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1. INTRODUCTION

Corrosion is very costly. The expenses caused by

corrosion in the U . S  alone run into the b illions of dollars

a year (1) . At the same time the ent i re  i n d u s t r y  depends on

the stability of metals, and they in turn depend on a few

hundred angstroms, sometimes even less, of protective f ilm

for their s tabi l i ty (2) . “The loss of chemical reac tivity

under certain envircnmental conditions” (1), is termed

passivity. In other  words , the  metal  is stable under

conditions that the rmodynamically favor its corrosion .

Other definitions for passivity appear in the literature

(3—5). Passivity of metals was discovered over a century

ago , when iron was  observed to corrode rapidly  in dilute

nitric acid but did not corrode in concentrated nitric acid.

Then , as today, this Ieh avio r was exp l a ined  by the fo rmat ion

of a protective f i l m  on the metal  surface . These sur face

layers vary  in th ickness  f r o m  meta l to metal  and f rom

environment to env ironment. Surface layers less than 10

angstroms (6) th ick  have been reported to passivate the

surface of stainless steels, but n a t u r a l l y  the re are other

metals, such as lead , where  the  protective f i lms that  form

can be several orders of magnitude thicker. In view of all

this it will be har d to overemphasize the importance of the

protective films — oxides, carbonates, sulfates and many

more . Theories have been develope d to explain and predict

the f i lm  format ion , among then the “Oxide fi lm theory ” ( 3)

and the “Adsorption theory ” ( 4 ) .  

~~~~~~~-— - - -~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Much research on passivity was done since Faraday

observed the passivation of iron in nitric acid, hut there

are still many questions to be answered . Passivity affects

many aspects of our life, from cars to building s and from

energy to food . A n y  new technique tha t  can help in

answering some of these questions is welcome . The objective

for this research is to tr y and sho w the applicabili ty of

inf rared  reflection spectro scopy to sur face analysis of

passive films while doing original research on lead.

1.1. Pourbaix Diagrams

One of the most powerful tools to deal with surface

reactions and films are the Pourbaix diagrams. The method

was developed by 11. Pourbaix  and is expla ined in detail in

his atlas (7).

In the Pourbaix d iagrams one can fin d the regions of

immunity - the unreacted metal  is thermodynamica l ly  the most

stable chemical specie, passivity, and corrosion — the

region where an ion of the metal or a nonprotective oxide

are the stable species. A simplified Pourbaix diagram,

Figure 1, shows the three general regions for a given

system - in this case lead-water .  Unl ike  the detailed

Pourbaix diagrams this one does not show the species

predicted to be stable under the different conditions but

rather gives an overview , showing regions of corrosion,

passivity, and immunity, for a quick reference to the system 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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of interest . The [otential-pIl diagrams store huge

quan tities of thermodynamic data in a relatively simple way

which is quite easy to understand and has the great

advantage of summarizing the information in a graphic

manner . In constructing a diagram on~ has to define the

system and within it the species of interest. The Gibbs

free ener gies of fcr ma tion of the different species, or

enough data to calc ulate them , mu st be known . A series of

chemical reac tions, in equilibrium , involving the species of

interest is selected and from it using the Vant—hoff ,

Faraday and Nernst equations a linear relation of potential

and pH is calculated . An example of the methodology of

calculating and drawing a Pourbaix diagram is given in

Ap pendix 1.

The d iagrams can be used for:

a) Predicting the spontanous direction of reaction under

given potentia l — pH conditions.

b) Estimating the composition of corrosion products.

C) Predicting changes - pH, potential, composition of

solution - to red uce the attack .

Thermodynamically calculated Pourbaix diagrams have some

very impor tan t  l imi ta t ions  which must be remembered every

tile they are used:

1) They contain no kinetic information .

2) The information exists for pure metals and not for

alloys. Present understanding of thermod ynamics does

not allow their calculation for alloys.
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3) Assumptions are made about solution compositions

which are not always applicable to real world

engineering problems .

In recent years attempts have been made to

experimentally determine Pourbaix diagrams in the

laboratory. These experimental diagrams have the advantage

of providing kinetic informa tion; they can also be developed

for alloys as well as pure metals (8,9)

1.2. Infrared Reflection Spectroscopy

Surface analysis advance d a great deal in the last

decade . Many techniques that were barely developed emerged

to become major analytical tools. These include : Auger

Electron Spectroscopy (AES) (10), Electron Spectrosco py for

Chemical Analysis (E5CA) (11) , Second Ion Mass Spectro.etry

(SIMS) , Ion Scattering Spectroscopy (ISS) (12) , Scanning

Electron Microscopy (SEM) (13,14), electron and ion

microprobe spectrosccpy, Mossbauer spectroscopy (15), and

low energy electron diffraction (LEED) (16) . These

techniques joined those that were alread y in use such as

X-ray diffraction (13,14) and ellipsometry (17) . Among the

techniques mentioned there are some that are capa ble of

detecting surface film s as thin as 5 angstroms (12), and

give information on cxidation states or the identity of the

atoms in the film . Other techniques are capable of depth

profiling by a sequential removal of surface layer after
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surface laye r

In view of all this one must ask the inevitable question

of why we need infrar€d reflection spectroscopy as a surface

technique. The answer is:

1) Unlike all the electron and ion techniques infrared

reflection spectroscopy does not require vacuum. This

is an advantage in the  case of surface f i lms  that  are

sensitive to and can be altered by vacuum . An example

for this type of films ar e films that contain wa ter of

hydration and will lose these waters when exposed to

vacuum.

2) Infrared reflection spectroscopy provides structural

information. The other techniques which are sensitive

to thin surface layers provide atomic or oxidation state

identity (SIMS, !SC A , AES) , provide kinetic information

(ellipsometry) or require vacuum (LEED).

3) Inf ra red  spectroscopy provides s t ruc tura l  i n f o r m a t i o n

both for crystalline and amorphous materials.

4) The experimenta l instruments for infrared

spectroscopy are well developed, and almost any good

commercial instrument can be adjusted with minor changes

to operate in the reflection mode. The things that are

required are two reflection attachment s and a polarizer,

these can be purchased from a variety of manufacturers.

The overall price for an infrared spectrometer equipped

for reflection wcrk is 50—10% of the price for electron

and ion instruments (12).
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5) Preliminary investigations indicate that film

thicknesses as thin as 10 angstroms can be analyzed

using infrared reflection spectroscopy (18,19). This

compares favora b ly with the most ss~nsitive electron

techniques.

6) One of the main advantages of the infrared

spectroscopy is that its theory is fully developed.

7) Infrar ed spectroscopy can be considered as a truly

non-dest uctive technique , probing the surface with low

energy radiation.

The technique has been used in research of the following

subjects: adsorbed molecules on metal surfaces (20) , thin

polymer films on metal surfaces (21), identification of

oxidation compounds on metal surfac es (18,19), ceramic

surface degraoation (22 ,2 3 ) ,  recording single crystal

spectra (24,25), and corrosion inhibition (26).

A brief and intuitive app roach to the theory of infrared

reflection spectrosccpy will be given here. For detailed

ma thematical and optical formulation the reader is refered

to the works by Francis and Ellison (27), Greenler (28, 31),

Poling (32) ,  Tompkins  (33) , Harr ick  (34) and Lavin (35)

The problem refers to a thin , homogenous, isotropic,

parallel-sided fili on a metal surface, suc h as is shown in

Figure 2a. Assuming the radiat ion fa l ls  at near the normal

incident angle to the surface the reflected wave and the

incident wa ve will combine to form a standing wave with a

node of the electric field vector at the surface. With zero 

~~~~~~~- -5  - -5 .
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electric field vector at the surface no interaction with the

surf ace spec ies can result, and thus 3ts not possible to

obtain a sFectrum . In the case of a 10 micron wavelength ,

which is typical of those used in this research, the

distance between thE node of the electric field vector, at

the surface, and the first maximum will, be 25,000

angstroms , t h u s  m a k i n g  the surface the best place to hide a

few hundred angstroms of oxide film from detection .

With the sane approach the polarization of the incident

light should be considered. An incident dave polarized

perpendicular to the plane of incidence will undergo a 180

degree phase shift upon zeflection, and  thus the incom ing

and the outgoing waves cancel each other at the reflecting

surface. On the other hand a parallel polarized light

undergoes a finite phase shift upon reflection , whic h

depends on the angle of incidence , and becomes 180 degrees

only at grazing incidence angle. The result of the parallel

polarize d l ight is a m  e l l ip t ica l  st a n d i n g  wave w i th  a f in i t e

electric field vector normal to the n~etal surface. The

change of the reflectivity, at the vicinity of an absorpt ion

band , and the phase shift of the polari zed light indicate

that the sensitivity, for a 5 angstrom thick film , will be

highest at high ang les of inci dence , 85-88 degrees from the

normal . From theoretical predicticn on the sensitivity of

the spectrum to the pclarization of the light the need for a

polarizer to enhance the sensitivity of the instrument is

immediately cleat.

L _ _ _ _ _  _ _ __ _ _  _ _  _ _ _ _ _ _ _
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The next thing tc consider is the number of reflections

that should be used in crder to obtain a ~pectrum .

Intuitivly there must be an optimum number since each

reflection will add information to the travelling wave but

at the same time will reduce the overall radiation. Thus

af ter many reflections, even though thnre is more

information in the wave , the signal to noise ratio will be

too low to allow a significant spectrum to be recorded. In

modern infrared spectrometers the detector noise is

independent of the signal level and is usually the limiting

factor (30). When considering single vs. multiple

reflections it is n ecessary to take into consideration the

relatively simple ~trangement required for single

reflection, and the possibility to use other surface

analysis techr~igues , all at the same ‘-ime. The

instrumentation becomes more complicate d for multiple

reflections and simultaneous probing of the surface with

other techniques is not possible. Calculations (29) showe d

that the deviation by a factor of 2 from the optimum number

of reflection s can reduce the reflectance by 20—30% . An

equation and graphi c de fini t ion of reflectance are given in

Figure 2b. In general when using good reflectors, silver,

gold, copper etc. , the opti m u m  num ber of reflections is

higher than when poor reflectors are used . This depends on

the init ial  r e f l e c t i v i t y  of the metals which in turn is a

function of the optical constants of the metal substrate,

the angle of incidence , and  the  w a v e l e n g t h  of the l ight.

~ 

_ _ _ _



This suygests that when using poor reflectors more than 70%

of the available sensitivity can be achieved wit h only 1-2

reflections (30,31).

There are addit ional prcblems to be solved in the use

and design of reflection instrumentation . Since almost all

infrared spectrometers use thermal sources the resulting

d~ vergenc€ cr the sauple and the reference beams is a fact.

