per liter is necessary to pro-

duce a protective coating. Many authors, including Evans

(14), believe that a coating of calcium carbonate over a

layer of iron (ferric oxide) rust will become more pro-

tective if oxygen is present in large amounts, largely

because the rust will then be formed very close to the

metal.

Evans (14) has reviewed the works of several

authors (30) who conducted experiments with oxygen present

or absent, to observe the electrical current. The data

confirm that the aerated electrode becomes the cathode

and show that dissolved oxygen causes a solution to become

a better conductor of electrical currents, thus stimu-

lating corrosion velocity.

Other authors have stated that if a metal is

ander cathodic control the corrosion rate may be slowed

km? removing oxygen or by covering the cathodic areas with

pnnatective coatings to reduce contact between those areas

aIui dissolved oxygen (24, 25).



The Role of Velocity in

Protective Coatings

A discussion of hydraulic velocity relates to

both laminar and turbulent flow. Romeo (31) and coworkers,

using Fick's law of diffusion for hydraulically smooth

pipe in turbulent flow, found that: (l) the rate of

oxygen supply to the pipe wall varied as the 0.875th

power of the velocity in pipes of the same diameter and

(2) the rate of oxygen supply to the pipe wall varied as

the 0.125th power of the pipe diameter in flows of equal

velocity. However, the rate of oxygen transfer increased

with increasing turbulance.

McCauley (13) has shown through mathematical

analysis and experimental work that a better protective

Calcite coating can be developed at velocities of 3-13

fps. than at 0-l.5 fps. It is his opinion that the

turbulence at the pipe surface contributes to the total

energy requirements in the formation of Calcite protective

coatings.

It is generally concluded that corrosion of bare

Inetal increases with velocity and the associated oxygen

availability at the pipe surface. However, in regions of

low'flow, the transfer of chemicals and dissolved gases

Inust depend on diffusion. In a laminar flow, reactions

art the pipe surface may diminish after depleting the avail-

aflale chemicals and therefore reduce the corrosion or pro—

tective coating reaction rate.
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It has been concluded that waters that are not

corrosive and aggressive under normal flow conditions may

deposit a Calcite protective coating and be very aggres-

sive and corrosive in dead ends of a water distribution

system (32).

Protective Coating Using

Polyphosphates
 

The use of hexametaphOSphate as a corrosion

inhibitor has been reported by Rice and Hatch (33). It

was their opinion that the metaphosphates are absorbed

on the metal surface.

Eliassen and Lamb (34, 35), from their experi-

mental work on the inhibitive mechanism of metaphosphates,

concluded that: (l) metaphosphates remove the corrosion

products from the anode and deposit these same products

on the cathode; (2) positively charged particles of

hydrous ferric oxide and metaphosphate are formed near

the anode and to some extent on the cathode; (3) the rate

of metaphosphate deposition on the cathodes is increased

by the presence of corrosion products or of iron in solu-

tion; and (4) the deposition may be termed an electro-

(deposition.

Physical investigations of the protective coating

cn1 the metal pipe surface indicates that there is a high

.ferric oxide-metaphosphate ratio and a minimum pH at the

auuode. However, the protective film on the cathode is
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composed of colloidal metaphosphates, ferric oxide and

other particles deposited from solution.

Rosenstein (36) discovered that a 1.0 ppm con-

centration of molecularly dehydrated phosphate effectively

inhibited the foundation of calcium carbonate scale.

Investigations by Reitemeier and Buehrer (37) on the

inhibiting action of trace amounts of sodium hexameta-

phosphates found that a "threshold level" of 1.5 ppm of

metaphOSphate prevented deposition of calcium carbonate.

Metaphosphates in concentrations below the "threshold

level" interferred with the crystallization process of

calcium carbonate, and produced large, grossly distorted

crystals. Precipitated calcium carbonate was found to

absorb the metaphosphate. Several workers have stated

that threshold treatment tends to slowly remove old

deposits of calcium carbonate chalk and corrosion pro-

ducts from the metal pipe surface. However, tests by

Larson (38) found that megnesium hydroxide scale was not

removed from the pipe surface by the addition of meta-

phosphates to a water.

McCauley (l3) experimented to determine the

optimum conditions for the development of pure Calcite

protective coatings when using polyphosphates to control

coating development. It was found that the addition of

0.02-3.2 ppm metaphosphate to a ground water
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supersaturated with calcium carbonate resulted in a dense

Calcite coating in two hours.

It has been reported by McCauley (39) that 1200

feet of six inch cast iron water main was successfully

coated with a dense Calcite coating with the use of poly-

phosphate while varying the coating parameters to achieve

a dense coating. Microsc0pic investigation of these

coatings revealed a dense crystalline structure with

practically no rust but with some pin holes; the coating

appeared glass-like.

In studies conducted by Woodruff (40) the develop-

ment of a protective Calcite coating was accomplished by

use of threshold treatment (0.50 ppm polyphosphate).

Microsc0pic investigation of the generally dense coatings

revealed that the Calcite crystal structure was tightly

bonded to the metal surface. In most cases the coating

was continuous over the entire surface and was homogeneous.

Polarigraphic studies when using 1.2" x 3.2" cast iron

strips confirmed that the Calcite-metaphosphate coating

was a cathodic inhibitor.

The Investigation of

Protective Coatings

 

 

It has been shown by Evans (14) and others that

calcium carbonate (Calcite) coatings can be formed. It

is Evans' (14) Opinion that a very soft water may attack

a pipe indefinitely. Fortunately, most waters contain



13

a considerable level of calcium carbonate which is kept

in solution by carbon dioxide. If the carbon dioxide

excess is just sufficient to keep the calcium carbonate

in solution, any incipient corrosion will increase the

pH at the cathode region and lead to precipitation of

calcium carbonate. As this layer is formed the cathode

will be diverted elsewhere until the entire internal

surface is covered with calcium carbonate. The calcium

carbonate layer in the presence of sufficient oxygen will

interact with iron salts formed below to give a clinging

form of ferric oxide rust. The mixed layer, which often

has a considerable protective character, can be described

as chalky rust or rusty chalk. This layer may be more

protective if oxygen is present in large amounts because

the rust is then formed very close to the metal. The

interaction between CaCOB, CO2 and ferrous salts first

forms FeCO3 which is then oxidized. In the absence of

oxygen, Magnetite often loose and not protective, is

formed. Evans has quoted Baylis (17) that in a corrosion

anode when the acid iron salts meet the relatively alkali

'water, the iron is precipitated, forming voluminous

-tubercles of incoherent magnetic oxide. Farther from the

lnetal at the boundary of the region where dissolved oxygen

.is pmesent in excess a relatively coherent membrane of

hydrated ferric oxide appears.
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It has been reported by Schikorr (18) as quoted

by Evans (14) that rapid oxidation of ferrous hydroxide

[FeO-H O or Fe(OH)2] by oxygen forms the a form of hydrated
2

ferric oxide, while slow oxidation yields first a Ferroso-

ferric body (regarded as ferrous-ferrite) which in turn

yields the 0 form of hydrated ferric oxide. Both a and

0 forms have common chemistry [FeZOB-HZO or FeO(OH)].

X-ray examination has shown that the a form is crystallo—

graphically identical with the mineral Goethite and the

0 form with the mineral Lepidocrocite. However, the common

precipitation of both minerals is an aggregation of

particles of colloidal size and shows no signs of crystal

facets. Precipitated rust is very voluminous, containing

far more water than iron oxide and tends to darken with

age--probably due to water loses and the formation of

ferric oxide (Fe203). The hydrated form of o ferric oxide

may have a marked blood red color and lose water, forming

granular black Magnetite (Fe3O4)--usually very stable as

pointed out by Bengough, Lee and Wormwell (19).

It has been noted by Girard (20) that for ferrous

hydroxide formed on iron the outer portion is converted

to the ferric condition in the presence of oxygen. The

(filter ferric portion can further react with the ferrous

:state to form a green intermediate hydrated Magnetite

[EwaD-Fe 0 -H20, Fe3O4 or Fe(Fe203)-H20]. However, the
2 3

cliffusion of oxygen to the green body may convert it to
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the ferric condition to yield either Geothite or Lepido-

crocite, depending upon oxygen arrival rate. Loss of

water and oxidation of these intermediate bodies may

yield the trigonal ferric oxide (Fe203) Hematite. The

formation of Magnetite is due to lack of oxygen and to

further dehydration.

In the iron formation phenomena, as further con-

firmed by Obrecht and Pourbaix (26), corrosion first

produces ferrous hydroxide [Fe(OH)2] and if oxygen is

available, Magnetite (FeO-Fe203, Fe3O4 or Fe-Fe204) is

formed (containing both ferrous and ferric iron). Upon

further oxidation Limonite (Fe203°nH20) where n = 3 then

2[Fe(OH)3] is formed with an apparent amorphous structure.

It has been stated by Tillmans and co-workers

(21) that hydrated oxide (FeO) is capable of taking up

carbon dioxide from the air to form a basic carbonate

(FeCO3). Vernon (22) has strengthened this argument by

stating that in both undersaturated and saturated atmos-

pheres carbon dioxide reduces the rate of rusting by

causing some change in the character of the rust and

rendering it more protective. It has been shown by Baylis

(24) that ferrous carbonate is produced in varying degrees

as a product of corrosion either as free or half-bound

caarbon dioxide if the carbonic acid is present. The

reaction may take place either directly with metallic

irtni or with iron oxides or hydroxides. Tests have
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shown that ferrous carbonate (FeCOB) in the absence of

oxygen is practically insoluble at a pH and alkalinity

close to the calcium carbonate saturation curve. However,

solubility increases very rapidly if the pH is decreased

below the level necessary for calcium carbonate equili-

brium. Baylis (24) has stated that ferrous carbonate

(FeCO3) aids in protecting iron surfaces when the pH

and alkalinity are above the calcium carbonate equilibrium

levels, especially if the ferrous carbonate is overlaid

by some kind of a coating that protects it from dissolved

oxygen.

In studies conducted in 1935 by Mears and Evans

(23) where water drops were placed on metal and the cor-

rosion reaction observed, it was concluded that if the

iron oxide coating over the metal was intact, ferrous

hydroxide [Fe(OH)2] was formed so slowly that oxygen

diffusing downward through the drop quickly converted

the ferrous state to the ferric state to form hydrated

ferric oxide. The hydrated ferric oxide appeared to

stiffle further release of the (Fe++) ion and the water

drop remained rust free.

Camp (25) in his thermodynamic treatment of

<electrochemical corrosion has shown that ferrous hydroxide

[Fe(OH)2] does not form on iron unless the pH value of

the solution exceeds 9.
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The data of Strumm (28) on cast iron specimen

exposed to oxygen saturated water of varying hardness and

pH indicates that a high proportion of calcium carbonate

in the film is more important in retarding corrosion than

an increased film thickness. Coatings were found to con-

tain a much higher percentage of calcium carbonate in

the layers closest to the iron surface than the exterior

layers which were predominately iron oxide.

It has been reported by McCauley and Abdullah

(29) that the formation of protective Calcite coating was

possible by varying the pH, hardness, momentary excess

index and using various concentrations of colloidal

calcium carbonate. The formations of the protective

calcite coating on cast iron samples were mainly hydrous

ferric oxide as Limonite with varying amounts of Calcite,

usually 5-40%, and Siderate (FeCO3) was usually observed

close to the metal surface but in ridges. In addition,

formation of a Limonite-Siderite protective Calcite coat-

ing occurred best when the Specimens were corroded or

'when an external current was impressed through the

specimen.

In experiments conducted by Pryor (27) on steel

:hmmersed in weak acid solutions from one to six months,

the corrosion products, with time, varied as did the

Inakeup within the blister. Two tests that provided

.interesting results were: (a) one month test using a
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0.02N Na CO solution and (b) one month test using a
2 3

0.01N NaZHPO4 solution. The description of the corrosion

products for (a) are as follows: (1) bottom—loose material

comprised mainly of y and a [FeO(OH) or Fe203-nH20],

(2) intermediate layer--greenish brown paste identified

as a [FeO(OH) or Fe203nH20] plus unidentified material,

and (3) blister shell--d [FeO(OH) or Fe203°nH20]. The

description of the corrosion products from (b) are as

follows: (1) bottom-~green paste identified as

Fe3(PO4)2°8H20 or 3FeO-P205-8H20, the mineral Vivianite,

(2) intermediate layer—~fine greenish needles with no

apparent crystal structure (amorphous), and (3) blister

shell--again no apparent crystal structure (amorphous).

The material identification by Pryor was accomplished by

X-ray diffraction equipment. The results show conclusively

that corrosion products do form in layers--some with and

some without crystal structure. However, the formation

of Vivianite [3FeO~P205-8H20] is an uncommon corrosion

product and probably due to the phosphate concentration

in the test water.

It is quite apparent from the work reported that

Ixrotective coatings do form on a metal surface submerged

1J1 water. The protective coating composition or material

\nxries with the ionic strength, gasses and salts in the

aqueous solution. Coating investigative techniques
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have varied from Visual interpretation, chemical testing

and the use of X-ray diffraction methods.



CHAPTER III

THEORETICAL CONSIDERATIONS

Introduction
 

The coatings that develop internally on water

mains can be of two basic types. The first are those

compounds or formations that contain the calcium ion.

The second contain iron as the major ion concentration

and are termed iron formations and coatings.

The former types are a coating that can be formed

from random excess hardness (CaCOB) in the aqueous solu-

tion or a coating developed through the use of precise

chemical techniques such as developed by McCauley (13,

29, 39).

The latter types are coatings that exhibit a con-

tinuous rust formation or localized tuberculation.

Depending on the coating type formed further corrosion

may or may not continue. If these formations are not

controlled a serious reduction in carrying capacity of

the water main can evolve.

It is therefore necessary to adjust and control

the chemistry of a water in order to predict which forma—

tion types will evolve and moreover determine the exact

fornmtion or formations that are present.

20
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Two Typical Corrosion Cells

It is important to note that two distinct corro-

sion cells can form (14, 25, 26, 41). Figures 1 and 2

illustrate these types.
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FIGURE I - TUBERCULATION

NOTE: 2n (OH)3+F0203 3H20 (LmomTE)

Figure 1 illustrates the effect when a differ-

ential electriode potential exists between the inside

and outside of a tubercule. The current difference is

caused by differential aeration and produces a highly

localized corrosion. This tuberculation can be caused

from a metal or a chemical protection over the cathode.

.Metals such as zinc or a substance such as Calcite pro-

'vide this type of protection.

Figure 2 illustrates a chemical balance or

exquilibrium where excess carbon dioxide has escaped or

been removed; calcium carbonate (Calcite) is over
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FIGURE 2 - CALCITE COATING

NOTE: WELL AERATED

saturated and reacts with the (OH_) ion to form a Calcite

coating. This Calcite coating can form on the cathode and

seal off further corrosion action or drive the precipita—

tion reaction elsewhere.

Formation Chemistry

Protective Coatings

Protective coatings formed in water systems con-

tain together with the calcium ion other ions in chemical

composition or in solid solution. Ions other than calcium

commonly found in these formations are: manganese, iron,

phosphorus, carbonate, hydroxide and oxygen--all ions

that are usually present in an aqueous-ion equilibrium

phase. The chemistry of the coatings are as follows.

(Calcium Carbonate--Calcite

CaCO3 or CaO-CO2 (42)

This chemical formation in the pure form contains

hurxveight 40% as the calcium ion (Ca++) and 60% as the

cxxrbonate ion (CO3 -) (see Appendix A and B).
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Calcium Carbonate--Aragonite

CaCO3 or CaO°CO2 (42)

This chemical formation in the pure form contains

 

by weight the identical percentages as Calcite. However,

the Aragonite formation is unstable at normal water works

operating temperature and pressure and is not found in

the normal water works operation. If formed, Aragonite

is ready changed to Calcite (43) (see Appendix A).

Apatite--9CaO°3P205

Ca[Fe2(OH)2,C03§lzl (42)

The chemical analysis for Apatite requires a very

careful isolation and testing procedure. Even though

Apatite may be formed in a solid solution, alteration of

any ion can alter the known percentages (see Appendix A).

Vivianite-~3FeO-P295-8H29 (42)

The exact chemical identification of Vivianite

 

is difficult in that the percentages of each ion can

change depending on the water of hydration attached to

the mineral. Although this mineral does form in water

systems, especially where phosphorus or phosphates are

‘used in "threshold treatment," the actual protection for

sealing of the cathode region is questioned because the

Ihardness is only 2.0 on the Mohr scale. The soft nature

(If this material is due to the large water of hydration

jJI the mineral structure (see Appendix A).
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Ankerite--CaO(Mg, Fe)-

0.2CO2 (42)

The chemical determination of Ankerite is also

difficult because the five ions involved can change in

percentages (see Appendix A).

Iron Formations and Coatings

The iron formations are those that may in some

instances provide a protective coating on a water pipe

interior. In all cases iron is a major constituent. The

iron in formation can be Fe++ (Ferrous) or Fe+++ (Ferric).

The form of iron present in the mineral is due in a large

part the level of oxygen present and to the kinetics of

oxidation from the Fe++ + Fe+++ state.

++. ++ + .

In some minerals Fe and Fe coex1st. The

presence of both iron types requires very careful chemical

interpretation. Iron compounds most often found in pipe

scale or coatings are as follows.

Hematite--Fe293 (42)

Hematite is a very stable form of ferric iron

 

combined with oxygen. In pure form the Fe+++ ferric per-

centage is 70% while oxygen contributes the remaining 30%.

.As will be discussed later, water of hydration can be

attached to the Fe203 to yield different iron percentages

(See Appendix A and B).
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Magnetite--Fe0-Fe2C_)3 or

FeIFe294l(42)

++
Magnetite contains both the Fe++ and Fe+ iron

forms. The latter formula (Fe304) is a common usage,

however the iron or Fe valance, to balance the ion charges,

would have to be +2.6. Since this intermediate valance

cannot exist, the electro potential is satisfied when both

++ +++ . . . .
Fe and Fe are in the same mineral. Magnetite lS

usually undergoing oxidation of Fe++ and Fe+++. The

chemical testing of this mineral requires care and preci-

sion (see Appendix A).

Siderite--FeCO3 or

Feo-CO2 (42)

Siderite is composed of the Fe++ Ferrous iron.

Depending on the ionic strength and equilibrium it is not

uncommon to form:

Fe(OH)2 + CO2 + FeCO3 + H20

++ —2
(or) Fe + CO3 + FeCO3(44)

.Although the above reactions do occur it may be impossible

11) test chemically because at a pH level above 6.0 the

++ (44). The Siderate ironFe++ is rapidly oxidized to Fe+

fcunn has been cited in the literature (27) as forming

very close to the iron or metal surface and is reported

113 form a protective shield. This formation must be in

tine absence of oxygen or in an acid (below 6.0)
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environment. If the FeCO3 is not oxidized the Fe++ per—

centage is 48.2% and the carbonate (CO3) is 51.8% (see

Appendix A and B).

Limonite--Fe293;nflzg (42)

Limonite is a mineral that is formed as Hematite

except that it has water of hydration attached. The nHZO

indicates that any number of molecules of hydrated water

can be attached to the Fe203 structure. However, if the

n = 1.0, 2.0 or 3.0, then the Fe component is 62.8%,

57.2% and 52.5% respectively. Although the mineral

Limonite is amorphous (no crystal structure) the loss of

some hydrated water will yield the crystal Goethite (see

Appendix A and B).

Goethite-~a-FeO-(OH) or

Fe O -nH 9 (42)

——2—3———2

The mineral Goethite is an oxidation product from

the original Fe++ or magnetite structure. The formation

is not totally stable and can lose water of hydration to

form Hematite. This substance can also be obtained from

the crystallation of Limonite (Amorphous). Goethite has

a sister mineral y form, Lepidocrocite. The two minerals

are of the same crystal group and system, but the colors

eare completely different. The iron percentage is 62.3%

arui the oxygen and hydroxide percentage is 37.7%. These

Exxrcentages are based on the formula FeO(OH) (see Appendix

A and B).
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Lepidocrocite--yFeO(OH) or

5229312329.(423

The mineral Lepidocrocite is of the same family

 

as Goethite although the two forms (a and Y) are dif—

ferent. Lepidocrocite formation is from magnetite and

formation of Lepidocrocite is by slow oxidation while

Goethite is from rapid oxidation. The iron percentage

is the same as for Goethite and Lepidocrocite. The oxi—

dation rate is responsible for the difference of color

for both the (Y and a) form of FeO(OH) (see Appendix A).

Chemical Isomorphism

The definition of isomorphism (43) is "Substances

with analogous formulas in which the relative size of

cations and anions are similar often have closely related

crystal structures." This is true of the carbonate

minerals. The anhydrous carbonates of the bivalent ele-

ment form two isomorphous groups, one orthorhombic and

the other trigonal. The two groups are controlled by

the cation radius A (where A is angstrum units) larger or

smaller than the calcium ion (0.99A). The mineral

Aragonite (66) is orthorhombic and calcite (66) is

trigonal as is Siderite (FeCO3). CaCO3 can therefore

show the same tendency for Aragonite and Calcite and is

said to be isomorphic. Also, Siderite (FeCO3) and

Calcite (CaCO3) are also isomorphic in that they are

both trigonal and do exhibit isomorphism. The
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. . ++ . ° . ++ . 0

relative s1ze of Ca 15 0.99A while the Fe 15 0.74A

in size.

Chemical Solid Solution

It is the rule rather than the exception that

atomic ions do in fact replace other ions. The replace-

ment of one ion with another is common for ions of a

similar radius,and atomic size is more important than the

ion charge. It is not essential that ions with similar

valance substitute but electronic integrity must be pre-

served. This may be accomplished by another ion substi-

tution.

The extent to which solid solution takes place

is determined by the nature of the structure, closeness

of the ionic radii and the temperature of formation.

Solid solution is important to the spinel group (Magnetite)

and Apatite mineral.

The solid solution of migrating ions observe the

radius size in that an ion 15% larger than the initial

can be substituted. However, a large ion may substitute

but distort the crystal lattice.

The other minerals that do exhibit solid solution

are: Ankerite, Magnetite and Vivianite.

Chemical Changes

To understand the chemistry of the iron com—

pounds it is necessary to review the oxidation and loss
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of hydrated water that can change one iron compound to

another. The following reactions are based on completed

reactions and not the kinetic structure in between

   

 

 

changes:

Intermediate Complete

Oxidation Oxidation Oxidation

GFeO(OH)*

2 Fe(OH) + FeO°Fe O °nH O + + Fe O (8)

2 2 3 2 YFeO(OH)** 2 3

Ferrous hydroxide hydrated *Goethite Hematite

Magnetite **Lepidocrocite

Oxidation

o +
FeCO3 + Fe203 nHZO Fe203 (9)

Siderite Limonite Hematite

Oxidation

dFeO(OH)*

3FeO + 1/20 + FeO-Fe O ;nH O + + Fe O (10)
2 2 3 2 YFeO(OH)** 2 3

Ferrous oxide hydrated *Goethite Hematite

Magnetite **Lepidocrocite

*Based on Rapid oxidation

**Based on Slow oxidation

X—ray Diffraction to IdentifyInternal

Coatings in Water Mains

 

 

Crystal Structure and Lattice

Crystal Formation
 

Crystals are formed either in nature or in the

laboratory. The crystal is formed wherever constituent

aixnns or ions are free to come together in the correct
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proportions to form a certain mineral under conditions

which permit formation or growth of the mineral at a

reasonably slow and steady rate. Regardless of the kine-

tics of formation, the well formed crystal and irregular

grain of the same substance have the same orderly internal

arrangement of constituents. Crystal forms are physically

controlled by planar nets. ‘Each planar net is defined by

a unit parallelgram with adjacent sides equal or unequal

in length and with the included angle not necessarily

equal to 90°. See Figure 3 for an illustration of four

separate types of net formations all in two dimension.
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Lattice

Although the net does describe the two dimension

aspect of the crystal, the crystal lattice identifies the

crystal in three dimensions as on array of identical

points. This array of points has an ordered arrangement

such that all points fall on straight rows and are repeated

at regular intervals along the row. Every pair then forms

a lattice net-plane in which a unit parallelogram is

repeated by translation throughout the net. The symmetry

displayed by some lattices require that certain nonparallel

sets of lattice planes be identical in spacing. Therefore,

crystal faces develOping parallel to these equivalent sets

of lattice planes will be symmetrically equivalent and

appear at regular intervals and this then constitutes

crystal form. A typical lattice plane is as shown in

Figure 4. Figure 4 shows that a lattice plane passes

 
FIGURE 4 - LATTICE PLANE
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through NM' N'M in "a" where the P Pole is normal to the

NM' N'M plane. In "b" of Figure 4 the Pele is normal to

the page. However, R and Q are both normal to the

arranged lattice. This illustrates the stacking at equal

distance of lattice planes.

The crystal classes are listed at six. They are

based primarily on symmetry although the names of the

six systems are derived from the Special dimensional

properties of the lattices required by the symmetry. The

length of the three lattice rows and the angles of the

unit all serve to define a given lattice. These three

lattice rows become the axes of reference for crystals.

The crystal systems are then; Triclinic, Mono-

clinic, Orthorhombic, Hexagonal, Tetragonal and Isometric.

The axis layout and crystal system as pertains

to the minerals under investigation are as found in

Appendix B.

Bragg's Law (42)

X-rays are produced when high Speed electrons

strike the atoms of any substance. An X-ray tube con-

tains a heated element which provides a constant source

of electrons that are directed at a metal target. The

tube is an evacuated glass chamber fitted with a fila-

Inent, a water cooled metal target and with several

xvindows. The target is grounded and a rectified high

'voltage current is supplied to the filament.
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The X-rays are emitted from the target in three

wavelengths K0, K02 < KBl’ The intensity of K0 is double

K02 and several times KBl' Because three X—ray intensity

lines occur it is necessary to filter out the less

intense x—ray line KBl’

X-ray Diffraction Theory

In crystals the planes of atoms are arranged

parallel to one another at a regular repeat spacing, form-

ing a crystal lattice. Figure 5 depicts a vertical sec-

tion through a crystal lattice.

REFLECTED WA

INCIDENT WAVE FRONTS VE

FRONTS

 
nxc GY+YH - adsina

one -o—-o—--o---o—-o-—o---o---o-—-o-—-o-

FIGURE 5 -DIFFRACTION OF X-RAYS_

Each point row P—P', Q-Q' or R-R' in Figure 5 are

equally spaced lattice crystal plans. It is shown that

each single lattice plane may produce a diffracted X-ray

Jbeam incident at any angle. The X-ray beam is measured
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in Angstron A units. For a regular stacking of such

planes to produce a diffracted beam the rays diffracted

from the planes must reinforce one another. Thus, a dif-

fracted beam results when the path difference between

reflections from adjacent identical planes are equal to

a whole number of wavelengths of the X-ray in use. The

path difference AXD and BYE is GYH or by geometry

GY + YH = 2d sin 0 (11)

The diffracted beam will follow the direction

XD or YE if

A = 2d sin 8 (12)

where d is the lattice Spacing in A and A the wavelength

in A. This relationship is termed Bragg's Law.
 

Therefore Bragg's Law is A = 2d sin 0 (12).

(See Appendix D and E for X-ray, lattice spacing and

sample calculations.)

Optical Crystallography
 

Introduction

The theory of optical crystallography includes

several facets; light source, microscope, index oils and

crystal index investigation. Each facet is important

in itself and collectively they represent a large portion

of Optical crystallography. The overall concept is
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to identify crystals by identifying the respective refrac-

tive indexes.

Polarizing (Petrographic)

Microscope

The polarizing (Petrographic) microsc0pe is a

very important tool in crystal investigation. The micro-

 
scope is constructed for the specific measurement of

refractive indexes while observing crystal structure.

Figure 6 shows the general cross section of the Petro-

graphic microscope.

Items that can be changed or interchanged are

the lower fixed lenses of the condenser, objective lenses

and the upper lenses. Items that can be hand adjusted

are the revolving stage, the mirror to focus light,

coarse and fine focus adjustment. It is possible to

incline stage if required.

may.

Light is a form of radiant energy. Modern theory

accepts the combined approach of electromagnetic-wave

and particle concept and recognizes them as not neces-

sarily contradictory but as complementary (45). Figure

7 illustrates a plane polarized electromagnetic wave.

Figure 7 shows an electric and magnetic vector

oscillating in a perpendicular plane reaching maximum

and minimum magnitudes. This wave is said to be plane
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Figure 6: Petrographic Microscope
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polarized. In crystallograph work the emphasis is on the

electric vector because this vector is the most important

as regards optical phenomena. The electric wave aSpect

is as described by the following equation:

t = ‘7:- (13)

frequency in cycles per second

velocity of propogation of energy waves

in vacuum (186,000 miles/sec) a

wave length in Angstrom units A

where: t

>
’
G

H
H

The visible light range is near a one micron wave

15
length and 10 frequency in cycles per second. Light of
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a particular wave length is described as monochromatic

light. If light is traveling in a vacuum and a glass

plate suspended so that the light passes through the

vacuum and glass the velocity in the glass plate is less

than in the vacuum. However, the same number of waves

leave the glass plate as enter and accordingly, a change

in the velocity must be accompanied by a change in wave

length while the frequency remains a constant that does

not change with any medium. An example of what can occur

in two substances that are isotropic and anisotropic

respectfully (do not alter the light ray and do alter the

light ray) is shown in Figure 8.
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FIGURE 8 - PLANE - POLARIZED

ELECTROMAGNETIC WAVE

NDTE: A IN AN ISOTROPIC MEDIUM

9 IN AN ANISOTROPIC MEDIUM

   

As the light wave direction is altered as in B

the altered wave does not move perpendicular along O'N'

or O"N" but along O“R‘ and O"R".
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Passing of Light Through

the Microscope

Light is passed through a microscope as illustrated

in Figure 9.

RETINA

 

EYE LENS

HUYGENS

OCULAR
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i (I,

OBJECTIVE ”We ‘1

LENSES I,

i OBJECT ON S‘TAGE

CONDENSING l: ‘.

LENSES .
I, — IRIS DIAPHRAGM

‘.

; POLARIZING FILTER (LOWER)

6- _________________.4,
/

REVERSED VIRTUAL

IMAGE LIGHT

FIGURES - PASSAGE OF LIGHT THROUGH A

MICROSCOPE CONTAINING POLARIZING FILTERS

Scattered light enters the polarizing filter

(lower) (termed the lower filter) and the ray direction is
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resolved into one wave front. That is the lower filter

only allows light through a directional slit. The light

then passes through the condensing lenses to focus on the

stage that contains an isotropic material (passes light

without a wave front change). The light then enters the

objective lens where a refocus is accomplished through

the polarizing filter (upper) (termed the upper filter)

and toward the ocular. The upper filter is rotated 90°

from the lower filter and will not allow light to pass

because the light ray is 90° out-of-phase. However, if

an anisotropic material is on the stage, light will be

omitted when the ray rotation is altered off 90° from

the lower filter. Assuming then that light does pass

the upper filter the light ray is refracted again, enters

the eye and is focused on the eye retina where reversed

enlarged image is seen by the observer.

Upper and Lower Filters
 

To illustrate how the upper and lower filters

operate Figure 10 is included.

When the lower filter is inserted the light is

passed in PP' direction only. However, when the upper

filter is inserted the light path is A-A' turned at 90°

from light path direction PP'. Therefore no light is

passed to the ocular or the viewer's eye.
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UPPER

FILTER   

   

NO LIGHT TRANSMITTED]

CRYSTAL

 

LOWER

FILTER

FIGURE IO-UPPER BI LOWER FILTER

Magnification

The magnification of the petrographic microscope

is based on the power or magnification of the objective

lense and the ocular. The magnifying power of a micro-

scope is obtained by multiplying the magnifying power of

the objective lenses times that of the ocular. It is

important to note that both the objective lense and

ocular can be changed to adjust the microscope to the

needs of the work involved.

For each particular microscope barrel or tube

length only certain objective lenses or ocular are

designed for insertion.
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Index of Liquids

To determine the index of the crystals a refer-

ence must be established. A reference liquid is selected

for crystal inmersion so that the solid can be contained

in the liquid phase for microscope viewing.

Index Oils
 

A complete set of index oils for measuring crystal

index can be obtained commercially (46) and the index oils

come in sets that cover a specific range. The index is a

unitless ratio of light in air to a substance. The range

of liquids can vary from as high as 0.2 to as low as 0.002

units in a set. The variations may be above and below

the actual index that is required. These limitations

can be overcome by oil mixing in any ratio to yield the

correct numerical index. The oil can be used with confi-

dence and are stable over long periods of time. If an

index oil set provides step increments of 0.002 and has

been calibrated to 0.002 then accuracy of 1 0.0005 is

possible.

Temperature
 

Each oil set is referenced to 25°C temperature.

It is not usually possible to conduct microscopic studies

at 25°C, and it is necessary to correct the index oil to

the investigation temperature. The temperature coefficient
 

is on the label of the index oil and is multiplied by the
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difference between 25°C and the working temperature. If

the working temperature is lower than 25°C then the pro-

duct is added to the index oil numerial value. The

reverse is true if the working temperature is higher.

Therefore

+ dn . .

— —E = temperature coeff1c1ent x (AT) (14)

When $2.: + T < 25°C

or when §2-= - 25°C > T
dt

Where AT = Temperature difference (T < 25°C > T)

T = Working temperature.

Crystal Refractive Index

The determination of the correct or exact crystal

under investigation depends largely upon identifying

corresponding refractive indexes. To accomplish this,

several approaches have been developed. The refractive

index is a unitless ratio of light in air to a substance.

A discussion of several techniques is useful.

Emmersion
 

To investigate a crystal to determine optical

properties the crystal must be emmersed in a known index

oil. This is done by putting a drop of a known oil on

a watch glass and sprinkling a minute quantity of
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comminuted crystal into the oil. It is possible to then

put another watch glass over the index oil drOp without

interference. The top watch glass Spreads the oil crystal

phase out and allows for neat viewing. It is also possible

to emmerse the objective lense into the oil and thereby

view the crystal in close proximity.

Crystal Group
 

The crystals are broken down into two groups,

uniaxial and biaxial. Each group will be discussed

separately. However, the mineral system is as discussed

in Appendix F.

Uniaxial

The uniaxial group as discussed by (42, 43, 45,

46) is a group with only two axes (see Appendix F) or

two refractive indexes. The indexes are designated Nw

(ordinary ray) and Ne (extraordinary ray). When a beam

of ordinary light with equal vibrations in every direc-

tion passes into an anisotropic crystal it is broken

into two rays vibrating at right angles to each other in

planes representing the different refractive index direc-

tions. These rays are said to be polarized.

A uniaxial crystal is said to be either positive

or negative. A positive uniaxial crystal is one for

‘which the Nw ray is smaller than the NE ray and for a

:negative crystal the opposite is true.
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Biaxial

The biaxial group has three distinct axes or

three refractive indexes. These are designated: Na

(alpha or lowest), NB (Beta, intermediate), and NY

(gamma, highest) indexes. As monochromatic light is

passed through the C or main optic axes of the biaxial

crystal, this ray is the NB (Beta) and has only one index.