This causes the light to fall on the sample , not at one

particular angle of incidence but over a space angle of

10—15 degrees; thus , not all the components of the beam

travel the same number of reflecti ons. There is a problem

of losing part of the light due to rays “walking” off the

edges of the mirrors (29) . There is a limit on how close

the mirrors can be b r o u g h t  together  in order to provide the

high number of reflections that is sometimes needed, since

the image of their exit must fill the monochromato r slits if

all the energy availaUe is to be used.

A major proble m in the interpretation of the spectra

derives from the changes in optical constants in the

vicinity of absorption bands. In transmission spectra the

absorption depends  cnly on the extinction coefficien t, but

reflection spectra also depend on the refractive index. The

combination of the two constants at an absorption band

causes an asymetery of the bands. This can combine with a

possible shift in the position of the bands with respect to

transmission spectra , to cause prob lems in the

interpretation of reflection spectra.

--
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Infrared reflecticn spectroscopy has proved to be a

useful and se nsitive technique for surface analysis , in

spite of the } L’oblems mentioned above . The use of infrared

reflection spectrosc opy is expected to grow in the near

Luture na .mly due to the rEcent availability of theoretical

formulation anu numerical solutions (27-32) . These can help

in predicting and choosing the best working conditions.

Existing results show the sensitivity of infrared reflection

spectroscopy to be, hhen used properly, 20—30 times greater

than tre sensitivity cf transmission spectroscopy (32—34)

1.3. Lead - Applicaticns and Research

Lead is oni~ of the most important metals to our society.

It does not have the glamour of the coin metals or the high

demand and use of the construction metals, but where it is

used it serv.~s well , a n d  in  many cases it is impossible to

replace it with other metals or materials. Among its most

popular applica tions are: lead-acid batteries, a4ditives to

fuels (its consumption for this application is going down

due to lead toxicit y and lead pollution of the atsosphere),

lead covered cables for electrical use, equipment for

~~u~iuc t ion , t~. an sp o rt a t i o n , and stor age  cf corrosive

chemicals, co:rosion resistence, solders, plumbing,

architecture - orna mentation and vibration isolation,

rad iation protection, ammunition , and paints (36).

Lead use in batteries is by far the bost eonsuming

j
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application of lead. This wakes the understanding of lead

electrochemistry and surface reactions an important field of

~t~ dy. Research on lead compo unds ~ interest in

electrochemistry and corrosion prevent~ on aeals wi th the

investigation of their crystalline structure (37-39)

infrared ano Raman spectra (LeO-42) , kinetics of formation

(43—L46) , thermodynamic stability (7), electrochemistry

(47—53), photodeconipcsition (54) and ion selectivity in

diffusion thru corrosion layers (55)
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Figure 1. Simplified Pourbaix diagram of the system Lead-
Water . M. Pourbaix, Atlas of Electrochemical
Equilibria, Pergamon, N.Y (1966). 
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2. EXPERI ZIENTAL

One of the first probl~ m~ this stud y encountAred , f rom

the experimental point of viee, was to determine under what

conditions the lead electrochemical exposures should be

performed:

a) Environment - chemical environments that are of

importance in the real world use of lead.

b) pH .

C) Potential.

The first two points are connected and somewhat

interrelated , by choosing a chemical environment a pH range

for experiments is fixed , but they definitely present two

different aspects of the problem. The approach was to use

common buffer systems in the neutral and basic regions of

the pH scale and strong acid , not a buffering system, but

the p1-i was not expected to change by more than one pH unit,

at the acidic side of the pH scale. In this way when the

etrect of chlorides cn the system was investigated compared

to a system that did not have any chlorides, the same

bufrering system was used with an added amount of chloride

ions. Table I lists all the buffer systems and solutions

that were used deiring the research.

The deter mination of the potential values for each

env ironment— pH was approache d from:

a) Pourbaix diagrams - theoretical and thermodynamic

consider at ions.

b) Polarization curves — experimental and kinetic 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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considerations .

In this way both the thermodynamic and the kinetic aspects

were considered for the determination of experimental

conditions of interest.

2. 1. Sample h older

There are some unique features characterizing a sample ,

and thus also the sample holder to be used in the

electrochemica l exposures , intended for infrared reflection

measurements. The~;e are:

a) Size: The sample has to be fairly large, 2.8 X 5.7

cm. This is the size of the larger sample that can be used

with the Wriks Model 9 reflection attachments used in this

investigation. The smaller sample size that can be used with

these attachments, but which was not u~~ d in this research,

is 2.8 X 4 .3  c m .

b) Flatness: The goal of this researc h was to work with

specular and not diffuse reflectance. Therefore , the sample

must be flat so that upon reflection it will be possible to

direct a good portion of the light, with the mirrors,

towards the oonochromator compartment.

C) Safe r em ov a l :  The samp le ha s to be taken from the

sample holder after the electrochemica l exposure , in order

to measure the infrared reflection spectrum of the surface

species. Thus, a safe removal of the sample from the sample

holder without altering the film is required.

_ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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d) Material : The samp le hclder material must be inert to

all che mical e n v i r on m e n t s  used d u r i n g  the  elect ’ochemical

exposures .  It should  not for iw a ga lvan ic  couple with  the

sample on contac t  in  s o l u t i o n .  The ma te r i a l  should also be

strong enough  ~o be pressed aga ins t  the  ed ges of t he sa mp le

to pre vent leak age .

Ma ny s a m p l e  ho lders  f c r  elec t rochemical  exposures  have

been desc ribei in t h e  past (56-62)  , bu t  none  could f u l f i l l

t h e  r e qu ~ L m e n t s  m e n t i o n e d  in po in t s  a to c. Thu s , a sample

colde r tot th i s r e sear ch  had to  b€ deve loped .  It was made of

T E F L O N ;  Fig ures 3-6 show the  v a r i o u s  p a r t s  of the sample

holder  and a n y  necessary  i n f o r m a t i o n  fo r  construction.

Oth er  r equ i r emen t s  in the  deve lopient of a s t andard  type

sample holder wou ld  be: s tanda rd necks for  all sample

h olders, d i f f e r e n t  heads for  d i f f e r e n t  samp le  sizes , and

special attac hments between heads and necks as in the case

of the tilt an .~1e req uired f o r  R a m a n  m e a s u r e m e n t s .

2 . 2 .  Elect roch ?mical  E x p o s u r e s

An electrochemicai. cell , Figure 7, w a s  f i l led with 1

liter of the appropriate buffer solution and 4 of the necks

were sealed with rubbe r s toppe r s .  The f i f t h  nec k was  used

for  the gas dispers ion u n i t , p u r g i n g  d r y  f li t rogen into the

solution in order  to n i n i m i z~ the a m o u n t  of dissolved car bon

dioxide , and thus caraonate ions which tend to form very

stable, insoluble lead carbonates. The solution was purged

~ 
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for  1.5-2 hours. A few experiments were perfor me d in which

degassing of the solution be fore the nitrogen purging step

was done, this was carried out by putting a beaker with the

solution inside a. vacuum desicator and pumping it to a low

vacuum for 5-10 minutes. This step was found unnecessary

and was abandoned.

The lead was greater than 99% pure as purchased from

Alfa Products in the form of a 1.6 mm th ick sheet.

While purging took place, a lead sample was cut to size,

2.8 X 5.7 cm , and was immersed in a hot, alaio~t boil~ng,

concentrated solution of agomonium acetate . .This is a known

method (1) for the chemical cleaning of lead surfaces due to

the formation of the very soluble lead acetate. The sample

was left in the cleaning solution for 10—15 minutes.

Some efforts to improve th€ surface prepai ation by using

conventional metallurgical methods such a~ grinding ~~d

polishing were tried. Lead is a very soft metal so a,11

these efforts did not seem to improve the surf ada

preparation but only introduced impurities to the sufface

layer; thus, they were abandoned . Electron micrograptis

wh ich empha si ze th i s  point will  be discussed in the next

chapter .

Toward the end of the nitrogen purging, the

electrochemical cell was prepared for the exposu re by

introducing the thermomete r and auxilliary electrode -

platinu, mesh - a n d  by connecting the  Luggin  probe , ~ ia

tubing filled with the solution, to the ca]omel electrode 
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cell in a 100 ml beaker . The purpose of the tubing

connection was to hinder the diffusion of chlori~~ ions from

the calome] electrode cell into the main cell. Cell

construction, parts and electrochemical procedures are quite

standard and can be found in the literature (63). When

sample cleaning was completed the sample was rinsed with

distilled water, dried with KIMWIPES and placed in the

sample holder. The sample had a metallic shine when placed

into the electrochemical cell. The Luggin probe was placed

1-2 mm f rom the sample sur face , and the solution was stirred

constantly with a magnetic stirrer to prevent the formation

of a Helaholz layer, whic h might introduce resistance

errors. At this pcint the potentiostat was turned on and

the sample exposure began .

The WL— 1 potentiostat is an inhouse device that displays

the characteristics of potentiostats described in the

literature (5,63) , i.e , it is a voltage feedback circuit

that utilizes negative feedback. Figures 8 and 9 show the

details of the potentiostat and the current to voltage

conversion circuits, respectively. The main difference from

commercial instruments is the addition of the Kepc o Inc.

bipolar operational power supply/amplifier model BOP 36—1.5

that can supply high currents, when needed , up to 1.5

amperes.

Tables II , III an d IV list the electrochemical exposures

that were performed during this research and the conditions

under which they were performed. 
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2.3. Infrared Reflection Spectroscopy

A Perkin-Elmer ~21 grating infrared spectrometer with

Wilks model 9S and 9D reflection attachments and a Beckman

42—POL grating polarizer were used to measure the in frared

reflection spectra. A block diagra m of the spectrometer

with the reflection attachments, polarizer position and the

light paths is given in Figure 10. The spectrometer was

prepared for recording the spectra by carefully balancing

the beams, then tk-~ reference beam was adjusted for maximum

reflectivity by working the spec~ rometer in a single beam

mode and adjusting the mirrors in the model 9D attachment ,

with two aluminum mirrors as samples. When this step was

satisfied the pola r ize r was mounte d just before the main

slits.

When the exposure was completed the sample was rinsed

with distilled wate r and laimediately mounted in the Wilks

model 9S reflection attachment , a gainst an alum in u m  mi r ror ,

then the attachment was placed in the spectrometer light

path and adjustment s for number of reflections and angle of

incidence were performed by moving the 112 and 115 mirrors

with the matching adjustments at 112’ and 115’. A preliminary

spectrum was recorded , and from it the adjustments in

polarizing angle, angle of incidence and number of

reflections for maximum sensitivity were determined. The

angle of incidence was usually 65—70 degrees and 2—5

reflections were usually used. Polarizer settings were
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determined by adjusting the polarizing angle while the

ins t rument  wave length  was centered on one of the ~bsorption

bands. Once best conditions were determined , the spectrum

was recorded from 1 800 to 250 wavenuinbers at a speed of 25

wavenuwbers/mjnute, suppression - 6, gain - 5—6, normal slit

progra m - 1000 (double slit widths were also tried in

recording some spectra ), attenuator speed of 1100, source

current  of 0.8 amperes, scale expansion 1X (other’ expansions

were also tried) . The spectrome ter wa s continously purged

with nitrogen to mirimize the amount of carbon dioxide and

water vapor present. Carbon dioxide and water vapor can

cause problems, especially if the ins t rument  is not

perfectly balanced. Their spectra will add to or mask the

spectra recorded . This problem was especially important in

this researc h sinc e most of the oxi des absorb in the long

wavelength region, below 600 cm— ’, where there is strong

absorption by water v apor.