Like the uniaxial crystal the biaxial crystal has

a positive or negative sign. For the positive biaxial

crystal N is closer to Na’ for the negative crystal NB

8

is nearer to NY

Extinction
 

To first investigate a refractive index a posi-

tion of extension is necessary. The thin section crystal

is first viewed with only the lower filter. The crystal

is selected that appears to lie in a flat plane with very

little distortion. The upper filter is then placed and

the stage rotated until the crystal under investigation

shows gray, white or black in any position of rotation.

The extinction is then a lower filter polarizing the

light ray. The crystal axis is oriented parallel to the

microscope base to allow the polarized light to pass

parallel to the axis without any distortion. The

polarized light, although passed by the crystal, cannot

pass through the upper filter because the upper filter
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is at a 90° rotation to the lower filter. This condition

is the extinction position of a crystal and a refractive

index check can be made.

Crystal Refractive Index

Determination
 

There are two methods commonly used to determine

crystal refractive indexes. These methods are: (l) Becke

line and (2) half or oblique illumination. The refractive

index should only be attempted on crystals that show

extinction. The two methods to determine extinction are

as follows.

Lower Filter

When viewing crystals in thin section and when

the lower filter (polarizer) is in place, as is always

the case, a crystal shows extinction or darkens if the

light ray passed by the lower filter is vibrating parallel

or along one of the optic axes. This can apply for

uniaxial or biaxial crystals.

Lower and Upper Filter

The insertion of the upper filter to View a well

illuminated crystal may produce darkness or distinction.

This can happen for either of the two crystal groups.

This indicates that the light is passing parallel to

(one of three axes. The only way to check a refractive

index is when the light is parallel to an axes.
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Therefore, when extinction occurs a crystal index check

can be undertaken.

Becke line methodrmThis method is based on the
 

crystal immersion in a refractive oil and generally the

two substances (crystal and oil) having difference

refractive indices (45, 46). If the two materials

(crystal and oil) do have different indices then a line

will form around the crystal. As the barrel is raising

this line appears to move in toward the crystal center or

outside the crystal outline. However, if the crystal and

oil have the same index value then the crystal outline,

as the barrel is raised, does not move in or out. The

illustration of Figure 11 is descriptive in terms of

graphic display.

 

 

 

 
FIGURE II - BECKE LINE METHOD

NOTES N - HIGHER INDEX — OIL

n - LOWER INDEX — CRYSTAL
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The depicted Figure 11 is based on the fact that

when light rays from below encounter the higher index oil

and strike the lower crystal medium the rays are deflected.

Also as the rays pass through the crystal (lower index)

and strike the oil (higher index) the light is refracted

into the higher oil index medium. However, part of light

rays 1 and 2 are reflected. It is important to note that

as light rays 1 and 2 are refracted and light rays 3 and 4

reflected they enforce one another. When the microscope

barrel is raised, very slightly, the edge of the crystal

line appears to move outward giving the appearance that

the crystal is getting larger. Conversely, if the crystal

had a higher index than the oil and the microscope barrel

is raised the crystal edge line outline appears to move

in toward the crystal as if the crystal was getting smaller.

The edge or line is termed the Becke line and can move in

or out depending if the crystal has a higher or lower

index value than the oil.

Half or oblique illumination method.--The half or

oblique illumination method (45, 46) is determined by

xxzflected or refracted light. This method uses only half

time field of illumination so the light enters the crystal-

cxtl phase at a definite angle from the directed incoming

litflrt. As the light enters the crystal it is either

reflected or refracted and as the light enters the oil at
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the crystal-oil interface it is also reflected or

refracted, depending on whether the oil or crystal has

the higher index. As the light is reflected to enforce

other light rays the light intensity at the crystal-oil

interface appears dark. However if the light rays are

deflected at the crystal-oil interface, this edge of the

crystal portion then appears as a lighted area. Both

Figure 12 and 13 illustrate the effect that takes place

when using the half or oblique illumination method.

The half illumination of the microscope stage

is accomplished by partially blocking the entering

light by decentering the lower iris diaphram.

 
FIGURE l2 - HALF OR OBLIQUE ILLUMINATION

NOTE: A. INDEX OF FRAGMENT LOWER THAN THAT OF

SURROUNDING MEDIUM

8. INDEX OF FRAGMENT HIGHER THAN THAT OF

SURROUNDING MEDIUM
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OIL TO HIGH OIL TO LOW

 

 
FIGURE I3 - HALF OR OBLIQUE ILLUMINATION IN PLAN

NOTE: A. FIELD HALF-DARKENED. INDEX OF FRAGMENTS

LOWER THAN THAT OF IMMERSION MEDIUM.

8. FIELD HALF-DARKENED AT ACCESSORY SLOT.

INDEX OF FRAGMENTS HIGHER THAN THAT OF

IMMERSION MEDIUM.

C. ENTIRE FIELD ILLUMINATED.

Birefringence

The birefringence of a crystal is the numerical

difference between the maximum and minimum indices of

refraction. The birefringence are those colors as viewed

when both the upper and lower filters are in place.

Birefringence can also be as effected by crystal thick-

ness and orientation. Two exact crystals with different

thiCkness and orientation do in fact show different

.interference colors or birefringence. Thus the need to

select, in all cases, a thin section of a specific

crystal.

The larger the index separation, the higher the

birefringence. For uniaxial crystals the difference is

between the Na: and Ne rays. For biaxial crystals the
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difference between the longest and smallest of the three

indices is the birefringence.

Birefringence as Viewed with both filters and the

stage rotating will reveal a kaleidsc0pe effect of chang-

ing colors.

Relief

When a crystal is at extension and one index ray

is under investigation it is possible to quickly view the

same crystal in 90° rotation to check the relief. A

large relief at 90° rotation is an indication of the

index separation. The greater the relief the wider the

indices are apart. Very small relief is an indication

then that the indices are close together.

Pleochrism
 

Certain nonopaque crystals absorb light dif-

ferently in different directions of vibration. The

Viewing for pleochrism should be with the upper filter

removed. For some crystals, in one optic direction light

Inay be absorbed more than when the stage is turned 90°.

Pleochrism may be described as for Goethite:

clear yellow to brown

brown yellow

orange yellow

where x

Y

2

although many crystals do Show pleochrism some do not.



CHAPTER IV

EXPERIMENTAL TEST APPARATUS

AND MATERIAL

Chemical Testing

The chemical testing approach was conducted by

using Standard Methods, 12th edition. The ions or radi-
 

cals tested for were: Ferrous Fe(II), Ferric Fe(III),

Calcium Ca(II), Silica SiO2 and Carbonate CO3 radical.

The equipment consisted of Corning Glassware and the

following:

Balance--2 arm Pan Balance, Model #750-0 Serial

No. M-12652 as manufactured by Voland and Sons, Inc.

pH meter-~Model 76004 Expandometer as manufactured

by Beckman Co.

Analysis-~Hellige Aqua analyzer Photoelectric

Colormeter including pre-calibrated concentration charts.

.Model 950-A Serial No. 137 as manufactured by Hellige Inc.

X-ray Diffraction

The X-ray investigation of the various minerals

and crystal structures were as performed by the Norelco

X-ray’Efiffractometer (Range 12045-60 cycles or 12048-50

cycles) wide range Goniometer (Range 12099+ 60 cycles or

.12048-50 cycles) Electronic Circuit panel manufactured by

52
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Phillips Electronics Inc., Instrument Division, Mt.

Vernon, New York. The unit is assembled in a two part

module. The scanner, with X-ray gun, and receiver is in

one module and the instrumentation plus paper strip

recorder is in the second module.

Petrographic Microscope
 

To use the Petrographic Microscope on crystal

identification several items of auxilliary equipment are

necessary. The equipment, including the microscope, is

as follows:

Microscope--Mode1 624681 biocular polarographic

microscope as manufactured by Leitz-Wetzlar in Germany.

Light-—Model 651, 60 cycle 115V with 5, 6 or 7.5

volt adjustment to include varying intensity (1-10) with

adjustable focus. Manufactured by American Optical

Company.

Standard Index Oils--Two sets of standard index

oils were used to include one of intermediate range--

1.4-1.8 in range increments of .015 and a second of a

higher index with a range of 1.8—2.0 in variations of

0.02 units. The index oil refractive index is a unitless

value in that it is the ratio of the speed of light in

air to the speed of light in a particular substance. In

this case the index liquid. The oils were as manufactured

by Cargille Laboratories, New Jersey.
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Camera—-To illustrate the various techniques and

to present visual crystal review photographs of pertinent

views were recorded. The camera was a Nikon F, No. 158755

with an "f" setting of 1.4 and focus length of 5.8 cm or

58 mm. Also equipped with Bellow attachment as manu-

factured by Nippon Kogaku, Japan. The camera was mounted

above the microscope on a ring stand that could rotate

over or away from the microscope focus.

Pedistal and Mortar--Used to comminute the samples

to a fineness of 100 mesh or less.

Glass Plates--The glass plates are 3/4" x 2" x

1/32". The sample plus the index oil are placed on a

glass plate in a small area and a cover glass is then

placed over the sample and oil to secure the sample for

viewing.

Test Specimens
 

Reagent Grade Chemical

Calcium Carbonate-Calcite--

CaCO3 or CaO-CO2

Contained the following mineral percentages:

 

SO4 - .01%, Na - .01%, Fe - .001%, and magnesium -

.01%.

H ' -—ematite Fe293

Contained the following minerals:

SO - .20%

CN4 - .005%

Zn - .005%
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with a molecular weight of 159.70 as manufactured by

General Chemical Division.

Magnetite--Fe3g4 or FeO(Fe293L

or Fe(Fe294) or Fe(Fezg4L

 

As obtained from the inside of a fire Kiln where

iron had been fired. The material formed on the inside

wall is magnetite. The physical properties that identify

magnetite are the magnetic property and the black color.

Siderite--FeCO3
 

It is impossible to purchase FeCO3 commercially

or chemically due to the instability of the compound. To

obtain the FeCO3 compound 2 grams of Ferrous Sulfate FeSO4

were added to 50 ml. of demineralized water. Also, 2

grams of Sodium Carbonate Na2C03 were added to 50 ml of

demineralized water. Both the Ferrous Sulfate and Sodium

Carbonate have large solubility and all the material was

in solution. The two solutions were mixed to form Siderite

FeCO3. Siderite has a low solubility (.0065 grams/100 ml.)

and the precipitate is FeCO3. The precipitate was "Green"‘

with an oatmeal texture. This precipitate was filtered

through a Buchner funnel using 45 micron filter paper.

.As vacuum was applied to the receiving flask the green

filtered material immediately turned Brownish—Black, as

reported in the literature (14, 44). The Ferrous Fe (II)

ion in the carbonate structure quickly oxidized to
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Ferric Fe(III) state. The oxidized formation is the con-

2 + 2 Fe203 - nH20'+ 2C02

The immediate product is Limonite (ngg3- nHzg) with no

version of 2FeCO3 + 30 T.

crystal structure. As will be discussed and illustrated

later the oxidized form of FeCO is in fact Limonite.

3

This conversion of Siderite to Limonite was an immediate

reaction and the long term oxidation of Limonite to

Goethite did not take place at standard temperature or

pressure. Also, the product was removed to a dessicator

for drying. This removal did break the chemical reaction

chain in that no new corrosion products were added to the

system and altered corrosion products were not carried

away.

L1mon1te--Fe293 - nHzg

Limonite was the oxidized product of Ferrous

 

Carbonate FeCOB.

Calcite Protective Coatings--

Laboratory Formation

In past work (29, 39, 40), the prediction of the

Calcite coating and the formation evaluation were performed

on cast iron strips that were 1" x 3" x 1/16" in size

coated on the back to eliminate corrosion. The coating

face was machine ground and then inserted into a static

or dynamic testing program to receive a Calcite formation

for testing. Several samples from work by Woodruff (40)

were still available for scientific review. The cast iron
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test speciman had a dull gray Calcite coating or reported

as a Calcite. The physical-chemical environment under

which coatings were develOped on the cast iron test speci-

man was as follows:

Run Time - 2 Hrs.

Water Velocity - 7.6 fps.

Water Temperature - 14°C

pH - 9.43

Alkalinity - 430 ppm as CaCO

Calcium - 224 ppm as CaCO

Carbonate - 93 ppm as CaCO3

Total Dissolved

Solids - 451 ppm

K's x 1010 - 126

*M.E. - .92 ppm as CaCO3

**D.F.I. - 165

*Momentary Excess

**Driving Force Index

These cast iron test Specimens were selected

because the macroinspection of the coating indicated a

Calcite coating, and because the cast iron test speciman

could be placed into the X-ray equipment and yield ready

results without transfer of the Calcite material from

the cast iron test Speciman to a glass plate.

Cast Iron Test Speciman

It is essential that an X-ray of the cast iron

Inaterial be conducted to review the background effect of

the cast iron speciman on the Calcite coating X-ray.
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Iron Formations or Corrosion Products

on a Cast Iron Pipe Surface

Several cast iron water pipes were available to

allow an actual corrosion blister investigation. A 1"

cast iron water pipe was extracted from a corrosion

environment from the Fairmont, Minnesota Municipal Water

System. The blister was intact and the entire pipe sec-

tion was cut in half and a 4" long piece was stored in

a dessicator until testing time. Figure 14 shows a photo-

graph (M = 4x) of the half pipe and removed blister. The

blister took the shape of a shoe print with the heel at top.

._.__ _ 1._ /_

 
j,

Figure l4.--l" Cast Iron Water Pipe Nipple with Corrosion

Blister (M 4x).
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The blister top was removed and comminuted into

100 mesh size. The center or bottom material was scraped

loose from the cast iron and also comminuted for sample

preparation.

From the photograph the layer separation can be

viewed-~especially at the top (or heel) where the scale

depth differential produces a shadow. It is estimated

that the corrosion product scale depth was 1/32".
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CHAPTER V

EXPERIMENTAL PROCEDURE

Introduction
 

In previous and following chapters it is or will

be apparent that discussion of the various compounds is

separated into two distinct categories. These categories

are those coatings or compounds that (1) contain the

calcium Ca(II) or (2) contain iron (Fe II or III) ion as

the common constituent. This was done in consideration

of the fact that each category has similar characteris-

tics and natural groupings.

In the following discussion of procedure the lack

of category identification will be evident. This was

necessary to eliminate duplication of discussion and for

conservation of space. Although each category has unique

characteristics the overall format procedure for known

and unknown investigations is similar and in some cases

identical.

Visual Inspection
 

The intent of this research is to provide a

methodology on testing internal coating in water mains.

In the past the determination of a coating was by visual

6O
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inspection, which is of real value. Visual inspection

is the place to start an investigation of any protective

coating or formation regardless of whether the coating

contains calcium or iron as the common ion. The trained

scientific eye can "get a handle" on the nature of the

unknown coating and make valuable first-judgments by

visual inspection.

Color

Materials that contain the calcium Ca(II) ion,

and may be Calcite, appear white, gray or colorless and

may, in fact, reflect the color of there surroundings

when still attached to metal.

Compounds that contain a trace if iron impart a

color trace to the crystal. As the iron concentration

percentage increases in a crystal or compound a gray to

brown to black color will be noted. As iron Fe(II) is

oxidized to Fe(III) the color changes from brown to black,

as for Magnetite. Hematite, however, is blood red and

the iron phase is Fe(III). Therefore, a thorough knowl-

edge of the calcium and iron compounds found in protec—

tive coatings is necessary (see Appendix A).

Hardness

The tighter and more stable the crystal lattice

the harder is the compound. Hardness is based on numeri-

cal values of the Mohr Scale between 1-10 with 10 being



62

diamond. Numerical values are assigned to each compound.

The thumbnail test on a coating is a good test of relative

hardness because the thumbnail can scratch a surface with

a 5.0 or less hardness. Most of the compounds investi-

gated in this report have a 5.0 or less hardness. Hardness

is a quick aid to general compound classification and of

specific value to coatings studied here (see Appendix A).

Acid Test

Many compounds will dissolve in acid, some in hot

acid and others in a specific acid. Coatings may or may

not effervesce on contact with acid. This visual test

in general allows some decisions (see Appendix A).

Magnetism

A quick determination of Magnetite is a check for

magnetism. The other 10 compounds considered here do not

exhibit this tendency (see Appendix A).

Evaluation of Coatings or Compounds

Using Chemical Identification

 

 

After the usual inspection of the known or unknown

coating the chemical testing approach will be narrowed

as to what general category is under investigation.

Sample Preparation

The sample amount should be sufficient to conduct

three complete tests for a weighted average. The calcium
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and iron test requires acid for dissolution and in the

case of Magnetite the dissolution will require two-three

days depending on how the comminution is handled. There-

fore, chemical testing results may require several days

away. The time frame of chemical testing must be con-

sidered.

Equipment Calibration

Results are as good as the equipment calibration

and the scientific handling. The first consideration is

a mechanical approach where the second consideration is

familiarity and technique. At first, equipment calibra-

tion should be conducted each two-three days to note

the sensitivity of the equipment. Once equipment sensi-

tivity has been observed calibration can then be as

needed.

The calibration of any equipment should be from

known standards. The known standards are used to develop

standardization curves for the equipment used in testing.

See Figure 15 for equipment display.

Testing Format

The testing format is basically one of uniformity.

That is, each test should be standard and identical to

Others of a series. Consistency relates to technique and

to the reagents being used. Although not normally

considered at a reagent, demineralized water should be
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Figure 15.--Chemical Testing Equipment.

checked periodically for purity. Erratic data may be a

function of deterioration of the laboratory demineralized

water quality.

Testing is conducted to gather data and the data

gathered must be recorded in an orderly manner. Recording

is a function of data usage and the worker must, before

beginning his work, decide his objective. Once the data

arrangement is selected a data form can be devised to

assist in data collection.
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The chemical test and results presented here were

conducted as prescribed in Standard Methods, 12th edition,

published by the American Public Health Association.