Spectra were rec o rded under  identical conditions for two

extremes of light polarization.

2. L4 . Polarization Curves

Electrochemical polarization curves were run in order to

deter.ine experimental conditions of interest that are

related to kinetics. A block diagram of the setup for

recording the polarization curves is given in Figure 11.

The polarization curtes were run from +1 V SCE (1.2k V NHE)

________
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to —1 V SCE (— .76 V NHE) and back to +1 V SCE (1.24 V NHE).

In this way there was a reduction cyc le first so when the

oxidation cycle began the lead surfac e was clean with no

surface species on it to alter the oxidation process. The

current scale was linear. Sample preparation and cell

configuration were identical to those used in potentiostatic

exposures for infrared reflection measurements.

An Elsciat potential scan generator , model ABA—26 , was

used to scan the pote ntial. The scan rate was 40 mv/minute.

Results were plotted cn an PI PE 815 P lotmat ic  x-Y recorder.
At least one pclarization curve was run for each

bufferin g system or solution that was used during this

research .

2.5. Scanning Electron Microscopy

The samples were cut so they could fit into the SEN

sample chamber - about 6 X 6 mm — then they were placed on a

mounting block glued with silver paint and were left to dry

in air for several hours.

The SEN work was done on a Hitachi Scanscope SSM-2, the

camera was a Tektronix osciloscope camera C-27 with fl.4 to

f 16 optics and 1:1 magn i f i cat ion . Polaroid f i lm  #665

(positive — negat iv~~) with an ASk r a t ing  of 75 was  used for

all pictures wit h an aper tu re  sett ing of f 16 and photometer

reading 75-85.

Nagnifications were between 200X and 2000X. Very few

- — -— --
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sam ples needed coating, and those that did were coated with

60—40 gold — palladium 8 nil wire.

A few samples were examined on an ANR 1000 SEM equipped

with an EDAX 707k X— ray energy dispersive analyzer.

2.6. X—ray Diffraction

X-ray diffraction patterns of analytical reagents, to

determine purity an d for referenc e spectra , and of passive

film sam ples of particular interest were recorded. The

patterns were recorded on a Gene’i:al Electric 1IGJ1 X—ray

unit with a copper target and t~eam slit of 3 degrees, Soller

slit - m edium , f i l t r a t i o n  2 Nic kel , time constant - 1

second, linear scale, and 2000 counts per second full scale.

2.7. Lead Film Thickness Measureme nts

In order to fitd the detection limit of the infrared

reflection measureme nts with respect to the film thickness

the thickness had to be measured. Several methods for

measurin g film thickness are known , two were available for

this research - interference microscopy, and a Taylstep-1

stylus—type instrument — both require a sharp step in the

film in order to measure its thickness. It was expected

that an electxoche.ical exposure of a regular lead sample

would not 1eav-e a sharp step, even if part of the sample was

to be ma..,&ed; thus , another approach was taken. Lead was
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vapo r deposited on gold on a microscope slide, and a sharp

step was created by masking part of the gold with another

slide. This step was measured  for  thickness by a

Taylor—H ob so n Tayl s tep-1 , t h i s  is a commercial stylus-type

profile i n s t r u m en t  with  a m a x i m u m  ve r t i ca l  resolu t ion  of

better than  10 a n gst r om s .  F i g ur e  12 shows the  f i l m

deposited on glass and a s imp li f i ed  d i a g r a m  of the  s ty lus

type instrument and its output . The sample was exposed by

making an electrical connection to the top front side of t he

microscope slide, where the film was deposited , and

immersin g the slide in solution leaving the connection out

in the air to avoid ary interference from galvanic coupling.

Af ter electrochemical exposure the sample was cut to size

wi~th a diamon d c u t t er , and the  i n f r a r e d  r e f l ec t ion  spec t rum

was recorded. The film thickness was corrected for the

density change from lEad to the  a p p r o pr i a t e  compound .  Table

V gives the lead exposures that were done in this way.

2.8. Iron Exposures

2.8.1. Armco iron :

Arico iron samples, of the sane size as the lead

sam ples, were ground with CARBIMET — SiC grinding paper -
down to 600 gr i t , hand g r i n d i n g  was f o u n d  to be the  most

accurate, and then down to 0.3 micron w i t h  Buehler  a l u m i n a

powder on a revolving table . The alumina polishin g was done

wet using distilled water . After polishing the sample was

L . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _
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carefully rinsed with distilled water and spectroscopic

grade methanol, then it was put in a vacuum ~~sicator to

minimize air oxidatior .

I n f r a r e d  backgr o und spectra  of the i ron sam ples were

recorded . The sample s were then exposed in air for 0.5 to

480 hours at 230 ° c. Spectra  were recorded us ing  unexposed

iron or a l u m i n u m  in  the re ference  beam , angle  of i ncidence

of 65—75 degrees and up to 7 reflections. Table VI lists

the iron exposures corducted.

2.8.2. Vapor deposited iron samples:

Microscope slides were used as the base for the vapor

deposition, they were cut to size and cleaned with

detergent , distilled water and acetone and were left to dry

in air.

The vapor deposition was performed with a Hitachi model

HUS-4GB vacuum evaporator. A gold layer was first deposited

on top of the glass. Figure 12 shows this type of sample ,

with lead instead of iron. This type of sample is similiar

to that used by Pcling (19) . This sample configuration

provides a reflect ing surface in case all the iron is

oxidized .

After the gold was deposited , par t of the sam ple was

masked when the iron was deposited . In tnat way, wh en the

mask was lifted , a step the thickness of the deposited layer

was there and the film thickness was measured using a Karl

Zeiss i nterference m icroscope . The sample~; were put in the

same oven with the Aruco Iron samples.
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Spectra were recorded using gold deposited on a

microsco pe slide in the reference beam and an angle  of

incidence of 70-75 degrees with up to 7 reflections.

~
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T A B L E  I

Electrolyte Solutions Used in This Resear’h

Solution pH ELECTROLYTE COMPOSITION

a 4 .01  0. 0511 K H C 804H 4
b 6.87 0. 02511 K H 2PO 4 + 0 .025 11 Na 2H~ O 4
c 10.00 50 m l  0 . 0 5N  Na H CO 3 + 10.7 ml 0.1 11 Na OH

d 7 .00 50 m l  0.1 11 KH 2 PO 4 + 29 .1  ml 0.1 11 NaOH

e 7.00 d + 0 . 1 11 KC 1

f 10.00 c + 0.1 11 KC 1

g 1.1 U . 1 M  HC 1

h 0.9 0 . 1 11 H 2 S0 4
j  5.75 0.1 11 K 2 S04
j  7.00 d + 0 .111 K 2 S04
k 10.00 c + 0.1 11 K SO

2 4
1 11.1 KOH 4 0.1 11 K SO

2 4

Remark: All the chemicals were reagent grade.

_______  —-~-... . .~---~-----~ —4
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T A B L E  II

Lead Electrochemical Exposures in Phosphate and Carbonate

Buffe rs  *

No. E NHE pH Exposure  Temp. C X — r a y  SEN
volts Time hr s .  Diff ract ion

1 .28 4 .0  1.5

2 — .16 6.87 1. 5 23

3 — .16 6 .9 3  4. 5 25

4 — .76 7 .0  2 . 0  19

5 — .64 7 .0  2. 0 18

6 — .42 7 .0  2 .5

7 — .16 7.0 16

8 .48 7 . 0  21

9 .6 7 7 . 0  2.0 18

10 .99 7 .0  1. 0 — 2 . 0  19 yes yes

11 1.08 7 .0  3. 5 20

12 — .42 9.7 17 21 yes yes

13 — .42 9.7 17 24

14 — .56 10.0 2 .75  18

15 — .42 10.0 4 .5  25

lb — .42 10.0 17.75 24 yes

17 — .42 10.0 24 25

18 — .37 10.0 2.5 20

19 — .28 10.0 4.0 18 yes

20 .02 10.0 23 25 yes

21 .04 10.0 1.5

22 .24 10.0 1.5 23 yes

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— . -- - ~~~~~~~~~~~~~~~~~~
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No. E NHE pH Exposure Temp. C X—ray SEN
volts Time hrs. Diffraction

23 .24 10.0 5.5 22

24 .24 10.0 18.5 23

25 .51 10.0 6.0 22 yes

26 .75 10.0 2.25 19 yes

27 .75 10.0 5.5 22

28 .83 10.0 1.0 19 yes

29 .83 10.0 3.25 18 yes

30 .89 10.0 17.25 20 yes

31 1.08 10.0 14.5 24 yes

* - Solutions b ,c,d in ~Lable I. An exposure in solution a is

also included in this table , even though it does not contain

carbonates or phosphates .
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T A B L E  III

Lead Electrochemical Exposures  in So lutions Conta in ing 0.1 11

Chloride Ions *

No. E NHE pH Exposure Temp. C X—ray SEN
volts Time hrs. Diffraction

1 1.18 1.1 1.0 22

2 — .42 7.0 25 24

3 — . 1 1  7.0  16.25 24 yes

4 — .11 7.0 17 23

— .01 7.0 2.5 20 yes

6** — .01 7.0 3.0 21 yes

7*** — .01 7.0 18.115 20 yes yes

8 .49 7.0 21

9 .119 7 .0  2 2 . 5  20

10 1.08 7 .0  3.0 24 yes

11 — .142 10.0 2.0 20

12 — .112 10.0 17.5 23

13 — .24 10.0 2 . 0  19 yes

14 .49 10.0 3 .25  20

15 .49 10.0 20.0 20

16 1.08 10.0 4.5 22

* — Solutions e,f,g in Table I.

** — 0.0111 chloride icns.

— 0.511 chloride icns.

. . 
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TABLE IV

Lead Electrochemica]. Exposures in Solutions Containing 0.111

Su l f a te Ions *

No. E NilE pH Exposure Temp. C SEN
volts Time hrs.