Evaluation of Coatings or Compounds

Using X-ray Identification

When use of x-ray equipment is employed the format

for testing is the same for both the calcium or iron based

compounds. However, the radiation and filter selection

is important. Some types of radiation cannot be used for

iron detection-~specifically, copper cannot be used. It

is therefore necessary to select radiation and filters

that yield usable results.

Sample Preparation

Known Reagents or

Compounds

 

 

The use of X-ray equipment to test unknown com-

pounds should be preceded by the testing of known com-

pounds to observe characteristics or "thumb-present"

patterns that in turn reflect the crystal habit and

lattice. A glass test plate is used for testing of a

known dry dessicated reagent grade compound or mineral.

Glass is excellent for this purpose because it has no

crystal structure (it is amorphous) and results in zero

loackground interference).

The glass test plate can be 1" x 2" x 1/16".

In.the center of the plate a small rectangular area
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1/2" wide x 1" long should be marked off. The enclosed

area is considered the target area. A clear grease, of

a type used to lubricate glass on glass surfaces, or

silicone base as manufactured by Dow Chemical is used

as an adhesive. The known test material is sprinkled

on the greaSe to a depth and surface uniformity of 1/64".

This loose sprinkled material then should be compressed

by placing another piece of glass over the tOp and press-

ing down. The top glass may or may not be removed and

if left in place allows the prepared sample to be handled

without fear of disruption. This sample should be used

as a standard and retained in a dessicator for future

reference.

Cast Iron Test Specimen
 

The time saved by using a cast iron test specimen

that has received a protective coating is appreciable.

The cast iron test specimen can be extracted from the

test cell, dried, dessicated and made ready for testing

in a matter of hours. This time saving is two fold:

(1) the coating, whether calcium or iron based, does not

have to be disturbed for removal and (2) the plate size

is compatible for X—ray use.

It is important that the cast iron X-ray pattern

be known to check for background interference and when

the pattern is known the X-ray data can be reviewed
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accordingly. Should a corrosion blister form on the

cast iron test plate, however, removal of the blister is

necessary. The removal should be accomplished in layers

because (27) the corrosion blister develops in layers

that are, at best, difficult to define. An interface

is present because the Fe(II) is being oxidized to Fe(III)

and a change of state is observed as the blister enlarges.

The most valuable feature of cast iron specimens

is the manner in which they can be removed from the test

cell at random, be X-rayed for a protective coating or

corrosion products and then reinserted into the test cell

for further observation. Removal of the cast iron test

specimen for x-rays do not alter or change the crystal

structure or lattice nor destroy the integrity of the

protective coating.

Magnetite
 

Magnetite forms in layers in an iron furnace. The

layers can be striped off in sheets. An iron sheet 1/8"

thick makes an excellent sample for X-ray testing. The

sheet should be dessicated and then tested after being

reduced in size to 1" x 3" x 1/64" thick.

Equipment Calibration

Calibration of the X—ray equipment is always

necessary and must be done as per manufacturers recom-

:mendation. Once the equipment is calibrated the standards
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used as controls should be tested and these standards

should be retained as a baseline. During the testing

program the standard should be tested from time to time

to check calibration of the equipment. An identical

X-ray pattern for a control standard is a positive indi-

cation that the equipment is still in calibration.

As X-ray patterns are recorded for known com-

pounds it is important to record the base level of

intensity. Some materials may record zero diffraction

intensity while others exhibit a baseline intensity of

30 or 40 percent. The measurement is based on the

observed diffraction angles and on the diffraction

intensity peaks.

It is necessary that the technique used in test-

ing the various compounds be consistent. Selection of

the radiation and the filter equipment is important

because calibration of equipment and test sample obser-

vations require a standard technique and use of the

proper radiation and filter.

The X-ray equipment has one very important control

termed the Rate Meter. This meter alters both the X-ray
 

emission in conjunction with the filter material and also

adjusts the receiver to coordinate physical aspects so

as to yield Specific results. This rate meter can be

adjusted to vary or alter results to meet specific

conditions. The X—ray experimental data, included in
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the following section, was set at l6-l-l, meaning that

all X—ray patterns are a result of constant rate meter

control and the results can be compared with a valid

data base.

Testing Format

Before any unknown coatings or compounds are

tested the standards must be first tested to establish

a thumbprint with which to review all subsequent data.

Broad Range
 

Any known or unknown should first be tested

across the complete 28 range of 0-180°. This will dis-

play all diffraction angles and illustrate the diffrac-

tion intensities.

§elective Range
 

Upon completion of the Broad Range testing those

diffraction intensities that exhibit the five highest

values should be retested to redefine both the defraction

angles (20) and intensities in that specific range. This

is the X—ray range for future testing.

Only the three largest diffraction intensities

eare required to specifically identify a mineral or com-

pound .
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Data Evaluation
 

Data is the key to identification. The recorder

speed is slow and the diffraction intensity peaks can be

recorded by the ink pen and the diffraction angle (28)

can be noted. The Bragg equation (10) can then be employed

for known radiation wave legnth (A). As the data is

printed the "d" lattice spacing can be calculated,and a

search undertaken for comparing the data to the knowns

can be implemented at once. Preliminary identification

of unknown test coatings or compounds is possible immed-

iately.

Evaluation of Coatings or Comppunds

Using the Petrographic Microscope

for Identification

 

 

 

Sample-Preparation

Each mineral or compound should be comminuted to

100 mesh. This comminution crushes any large masses to

a finely divided powder which is easy to View in thin

section.

It is not necessary to use a sample amount greater

than 1.0 milligram, only a toothpick amount is used for

each respective slide preparation. Once comminuted, the

sample should be placed in a salt cup and marked with a

grease pencil--as to data and amount and composition of

iron. This cup should always be stored in a dessicator.



71

The preparation of the glass slide is accomplished

by placing a drop of oil in the center of the glass slide

and then adding to the oil the amount of material that

can be perched on the thin end of a wood toothpick. A

glass slide of identical size is then placed over the oil

and sample,and the slides should then be squeezed together.

It is wise to mark the index oil, date and material if

known on the slide.

As the index of the material is checked it is

advisable to make notations, on the glass slide, for

future observations as required. Also, it is most helpful

if the area being viewed is circled in red and the crystal

orientation under investigation be recorded on the data

sheet. This technique also allows for future observations.

Equipment Calibration

The calibration of a petrographic microscope is

one of familiarization. It is important first to select

the magnification that is to be used in the work. This

is accomplished by multiplying the ocular power by the

objective lense power. The higher the magnification the

smaller the field of vision.

The arrangement of light source and microscope

mirror is important and must be arranged to allow the

operator to work freely around the microscope. Also,

the intensity of the light should be selected for eye

comfort in viewing. Figure 16 illustrates the micro-

scope, light source and oil index set arrangement.
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Figure l6.--Petrographic Microslope.

The operator of the microscope should become com—

pletely familiar with all the working parts of the petro-

graphic microscope-—especially the ocular, upper and lower

filters, objective lense, etc.

The most significant calibration, in the identi-

fication of minerals by use of the petrographic micro-

scope, is the index oils. This calibration is difficult
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to identify, and it is important that new, fresh cali-

brated oils be purchased at the start of any project.

The index oils contain many organic materials that age

and affect calibration.

Testing Format

General View
 

Once the sample has been prepared and is ready

for investigation it is advisable to view the entire

slide for crystal layout, thickness and habit with only

the lower filter in place.

Many compounds exhibit a physical tendency that

is a clue to the mineral or compound identification. A

general view of the slide, for instance, provides back-

ground to pick out the crystal for color identification.

Very small crystals may be ideal to work with, but can

be too small. The larger crystals show up very distinctly,

but may illustrate excessive thickness and exhibit

birefringence. It is therefore advisable to select a

crystal of intermediate size that apperas to lie hori-

zontal (one axis) to the stage.

Oil Range
 

If after visual inspection the mineral or com-

pound falls into a category the general refractive index

group can then be estimated. This works well for the

calcium or iron compounds. Calcium compounds have a
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refractive index of less than 2.0 units, whereas the iron

compounds have a refractive index near 2.0 units or above

with the exception of Siderite which is 1.613 to 1.855

units. If the index is less than two (2.0) units and with

brown to black color, the unknown is probably Siderite.

If the general group cannot be estimated, it is

best to then try an intermediate oil to start.

Thin Section
 

A review of crystals in thin section using the

lower filter can often shed light on the crystal type.

It is best to look for general color arrangement for

crystal comparison and to view for extension of a par-

ticular axis.

Crossed Filters
 

To convert from thin section to crossed filters

the upper filter is added. The crossed filters allow the

operator to look for extinction and birefringence.

Extinction can be seen as two phenomenon. The first is

total extinction when the crystal appears grey, white or

black regardless of the stage rotation. Secondly, when

viewing high birefringence the stage can be rotated to

allow viewing of an extinction index. A rotation of

90° from this extinction index shows another extinction

index of the crystal if it is in the uniaxial categories.
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Crystal Groups
 

As has been discussed, crystals fall into two

distinct categories: uniaxial and biaxial. The uniaxial

group have only two index axes whereas the biaxial group

have three axes. The following information allows a

quick check on crystal group identification.

Uniaxial Group

1. Insert upper filter.

2. Check for extinction (the crystal will appear

grey, white or black regardless of crystal

rotation).

3. Identify the index axes with upper filter

removed.

4. This axis will be omega without ray.

5. Once nw has been determined insert the upper

filter and select a crystal that shows high

birefringence. Then use upper filter--turning

the crystal to extinction and checking the

index. Always be sure that the index is not

the nw ray; if the index is not the nw ray,

it muSt then be the Epsilon nE ray.

6. When the ne ray is Viewed check the index

to see if the index is larger or lower than

nw.

7. If nw > n€—-Negative crystal

if nE > nw-—Positive crystal.

Biaxial Group

In the biaxial group there are three axes and

therefore three index of refractions. By definition the

three indexes are Alpha a (the lowest), Beta 8 (the
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intermediate) and Gamma Y (the highest). The following

procedure is necessary to define a biaxial crystal.

1. Observe, under crossed filters, a section

that is grey (no birefringence) in any

rotation.

2. Determine the index by removing the upper

‘filter. The index is Beta 8 or the inter-

mediate index of refraction.

3. With both filters in place observe crystals

by rotating the stage for those which Show

the highest birefringence; determine the

index using only the lower filter.

4. These two other indexes will be alpha 0

or gamma y.

5. A mineral or crystal will be termed "posi-

tive" or "negative" when:

Alpha a is closer to Beta 8 = Positive

Gamma y is closer to Beta 8 = Negative.

Determination of Index

of Refraction

 

 

Although the procedure is very similar the

determination of the index for each group will be dis-

cussed separately as Uniaxial and Biaxial.

Uniaxial

1. If the crystal is unknown select a 1.50 index

oil.

2. Insert both filters and select a "check"'

crystal with no birefringence at any rotation. The

crystal will appear isotropic and the axis and index

will be parallel to the microscope barrel at any stage

rotation.
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3. Determine the index of the crystal by use of

the Becke line or the half or oblique illumination method,

with only the lower filter in. The Becke Line Method is

accomplished by raising the microscope barrel to unfocus

the crystal fragment slightly. If the Becke line moves

out away from the crystal the oil is higher than the

index of refraction of the omega ray or nw (isotropic at

any rotation). If the Becke line moves in toward the

crystal center and the crystal center appears to brighten

then the crystal index is higher than the oil (see Figure

11). Depending on results, it is necessary to make

another slide mount and again utilize the Becke Line Pro-

cedure to narrow the crystal nw index.

Before a new mount is made it is wise to check

the Becke Line findings by using the half or oblique

illumination method. This is accomplished by a refocus

of the crystal to cut off half of the light entering

the crystal. To this end, insert a plate below the

stage in a slot especially designed for this purpose.

If the crystal shows a dark shadow toward the dark half,

the oil refractive index is lower than the crystal (see

Figure 13). If the opposite is true the oil is higher

than the crystal. Now is the proper time to make a new

slide mount using another index oil.

4. Continue to make slide mounts until the n
U)

ray has been determined.
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5. Using the slide with an index oil of the nw,

insert the upper filter and select a crystal with large

birefringence. Remove the upper filter and turn the

crystal to an extinction angle. New check to determine

whether the index of refraction is identical to the nw

or higher or lower than the n If the refraction indexw“

is identical, the extinction is for the nw ray; if above

or below the slide oil nw value the extinction position

is the Epsilon n8 ray. If the n6 is lower than nw select

another mount with a lower oil and if higher select a

higher oil. When the oil and index are identical rotate

the crystal 90° to View the ne extinction position.

6. Pursue the n8 ray identification by making

new mounts with different oils and using the Becke Line

or half oblique illumination methods.

7. When nE has been determined the unknown

crystal can be identified by the uniaxial group sign

(positive or negative), nw ray and n8 ray index of refrac-

tions.

Biaxial

1. If the crystal is unknown, mount in an oil

of intermediate range such as 1.5 units.

2. The Orthorhombic, Monoclinic and Triclinic

mineral systems have three indices of refraction.
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3. Of the three axes, the Beta 8 will show extinc—

tion (grey) when viewed under crossed filters. This

section should be selected and the index determined using

the Becke Line or half-oblique illumination methods (as

per description 3 under Uniaxial, p. 77). Several mounts

must be made for exact index determination.

4. Remount a sample in an index 011 lower than

for Beta 8. View the new mount using crossed filters.

Select a crystal with the greatest birefringence and

determine the index. The fact that a lower oil than

Beta 8 is being used automatically means that the alpha a

ray index is being investigated. In this determination

it is important that for the observed index, no other

crystal has a lower index than alpha a.

5. Select an index oil that is higher than the

oil used to determine the Beta 8 ray index. This index

of refraction is termed the gamma Y index and is larger

than Beta 8. Follow the procedure as above in step 4

but no other crystal may have a larger index than gamma 7.

6. Once the three Biaxial indices have been

determined then the unknown crystal can be identified

by the group (biaxial) sign (positive or negative)

beta 8, alpha 0, and gamma Y indexes of refraction.

Data

The collection of data for the Petrographic

microscope when identifying crystals requires a careful
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recording of the oil used and the manner in which the

Becke Line or illumination methods reacted. Also record

each new oil selection when it is necessary to select a

higher or lower index oil. The data shown in Figure 17

is a typical "trackdown" record for crystal identification.
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DATA SHEET FOR REFRACTIVE

INDEX DETERMINATION

 

Date:

Sample:

Temperature:

-dn

+dt

Index* Index Oil Becke Line Half-Oblique

Oil (+,-) Temp. Method Illumination

Ref Temp. Change Method

 

*

The refractive index is a unitless ratio of the

Speed of light in air to a substance.

Figure 17 - Data Sheet.



CHAPTER VI

DATA

Remarks on Data Format and Notation
 

The data format isolates the minerals under investi-

gation into two groupings. The first grouping is the

Protective Coatings group that contain the Calcium Ca(II)
 

ion as the common crystal or agent. The second group

Iron Compounds and Coatings contains the iron Fe(II or III)
 

ion as the common crystal or agent. The Protective
 

Coatings include the following minerals: Calcite, Aragonite,

Apatite, Vivianite and Ankerite. The Iron Compounds and
 

Coatings group contain the following minerals: Hematite,

Magnetite, Siderite, Limonite, Goethite, and Lepidocrocite.

The data consists of the following categories:

(a) Chemistry, (b) X-ray, and (c) use of the Petrographic

Microscope. The Chemistry data is from the investigation

of the two principal common ions to the coatings group,

mainly the Calcium Ca(II) and Iron Fe(II and III). The

X—ray data includes the investigation of the various known

and unknown minerals in both coating groups by comparison

of known lattice crystal patterns. The Petrographic

Microscope data includes the verbal description of the

minerals and, as a supplement, photographs were taken of

selected minerals to illustrate detection techniques.

82
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The following notations are used for data display:

Chemical; X-ray; Petrographic Microscope.

1, 2 ... are used for mineral group identification

with an a, b, or c array.

l-A, l-B ... are individual mineral identification

breakdown within a grouping.

l—A-I, 2-A-II ... are used to identify the data

included in the Petrographic Microscope Section. the I, II

... designate the respective photographic and visual

descriptions. Because the same I, II ... are also used to

identify the photograph and descriptive work, the words

"photo" and "description" are written immediately below

the number-letter-number data designation.

The valance of an ion always follows the ion notation

with (I), (II), (III), etc. The letter notations used

are as follows:

d = Lattice distance spacing in Angstrom units.

= Angstrom units.

Light source setting for microscope from 1-10.

3
L
“

3
’
0

II

= Magnification of microscope. For instance

6x10-60 times magnification of camera (4)

and total magnification is 240x.

"f" - Camera appature setting.

T = Camera time setting.

T.S. = Crystal view in thin section using only

the bottom polarizing filter.

C.F. = Crystal view in thin section using the

bottom and top polarizing filters.
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Bire = Birefringence.

Rhomb = Rhombohedral crystal.

Appendix material has been referenced for the data

as follows:

Chemical

Appendix A - Data for nonopaque minerals.

Appendix B - Calcium (Ca) and Iron (Fe)

percentages in various compounds.

X-ray
 

Appendix C - X-ray diffraction data.

Appendix D - Some calculations of "d" spacings

for calcite (CaCO3 or CaO.C02) using

Bragg's equation.

Petrographic Microscope
 

Appendix E - Data on minerals for use of petro-

graphic microscope.

Appendix F - Crystal group data.

Protective Coatings
 

These are minerals that contain calcium Ca(II) as

a common ion. The discussion of the protective coating-

laboratory formations can be found on page



85

 

 

 

 

 

Chemical

1. Calcite (CaCO3L

l-A l-B

Calcite (CaCO3) Protective Coating

Reagent grade Laboratory Formation

39.6 % as Ca(II) 37.8% as Ca(II)

39.5 % as Ca(II) 38.0% as Ca(II)

38.0% as Ca(II)

Average 39.55% as Ca(II) Average 37.9% as Ca(II)

X-ray

l. Calcite (CaCO3L

1-A (See Figure 18) l-B (See Figure 19)

Calcite (CaCO3) Protective Coating

Reagent Grade Laboratory Formation

l-C (See Figure 20)

Cast Iron

Petrographic Microsc0pe

l. Calcite (CaCO3L (See Figures 21—27)

l-A l-B

Calcite (CaCO3) *Protective Coating

Reagent Grade Laboratory Formation

 

*

In complete petrographic microscope testing of the

referenced sample, the identification of the No - 1.658

and Ne - 1.486 index rays were tested and confirmed on

three distinct and different samples. From this, it can

be concluded that the referenced sample is a Calcite

(CaCO3) formation.
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Legend:

C.F. = Crossed polarizing filters.

T.S. = Thin section.

L = Light.

M = Magnification of microscope and camera.

"f" = Camera appature setting.

T = Camera time setting.

bire Birefringence.

Iron Compounds and Coatings
 

Those minerals contain Fe(II) or Fe(III) as a common

ion. It is possible that Fe(II) can be in an oxidization

state to Fe(III).

l. Hematite (Fe293l
 

Reagent Grade
 

l—A

F8203

(Pure)

69.7 % as

70.4 % as

69.7 % as

70.4 % as

Average 70.05% as

l-C

Fe203

(Pure) +

water

Chemical

iii

F8203

(Pure) @

1 Hr. - 500°C

F8(III) 70.2 % as Fe(III)

Fe(III) 71.0 % as Fe(III)

Fe(III) 70.6 % as Fe(III)

Fe(III)

Fe(III) Average 70.60% as Fe(III)

1:2.

Fe203

(Pure) +

water @

1 Hr. - 500°C
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Figure 21 - Calcite l-A-I. CaCO (Pure),

 

 

Index 011 -1.55, m -3240 x.

l-A-I Photo--l-A-I Description:

Focus calcite crystal in E-ray position:

1 - 5.0; "f" - 5.6; T - 60; M - 240x.

T.S. - perfect Rhomb colorless crystal.

C.F. - shows slight blue and orange bire

due to crystal thickness.
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Figure 22 - Calcite l-A-II. CaCO (Pure),

Index Oil -1.55, m - 340x.

l-A-II Photo--l-A-II Description:

(See Description l-A—l). This photograph

illustrated the effect of crystal index

identification using the Becke Line Method.

Oil - 1.55; Ne = 1.486. The microscope

barrel is raised and in that the oil is

higher than the Ne. The Becke Line moves

out into the higher oil--the crystal appears

to enlarge.
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Figure 23 - Calcite l-A—III. CaCO (Pure),

 

 

Index Oil - 1.55, M 2 Ox.

l-A-III Photo--1-A-III Description:

Rotation of 90° of crystal in Figure 21 and

22 focus of crystal to observe O-ray.

Notice crystal appears darker at edges.

L = 5.0; "f" - 2.8; T - 250; M = 240x.
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Figure 24 - Calcite l-A-IV. CaCO3 (Pure),

Index Oil - 1.55, M - 240x.

Tl__..-

l—A-IV Photo--l-A-IV Description:

(See Description l—A-III). Oil is 1.55 and

* Nw - 1.658. The Becke Line Method shows that

the lines move in toward the crysta1--the

crystal edge actually darkens. This indi-

cated the O-ray is larger than the oil index.
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Figure 25 - Calcite l-A-V. CaCO3 (Pure),

Index Oil - 1.55, M - 240x.

l-A-V Photo--l-A-V Description:

*See Description l-A-III). The Half or Oblique

Method is employed. Oil is 1.55 and O-ray

1.658. Darkening one-half of the light source

the crystal shows dark toward the dark and

light toward the light. The illustration that

the crystal index is higher than oil.
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Figure 26 - Protective Coating l-B-I.

Laboratory Formation

Index Oil - 1.55, M — 240x.

l—B-I Photo--l-B-I Description:

Focus on Rhomb crystal that has the appearance

of Calcite. The entire sample appeared as

Calcite except that the individual crystals

were Smaller and some nonopaque material was

present. This position allows observation of

the O-ray, No - 1.658 with; L=5; "f" - 2.8;

T - 250; M - 240x; index Oil - 1.55.

T.S. - small perfect Rhomb that are colorless,

with some blue and orange appearing. However,

some massing of crystal structure to form

vitreous mass.

C.F. — black is black with bire colors from

the large masses.
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Figure 27 - Protective Coating l—B-II.

Laboratory Formation

Index Oil - 1.55, M - 240x.

l-B-II Photo--l-B-II Description:

(See Description l-B-I). The illustration here

is that in observing the O-ray the Becke Line

Method is used. Notice the black riSes on the

crystal when the microscope barrel is raised.

Also, observe the "light" Spot in the center

of the crystal--this phenomena occurs sometimes

in conjunction with a Becke Line illustrating that

the crystal fragment is higher than the oil index.
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67.0% as Fe(III) 70.0 % as Fe(III)

66.0% as Fe(III) 71.5 % as Fe(III)

66.0% as Fe(III) 71.6 % as Fe(III)

*Average 66.6% as Fe(III) Average 71.03% as Fe(III)

2. Magnetite (FeO.Fe7O3) or

53394 or Fe (Fe294:

2-A 2-B

FeO.Fe203 FeO.Fe203

1 Hr. - 500°C

73.6 % as Fe (total) 72.0 % as Fe (total

72.3 % as Fe (total) 71.84% as Fe (total

70.2 % as Fe (total) 70.54% as Fe (total)

Average 72.03% as Fe (total Average 71.46% as Fe (total

3. Siderite or Ferrous Carbonate-

FeCO3 (formationgfrom mix1ng

Ferrous Sulfate and Sodium

Carbonate)

3-A 3-B

FeCO3 (Formation) FeCO3 (Formation)

1 Hr. - 500°C

52.5 % as Fe (total) 61.8% as Fe (total)

55.5 % as Fe (total) 62.4% as Fe (total)

56.2 % as Fe (total) 61.5% as Fe (total)

55.7 % as Fe (total) 63.0% as Fe (total)

53.5 % as Fe (total) 61.7% as Fe (total)

54.2 % as Fe (total) 61.1% as Fe (total)

52.2 % as Fe (total) 60.3% as Fe (total)

Average 54.25% as Fe (total) Average 61.7% as Fe (total)

*

The sample had a moisture content of 5.33% as

water. The water was added to the sample then filtered

through .45 micron filter paper and disiccated before

testing.
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4. Corrosion Sample-Pipe Nipple;

The sample was removed from

the nipple in layers--top to

bottom and will be discussed

in that sequence.

 

 

4-A 4-B

tOp bottom

63.0% as Fe (total) 57.0% as Fe (total)

64.0% as Fe (total) 59.5% as Fe (total)

65.0% as Fe (total) 57.0% as Fe (total)

64.0% as Fe (total) 59.5% as Fe (total)

65.2% as Fe (total) 58.8% as Fe (total)

59.5% as Fe (total)

Average 64.2% as Fe (total) Average 58.2% as Fe (total)

4—C 4-D

top bottom @

1 Hr. - 500°C 1 Hr. - 500° C

67.0% as Fe (total 60.0% as Fe (total)

67.0% as Fe (total) 60.5% as Fe (total)

66.2% as Fe (total) 59.8% as Fe (total)

Average 66.7% as Fe (total Average 60.1% as Fe (total

X-ray

l. Hematite (Fe223l

Reagent Grade

 

l—A (See Figure 28) l-B (See Figure 29)

F8203
F8203

(Pure) (Pure) @

1 Hr. - 500°C

l-C (See Figure 30) l-D (See Figure 31)

Fe203 Fe203

(Pure) (Pure)

plus nHZO plus nH?O

@ 1 Hr. - 500°C
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Magnetite (FeO. Fe293)

or Fqud or F91F3294L
 

2-A (See Figure 32) 2-B (See Figure 33)

FeO. Fe203 or Fe3O4 FeO. Fe203 or Fe3O4

@ 1 Hr. - 500°C

Siderite or Ferrous Carbonate-

FeCO3 (formation from mixing

Ferrous Sulfate and Sodium

 

Carbonate)

3-A-I (See Figure 34) _ 3-B-I (See Figure 37)

FeCO3 (Formation FeCO3 (Formation) at

1 Hr. - 500°C

3-A-II (See Figure 35) 3-B-II (See Figure 38)

FeCO3 (Formation) FeCO3 (Formation) at

1 Hr. - 500°C

3-A-III (See Figure 36) 3—B-III (See Figure fin

_ o
FeCO3 1 Hr. 500 C

Corrosion Sample-Pipe Nipple;
 

The sample was removed from the

nipple in layers--top to

bottom and will be discussed

in that manner.

2:5 (See Figure 40) 333; (See Figure 41)

Corrosion Sample - Top Corrosion Sample - Bottom

4-C (See Figure 42) 4-D (See Figure 43)

Corrosion Sample - Top Corrosion Sample - Bottom

@ 1 Hr. - 500°C @ 1 Hr. - 500°C
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Petrographic Microscope

l. Hematite (FEQQBL

Reagent Grade

 

1-A

Fe203 (See Figure 44)

(Pure)

1-C*

Fe203

(Pure)

plus water of hydration

2. Magnetite (FeO. Fe993) or

EEQQA or FéIFezQ41—

Z-A

FeO. Fe 0 (See Figure 45)

2 3

(taken from iron furnace)

3. Siderite or Ferrous Carbonate-

FeCO3 (formation from mixing

Ferrous Sulfate and Sodium

Carbonate).

3-A

FeCO3 (formation)

(See Figures 46 and 47)

 

*

1-B*

Fe203

(Pure)

plus heat

1 Hr. - 500°C

“1-D*

Fe203

(Pure)

plus water and heat

1 Hr. - 500°C

3-B

FeCO3 (formation)

plus heat

1 Hr. - 500°C

(See Figures 48 and 49)

No description or photo as the X-ray pattern

Figures 29, 30 and 31 were all identical to Fe 0

grade Figure 28.

2 3 reagent
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Corrosion Sample-Pipe Nipple;

The sample was removed from

the nipple in layers--top to

bottom and will be discussed

in that manner.

4-A

Top (See Figure 50)

4-C

Top

1 Hr. @ 500°C

(See Figure 52)

4-B

Bottom (See Figure 51)

4-D

Bottom

1.0 Hr. @ 500°C

(See Figure 53)
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Figure 44 - Hematite - Fe203, Reagent Grade,

Index Oil — 2.00, M - 240x.

1 l-A Photo--l—A Description:

Focus on large center mass where L - 7.0;

"f" - 5.6; T - 60; M - 240x. The general

appearance is an occasional large mass or

blob and the remainder is a background of

very fine particles. The large mass

t appears earthy and compact with little

-,H; evidence of crystal structure. However,

notice (by arrow) a vitrious crystal right

of the large mass. The index oil is 2.00

and the compound appears to have an index

higher than the oil. Under C.F. the color

is blood red. In T.S. the color is black.
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Figure 45 - Magnetite — FeO. Fe O

2 3

Taken from Iron Furnace

Index Oil - 2.00, M - 240x.

2-A Photo--2-A Description:

Focus on center crystal mass group using oil

index of 2.00 and L - 7.5; "f" - 5.6; T - 60;

M — 240x. The crystal formation was rotated

with and without C.F. and the sections were

opaque. It is possible on occasion to see

some red and blue in the rotation. This may be

due to impurities created from firing. Observe

(by arrow) the clear vitrious edge on the right.

edge of the center crystal group. Generally,

the crystals were massive with very few fines.

The crystal index appears higher than the oil.

Inasmuch as this mineral is difficult to

identify by using the microscope, a magnet

passed over filings of this material identifies

the magnetic character and thus we conclude

Magnetite.
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'Figure 46 - Siderite - FeCO3 (Formation)

_umfii Index Oil — 2.00, M - 240x.

3-A-I Photo--3-A-I Description:

Viewing a sample of Siderite in an index oil

of 1.95 using L - 6.0; "f" - 4.0; T - 125;

M - 240x. The crystals are large with a few

small pieces. The crystal mass observed is

as located (by arrow). There are two types of

crystals on the glass plate, opaque and clear.

Importantly, the Opaque crystals have an

index lower than the oil, whereas, the clear

crystals have a higher index than the oil.

In T.S. the opaque section is orange to orange

red. The clear or vitrious sections, however,

are orange. In C.F. opaque sections are

orange to orange red to brownish. It is not

uncommon to find in other samples the large

earthy clumps as associated with Hematite.

A physical test tried wigh HCl acid--the sample

did effervese.
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Figure 47 — Siderite - FeCO3

Formation - Becke Line

Index Oil - 2.0, M - 240x

3-A-II Photo--3-A-II Description:

(See Description 3uA-I). The crystal viewed is

located (by arrow). The section is opaque and

the Becke Line has moved out into the oil,

indicating that the crystal has a lower index

or that the oil has the higher index. A very

good Becke.
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Figure 48 - Siderite - FeCO3

Formation - Heat 1 Hr. @ 500°C

Index Oil - 2.00, M - 240x

3-B—I Photo--3-B-I Description:

Submerged in 2.00 oil with; L-7.0; "f" - 4.0;

T - 125; M - 240x and heated for 1.0 Hr.

@ 500°C. The sample appeared very much like

Hematite (see Figure 44) with large earthy

crystals and enormous amounts of fine particle

material. In T.S. black mass opaque. In

C.F. the large masses are blood red. The oil

had a higher index than the crystals.

NOTE: These two samples do not resemble each

other in appearance at all. The

granular characteristic (Figure 49)

may be due to the lack of comminution.
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Figure 49 - Siderite - FeCO3

Formation - Heat 1 Hr. @ 500°C

Index Oil - 2.00, M - 240x

3-B-II--3-B-II Description:

Submerged in 1.95 oil with; L - 5.0; "f" - 5.6;

T — 60.0; M - 240x and heated for 1.0 Hr.

@ 500°C. The sample contained large particles

with very little small crystals. In View the

crystal mass is both Opaque and clear. The

opaque section has an index lower than the oil,

whereas, the clear section has a higher index

than the oil. Under C.F. some of the crystals

appear yellow to green yellow, others with

blood red color.

NOTE: These two samples do not resemble each

other in appearance at all. The granular

characteristic (Figure 49) may be due to

the lack of comminution.
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Figure 50 - Corrosion Sample - Pipe Nipple

Taken from Top

Index Oil - 1.95, M - 240x.

4-A Photo--4-A Description:

Sample submerged in index oil 1.95 with;

L - 5.0; "f" - 4.0; T - 125 and M - 240x.

It can be observed from the figure that there

are many Rhombohedral clear crystals (by arrow)

in addition to the masses of opaque mineral

structure. Under C.F. observation, the opaque

sections, if thin enough, are red outside and

some are completely red—orange. However, some

crystals exhibit varying color to include

purple, blue, yellow, and green. In T.S. clear

crystals are Rhombohedral shape (as in Calcite)

with a vitreous orange mass. In observing the

indexes, the clear crystal has a higher index

than the oil, whereas, opaque crystals have a

lower index than oil.
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Figure 51 - Corrosion Sample - Pipe Nipple

 

Taken from Bottom

Index Oil - 1.95, M - 240x

4-B Photo--4-B Description:

Sample in 1.95 index oil with; L - 5.0;

"f" - 4.0; T - 125 and M - 240x. Again the

clear Rhombohedral crystals can be observed.

The clear Rhombohedral appear as salt on a.

plate in this figure. Under C.F. the opaque

section is orange on outside or entire

depending on thickness--if thin all orange.

Again, there are some greenish-yellow crystals.

In T.S. the clear Rhombohedrals are orange

to red and the Opaque sections are dark orange

to red.
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Figure 52 — Corrosion Sample - Pipe Nipple

Taken from Top

1.0 Hr. @ 500°C

Index Oil - 1.95, M - 240x

4-C Photo--4-C Description:

The index oil is 1.95 with; L - 6.0; "f" - 4.0;

T - 125; M — 240x. The clear Rhombohedral

crystals are gone and the normal Opaque mass

(by arrow) and many vitreous masses are visible.

The clear crystals have a higher index, whereas

the reverse is true for the opaque sections. In

T.S. a definite red color appears at the large

opaque masses that somewhat resemble Hematite--

especially true in thin section. In thick

section a black appearance is evident. As the

stage is rotated in T.S., the colors yellow, green

and blue appear; disappear, and reappear.
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Figure 53 - Corrosion Sample - Pipe Nipple

Taken from Bottom

1.0 Hr. @ 500°C

Index Oil - 1.95, M - 250x

4-D Photo--4—D Description:

The index oil is 1.95 with; L - 6.0; "f" - 4.0;

T - 125; M - 240x. The opaque crystals have a

lower index than the Oil, whereas, the clear

crystals have a higher index than the oil.

Generally, the Rhombohedrals are absent with

mass and vitreous (by arrow) being the bulk for

observing. In T.S., most crystals are opaque

with some clear vitreous masses. Under C.F.

the vitreous mass appears greenish-yellow.
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CHAPTER VII

DISCUSSION OF RESULTS

General

Discussion of the data will take the following

format: the Protective Coatings will be discussed
 

separately as will the Iron Compounds and Coatings

(a. Chemical, b. X-ray, and c. Petrographic MicrOSCOpe).