1 .48 0.3 2.0 26 yes

2 — .40 0.9  2 .0  21 yes

3 — .40 0 .9  17 .0  23

4 — .2.3 0 .9  2 . 5  23

5 — .02 0.9 16.25 21

6 — .02 0.9 3.0 21

7 .80 0.9 .5—1.5—2.5 21

8 .80 0.9  3.5 20 yes

9 .80 0.9 7.0 20 yes

10 .80 0.9 16.0 21 yes

11 .80 0.9 20.5 20

12 — .62 5.75 3.0 24

13 .24 5.75 1.75 20

14 1. 08 5.75 3.5 24

15 .211 7 .0  16.75

16 .24 10.0 16.75 22 yes

17 .24 10.9 0.05 24

18 .24  10.9 0.5 211

19 — .67 11.1 3.75. 19 yes

20 .64 11.1 3.25 18 yes

21 .96 11.1 3 .25 21 yes

22 .24 11.2 2.5 211

_ _
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No. E NHE pH Exposure Temp. C SEN
volts Time hrs.

23 .24 11.2 .3.5 26

24 .211 11.2 2.75 19

* - Solutions h,i,j,k ,1 in Table I.

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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T A B L E  V

Lead Electrochemical. Exposu res for Passive ~ilm

Thickness Measurements.

No. E NHE pH Exposure Temp. C Description
volts Time his.

1 .80 0.9 0.5 21 0.06 micron lead

2 .80 0.9 0.25 20 0.05 micron lead

3 .80 0.9 2 .0  21 0.34 micron lead

R e m a r k :  The lead was  vapor  deposited on top of gol d on a

microscope slide.

L.. ~~~~~ . _ _
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T A B L E  VI

High Temperature Iron Exposures

No. Type Exposure Temp. C
Time hrs .

1 Armco iron 405 230

2 Arnco iron 405 230

3 Ar m co iron 288 230

11 Armco iron 0.5 230

S Vapo r deposited i :cn 480 230

6 VaF or  deposited i ron  1180 230

7 Ar m co  iron 50 250

- — - - . . ---—-——— - — -— — .--- -.-~~~~~~--—- ——-.,
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3. RESULTS AND DISCUSSION

As discussed in the experimental section both the

Pourbaix diagrams and polarization curves were used to

determine experimental conditions of interest.

~lectrochemical polarization curves were run on lead in each

env~.ronment oi~ interest; this was necessary since no data

was available for the exact solutions , pH conditions and

lead quality used in this research. At the same time, a

caeck was made to certain that the Pourbaix diagrams

available on the systems lead—water (7) , lead—water—chloride

(bte) and lead-water-sulfate (48) contain€d the latest

available thermodynamic data . Even though recent

thermodynamic data available (65) does not differ by much

iron those used in calculating the Pourbaix diagrams

(7,118,64), it is 1C—25 years more recent and thus more

reliable. As will be seen later even small differences in

data can lead to scme major changes in the diagrams since

the data is translated into line slopes. Recalculations of

the Pourbaix diagrais for the systems lead-water,

lead—wat er-chloride and lead-water-sulfate are given in

appendices I—Ill respEctively.

3.1. Lead—Water

T he original, sim plif ied Pour baix d iagram of this system

(7), Figure 13 , has the regions of lead metal - Pb, plum bous

ion - Pb~+, lead monoxide - PbO - the stable monoxide was
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calculated to be the tetragonal iota , plu nbo—plumbic oxide -

Pb 304 and  lead d i o x i d e  - Pb0 2 . ~eca lcu la t i on  of t h e  d i a g r a m

using newer data , appendix I, shows, +‘igure 14, that the

t e t ragonal  lead m o n c x i d e  region  ex t e n d s  towards  h igher

potentials - compar e d  to F i g u r e  13 - thus  squeez ing  t h e

Pb304 region. Part of the Pb 30 4 region was  replaced by lead

sesguioxide - P b O , and the lead dioxide lower [otential

boundary was moved into what used to be Pb304 region . The

new diagram has thecretic~il transitions in the neutral and

basic regions of Pt to PbO to Pb304 to Pb20, ending with

Pb0
2 

in the highest potential region.

Unlike most of the nonprecious metals, lead is

teermodynamically stable within part of the water stability

range, marked by lines a and b in Figures 13 and 14.

Figures 15-16 show the polarization curves that were run

for p8=7 and p~i=lO solutions tespectively. In the oxidation

cycle of the polarization curve at p 1-1=7 solution there ~re

fo ur d is t inc t  waves . Tb’ lower  wave  corresponds ,

a p p r o x i m a t e l y ,  to the  Pb /Pb O t r a n s i t i o n  in the  P o u r b a i x

d i a g r a m  and the  u p p e r  wave to t h e  lower p ot e n t i a l  b o u n d a r y

of the lead dioxide region. Immediate correlation between

the two middle waves and the Pourbaix diagram does not

exist, this could be lue to the buffe r solution , phosphate,

and/or a kinetic effect even though the potential scan was

f a i r l y  slow , 40 mv/m inute. Position and shape of waves in

polarizat ion curves  depend upon:  sweep ra te , electrode

ma terial, solution composition and concentration of
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react ant s  (5) . There are five distinct waves in the

oxidation cycle of the polarization curve in the pH lO

bicarbonate solut ion. The one at the lowest potential

corresponds to the Pb/PbO transition , and the wave at

.b4 V SCE (.813 V NHE) corresponds to the lover potential

boundary of the lead dioxide region in the Pourtai x diagram.

The wave that runs off scale above the lead dioxide

transition wave corresponds to the oxyge~-i evolution line.

From looking a~ the Pcurbai x diagrams , Figures 13 and 14, it

is clear why tnis line appears in the pH lO solution and not

in the p11=7 soluticn . The small waves between the Pb/PbO

transition wave and the lead dioxide f rmation wave can

correspond to intermediate lead oxides, like Pb304, and/or

are due to th~ bu f f e r , which is known to form a very stable

lead compound - lead carbonate hydroxide (LCH).

In the lead — water system , experiments were performed

in the neutral and basic regions of the pH scale. One

experiment though , number 1 in table II, was performed in

the acidic region and should have given plumbous icns. The

curren t started fairly high , 6.3 na/cm 2, but did not

maintain that level for long, as would be expected in the

case of corrosion. It went down to 0.3 ma/ca2, which is

still quite high , thus indicating that whatever formed on

the surface was not highly protective. The infrared

reflection spectrum of the sample , Figure 17a, was obtained

and some interesting feature s can be noted:

1) The spectrum , Figure 17a , is similar to the

-- -

~
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transmission spectrum of the buffer, Figure 17c. From

the sixteen bands that appea r below 1000 cm— ’ in the

transmission spectrum , fourteen can be matched with

bands in the reflection spectrum , these bands match

exactly or were sh i f ted  5—10 w a v e n u m b e r s  which is well

wi th in  the  expecte d magni tude  of shifts  due to

reflection . The two bands that are miss ing  are a t 680

cm— ’ - probably not resolved from the 690 cm -1 band -

and at 405 ctn ’. Two extra bands appe ared at 530 and at

365 cm— t and are probably due to orttiorhombic (yellow)

PbO , these bands are not as shar p as the “organic”

bands.

2) The effect of polarizing the light perpendicular to

the incident wa~ e gave a spectrum orders of magnitude

less sensitive than polarizing the light parallel to the

incident wave. (See figures 17b and 17a respectively) .

3) The difference in band shape above 1000 cm— t between

Figures 17a and tic - broad vs. sharp - makes it

difficult to say if any of the ba nds in that region are

missing in the reflection spectrum obtaine d from the

lead sample or if scme of the bands just combined to

form broad bands whic h were not resolved properly.

Since we are d ealing w ith poiy atomic molecules it is

likely that some of the vibrations are parallel to the

sample surface and thus cannot be excited by the

parallel polarized light , which can excite only those

vibrations that have some component normal to the metal
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surface .

3.1.1. Immunity Regio n

E x p e r i m e n t E  p e r f c r m e d  in the i m m u n i t y region of the

Pourbaix diagram , in phosphate buffer, pH=7, confirmed that

lead does not go through an ox idation reaction under these

conditions. Under all potential conditions below

-.42 V NIlE , there was a reduction current , reducing whatever

species there  were cn the  s u r f a c e  when the  reaction began .

The lead samples stayed metallic shiny in tne solution

t h r o u g h o u t  all the expo sures.  F i g u r e  18a shows an i n f r a r ed

rerlection spectrum of a lead sample exposed at — .76 V NHE.

Tnis sampl e was not washed w i t h  disti l led water  af ter  being

removed f r o m  soluticn but  was l e f t  to a r y  in air. Upon

drying its color cha nged to light brown with some streaks of

interference colors — mos t ly  blue. All the bands that

appear in the spectrum can be attributed to lead phosphate

(b6) . Anot her sample that was exposed for the same length

of time under almost the same potential conditions,

-.ó4 V NIlE, was washed with distilled water upon removal

from solution.. Its reflection spectrum , Figure 18b, has

some LCH at 1440,1 1100 and 8140 ci— ’ in addition to all the

lead phosphate band s .  There  is a possible indication of

tetragonal PbO band at 500 cm— ’. It can he concluded that

the LCH and the tetraçonal PbO fcrie d as a result of washing

the sample with distilled water. Since lead phosphate is

slightly soluble in water it was expected that a strong 

-, --- ~~~ - ,—- ---~~ --~~~~~~~~~~~~~~ - - — —--- . . --
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rinse of the sample , for a few minute s, would take care of

whatever lead phosphate was on the surface, especially if it

did not form during the electrochemuica l exposure but rather

from the buffer solution that stayed on the sample surface

when it was taken out of the cell. In both cases, rinse and

no rinse, the lead pl~osphate bands appeared in the spectrum

thus suggesting some adsorption process in which phosphate

molecules adsorbed to the surface of the sample , and changed

its potential slightly . Ihe process was not carried far

enough to be seen in the sign of the current , which stayed

as a reducing currert throughout the exposure . Figure 18c

shows the spectrum recorded , with the same sample that gave

the spectrum in Figure iSa, wit h the polarizer aligned to

t ransmit  the p e r p e n d i c u l a r , to the  incident  wave , ccmpon emt

of the l i g h t .

Exposures in the immunity region of the Pourbaix diagram

tha t were carr ied out in a b icarbonate  b u f f e r , p 11= 10, ga ve

differen t results. T~ e current was reducing only during the

exposure at -.56 V N H E  in which the sample also stayed

metallic shiny. The spectrum obtained upon removal from

solution indicated the formation of orthorhonmbic PbO and

LCH , Figure 19a. The spectrum was confirmed by Raman

spectroscopy (67) . This seems to contradict the resu lts of

J. Burbank (45) • who stated that orthorhombi c PbO cannot

form above a pH v a l u e  of 9• Le , but due to the reducing

current observed thr3ughout the whole exposure it is

unlikely that the oxidation was part of the electrochemical
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exposure . Th E? re fo re  it is p r o b a b l y  due to air oxidation of

the  sample a ft er  its removal  f r o m  the  reaction c€~I 1. Figure

19b shows a t r a n sm i s s i o n  sp e c t r um , in KB r , of ortnor homb ic

?bO .

Expo sures from -.42 V NIlE and above, up to the Pb/PbO

line, gave rise to oxidizing currents. During a 20 hour

exposure the current density went down to the very low value

of .003 ma/cm 2, thus indicating the formation of a very

pro tective film. The color of these sariples was white—gray.