A summary will follow coordinating all three test

results.

Protective Coatings
 

Chemical

The data for Calcite (CaCOB) Reagent grade and

Protective Coating--1aboratory formation relate quite

well, 39.55% and 37.9% Ca(II) respectively for the two

as compared to the theoretical value of 40% Ca(II)

(Appendix B) of pure CaCOB.

In any chemical test, the accuracy depends on

the technique, reagents, and the interferences as des—

cribed by Standard Methods. The limitations of chemical

testing when Ca(II) ion is determined relate to other

ions such as Carbonate (CO3) or ions in Solid Solution.
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X-ray

l. Calcite (CaCO3L
 

l-A: Reagent Grade

The X-ray pattern as illustrated in Figure 18 is

very clear and precise. The important measurement is

the diffraction angle and intensity. It is important to

note the very low background base level of intensity

2.0: %.

When comparing the data, Figure 18, with the X-ray

data Appendix C and D, the identification is complete.

Actually, Appendix D identifies the X-ray pattern with the

known X-ray data by the ratio of the two radiations

(Copper to Iron). The three principle angles and "d"

spacings are: 29.68° - 3.04 > 3.014%; 39.65° - 2.29 >

2.28A; and 43.12° - 2.10 > 2.08A.

The X-ray pattern of Calcite (CaCO3) is standard

and is used as a match to identify other X-rays.

l-B: Protective Coating,

Laboratory Formation

The Calcite (CaCO3) X-ray pattern was determined

and comparison of Figure 19, Protective Coating, to Figure

18 identified Calcite in the coating. It should be noted

that the X-ray was conducted on a Calcite formation

(CaCO3) as formed on a cast iron test plate and the entire

unit (coating and plate) was tested as companions.
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The results point to a formation of Calcite

(CaCO3) when comparing Figures 18 and 19. However, the

intensities are generally lower. Conversely, two dif—

fraction angles and their intensities are higher or 26 =

31.6° and 47.7°. In addition, a new diffraction angle

appears with value of 44.9°. The explanation of the new

26 = 44.9° can be found in Figure 20, Cast Iron X-ray

pattern. This angle is approximately 96.0% of the 100.0%

intensity value and indicates that the Cast Iron background

did exhibit some influence on the X-ray pattern.

The Cast Iron test plate with the Protective

Coating (expected Calcite (CaCO3) was used because remov-

ing the coating might also remove small pieces of Cast

Iron which would contaminate the sample. Also, during

the coating formation one or several ions may have formed

in solid solution to slightly alter the X-ray pattern.

It may be concluded that the X-ray pattern of

Figure 19 generally fits Figure 18 in angle and inteisity

comparisons.

l-C: Cast Iron

The X-ray pattern of the Cast Iron test plate was

made to assist in identifying any diffraction angles that

might occur in the testing of specimen l-B Protective

Coating, laboratory formation. As discussed above, at

least one diffraction angle was identified as showing

through the protective coating.
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The Cast Iron X-ray is used to interpret other

X-rays when the coating is formed on Cast Iron and tested

as companions.

Petrographic Microscope

l. Calcite (CaCO3L
 

l-A: Reagent Grade

1:A:£.--From Figure 21, the pure Calcite crystals

are rhombohedral in shape. The sizes vary from large to

small. The crystal under study as identified by the arrow

shows shadow on one side and the edge blends in on the

other (this particular crystal is identified to Figure 54,

Calcite located in Appendix F). The identified crystal is

aligned with one of the Optic axis. The crystal is noted

to have all the characteristics of Calcite (CaCO3)--

especially the blue and orange color when viewing with

both polarizing filters in place (see Appendix E).

l-A-II.--A view of the same crystal as l-A-I

except that one axis is parallel to the lower filter

axis and a crystal index investigation can be made. The

Becke Line Method will be employed.

The index oil is 1.55 and when raising the barrel

a very dark outline appears on the crystal edge and has

moved out as shown by the arrow of Figure 22. The dark-

ness is more apparent on the side, where before the edge
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was difficult to determine. Darkening at the outer edge

indicates that the liquid has a higher index than the

crystal in this particular axis alignment. As per

Appendix E, the axis in view is the n8 or extraordinary

ray axis. The ray n8 is 1.486 < 1.55.

l-A-III.--In viewing the crystal in Figure 23,

it is apparent that the crystal has been rotated 90°.

The crystal takes on a different cast (dark) at the edges

than for Figure 21. The darkness is due in part to the

crystal depth and also to the large birefringents (0.172)

of the crystal (Appendix E). The 90° rotation allows

observation of the n - 1.658 from the previous n€ -
w

i 1.486 ray.

l—A-IV.--The observation of Figure 24 immediately

reveals that the crystal rotation is as for Figure 23.

No ray is now in focus and the Becke Line Method is being

used to determine the closeness of the index oil to the nw

ray. The oil has an index of 1.55, and the nw ray index

is 1.658. Therefore, when the microsc0pe barrel is

raised--the dark edge outline moves into the crystal--

indicating that the oil has a lower index that the crystal

1.55 < 1.658. Darkness surrounds the sides and leaves

only the apparent flat top undarkened.
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l:§:2,--This sample is identical to the others

except the view is as per Figure 23-24. The illustra-

tion is for an index determination using the Half or

Oblique Method. The oil is 1.55 and the nw ray is being

viewed Nm-l.658.

The light source to the crystal mounting is one-

half blocked and therefore, the half method. The dark

side of the stage and the crystal (as per arrow) are

dark, and the light side is facing the lighted area of

the stage. For this, as for Figures 12 and 13, the

crystal index is higher than the oil--that is Nw-l.658 <

1.55.

l-B: Protective Coating,

Laboratory Formation

l:§:£.--Figure 26 is of a suspected Calcite

crystal. The crystal is a rhombohedral and is difficult

to observe even though an arrow is pointing directly

toward it. There is one noticeable difference from the

reagent grade Calcite; most crystals are generally smaller

and less perfect in shape though in some cases, the

individual crystals are perfect to observe and to work

with.

l-B-II.--Figure 27 is of the same crystal

observed in Figure 26 and the photograph was taken to

observe the Becke Line Method in testing a small,
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apparent Calcite crystal. As the barrel is raised, the

dark moves up into the crystal and a light spot appears

in the crystal center. The dark movement into the

crystal indicates that the crystal has a larger index

than the 1.55 index oil, and it is suspected that the

ray being observed is the Nw-l.658.

Summary of Protective Coatings

The data for the Calcite (CaCO3) Reagent grade

compare quite well for chemical, X-ray with the micro-

sc0pe. Comparison of the chemical, X-ray and microscope

work of the Protective Coating, laboratory formation,

also appear to coincide and the X-ray pattern of the

protective coating attached to the Cast Iron plate is

valid. Knowledge of the Cast Iron X-ray is of course

important in this technique.

Differences should be noted, however, when com-

paring the Calcite Reagent grade with the Protective

Coating. The chemical tests vary slightly, X-ray

intensities are either less or (in two cases) greater,

and although the crystal structure is always rhombohedral

the crystal formation size of the Protective Coating

is smaller.

From this it is concluded that the formation

coating is Calcite, though not in pure form.
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Iron Compounds and Coatings
 

Chemical

It has been reported that the Ferrous Fe(II)

oxidized to the Ferric Fe(III) state with time and under

prOper conditions. Laboratory testing did not allow

natural oxidation of the Fe(II) to (III) and various

samples were heated to promote rapid oxidation. The

oxidation of the Fe(II) to Fe(III) in some minerals may

force an alteration of the crystal structure and mineral

type. This oxidation is illustrated in equations 8, 9,

and 10 and eSpecially in equations 8 and 10. The con-

version of hydrated Magnetite (FeO°FeZO3°nH3O)--Goethite

[aFeO(OH)] by rapid oxidation has been reported and, in

the interest of time, heating for 1.0 Hr. @ 500°C was

selected to promote rapid oxidation.

1. Hematite (Fe293l
 

l-A: Reagent Grade

Pure Hematite has an Fe(III) of 70.0% as per

Appendix B. The test results average 70.05% Fe(III),

which is very good.

l-B: Reagent Grade

@ 1.0 Hr. - 500°C

This check was performed to observe any changes

that might occur. The data show that Fe(III) was

greater than 70.0%. As noted in Appendix B, the Fe(III)

of Hematite is 70.0%.
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l-C: Reagent Grade

Plus Water

Water was added to the sample to observe the

effect, if any; that is, would the water become bound

or water of hydration. The average Fe(III) percentages

of 66.6% appear to indicate that some water was chemi-

cally bound. The value is 66.6%, and falls between the

62.8% or 57.2% for Fe O with l or 2 moles of hydrated
2 3

water (Appendix B).

l-D: Reagent Grade Plus

Water @ 1 Hr. “ 500°C

Sample l-C was heated for 1 Hr. @ 500°C to drive

Off the bound hydrated water and restore the reagent—

grade-plus-water to the original Hematite. Within the

chemical testing limits, the Fe(III) average percentage

was 71.03%, higher than expected but assuming that the

bound water was eliminated, reasonable.

2. Magnetite (Fe394l
 

2-A and 2-B: Fe3O4

and 1 Hr. - 500°C

This sample, as extracted from an iron kiln, was

chemically tested to determine Fe(III) both with and

twithout heat (1 Hr. @ 500°C). The values for the unheated

sample was 72.03%, and with heat was 71.46%. As per

is 72.4%.Appendix B, the value of Fe(III) for FeO°Fe O
2 3
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It is important to note that the Magnetite dis-

solved very slowly in the acid solution (hydrochloric),

and it is then not surprising that the Fe(III) values

are not exactly 72.4%.

3. Siderite (FeCO3L
 

3-A: Laboratory Formation

The laboratory formation exhibited no character-

istics of Siderite. Chemical testing revealed that the

Fe(total) percentage was higher than that of Appendix B

Fe(total) for which FeCO3 + 48.2%. The formation was

observed to oxidize immediately from FeCO3 + to Fe203°nH20.

The 54.25% Fe(total) places the compound somewhere

between Fe203°2H20 - 57.2% or Fe 03°3H20 - 52.5%. 0x1-

2

0 dation from the FeCO3 to the Fe203°nH20 is as predicted.

FeCO3 + Fe203°nH20 + Fe203 (9)

Siderite Limonite Hematite*

From the above, the Siderite oxidized quickly to

form Limonite. Limonite is an intermediate step toward

Hematite, and the physical appearance of Limonite changed

immediately from greenish-gray to brown-yellow.

 

*With water of hydration can be termed Goethite.
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3-B: Laboratory Formation

@ 1 Hr. — 500°C

The sample from 3-A was in an oxidized state and

heated to force further oxidation. Fe(total) percentage

increased from heating to 61.7%. The oxidation level

altered the crystal and mineral structure, approaching

either Goethite (20) (Appendix B) Fe(III) 62.3%, or

Hematite plus water of hydration FeZOB-lHZO Fe(III) of

62.8%.

4. Corrosion Sample
 

The sample was removed from the nipple in layers--

tOp to bottom—-and will be discussed in that manner.

4-A: Pipe Nipple—-Top

The sample tested and the percentage recorded

64.2% Fe(total) indicates that the oxidation state is

between Hematite (Fe ) and Hematite plus water with
203

Fe(III) of 70.0% and 62.8%, respectively. The top layer

of the blister was a green-gray, and a layer effect was

apparent.

4-B: Pipe Nipple-—Bottom

The bottom layer when removed from the pipe

nipple was similar to the top layer in physical appear-

ance and color. Testing showed that the (total) Fe was

less for the bottom layer. Average percent Iron was
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58.2% indicating that the oxidation state was between the

Fe203-1H20 - 62.8% and Fe203°2H2

These observations were surprising because it

O - 57.2% of Appendix B.

has been reported (42) that the top layers are of a porous

nature and that the oxidation state is predicted as per

equation (8); that is, the percentage of iron should

increase with depth.

-C: Pipe Nipple--Top

1 Hr. - 500°C

4

@

Upon heating, the total iron percentage increased

in Sample l-A from 64.2% to 66.7% Fe(total). Some of the

water of hydration was driven off, but not all. Hematite

(Fe203) has an iron content of 70.0% and Fe203'lHZO is

62.8% Iron.

-D: Pipe Nipple--Bottom

1.0 Hr. - 500°C

4

@

This sample from 4-B was heated to drive off

water of hydration and Fe(total) increased from 58.2%

to 60.1%. This Oxidation state approaches Goethite

a[FeO(OH)] Fe(total) of 62.3%. Goethite was more prob-

able than Lepidocrocite because Goethite is formed by

rapid oxidation, and the latter is formed by slow oxi-

dation (see equations 8 and 10).

The possibility that sample 4-D being Fe203

with hydrated water cannot be ruled out. The range would

then be Fe203-3H20 - 52.5% and Fe203'2H20 - 62.8%.
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X-ray

It is important to note that the baseline level

of interference for all the iron compounds is higher than

the levels for the Calcite coatings. There is no inter-

ference with testing or observation, however, so long as

an altered baseline is observed.

1. Hematite (FeZQBL
 

l-A: Reagent Grade

Hematite was selected as a compound that would

serve as a reference for other X-ray comparisons.

Hematite (Fe ) was especially apprOpriate because this
203

compound is present in many of the other altered forms

and/or oxidation states.

In Figure 28, reagent grade Hematite was tested

using Iron radiation with a nickel filter. The radia—

tion angles are as tabulated below the figure.

The three radiation angles (26) with the largest

intensities respectively are: 33.34° - 100.0%; 35.8° -

71.0% and 54.21° - 48.4%. Radiation peaks are very sharp

and recognizable. Inasmuch as Hematite plays a large

role in protective coatings, tests were conducted to

observe any changes.

l-B: Reagent Grade

@ 1.0 Hr. - 500°C

Pure Hematite was heated to observe any change

and to duplicate rapid oxidation. The result of this



177

testing is shown in Figure 29. Figure 29 is identical

to Figure 28, showing Hematite (Fe203) to be a very

stable form.

l-C: Reagent Grade

Plus Water

Water was added to Sample l-A to observe any

water of hydration. The sample was mixed, allowed to

sit, dissicated and prepared on the glass plate for

X-ray testing.

Figure 30 is the X-ray pattern. The pattern is

identical to Figure 28, Hematite reagent grade (Fe203),

and no hydration was experienced.

l-D: Reagent Grade Water

Added Plus 1.0 Hr. - 500°C

Sample l-C was heated and then X-rayed. No

change in the X-ray patterns from Figures 28 and 30 was

noted, and there was no water of hydration.

 

2. Magnetite (Fe394l

2-A: Fe3O4

The Magnetite was taken from an iron furnace,

and chemical testing showed Fe(total) 72.0% and 71.46%

as compared to 72.4% for Appendix B.

The X-ray pattern Of Figure 32 is for the sample

of Magnetite. When compared to Figure 28, the only

radiation angle that corresponded was 26 - 35.8° or

d = 3.153.
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2—B: Fe3O4 1 Hr. - 500°C

Magnetite is unstable and can be oxidized. A

sample of Magnetite was heated for one hour at 500°C

and X—rayed.

Figure 33 and the table indicates the

change that took place after heating. The three 28

angles in Figure 32 were repeated in Figure 33. Angles

35.8° and 42.4° were more intense. However, 26 - 36.3°

diminished in intensity. Heating altered the entire

crystal structure and six new diffraction angles appeared:

33.3°, 43.40°, 57.10°, 58.90°, 61.04°, and 62.65°.

In comparing Figure 28 with Figure 33, the 26

angles that match are 33.34° and 35.64°. This is some

improvement over the unheated Magnetite for which one

angle only coincided 26 - 35.8°. The oxidized material

did not take on the form of Hematite, probably because

there was no water of hydration.

 

3. Siderite (FeCO3L

3-A: Laboratory Formation

3-A—I, II, III.--X-ray pattern for Siderite,
 

Figures 34, 35, and 36 are identical. The formation

is amorphous (no crystal structure) and could be only

one iron compound, Limonite, not Siderite. As per
 

equation (9),
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FeCO3 + Fe203°nH20 + Fe203 (9)

Siderite Limonite Hematite

Siderite is oxidized to form Limonite and the X-ray

provides perfect identification.

3-B: Laboratory Formation

1 Hr. - 500°C

3-B—I.--Use of heat to speed the kinetics of

oxidation was successful. The Limonite formation (FeCO3
 

oxidized) plus heat formed Hematite (Fe203) as predicted

by equation (9). The formation of Hematite (Fe203) is

evident when comparing Figure 37 with Figure 28 Hematite

(Fe203) pure reagent grade.

The diffraction intensities are not quite as

sharp or large but comparison in terms of the diffrac-

tion angles (26) is almost perfect.

3—B-II.--Here, the match between Figures 38 and

28 is not perfect. The diffraction angles (26) do not

match and in fact; 26 - 24.32° and 26 - 41.09° did not

appear. In addition, 26 angles 49.80° and 26 - 54.30°

are of very low intensity, barely discernible.

It is suspected that the oxidation of the FeCO3 +

Fe203-nH20 + Fe203 was not complete; it could well be

that the heating period should have been longer. However,

the change toward Hematite (Fe203) is evident.
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3-B-III.--Comparison of Figure 39 to Figure 28

reveals that the pattern generally matches that of

Hematite (Fe203) pure reagent grade. The 26 angle -

4l.O° is evident, but barely so. Two new comers have

arrived and may be a false background reading or an

impurity. Intensities of these new lines are difficult

to detect.

In spite of imperfections, the compound repre-

sents Hematite (Fe203).

4. Corrosion Sample
 

The sample was removed from the nipple in layers--

top to bottom--and will be discussed in that manner.

4-A: Pipe Nipple--TOp

Figure 40 reveals that there is only one diffrac-

tion angle; 26 - 35.72°. This angle correSponds to 26 -

35.80° in Figure 28. However, it is noteworthy that the

angle 35.72° is not the 100% intensity angle of Figure 28

(angle 26 - 33.34°).

From Appendix C, Lepidocrocite [y-Feo-(OH)] the

100% intensity and the corresponding 26 angle 34.40°

with d - 3.273, generally matches the 100% intensity of

Figure 40 with a 26 angle 35.72° where d - 3.16A.

The corrosion sample oxidized over a long period

of time and the compound X-rayed is organizingtoward
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the formation of Lepidocrocite [y-FeO'(OH)] as per

equations (8) and (10).

4-B: Pipe Nipple--Bottom

Samples 4-A and 4-B appear to be identical in

X-ray pattern. The 26 angle 35.64° from Figure 41 is

only .08° different from the 26 — 35.72° in Figure 40.

The conclusions are identical to that for 4-A

and the compounds appear to be oxidizing toward the

formation of Lepidocrocite [y-FeO'(OH)].

-C: Pipe Nipple--Top

1 Hr. - 500°C

4

@

If the top and bottom corrosion samples are

organizing toward Lepidocrocite, heating for 1 Hr. -

500°C should force oxidation toward Hematite (Fe203).

In Figure 42, the X-ray pattern is starting to

exhibit Hematite (Fe203) tendencies. When comparing to

Figure 28 all the 26 angles are observed except 26 —

24.32°.

Diffraction intensities and peaks are less sharp

and defined than for Figure 28, but the 26 angles are

present. The angle in question is 26 - 41.00°, though

excitation of this angle is marginal.

From this, we may assume that the heated sample

was converted to Hematite (Fe203) and not Lepidocrocite.
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It can be safely presumed that Lepidocrocite did not

form inasmuch as the 100% intensity is for a 35.-°

angle and the 100% intensity in Figure 42 is 26 - 33.0°

range.

4-D: Pipe Nipple--Bottom

@ 1 Hr. - 500°C

In Figure 43, the X-ray pattern is approaching

Hematite (Fe203) and the only angle not in appearance

is 29 - 41.09°. For this pattern the 29 - 24.48° did

appear over that of Figure 42.

It is concluded that the compound X-rayed is

exhibiting the near normal pattern of Hematite (Fe203).

Petrographic Microscope

l. Hematite (FeZQBL
 

l-A: Reagent Grade

Figure 44 illustrates the general appearance of

(Pure) Hematite (Fe203). The overwhelming color--red--

is an outstanding identification. The random distribu-

tion of a vitreous mass--note Figure 44--is important

and will be referenced to in later text. Also, it is

common to see a "glob" of material, even though the

sample has been comminuted.



183

l-B, l-C, and l-D: Reagent

Grade (1 Hr. - 500°C; with

Plus Water and 1 Hr. - 500°C

In the testing of l-B, l-C, and 1-D, it was

learned from X-ray pattern of these respective samples

that each is identical to Hematite (Fe203) reagent grade.

The petrographic microscope verified the reagent grade

status. Duplication of data has been omitted because

Figure 44 is representative of the Sample l-B, l-C, and

1-D.

2. Magnetite (Fe3g4l
 

2-A: Fe3O4 (taken from kiln)

The identification of Magnetite can almost be

determined by visual inspection. The material is unique,

and the magnetic property is a specific identification.

Review of Figure 45 illustrates the crystal mass.

Some vitreous material is evident--note arrow. It is

difficult to check the crystal index because selection

of a prOper crystal is impaired by the fact that the

crystal color (Appendix E) is either black or Opaque in

nature. A more thorough comminution should assist in

crystal viewing and identification.

 

3. Siderite (FeCO3L

3-A: Laboratory Formation

3-A-I.--It was hOped that the compound Siderite

would result because Siderite has been cited in the
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literature as forming an outer protective coating over

other materials. Instead, X-ray and microscopic tests

showed the compound had no crystal structure and appeared

to be Limonite.

Figure 46 shows the lack of real fine crystal

material and predominance of large gross crystals.

An index check (see arrow) was made because for

an opaque compound the index is lower than for the oil.

A small percentage of this sample is vitreous and has

a higher index than the oil. This compound has a

reddish to brownish cast when viewing and the compound

appears to be Limonite.

3-A-II.--Figure 47 is from an index check of the

Opaque crystals. This figure indicates that as the

microscope barrel was raised (slightly out of focus)

the Becke Line moved out and away from the crystal as

shown by the arrow.

Note the light and almost white outer crystal

edge. A Becke Line allows a positive confident crystal

index oil check. The oil has a higher index than the

compound, suspected to be Limonite.

—B: Laboratory Formation

1

3

@ Hr. - 500°C

3-B-I.--Microscope work on the heated Siderite
 

samples showed that two materials may look and appear
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different but be the same compound or crystal. In com-

parins Figure 48 to Figure 44 - Hematite (Fe203) pure,

it becomes Obvious that the heated sample is Hematite.

The two figures (48 and 44) depict the same material

type; that is, the earth compact "blobs" and the blood

red color.

3-B-II.--This sample was prepared using the same

techniques as of preparation as for the previous sample

for Figure 48. Comparison of Figures 48 and 49 shows

that in appearance the materials looked dissimilar.

However, that is not the case. The materials are simi-

lar, but not identical, and the X-ray and microscope

work indicate this uniformity.

In Figure 37, 38, and 39 (X-ray patterns), it

can be seen that the heated sample does not in all

cases coincide with the crystal Hematite (Fe203), but

is being oxidized toward Hematite (Fe203). This is also

true of this sample. There is a very dominant theme of

Hematite (Fe203) black opaque crystals with the blood

red showing under crossed filters. However, there are

also yellow to greenish-yellow crystals in this material

and this could be Goethite, suggesting that this
 

material was being oxidized toward Hematite (Fe203).

Goethite is suspected because this material is formed

under rapid oxidation conditions.
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4. Corrosion Sample
 

4-A: Pipe Nipple-~Top

Figure 50 illustrates two types of formation.

Large masses dominate the sample, but upon close review

of the photograph, it is evident that small-clear-fine

particles are common. The fine material is rhombohedral

in shape and appears to have a higher index than the oil.

The opaque crystals have a lower index that the oil.

The overriding color of the mass or clear material is

the red or orange-red indicating that the compound under

investigation is Lepidocrocite [y-FeO°(OH)].

4-B: Pipe Nipple--Bottom

Figure 51 is much the same as Figure 50, a large

mass with a great number of fine particles. There are

clear rhombohedral crystals, generally very fine. A

crystal index of the two types indicated that the clear

crystals have a higher index than the oil, whereas, the

opaque crystals have a lower crystal index than the oil.

The color red is vivid both in the clear and Opaque

crystals. It would also seem that this compound, as in

4-A, is Lepidocrocite.

4-C: Pipe Nipple-—Top

@ 1 Hr. - 500°C

Figure 52 indicates that the sample has changed

when compared with 4—A, Figure 50. There are very few
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fines, although more large vitreous masses (see arrow).

The opaque material is not as large as in 4-A but there

are more smaller Opaque pieces. The crystal index of

the clear vitreous material is higher than the oil,

whereas the reverse is true for the opaque material.

The appearance of Figure 52 can be compared

with Figure 44 [Hematite (Fe203) reagent grade]. The

identification is not perfect, but the trend is

apparent. The compound or crystal under investigation

has the appearance of Hematite.

-D: Pipe Nipple--Bottom

1 Hr. - 500°C

4

@

After heating sample 4-B, the oxidized material

has the appearance of Hematite. The red color of the

clear and Opaque material is one identifying feature.

The comparable appearance between Figure 52 and Figure 44

[Hematite (Fe203) reagent grade] also assists in identi-

fying sample 4-D.

Comparison of the X-rays of sample 4—A and 4-D

indicate that the sample was being oxidized toward Hema-

tite. The X-ray figures for 4-C and 4-D are 42 and 43

respectively.
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Summary of Iron Compounds

and Coatings

l. Hematite (Fe O

Reagent Grade _
23)— 

 

It can be stated that the data as regards test-

ing of Fe 03 (Pure) from a chemical, X-ray and micro-
2

scope standpoint correlates very well. One accurate

method to correlate data is by use of X-ray diffraction.

This procedure positively identified Hematite (Fe203)

regardless of added water or rapid oxidation from heat

(1 Hr. - 500°C).

2. Magnetite [FeO°Fe29 or

{9394 or Fe(Fe294ll

 

The identification of Magnetite can be accomplished

by chemical testing if the prOper time and precautions

are Observed. The X—ray illustrates a perfect thumb

print of the crystal, and this is confirmed by the micro-

scope, though the dominance of opaque material is some-

what limiting. The correlation, however, is solid

evidence that the material tested is Magnetite.

3. Siderite or Ferrous

CarbonateITFeCO3) (Form-

ation From Mixing Ferrous

Sulfate and Sodium

Carbonate)

 

 

 

 

 

The complete testing of Siderite (FeCOB) (chemi-

cal, X-ray and microsc0pe) illustrates that Siderite was

oxidized to form Limonite. Limonite was identified by
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the chemical percentages, the amorphous structure from

X-ray and confirmation of the microscope work, eSpecially

the brownish color as described in Appendix E and under

Petrographic Microscope, 3-A.

The heating of the Siderite (actually Limonite)

revealed a change, that is from Limonite toward Hematite.

Correlation of this by chemical, X-ray and microscope

work is good. X-ray patterns match very well with a

few exceptions. However, data from the chemical tests

and microscope indicate that oxidation toward Hematite

is not complete. The chemical Iron percentage was 61.7

which was less than 70.0%. Also, the microscope work

revealed something less than pure Hematite (Fe203).

4. Corrosion Sample--

Pipe Nipple

 

 

Top

The chemical testing of this material revealed

an iron percentage of 64.2 which was higher than the

suSpected Lepidocrocite. The percentage is somewhere

between Fe203-1H20 and Fe203 and X-ray pattern, as

compared with Appendix C, revealed Lepidocrocite.

Microscopic testing of this compound also identified

Lepidocrocite from the blood red color. The X-ray and

microsc0pe work identified the unkonwn material which

then conformed with chemical testing.
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Bottom

Testing for this unkonwn resulted in about the

same results as above. That is, X-ray and microscopic

data reinforced for identification even though chemical

testing suggested another crystal. The X-ray data as

compared with Appendix C and the microscopic data as

compared with Appendix E provide sufficient proof that

the material was oxidizing toward Lepidocrocite.

Top--l Hr. - 500°C and

Bottom--1 Hr. - 500°C

These two substances are grouped together

because they are similar materials. The chemical testing

data do not conform, 66.7% as compared to 60.1%. The

X-ray patterns are quite close and are sufficiently

matched to insure that both heated samples are in an

oxidation state toward Hematite (Fe203)‘ MicrOSCOpic

data reinforce the identification as Hematite.

Corrosion samples for top and bottom layers were

apparently the same material or the strip removal

techniques were not effective. The heated samples are

identical and the observation of the oxidation from

Lepidocrocite toward Hematite is apparent. Though oxi-

dation of the sample is not complete, the appearance

and likeness provide sufficient evidence to identify the

material as Hematite.



CHAPTER VIII

CONCLUSIONS

The thesis is a format or methodology for the

investigation of any internal coatings in water mains.

These coatings range from Calcite to any of several iron

coatings. Coatings vary widely because each water system

is unique in water chemistry. The positive and negative

ion balance reveals many types in solution.

It should be noted that any trace ion can form

in solid solution. In addition, iron released from cor-

rosion often forms in solid solution. Therefore, a com-

plete water chemistry profile of a water system is

important when investigating an internal coating of a

water main.

1. The visual observation technique is useful

for quick identification. However, the reporting of

color, hardness and appearance packing is only one clue

in the total identification of a coating. Chemical,

X-ray and microscope testing collectively are the real

key to correct identification of a coating.

2. The identification of the unknown coating

under investigation should start with properly calibrated

standard data, eSpecially for Calcite (CaCOB) and

191
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Hematite (Fe203). Reagent grade materials, or laboratory

produced standards, after complete testing for correct-

ness, can be used.

Standards for chemical tests are as important as

the standards used for testing by X-ray and with the

microscope. These two latter forms of testing can

quickly reveal the nature of an unknown material. The

x-ray patterns of Calcite and Hematite, for instance,

allow visual comparison with unknown coatings. A quick

and accurate method for preliminary checking is to

produce an X-ray pattern for comparison with a known

X-ray pattern.

3. It is possible to form a protective Calcite

coating (CaCO3) formation on a test Cast Iron speciman

and to quickly check this coating by X-ray methods. This

is called the "companion testing method." The standard

X-ray pattern for Cast Iron and the pattern for Reagent

grade Calcite (CaCO3) provide a visual X-ray review of a

coating for a preliminary check.

The "companion testing method" can be used in

dynamic testing for Calcite coatings. At designated

time intervals, the companion test sample can be dried,

dessicated and an X-ray check conducted. The companion

may be checked immediately after blot drying; water

retained on the sample should not interfere with the

X-ray pattern.
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4. The testing of the Calcite laboratory forma-

tion reveals Calcite, but not in pure form. The crystal

formations, although rhombohedral in shape, were very

much smaller than for reagent grade Calcite. One or more

substances in solution in the water system may retard or ‘

alter the formation and reduce crystal size. However,

the formation is Calcite and affords a protective coating.

5. It has been reported (14, 21, 22, 24, and 29)

that Siderite (Ferrous Carbonate FeCO3) forms a protective

coating over a Calcite coating on the water main metal,

or over another iron compound. It was necessary to

attempt formation of Siderite (FeCO3) in the laboratory

because Reagent grade was impossible to obtain. The

laboratory formation immediately oxidized to Limonite

(amorphous). The X—ray best illustrates this no-crystal

structure. It can therefore be concluded that Siderite

oxidizes quickly in the presence of oxygen making it

very difficult to develop a standard for testing. The

oxidation of Siderite to Limonite is in accordance with

equation (9) and was expected.

The formation of Siderite in a Nitrogen atmOSphere

could be used to provide a standard, but kinetics of

oxidation after formation in a water system would be

helpful. Again, if a water system has some dissolved

oxygen, whether this is sufficient to allow oxidation
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to form Limonite from Siderite is questionable. It seems

doubtful that Siderite could be observed in a protective

coating!

6. The oxidation of Siderite to form Limonite

and the X-ray patterns revealed no crystal structure

(amorphous).

Testing of Limonite then took another path.

From equation (9), Limonite oxidizes to form Hematite

(Fe203) and in fact, the X-ray pattern is a close com-

parison to Hematite (Fe203), Reagent grade. The simi-

larity is not perfect and formation as per equation (9)

could be Hematite plus hydrated water or Goethite.

The application of heat speeds oxidation. Oxida-

tion did take place, but the kinetics under normal con-

ditions are not known for formation of Hematite.

7. The investigation of the corrosion formed on

the pipe nipple was interesting. The dessicated form had

little crystal structure and inasmuch as it was formed

slowly, was probably Lepidocrocite. However, to expidite

oxidation, heat was applied (1 Hr.-500 C).

The x-ray of the heated unknown sample resembled

Hematite. It can be concluded that the water of hydra-

tion was driven off and the crystal structure changed to

form Hematite (Fe203). The X-ray pattern is not perfect,

but the general characteristics are apparent.
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8. Care should be taken in using the microsc0pe

for identifying iron bearing compounds. The black or

Opaque sections make it difficult to observe the crystal

index, but with care and patience, a reliable crystal

index can be obtained.

In summary, most of the test data did reveal

that a Calcite coating can be formed on a Cast Iron test

specimen tested by X-ray. Various forms of Iron were

revealed in testing and the oxidation of several com-

pounds indicated formation of another crystal structure.

No attempt was made to test the capacity of various

coatings for inhibiting corrosion.

X-ray tests should be the first checks considered

for unknown coatings. Once the X-ray check has provided

a lead, other testing techniques can follow, including

use of the microscope and chemical testing.



CHAPTER IX

RECOMMENDATIONS

The following recommendations are prOposed for

refining the methodology of investigation for coatings

in water mains.

1. All testing should be conducted on coatings

that have been formed in a water system, that is, a

formation that has been formed under field conditions.

The testing should include the chemical and polarization

studies to determine how effective a formation may be

for providing a protective coating.

2. Use x-ray as the first check on any unknown

compounds or crystals and comparison with the standards

will provide good initial direction.

3. PrOper radiation and filter are required for

best comparison results. Radiation and filter are sug-

gested in Appendix C.

4. When testing for a Specific ion concentra-

tion, an atomic absorption machine is recommended. A

complete ion check can be conducted to reveal the ions

bound in the compound or in solid solution. It is pro-

posed that, in addition to Iron and Calcium tests,
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checks for other positive ions such as Magnesium and

Phosphorus be made.

5. Use great care in removing the specific

layers of coating formation. The peeling or removing

of Specific layers will allow the specific investigation

of an oxidation layer for the iron compounds. Disturb-

ing the layers reveals only one common compound, and

does not represent the true nature of the coating.

6. It is proposed to form a Calcite coating and

to then Specifically allow some rusting to take place,

causing iron formation to adhere to the Calcite coating.

Observe the two in tandum for solid solution or increased

protective capacity. Use of atomic absorption may be

the only reliable test for the degree of solid solution.

7. More tests on the "companion testing method"

to determine the thickness of Calcite (CaCO3) necessary

to screen out the Cast Iron radiation pattern.