Infrared spectra of samples  exposed in th is  region showed

the p rotective f i l m  to be LCH , one of the most stable and

insoluble compounds of lead. The identification can be seen

clearly in Figure ~0 where a transmission spectrum of LCH

powder  is matched aga ins t  a spec t rum obta ined  f r o m  a surface

of the sample using the reflection mode. The four strongest

bands are matched , and even though there are shifts in the

positions of the 1400 and the 400 cm— 1 bands, up to 60 cm— ’

in the former case , the identification is positive. The

phenomenon of band shifting has been observed before (19)

during reflection vcrk ; it can be explained by the

addi t ional  dependence  of a r e f l ec t ion  spectrum on the

refractive index and angle of incidence . More precisely,

these shifts result from the inverse dependence of the

ref lectance on the refractive index, w hich reaches a minimum

on the higher frequency side of the absorption band , thus

making it clear why the bands are shifted toward higher

wavenumbers. Further confirmation in identification can be
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achievea by examining a sample that was exposed for a

shor ter  l e n g t h  or t i m e  t h a n  the  sample that  gave t he

spectrum in F i g u r e  20 a .  F igures  2 1a and  21c show the

spectra recorded frcm a sample covered with a thinner LCH

fil m; t z ie  t~ c spectra are ot the same sa m p le at two ext remes

of l i gh t  p o l a r i z a t i o n .  C om p a r e d  to F i g u r e  21b , w h i c h  is of

a th icker  f i l m , we see th at the  845 cm— t band , w hi ch appea rs

in the t r a r s mi s s i on  spec-~r u m  but  is absent  in tae th i cke r

f i lm , appears in the thinner film spectrum , Figure 21a. In

the same line the 680 and the 690 cm— t bands, which are

resolved in the transmission spectrum , Figure 20h , and in

the spectrum obtained fro m the thicker film , Figure 21b ,

a p p e a r  as O f l €  band  at 685 cm— 1 in the t h i n n e r  f i l m  spec t rum ,

Figure 21a. In Figure 21a t he r e  is a shoulder  at sio cm—’,

a band at 46E cm— ’ and another shoulder at 405 cur- t . In the

comparable region of the taicker film, Figure 21b , there is

only s l ight  hint  of a shoulder  at 500— 510 c m—I , a strong

band at 420 cm— ’ and a weak band at 365 cm— ’. The

conclusion f r o m  co m parison in this  region is tha t  the

thinner f i lm d i sp lays  a t e t r agon a l  PbO band , 1465 cm— ’, w h i l e

it does not show in the thicker film which shows only LCH

bands. The band at 3~ 5 cm— ’ is probably due to a transition

between a lattice vibraticn mode and a normal mode of

vibra t ion  of the .3y stem , w h i c h  i n t h i s  case appears  at 420

cm— ’ and can be assigned to the metal—oxyge n stretching

(68) . This transition , when presen t, appears always as a

weak band attached , w i t h i n  100 cm— ’ , on the  longer 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



wavelength side, to one of the fundamental frequencies. The

comparison between the samples indicate s that upon

th icke n i n g  the f i l m  undergoes  changes in its crystal

structure , thus causing mincr changes in its infrared

rer lect ion s p e c t r um .  F igures  22a and 2 2 b  show spectra of

LC~i recorded , f r o m  the same sample , at differe nt angles of

incidence.  Theory  (32) showr :

l6JTdCos9fn k Sin 2G n f(n 9)
(
11 _ 4 1

t~ 
n~j cOSe k~ Cos49

t~~~ t tn~~ r e f lec t a n c e , 9 , is depend ent on f i l m  th ickness, d ,

and the angl of incidence ,G. Any increase in the film

th ickness  wi ll  r e s u l t  in a decrease in the angle of

incidence requ~red to obtain the maximum reflectivity from a

g iven  sample.  The second term in the equati on for the

retlectance is usually small , since it has in the

denomina to r  the  ex t inc t ion  coe f f i c i en t  of the  metal  (k 4) to

t~~e third power and the refractive index in the numerator

but oniy to the first power - the two indices are of the

same order of magnitude in the wavelength region used in

this research (69) . Even when the second term becomes of

some importance its effect on the chang ’? of the angle of

incidence as a result of film thickening is the same as that

of the first term since it has a co3ine of e in the
denominator.

When all the theory is considered it is clear why the

sensitivity of recording spectra of a thic k film , 24 hours

exposure , will be higher at 60—65 degrees, Figure 22b, than 
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at 75—80 degrees , f igure  2 2 a .  The phenomena of band

shifting due to changes in angle of incidence can best be

seen in Fit ure 23. Concentrating on the 11400 cm— ’ band it

is seen that in recording the spectrum at 60—65 degrees,

Figure 23b , the b a i d  was cente red at 1440 c m - t , while in

recordin g at  4 5-50 degrees , Fi g ure 23a , the  b and was

centered at 1400 cm— t - a 40 wavenumber shift on an average

change in the angle of incidence of 15 degrees. Most

changes are not expected to be so sharp since most spectra

are recorded at  60 degrees  and  above . By mov ing  t o w a r d s  the

normal , smalle r and smaller angles of incidence , it is seen

tha t  the  posit io ns of the bands  a p p r o a c h  those of

t ransmiss ion  spectra .

An exposure in a KOB solution , p11=9.7 and potential of

-.42 V NHF , ~~~ carricd out to check if the carbonate buffer

was responsible fo r  the  oxid iz ing  cu r r en t s  observed in t he

im m u n i t y  r egion . The  cu r r en t  in th is  exposure  was  r e d u c i n g

thus  i n d i c a t i n g  tha t the immunity region extenoed above tht~

-.56 V NUE value that was achieve d in the p11 = 10 carbonat .~

buffer . A poor quality reflection spectrum of tha t ~-~~mnl e

was obtained , Figure 24 , p r o b a b l y  ñue t the film bein 1 ver 1

thin. It is probably not an oxidation p~cduct f~ li k’ut more

likely due to adsorption or from washing the ~m mpl e , but i~

shows clearly the presence of LC H , 11400 and 680 cm t bands ,

with some other bands of that compcund appearing too but

they are very weak. The asymmetric band at 500 cm— ’ is

probably due to the presence of t e tr agonal  PbO .

_ 
-- _ _
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From the exposures in what should have been the immunity

region of th~ lead—water system it is clear tb~ t using a

ca r bo n ate b u f f e r a l te rs the system thus making at least part

of this “ im mu n i ty ” r eg ion  into a passi vity region, where LCH

forms on the surface and protects it from furthe r corrosion.

3.1.2. PbO Region

The next region of higher potential in the Pourba ix

aiagram is the PbO region. PbO can exis~ in at least two

distinct polyntorphs: red PbO , which is also called l i tharge

or t e tr ago n a l  PbO , a n d  ye l low PbO , which is also referre d to

as massicot or o rt h o t h o m b i c  PbO. The red ~bO is the stable

form at room temperature , and it exists in equilibrium with

the yellow form at 1491°c. The yellow PbO can also be

stabil ized at room t e m p e r a t u r e , and it probab ly  does so by

incorporation of impurities into its crystal lattice (70).

Synthesizing the twc forms must be carried out carefully,

especially for the red PhO (71), since any impurity present

will  either preven t  the fo r m a t i o n  of or the t r ans fo rm a t ion

to red PbO . Red PbC is photoconductive and acts as an n -

type semiconductor at low oxygen pressures and as a p — type

at high oxygen pressures.

Exposures in the PbO region in pH~7 solutions gave

oxidizing currents throughout the region. The final current

densities ranged frcm .025 ma/c It2 in a 4 hour exposure to

.003 ma/cm 2 in a 16 hour exposure. In the lover potential

exposures, close to the Eb~ PbO transition line, sample s

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~-- -..-
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stayed shiny during the whole exposuie in spite of th€

oxidizing current . The result was that the film formed on

the surface was thought to be thin and obtaining the

reflection spectrum was difficult. The spectra obtained

from these exposure s is seen in Figures 25a, 25b and 25d.

A~ i. the bands above 500 cm— ’ can be attributed to lead

phosphate , and the rand a~ 480-1485 c m t  to red Pbo . These

exposures fall between the two lower waves in the

polarization curve , Figure 15 , thus making it possible that

the lower wave corresponds to the phosphate and th~ PbO

f o r m a t i o n , since that wave is resolvE d into two waves

indicating that two processes occur. The lignt colored

particles sceIA in the electron inicrograp h, Figure 26, taken

from a sam Fie exposci in that region , we re identifie d with

am X—ray energy dispersive analyze r to be lead pho sphate

particles. This seems to rule out any idea of a thin ,

protective lead phosphate layer on the surface , which could

ha ve been the logical explana-~-ion to the low current

densitie s and the almost shiny samples observe d in these

exposures. It is pcssiblc- that the phosphate forms in two

sepaLat~ processes, one of then providing the thin

protective coating. Indirf ct evidence fcr this is the fact

that neither form of FbO can form protective films and their

region is regarded as corrcsion of the metal (7) . This is

due to their high solubility, which reaches a minimum at

pH 9.4, and the phctoconductivity of red PbO . When

considetin g the shiny color of the samples and the very low
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cu r r en t  achieved - 0.003 ma/cm2 - it is likely that the

phospha te is the  p ass iva t ing  agent in these expn~ ures. The

film itself st~ems to be quite thick as seen from the cracks

a round  the dark par t ic le in the center .  That  particle was

a nalyzed to be a SiC part icle embedded in t h e  soft  lead from

tne grindiug process which was part of the surface

preparation routine . The SiC par t ic les  tn a t  were stuck in

the lead did not oxidize and grow . This introduced stresses

into the filn , and as it thickened these str~~ ses resulted

in cracks. The grinding step was abandoned after this

phenomenon w~s noticed , and the surfac-~ preparation

consisted only of chemical cleaning wirh hot amm cnium

acetate solut ion.

Exposure in the upper part of the PbO region , at a

potential of .148 V NIlE, in phosphate buffered solution,

p11=7, resulted in a sample that was very dark. The spectrum

obtained , Figure 25c , was identified as due to lead

phosphate and red PbO.

Due to the difficult y of synthesizing red PbO a compound

fo r  recording a reference  spectrum was not prepared .