8. Form Siderite (Ferrous Carbonate FeCO3) in

a nitrogen atmosphere to Observe the crystal characteri-

istics from X-ray and microscope standpoint. This forma-

tion can be used for oxidation studies. More importantly,

it could permit kinetics study to determine oxidation

from the Siderite form to Limonite or beyond. A kinetics

study Should be performed under conditions of normal

water temperature, normal water pressures and normal

chemical quality found in a water main.
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9. When Limonite is formed observation of the

change of crystal structure and the kinetics involved

are suggested. The change is reported to form Hematite

or, with some water of hydration, Goethite. Again, the

formation of a study should be in a water system near

normal as compared to general water conditions in a

municipal water distribution system.

10. A formation of Calcite (CaCO3) with several

ions in solid solution would reveal much on the protec-

tive coating on water mains. The formation of solid

solutions could be useful in future interpretation.
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APPENDIX B

CALCIUM (Ca) AND IRON (Fe) PERCENTAGES

IN VARIOUS COMPOUNDS

Calcite - CaCO

3

Iron Oxide - FeO

Hematite - Fe203

plus water - Fe203°1H20

plus water - Fe203°2H20

plus water - Fe203°3H20

Magnetite - FeO°Fe203

Siderite - FeCO3

Ferrous hydroxide - Fe(OH)2

Goethite - d[FeO(OH)]

Lepidocrocite — y[FeO(OH)]

207

40% Ca

77.9%

70.0%

62.8%

57.2%

52.5%

Fe(II).

Fe(III),

Fe(III)

Fe(III)

Fe - Limonite -

2[Fe(OH3)](III)

72.4%

48.2%

62.3%

62.3%

62.3%

Fe (Total) or Fe304

Fe(II)

Fe(II)

Fe(III)

Fe(III)



APPENDIX C

X-RAY DIFFRACTION DATA*

The following data is as pertains to the three

highest reflection-intensity ratios as per X-ray dif-

fraction techniques.

 

 

 

 

Material, Composition "d"°spacing 26 Angles

and Radiation in A units I/Io% in degrees

Calcite

CaCO3 3.04 100 29.68°

Radiation = CuK , o

1 = 1.5305A 2.29 18 39.65°

Nickel Filter 2.10 18 43.12°

Aragonite

CaCO 3.40 100 *

Radigtion =

A = 1.98 65

Filter 3.27 52

Apatite

9CaO°3P205 2.82 100 *

Ca[Fe2(OH)2, CO3,C12]

Radiation =

A = 3.45 75

Filter 3.11 75

Vivianite

3FeO P 05°8H20 6.80 100 *

Radiation =

A = 2.97 67

Filter 2.91 67

 

*Data not available.
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Appendix C.--Cont.
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Material, Composition "d"°spacing 26 Angles

 

 

 

 

 

 

 

and Radiation in A units I/I°% in Degrees

Ankerite

CaO'(Mg,Fe)O°2COz *

Radiation = CuKa. o

A = 1.5405A

Nickel Filter

Hematite

Fe 03 2.69 100 42.20°

Ra iation = FeKa, o

A = 1.93597A 2.51 80 45.20°

Calcite Filter 1.69 80 70.00°

Magnetite

(FeO°Fe203) or (F8304) 2.53 100 44.80°

Radiation = FeKa, o

A = 1.93597A 1.48 70 81.60°

Calcite Filter 2.97 60 38.00°

Siderite

FeCO3 2.79 100 40.60°

Radiation = FeKa. o

A = 1.93597A 1.73 80 68.00°

Calcite Filter 3.59 60 31.20°

Limonite

Fe O3°nHZO Amorphous 0°

Ra iation = not

A = necessar Amorphous 00
Filter y Amorphous 0°

Goethite

a—FeO°(OH) 4.18 100 24.73°

Radiation = CoKa, o

A = 1.7889A 2.44 80 43.00°

No Filter 2.69 70 39.47°

 

*Data not available.
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Appendix C.--Cont.
 

 

 

 

Material, Composition "d"°Spacing 26 Angles

and Radiation in A units I/I°% in Degrees

Lepidocrocite

y—Feo-(OH) 3.27 100 34.40°

Radiation = FeKOH o

= 1.93597A 7.30 90 15.00°

Calcite Filter 2.56 80 44.40°

 

*As compiled from:

A. N. Winchel and N. H. Winchel, Elements of

Optical Mineralogy (4th ed.; New York: John Wiley &

Sons, 1927).

 

 

Horace Winchel, Optical Properties of Minerals--

A Determinative Table (New York: Academic Press, 1965).

Handbook of Chemistry, Physics (36th ed.; New

York: Chemical Rubber Pubiishing Company, n.d.).

X-Ray Power Data File Set 1-5, ASTM Special

Technical Publication 48-JITNew York: American Society

for Testing Materials, 1960).

X-Raprower Data File Set 1-5, ASTM Special

Technical Publication 48-I (New York: American Society

for Testing Materials, 1960).



APPENDIX D

SOME CALCULATIONS OF "d" SPACING FOR

CALCITE (CaCO or CaO°C02)
3

USING BRAGG'S EQUATION*

A = 2d sin 9 (12)

where

A = Radiation in Angstron A o

d = Lattice Spacing in Angstron A

6 = Radiation angle makes with horizontal

lattice plane

Use:

a) Iron radiation where kal = 1.93596

= 1.936A

b) Nickel filter w/ 0.021mm thickness

Therefore

A = 2d sin 6 (12)

Select the reflection angle 2 6 = 29.68° from

Figure 18. Therefore 2 6 = 29.68° or 6 = 14.84

(sin l4.84° = .256).

_ 1.936 _ o

d - W’ 3'7“"

 

*As referenced from:

L. G. Berry and Brian Mason, Mineralogy Concepts,

Description, Determinations (San Francisco and London:

W. H. Freeman and Company, 1959).
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As per Figure 18 the 20 angles, ratio percent

intensity and calculated "d" spacing:

 

 

26 Il/IO Calculated "d" spacing

26.71° 6.9% 4.213

29.68°* 100.0% 3.78A*

31.70° 5.0%: 3.54%

36.28° 15.0%: 3.112

39.65°** 17.6%: 2.68A**

43.42°*** 17.6% 2.62A***

47.39° 7.5% 2.42%

47.71° 16.3% 2.40fi

48.75° 17.5% 2.353

 

However, as per ASTM Data Sheet for calcium

carbonate (Calcite) Appendix C the "d" spacing for the

lattices yielding the highest reflection ratio is as per

astericked above.

 

 

26 Il/Io d Ad corrected

*29.68° - 100% - 3.04A > 3.014A

**39.65° - 18%: - 2.293 > 2.28A

***43.12° - 18%: - 2.10% > 2.08A

 

AThe correction factor is a ratio Of the "d" Spacing as

calculated using cgpper radiation Of 1.54A and the iron

radiation of 1.935A or

iv“!-
‘1-



1.54% =

1.935%

*3.78% x .796

**2.86% x .796

***2.62% x .796

.796

3.014%

O

2.280A

O

2.085A
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APPENDIX E

DATA ON MINERALS FOR USE OF

PETROGRAPHIC MICROSCOPE*

The color of crystal is as viewing without any

polarizing filters and isolating one single crystal.

The color of mass is the same as above except that the

crystal is in mass. The color of thin section is as

viewed with both polarizing filters in place viewing a

single crystal.

Legend:

A Based on various concentrations of ions

* Apply only to uniaxial mineral group

i Difference between refractive indexes for uniaxial

group — when no>n€ mineral considered

0 Difference between nz and n refractive indexes for

biaxial group is the refractive index.

 

*Based on

Esper S. Larsen and Harry Berman, The Micro-

scope Determination of Nonopaque Minerals, Geological

Survey Bulletin 848 (2d. ed.; Washington, D.C.: U.S.

Department of the Interior, 1964).

 

 

L. G. Berry and Brian Mason, Mineralogy Concepts,

Description, Determinations (San Francisco and London:

W. H. Freeman and Company, 1959).

 

 

A. N. Winchel and N. H. Winchel, Elements of

Optical Mineralogy (2d. and 4th eds.; New York: JOHn

Wiley & Sons, 1927).

 

214



215

Calcite - CaCO3

Group--Uniaxia1, Negative

System--Hexagona1

Trigonal

Habit--Rhombohedral

Color of Crystal--Color1ess

Color Of Mass--Vitreous

Color of Thin Section--blue and orange

Isotropin--No

*Pleochrism—-

Refractive Indexes:

 

N0 = w = Ordinary ray = 1.658

NS = E = Extraordinary ray = 1.486

Birefringent Index = .172

Aragonite - CaCO3
 

Group—-Biaxia1 Negative

System--Orthorhombic

Habit--Acicular or chisel Shaped

Color of Crystal--Colorless

Color Of Mass--Transparent to translucent

*Color of Thin Section--

Isotropic--No

*Pleochrism--

Refractive Indexes:

nX = d = 1.530

nz = y = 1.685

ny = B = 1.680

gBirefringent Index = -.155
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Apatite - 9CaO‘3P205Ca[Fe2(OH)2, CO3‘C12]

Group—~Uniaxia1, Negative

System--Hexagonal

Habit—-Prismatic

AColor of Crystal--Color1ess to Green to Blue to Brown

Color of Mass-—Color1ess to Green to Blue to Brown

Color of Thin Section--Transparent to opaque

Isotropic--No

*Pleochrism--

Refractive Indexes:

 

nO = w = Ordinary ray = 1.649

nE = E = Extraordinary ray = 1.644

Birefringent Index = -.005

ViVianite - 3FeO°P205°8H20

Group—-Biaxial, Positive

 

System-—Monoclinic

Habit--Prismatic

Color of Crystal--Color1ess to green, blue

Color of Mass--B1ack to opaque

Color of Thin Section--Vitreous

IsotrOpic--No

P1eochrism--Colorless mineral upon powdering

x = Dark Blue, y = Colorless, z = Olive green

to brownish

Refractive Indexes:

 

nX = a = 1.579

nz = Y = 1.633

ny = B = 1.603

Birefringent Index = +.054



 

l
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Ankerite - Cao-(Mg,Fe)O°2CO2
 

Group-—Uniaxial, Negative

System-~Hexagonal

Trigonal

Habit-~Rhombohedra1

AColor of Crystal--Colorless to Dark Brown

Color in Mass--Color1ess to Dark Brown

Color of Thin Section--Brown to opaque

Isotropic--NO

*Pleochrism—-

Refractive Indexes:

110 = w = Ordinary ray = 1.698

n = e = Extraordinary ray = 1.518

TBirefringent Index = -.18

Hematite - Fe203
 

Group--Uniaxia1, Negative

System--Hexagona1

Trigonal

Habit--Rhombohedra1

Color of Crystal—-Gray to Black

Color of Mass--Deep Red

Color of Thin Section—-Opaque except in very thin

section which is blood red with x = yellowish

red and z = brownish red

IsotrOpic--No

P1eochrism--Slight to faint

Refractive Indexes:

nO = w = Ordinary ray = 3.01

ng = e = Extraordinary ray = 2.78

Birefringent Index = -.23
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Magnetite - FeO°FeZO3 or Fe304 or Fe(FeZO4)
 

Group--Spinel

System-—Isometric

Habit--Octahedra1

Color of Crysta1--Black, opaque

Color of Mass--Black, Opaque

Color of Thin Section--Blue—Black

Isotropic--Yes

P1eochrism--No

Refractive Index

n = 2.42

Siderite - FeCO3

Group--Uniaxial Negative

 

System—-Hexagonal

Trigonal

Habit-~Rhombohedra1

Color of Crystal--Gray, yellowish gray to

greenish gray

Color of Mass--Vitreous

Color of Thin Section--Translucent to brownish

IsotrOpic--NO

*Pleochrism—-

Refractive Indexes:

110 = w = Ordinary ray = 1.855

ne = e = Extraordinary ray = 1.613

Birefringent Index = -.242
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Limonite - Fe203 nHZO

Group--Isotropic

System--Amorphous--No crystal structure
 

Habit--Massive to earthy

Color of Crystal—-Yellow Brown-Brown

Color of Mass--Yellow, Brown or Brownish Black

Color or Thin Section--Translucent yellow (to brownish)

Isotropic--Yes

P1eochriSm--No

Refractive Index:

n = 2.05+

Birefringent Index = 0.04

203'H2O

Group-~Biaxial, Negative

Goethite - a—Feo-(OH) or Fe
 

System--Orthorhombic

Habit-~Fiberous

Color of Crysta1--Yellow to Brown to Black

Color of Mass--Brown to Black

Color of Thin Section--Gray

Isotropic-—No

P1eochrism--Variab1e with x = clear yellow to brown,

y = brown yellow, 2 = orange yellow

Refractive Indexes:

 

r12 = Y = 2.35

ny = B = 2.35

Birefringent Index = -0.140
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Lgpidocrocite - y-FeO°(OH) or Fe203°H20
 

Group-~Biaxia1, Negative

System--Orthorhombic

Habit-~Blades

Color of Crysta1--Blood Red

Color of Mass-~Blood Red to Opaque

*Color of Thin Section--

IsotrOpic--No

P1eochrism-—Strong with x = clear yellow, y = red-

orange, 2 = orange—red

Refractive Indexes:

nX = a = 1.94

nz = Y = 2.51

n = B = 2.21
y ——

Birefringent Index = -.57



APPENDIX F

CRYSTAL GROUP DATA

Since reference has been made to birefringence,

in discussing the determination of more than one refrac-

tive index, a brief explanation of Optical principles

and crystalline structure is included. Minerals and

chemicals can all be structurally classed in two groups:

amorphous and crystalline. The first, meaning "without
  

form," has no regular molecular structure. Glass is an

example of such, as is Limonite.

All crystalline substances have definite molecular

structure. They can all be classed into six groups or

systems which, for simplicity, can be related to their

length, breadth, and thickness. These three directions

are called crystallographic axes, which are imaginary

lines running through the crystal and intersecting at

its center.

The first, and simplest, group is known as the

isometric, or cubic system; all axes are of equal length
  

and cross each other at right angles. The molecular

structure is such that no matter what direction light

passes through it, its path is the same, as though the

crystal were a Sphere. Thus, it has a single refractive
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index (also true of amorphous substances) and light will

not be polarized.

The second system differs from the cubic in that

one crystallographic axis (designated "C" and considered

the vertical axis) is either longer or shorter than the

other two (designated "A" and "B") which are of equal

length and constitute the horizontal axes; all three

axes are still at right angles to each other. This is

known as the tetragonal system. It can be likened to a
 

cylinder, either longer or shorter than its diameter.

The difference in the shape of the crystal reflects the

difference in the shape of its molecules. It becomes

evident the molecular path offers a different resistance

to light crossing the diameter of the cylinder than

passing through from top to bottom, i.e., along the

vertical or "C" axis. This means that it will possess

two refractive indexes, and therefore is uniaxial.

These axes are known as nw(omega) and ne (epsilon). The

first, w or ordinary ray, corresponds to the index for

any ray crossing the diameter of the cylinder, since

axes A and B are equal. n6, or extraordinary ray, cor-

responds to the index for a ray parallel to the "C"

axis. The mineral can be either positive or negative

depending on whether the length of the cylinder is

longer or Shorter than the diameter.
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The third system is similar to the second

except, instead of two equal axes (A and B) at 90° to

each other, it has three at 60° forming a hexagonal body

instead of a cylindrical one. It is known as the

hexagonal (including trigonal) system. It too has two
 

refractive indexes. Both the tetrahedral and hexagonal

systems, while birefringent, are Optically uniaxial.

The fourth system, orthorhombic, differs from
 

the tetragonal in that the three axes, while at right

angles to each other, all have different lengths. Such

crystals have three refractive indexes known as na

(alpha), nB (beta), and nY (gamma). Instead of a Single

vertical optical axis parallel to the C crystallographic

axis, it has two Optical axes, located symmetrically on

each side of one of the three crystallographic axes.

The angle which the two Optical axes made with each other

varies in different minerals and can amount to anything

from near zero to practically 90°. The system is

biaxial.

The fifth system, monoclinic, differs from the
 

orthorhombic in that the crystallographic axes no longer

cross at right angles, but one of the three is rotated

to an angle other than 90° to the other two, which are

still at right angles to each other. The system is

biaxial.
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Finally, for the triclinic system, all the axes are
 

of different lengths and all three crystallographic axes

are at other than right angles to the others. This system

is complicated as to the positions of the three Optical

axes and is biaxial.

It is necessary to display the mineral crystal

habit and form of the respective compounds that have been

discussed in the text. The following information* is to

assist in identification of the various compounds.

 

*As compiled from L. G. Berry and Brian Mason,

Mineralogy Concepts, Descriptions, Determinations

(San Francisco and London: W. H. Freeman and Company,

1959).
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FIGURE 54- CALC ITE

System--Hexagonal

Trigonal

Habit--Rhombohedral

 

      

/\1

. F:F1

1 A  

FIGURE 55- ARAGONITE

System--Orthorhombic

Habit--Acicular or

chisel shaped
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FIGURE 56 -APAT|TE

System-~Hexagonal

Habit--Prismatic

 

 

 

FIGURE 57- VIVIANITE

System-—Monoclinic

Habit--Prismatic
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FIGURE 58- ANKERITE

System--Hexagonal

Trigonal

Habit--Rhombohedral

   
FIGURE 59-HEMATITE

System--Hexagonal

Trigonal

Habit--Rhombohedral
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FIGURE 60 - MAGNETITE

System--Isometric

Habit--Octahedral

 

 

  
  

FIGURE 6| - SIDERITE

System--Hexagonal

Trigonal

Habit--Rhombohedral
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Limonite - FeZO3-nH20

System--Amorphous

No Crystal Structure

(Is sometimes identified

with crystalline Goethite)

 

 

 

          

FIGURE 62 -- GOETHITE
 

System--Orthorhombic

Habit--Fibrous
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FIGURE 63- LEPIDOCROCITE

System--Orthorhombic

Habit--Blades
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