Infrared transmission and reflection spectra of red PbO were

reported in the literature, mainly with connection to single

crystal and minerology research (42,72-76). Most of the

papers (72,74-76) reported only one absorption band ,

anywhere from ~455 to ‘477 cm— ’. The only paper that did

spectroscopic analysis and band assignment (42) of red PbO

indicated that above 250 cm— ’, which is the lower limit of

_ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
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the spectrometer used in the present research , there ~~~~ tw~

bands, at 1470 and at 278 cm t . During t~ie present Lesearcf~

many ~bO s, ectra w~-t~ recorded and will be shcw i later in

the text; sot all of tnese spectra sh.Dwed both band~ but

some dia. Figure ~7 is a red PbO spe .:trutn , confirm~ a by

Raman spectroscopy, tIdt clearl y shows ts.~ two bands , now at

505 and 31~> cm— ’ . The asymme try and the shifting of the

bands are very characteristic of rerlection spectra. This

figure cleaily inJicates that a good spectrum , as good as

that from single crystal - sometimes even better , can be

obtained usin~ the reflection technique , not to mention t h e

trouble saved in “ tsinq~ ~n electrocitewical exposure to

prepare tn€. compound.

Like the exposures don .~ in the pH~ 1O buffer solution at

the upper part of the imm u i~ity region , those that. were done

in the lower part or the PbO region gave , mainly, tne

spectrum of LCH , Fi~ ure 28. The main difference from

previous spectra of this compo un d are the two distinct

shoulders at 510 and 465 c m ’ . Th~ possibility of the 510

c m t  band belonging to yellow PbO was ruled out with the

help cf k~aman spec trosco~-y (b 7 ) . The band at 465 cw I

would , natur tI.l y, be assigne to red PbO , but in this way

the 510 cur- ’ will be left unide nt ified , unless we assign the

465 cm~~ band to the 1(11 - ~~t has a distinct shoulder at 1460

ca ’ in its transmission spectrum - and the 510 cm— 1 band to

red PbO. We already observed a red PbO band at 505 cm— ’,

Figure 27, thus maki rg it reasonable to assign the 510 cm— ’
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band to red PbO. An electron micrograph , Figure~29, of this

sample was taken , and it reveals  a rough but or~~~ed surface

which  de fi n e tiy  has  a f i l m  on i t .  There is a possibility of

lead ccwpouud particles, but they were not resolved.

~Ioving up in the FbO regicn , p11=10, maLor changes in the

samples exposed were observed . Thei r color was not

llgnt-gray any more but rather black . Th e most impressive

aspect ot these exposures was the high current density

o& ~tained , ev en  a r t e r 1e .5 hours exposure. The current

~~nsities ranged from 6.3 ma /cm 2 f o r  a 1.5 hour exposure to

2.5 ma/cm 2 f~ r an 18.5 hour exposure . These were three

orders of magnitude higher than currents observed where LCM

formed , indic .~ting that th.~ red PhO films that formed were

not protective . Fi~gure 30 shows spectra recorded in the PbO

region between .02 V NHE and .214 V NilE . Figures 30a and 30b

show spectra ot one of the longest  exposed  samples - 18.5

hou rs - which  p r o b a b l y  had  t h e  th ickes t  f i l m of all sam ples

expo sed in t h a t  r e g i c c.  F i g u r e  30a was t a k en  at one extreme

of l i g h t  poiarizaticn which is thought to produce parallel

polarized light; the two red PbO bands are observed at ‘480

and 310 cm— ’. The other extreme of light pclarization gave

the spectrum seen in Figure 30b. It was expected that this

polarization would rot be sensitive enough to observe any

absorpt ion , b u t  it is clearly seen that the two bands are

there, even though the 480 cur ’ band was shifted to 505 cm ’

and the overall appearance is less syuetric than the

spec t rum obtained w ith the light polarized parallel to the
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incident p l ar . e .  r n t u i t i v l y  t h i s  mak e s  sense , sinc e the less

sensitive p~ rpendicu iar polarization , which sas a node of

the electric field vector in th e  p l ane  w n e r e  t h e  r e f l e c t i o n

occurs , wil  ha ve a f i n i t e  m a g n i t u d e  of t h a t  vec tor  so me

dist ance f r o m  the  r e f l e c t i o n  p l a n e .  I f  t h e  f i l m  is t h i c k

enough and the li g ht p e n e t rat i o n  is deep e n o u g h , on t h e

order of a wa v elen~ tn , t h i s  pe rpend icu l a r  po lar ized  li g h t

wi l l  assume f i n i t e  v a l u e s  fo r  i ts electr ic  f ie ld  vector

whi l e still w i t h i n  the  f i l m , th us mak ing  it possible fo r

vibrational excitaticn . A shorter exposure , 1.5 hours ,

produced the spectrum shown in Figure 30c, in this case o n l y

one band of ~he red PLO was observed , and it appeared at 540

cur-1 . The identity 01 the  red PbO c o m p o u n d  was c o n f i rm e d  by

X—ra y and kaman spectroscopy. Samples exposed for an

intermediate leng th of time - 5 hou::s - showed a weak

presence of LCH as can be seen in Figure 30d, but there is

no doub t that , ever at that stage, red PbO was the main

constituent of the surface layer which contributed to the

spectrum.

3.1.3. Pb
3
0
4 

E~egion

.3. 8urb ank  w r o t e  the on ly  paper  (45) we f o u n d  t h a t

claims the fo rma t ion  cf Pb3 04 in aqueous  solutions. Non e of

the exposures  done during this research , in any of t h e

regions, produced a spectrum that unquestionably could be

identified to be that of Pb 304. Pb 304, which is called red

lea d or min ium , can be made by heating up Pb02 (43) . An
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interesting point is that there is tetragonal PbO ,

tetragonal PbO~ and Pb
3
0
4 

is also tetragonal, th’v- making it

edsie: to introduce any of the oxides into the other

lattic.s. From simple stoichicmetric addition it is seen

that a combination of 2PbO and PbO w i l l  produce  Pb 304 . If

during our exposures in the Pb304 reg ion we actually formed

d lattice with PbO and PbC2 in it, it is clear why the

actual Pb 304 spectrum was not observed in any of the

exposures. A possible kinetic effect in the formation of

Pb3Oa can not be ruled out .

Exposure in phosphate buffer , pH=7 , in the Pb 304 region ,

at a potential of .67 V NilE, prod uced a dark - gray sample.

Current densities were not as high as in the exposures in

the upper part of the PbO region but were still fairly high ,

0.3 ma/cm 2. i”igures 31a and 31c show spec t ra obtained from

the sample at different light polarizati )f l s .  The problem

with tne assignment of the bands is that Pb
3
0
4 

and lead

phosphate havt~ bands in very close proxim ity, and with the

possibit shift in band position due to r~ flection , it was

not possible to determine if any Pb 304 existed in the

sample . Indirect evide nce , like color of the sample — dark

gray — instead of the bright orange color that was under the

surface f i l m  re ported by B u r b a n k  ( 4 5 ) ,  ind ica ted  against  the

tortuation of Pb
3
0
4 

in any of those samples. The 455—60 curs

band , Figure 31a , can be assigne d as the strongest Pb
3
0
4

band , as seen in the reference transmission spectrum of the

compound , Figure 31d. The bands at 540,365 (sh) and 265
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cm— ’ can also be attributed to Pb 304, but at the same time

its more likely that the 455-60 and the 265 cm— 1 bands are

red ?bO bands and the rest are lead phosphate bands. Figure

31b gives the spect r um of the same samp le wher . no polar izer

was used ir. the light path. There is a marked decrease in

the sensitivity and the intensity of this spectrum compared

to the spe (;truul recorded with the polarizer alligned to

transmit thE parallel component , Figure 31a. Exposing a

sample in a bicarbonate buf fer at comparable potentials did

not seem to rorm Pb 304 either. The sample was dark-gray ari a

the current was of the same order of magnitude , even after 6

hours exposure . The ~pectruoi , FiguIr. 32, has indications of

LCH and red PbO, but there is also a slight possibility that

Pb
3
0
4 is present , based on the 470 and 375 (sh) C fl1~~’ bands.

An x — r a y  d i f fr a c t i o r  p a t t e r n  of the  s a m p l e  did not reveal

any new data. This was expected , since x-ray diffraction

patterns from thin oxide films on a lead substrate produced

a strong lead diffraction pattern whic h probably maske d some

of the film peaks, thus preventing complete identification.

An electron micrograph of the sample , Figure 33, did not

help, since it shobs only a film-coated surface . All the

cracks, shown in Figure 33, are probabl y due to stresses

introduced into the surface during sample preparation.

3.1.4. Fb0
2 

Fegion

Like PbO lead dioxide has two polymorphs, the tetragonal

and the orthorhombic forms. The formation of the two
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polymorphs is pH dependent. The electrical conductivity of

Pb02 is high and it is considered to be ar intrinsic

semiconductor (47). Lead dioxide is an important compound

since it  const i tutes the posit ive electrode in lead-acid

batteries. Unfortunately neither form of Pb02 exhibits any

absorption bands in the near and middle regions of the

infrared spectrum. This lack of spectrum has been reported

in the literature (73,76) . The only paper that claimed the

recording of of the infrared spectrum of Pb0
2 

(71$) admitted

that many contaminants were present in many of the samples.

An attempt to record the transmission spectrum of PbO~

powder - confirmed by X-ray to be pure tetragonal 2b02 - did

not produce any measurable absorpti on bands in the 1500-250

cm— ’ range. With this in mind it is clear that it is not

possible to rule out the formation of Pb0
2 

in any of the

exposures. Indirect evidence like color and current density

should help in characterizing the species formed. Due to

some of the films being very thin the possibility of X—ray

diffraction patterns helping in solving the identification

problem was low, but it was tried anyway.

Exposures in the Pb02 region in a phosphate buffer ,

pH=7, at .99 V tIRE, pro duced a gray sample . The change in

current magnitudes during the ex posure indicated the

possibility of two processes occuring, the current went

steadily down , the n after 1 hour climbed up, an d then

started down again . Current densities were fairly high -

0.6 ma/ca2. An electron microg raph of the sample did not

~
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reveal any particles on the surface. Figure 3L4a shows the

spectrum obtained fro ff this sample. The important bands are

at 470 and 370 cm ’; all the other weak bands are lead

phosphate bands . The two bands do not correspond to yellow

PbO f o r m a t i o n , since the h i g h  f r e q u e n c y  band  shou ld  appear

above 500 c m t . The b a n d s  correspond well with the

possibility of Pb3 04 formation even though some of this

compound ’s bands are missing, as seen in comparison with a

reference trdnsmissior spectrum of Pb
3 
04~ Figure 31d. It is

possible taough that some of tne Pb~04 
bands are not

excitable in the reflection mode . is know n to

decompose in ligh t and  give the lower oxides (5 4) , this was

demonstrated with a laser , and the film ’s Ram an spectrum was

recorded (67) . This can explain , in part , the change in

current during the exposure and the spectrum that was

recorded.

More spectra were recorded of this sai~ple with different

angles of incidence and numbers of reflections. Figure 3L4 b

is a single reflection spectrum recorded at an angle of

incidence o~ 65 degrees. Using the same angle of incidence

bu t  a h igher  n u m b e r  of  r e f l e c t i o n s, 2 — 3 , p roduce d a somewha t

w eaker s p e c tr u m , F i g u r e  34c. This spectrum is not as h igh ly

asymmetric as the single reflection spectrum ; this c~ n on ly

be attributed to the different number of r e f l ec t ions  used in

recording the spectrum . The change in symmetry is not

explained by reflection since more reflections should

introduce more information to the light while at the same

_ _ _.
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time they decrease the overall radiation. It can be caused

by a non—specu lar  reflection from the surfar~~, which in

other words caused the light to fall in subsequent

reflections at a wide range of angles making the spectrum a

diffusion — specular combination spectrum. Figure 34d was

recorded using eve n more reflections; the 370 cm— t band is

almost undetectable and is seen only as a weak shoulder.

The interesting thing is the 470 cur ’ band which looks now

as if it is composed of two bands at 485 and at 470 cm — ’ .

Repeated spectra under the same conditions proved that this

was not instrument noise . The 470 car’ band , alon g with the

possible band at 270 cm— ’, more tha n hints for the presence

of PbO . The preserce of PbO does not contradict what was

said before, since the decomposition products of Pb02 can be

any intermediate oxides between Pb0
2 and PbO inclusively.

To close this line a spectrum was recorded at 70 degrees

incident radiation with 1-2 reflections, Figure 34e. The

spectrum is almost non-informative and contains only the 300

cm 1  ban d of red PbO .

The conclusions from all these recor d ings is that the

film is quite thick, the recording at 65 degrees incident

angle was better that recording at 70 degrees, and that the

optimum number of reflections for this film is not as low as

was ex pected, indicating that th e surface is quite a good

reflector  in th is  i n f r a r e d  region .  PbO has been stated to

be a good mirror in a large interva l of the infrared

radiation (42) , and this is in agreement with the results

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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presented.

M oving  up in the Pb0
2 

region to 1.08 V tIRE, p11=7, and

exposing a sample for 3.5 hours produced a surface black in

color which seemed thick but was difficult to obtain a

spectrum f rom , since no distinct bands could be located .

Exposures in pH=10 in the Pb02 region were done iii

potentials ranging from .75 V NHE to 1.08 V NHE. In the

.75 V tIRE exposures , with exposures times ranging from 2.5

to 5.5 hours , there  is a difference in the spectra obtained.

Figure 35a shows the spectrum ottained from the sample

exposed for 2.5 hours; there is only one band at 470 cn 1 .

The sample color was black , but the spectrum can be

attributed to red PbO . In the 5.5 hour exposure the current

went down to value of 3.8 ma/cm 2, but then started up again

and stopped around 6.3 ma/cm2. The sample looked dark-gray

and when checking for a photoelectric effect by illuminating

the entire electroc hemical cell with 150 watt l a m p ,  there

was an increase in the overall current by about 3 ma. The

change was not larger since the experiment was conducted in

a lighted room and with the extra light we probably caused

saturation of the current. The spectrum obtained from that

sam ple, Figure 35b, is highly asymm e tric, but the existence

of red L’bO is confirmed. The bands due to PbO in this

spectrum are the 540 and the 290 cm— ’ bands. The direction

of band shift is in agreement with the film wavelength

relations. The 500 cm— ’ band is thought to be of some

intermediate lead oxide that formed during the exposure, and

. ~ - . . ..- _ _ _ _ _
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its presence was hinted in the change of the magnitude of

the current. Exposures done at a higher ~~tential,

.83 V tIRE, gave sa rr çles with colors ranging from blue-gold

to gray, depending cm length of time exposed. The current

exhibited the sa me behavior of down , up and down again as

was observed at the lower potential, but , inspite of all

this, the spectrum was not much different from that recorded

before . It displays an extra band at 365 cm— ’, Figure 35c,

which can be due to Pb 0 or any of the intermediate oxides.

Figure 36 shows one b and of red ~b0 f r o m  a sample expose d in

that  region , that ~as recorded at 3 different angles of

incidence - 60 ,65 an d 70 degrees. It is clearly seen that

the optimum angle is around 65 degrees, probabl y between 60

and 65 degrees.

An electron micrograph of sample exposed at .83 V tIRE,

Figure 37, shows only film an d no particles.

During the analysi s of all the exposures in the Pb02

region it must be taken into consideration that most of this

region lies above the oxy gen evolution line, shown as line b

in Figure 14. This means that another process - water

decoapcsition - takes place and probably influences the

surface reactions. The effect of this process on the

exposures was not studie d in this research.

3 . 2 .  L e a d — W a t e L - C h l o r i d e

The lead electrcc hemical ex posures in solutions

L .
~~~~~~ 
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containing :hloride ions were conducted in an identical

manner to the exposures in nil chloride sulutions.

Th e P o ur b a i x  d i a g r a m  of the sys tem , F i g u r e  38 , w a s

calculated , Appendix II. In the lower potential region ,

t~~low 0.2 V N H E , the reactions and the species present were

after the work done by Appellet (64) . The diagram was

calculated while taking into account the concentration of

chloride ions used in this research, 0.1N. This in turn

att e cted the  concen t ra t ion  of lead ions in solut ion

independent of pH and potential as seen in reaction 3

Appendix II.

3.2.1. PbC1 2 Region

Most of the experiments , as before , were conducted in

pH=7 and p11=10 solutions. One experiment and a matching

electrochemica l polarization curve , Figure 39, were

performe d in O.1M R d .  During this electrochemical exposure

the current was very high , and there was a possibility of

overloading the pote n tiostat and having insufficient current

to keep the potential steady. The sample looked gray while

in solution but became yellowish upon drying . The

auxifl.iary electrod e was also covered with some darx

mater ia l .  F igure  40 show s the spect rum recorded fro m t ha t

sample . The two spectra were recorded at ident ical light

polarization settings but different angles of incidence.

The spectrum was identified to be that of yellow PbO , and a

transmission spectrum of yellow PbO appears in Figure 19b.
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~Che material on the auxilliary electrode was scraped off,

and its Raman spectrum was obtained and identified to be

that of yellow PbO (67) . As mentioned before, yellow PbO is

the high tempe rature polymorph of the lead tuonoxides, but is

known to be stable in the presence of minute amounts of some

mate rials (70) , even at room t e m p e r a t u r e .  Th e in f ra r ed

spectrum - t r ansmi ssion and re f lec t ion  - of yellow Pb O

appears  in the lite r ature (42 ,72 ,77) , but the only reliable

source seems to be the one pa per that is devoted to the

infrared spectra measu rements of the lead uonoxides (42).

This paper lists 3 bands for yellow PbO above 250 cm t: at

500,356 and at 290 cm— t . This corresponds well to the

spectra in Figure (40 which show bands at 500,385 and 305

cm— i . The presence of yellow PbO on the auxilliary

electrode hints towards the conclusion that yellow PbO does

not for m via a direc t electrochemical process but rather is

a byproduct of such a process . This observation is in

agreement vith a paper (45) that suggested the possible

mechanism for the formation of yellow PbO to be through the

plumbous ion, Pb++ :

Pb~~ + 1120 = PbO (1) + 2H~
This ex plains w hy yellow £bO is seen in acidic solutions.

Since tne Pb~~/HPb0~ transition line in the Pourbaix diagram

(7) is at p11=9 .4, it is understood that the lack of Pb~~

ions in h igh ly  ba sic solutions wil l  also prevent  the

tormation of yellow PbO .

This experiment was performed in a region of the
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pourbaix ciagram , F i g u r e  38, in  wh ich  there should be an

equlibrium between the solid phase or PbC1
2 

and the two

dissolved substance s of Pb++ and Cl— . Lead chloride does

not exhibit absorption bands in the infratea region

investigat~-d in this research. It is considered to be quite

a good mat~ rial for infrar€~ windows ( L 4 t ) )  , due to i ts  good

transparency a n d a r~ iatively low solub ility ii; wat~~r. In

view ci all t h i s  tne lead-water-chloride system should have

been investrgated w .itn a ccapl im entry technique to infrared

spectroscopy, Wfli C fl sr~oald be sensitive to the lead chloride

compounds. This wa s done in a sepa rate stud y using Ram an

spectroscopy (h7)

3.2.2. Expos ALe s in p h 7  (0.1M C 1 ) Phosphate Solutions

The electrocheuiical ~ciarization curve in phosphate

buffet containing 0.1M chloride ions , Figure 41 , shows o n l y

one small wave which is at too low ~t potential to correspond

to the Pb/3~ bO~ PbCl~ transition line in the Pourbaix

diagram.

Samples that were exposed in the immunity region of the

Pourbaix diagram , Figure 38, all the way up to the

Pb/3PbO PbCl. transition line gave reducing currents through

all the exposures. When the samples were taken out of

solution they looked the sane as when p u t  i n .  The infrared

retlection spectrum was oltained easily but was of fairly

low intensity, as is showen in Figure  42.  The b a n d s

correspond to those of lead phosphate . Three different lead 

~~~~~~~ - -~~~~ .—~~~~~.
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phosphates are known: meta , ortho and pyro phosphate. All

of these compounds ha ve their absorption bands in a very

close region which complicates the ir exact identification.

The only compound that has a band in the 670 cm— 1 region is

the meta phosphate but it is unlikely that this is the

compound that formed , and the 670 cm— 1 band is probably due

to LCH.

In the exp~ rime Ets performed in the lower part of the

3PbO~ Pbcl2 
region , Figure 38, at — .11 V NHE the curren t went

down fast indicating a quick formation of a protective

layer. At the end of a 17 hour exposure the current was

0.02 ma/cm 2, and the samples had some interference colors on

them , mostly blue. Figure (43a shows the spectrum obtained

before washing the sample with distilled water . By

comparison to Figure 43b, which was obtained after washing

the sample , it is seen that the appearance of the spectrum

is the same ~.xcept that the low freq~ency bands are better

resolved after washin g the sample. No improvement of the

baseline below 500 cm t was possible with this sample.

Another sample , expcse d under identical conditions, Figu re

43c, gave a spec t rum t h a t  could be in te rpre ted  as either a

mixture of red and yellow PbO or as lust yellow PbO.

Electron micrographs of these samples at SOOX , Figure (44 ,

and at 5000X , Figure 45, magnifications were obtained. The

light colored particles were identified , as in the nil

chloride solutions, to be lead phospha te  particles. The

surface film was character ized , wi th  an X-ra y energy
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dispersi ve anal yz er , to have lead, but nothing else was

detected . This is in agreement with the infrared results

indicat ing PbO formation , since the X — r a y  ene rgy  d i spe r s ive

analyzer can not detEct oxygen . No chlorides were detected

in the surface film thus indicating that the monoxides were

the only species present in the film .

Several experiments were conducted in solutions having

0.0Th and 0.5M concentrations of chloride ions. These

experiments were done in the 3PbO •PbC12 region of the

Pourbaix diagram , Figure 38. In the 0.O1M chloride ion

soLution tbe current was an order of magnitude higher than

in those exposures carried out in 0.5M chloride ion

solutions. Figure 46a shows the spectrum obtaine d from the

exposure in the lob concentration chloride solution.

Besides the lead phosphate bands one can see a distinctive

sh oulder at 520 c m — t , a b and  at  470 cm— ’ a nd a n o t h e r

shoulder at 375 cm— a . This spectrum can be identified as a

red and yellow PbO mixture and it was confirmed by X-ray

diffraction and Raman spectroscopy (67) . The high

concentration chloride solutions gave the spectrum seen in

Figure 46b. The ba rds below 600 cm— 1 are not resolved and

the overall spectrum is weaker . Electron micrographs of

these samples were obtained , and there is a marked

difference between the low concen tration c h loride ex posur e,

Figure 47, and those performed in the high concentration

chloride solutions, Figures 48 and 49. The crystals in

Figures 48 and 49 were identified to be pot tas ium chloride
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(KCl) which precipitated out of solution due to its high

concentration there, but there was, probably, some impurity

or surface e f f ec t  cm this  p recip i ta t ion  since KCI did not

exceed its solubility product in solution.

Electrochemical exposures in the upper part of the

3PbO~ PbCl2 region , Figure 38, gave a spectrum of red PbO

only.

Exposures in the Pb02 region , Figure 38, gave a very

dark sample. The infrared reflection spectrum was obtained ,

Figure 50, and it has again an indication of red and yellow

PbO , Figure 50a. scale expansion of 5X was tried in the

vicinity of the important bands, and the spectrum obtained

is seen in Figure 50b. The bands are clear and strong, but

it was impossible to adjust the baseline , mainly due to the

reflection attachments, which are trial and error

instruments and do not provide any accurate way to measure

and reproduce the Exact angles of incidence, and to the

angles of the directing mirrors with respect to the infrared

spectrometer . Figure SOc is a spectrum obtained from the

sane sample with the polarizer aligned to transmit the

perpendicular component of the light.

The only big difference, so far, in ccm parison with the

nil chloride exposu res is the formation of the yellow form

of PbO in solutions containing chlor ide ions. Since trace

amounts of the chicride ions were expected to prevent the

yellow to red PbO transforma tion, no chloride concentration

effect was observe d , even when there was a change in the 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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concentration of chloride ions by an order of magnitude from

the usual working conditions.

3.2.3. Ixposures in p F~=10 (O.1M Cl— ) bicarbonate solutions

The elect roche inica l  p o l ar i z a t i o n  cu rve  in a b i c a r b o n a t e

buffer solution containing 0.11*1 chloride ions, p11=10 , Figure

51 , looks very much the same as the polarization curve of

the comparable nil chloride solution , Figure 16. Ccmparing

the Pourbaix diagram s of the systems , Figures 14 and 38, it

is clear that the polarization curve in the chloride

containing solution should have at least one transition wave

Less than tne polarization curve that was run in the nil

chloride solution at ~H=1O .

No yellow PbO was expected to form in pH=10 solution s,

even in those containing chloride ions. In the exposures

performed in a bicarbonate buffer at low potentials -

immunity and the lcwe r part of the 3~ bO •PbCl 2 regions,

Figure 38 — LCH formed , which is coin çarible tc the processes

in nil chloride solutions. Sample colors were from light

gray to some that had interference colors on them.

Throughout this regicn current densities were approximately

the same indicating that identical processes might be taking

place. Spectra obta ine d , not shown , were ident . ical to those

obtained in the compatible exposures in nil chloride

solutions, Figure 21a , and were identified , as before, to be

of £CH.
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Zioving up in the 3PbO~ PbCl2 region of the Pourba ix

d iag ram , Figure  38 , th e exposure s gave red plIi~• Current

densities were high ccmpared  to t h e  exposures  that  gave LCH ,

this is expected in  the fo r m a t i o n  of red PbO whic h is a

nonprotective oxide.

An exposure in the Pb02 re gion , Figure 38, gav e very

high currents, 5.0 ma/cm 2. Its infrared reflection spectrum

was obt ained , F i g u r e  52 , and  it shows a med ium broad band

between 450 ~tnd 60C cm— t . This band is clearly resolved

in to  two weak bands. The spec t rum looks like it could match

the in irared spec t rum of lead d iox ide  give n in the

literature (74) but that spectrum does not seem to be too

reliable. This paper states that the lead dioxide spectrum

consists of one weak and broad band between 585 and 465

cw ’. The high current densities observed are in agreement

with the good conductivity of Pb02, but at the same time

could be in part from the oxygen evolution process.

Not muc h information was expected to be gained from the

infrared reflection spectra of lead samples exposed in

solutions con ta in ing  chlor ide ions. This was mainl y due to

t he  lack of absorp t ion  b a n d s  of the  lead halides in the

infrared region of the spectrometer used during this

research. The results, in p11=10 solutions were almost

identical to those obtained in nil chloride solutions, and

no significant difference can be pointed out. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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3.3. Lead—IJater—Sulfate

Tue electrochemical behavior of lead in sulfuric acid is

by far the single most w idely investigated system of lea~i

electrochemistry. The importance of the lead-sulfuric acid

system is based on the extensive use of lead-acid batteries

in many modern applications , from cars to submarines.

The Pournaix diaçra rn s of the system , Figures 53 and 54,

were calculated , Appe ndix III. Two diagrams are çresented

for two different concentrations of s u l f a t e  ions - iN and

O.ln. The diagram w as c a l cu la ted be fo r e ( 43), but th e use

of newer data (65) shows that some changes do occur . These

changes are mainly in tne PbO PbSO4 reqion which is seen,

Figure  53, to expand towards higher and lowe r pH values ,

re la t ive  to the  d i a g r a m  tha t was  pu b l i she~ (48).

3.3.1. Exposures in 0.1M Sulfuric Acid

The electrochenical pclar ization curve of le~ d in

sulfuric acid , Figure 55, shows one ~tr~ir.~ ~nd s~ arp wave at

— .26 V Nil E which car. clearly match the ?b/PbSO4 trans ition

line in the Pou~ baix diagram , Figure 54.

The infrared transmission spectru r of lead sultate

powder was recorded and is ccmpared , Figure 56, to t h e

infrared reflection spectrum obtained from a lead sample

exposed in O .1~1 sul furic acid , oH= 0.9, at -.02 V NilE. The

lead sample surface was confirmed r~y Raman spectroscopy (67)

to be covered with ~bSO4. The two  spectra in F igure  5 2 do

not look the sare a t  first si ght bu t at least three of the

_ _ _ _ _  _ _  . . .~~ _ _
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bands can be matched easily :  th e 960 , 628 and the 595 cm 1

bands. The other bands, all of them above 1000 car ’, can

also be matched  if scme literature data is used, but before

that it is clear that the resolved bands in the reflection

spectrum could be h idden under the poorly resolved , strong

and broad band in the transmission spectrum which covers

over 250 wavenumbers , from 950 to 1200 cm t . The 1220 cm ’

nand whic h is the strongest in ~e reflection spectrum can

~e eith er from the shifting of the 1160 car1 band in the

transmission spectrum , or a combination band of two

fundamentals as is seen in the case of gypsum (78) , or even

a combination of these two possibilities.

Figure 57a shows the spectrum obtained from a lead

sample exposed in the immunity region of the Pourbaix

diagram , Figure 54, in O .1N 112504, at — .40 V NilE. The

current was reducing during the whole exposure . The

spectrum obtained upcn removal from solution was identified

as PbSO4 and red PbO . This spectrum , Figure 57a, has the

same band appearance as the reflection spectrum presented in

Figure 56b, but it is seen now that the 1220 cm ’  band is at

1160 cart, w hich is more like the transmission spectrum of

PbSO4, thus hinting that the origin of the 1220 cm— ’ ban d is

from the 1160 car’ band in the transmission spectrum , and

the shift is due to reflection phencmenon and thickening of

the film. The formation of red PbO can be explained to be

from the “wet” oxidat ion of the sample after removal from

the cell and not as part of the electrochemical process. An
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x-ray diffraction pattern of this sample was completely

uninformative and showed only the lines of lead metal

(cubic) , thus  suppor t ing  the idea of a very thin film (<1000

angstroms) . Figure 57b shows a spectrum recorded from the

same sample but wit h the polarizer aligned to transmit the

perpendicular component of the light .

An electron micrograph of the sample, Figure 58, shows a

surface with scattered lumps of particles on it. These are

probably lead sulfate which did not have the time to

crystalize properly upon drying of the sample.

Unfortunatel y it was not possible to identify the particles

using an x — r a y  ene rgy  dispersive a n a l y z e r  since the lead and

the sulfur lines are very close and could not be resolved.

Pavlov (50,53) and Ruetschi (55) investigated the anodic

layer, formation and composition , on lead electrodes in

sulfuric acid solutions. Their results were that between

-.34 V NfIE and .32 V NilE the anodic layer consists only of

L’bSO4, from .32 V NHE to 1.52 V NHE the layer composition is

more complicated having PbSO4 in the solution—electrode

interface. Under the Pb504 layer they reported the

formation of compounds li ke, red PbO and PbO .PbSO4 which are

usually observed on ly in basic solutions. During that

research , which was based on x-ray diffraction analysis of

the lead electrodes, it was suggested (50) that a non x—ray

technique should also be used, mainly due to the problems

enco untered with ident i f icat ion of some of the compounds

x-ray diffraction patterns.
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Electrochemical exposures wi th in  the potential

boundaries set by Pavlov (50) in which only the ~~rmatton of

PbsO4 was observed gave infrared reflection spectra that

confirmed these results. An example of such a spectrum is

seen in Fi gure 56b .

A good example of the dependence of the reflection

spectrum on the angle of incidence is given in Figure 59.

Figure 59a was recorded at 60—65 degrees incident angle and

the spectrum obtai ned is clear and sharp. Recording at

low er angles of incidence, 45 and 30 degrees, Figures 59b

and 59c respectively, showed spectra that, while they still

are resolved , are of much worse quality than that recorded

at 60—65 degrees. The spectra recorded at low angles of

incidence, Figures 5gb and 59c, look more like the

transmission spectrum of the PbSO4 powder , Figure 56a. This

is reasonable when considering that these spectra were

recorded at angles of incidence closer to the normal to the

surface. Another feature that can be pointed out from these

spectra is the change in the relative intensity of some of

the bands with a change in the angle of incidence. Going

from 60 to ‘eS to 30 degrees the bands at 1200 and 1030 car’

change their relative intensity, so do the two sharp ban ds

at 630 and 585 cm— 1. This can not be explained throughly

without knowing the optical constants of the film at the

wavelength of the abscrption bands.

Electrochemical exposures done at .48 V NHE and

.bO V NilE gave results that at least on the shorter

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~



87

exposures, up to 7 h cu r s , c c n f i r m e d  the  resul ts  reporte d by

Pavlov (50) . Figure 60a shows a spectrum obtained from ~ 1i

exposure done in the  region where only PbSO4 form on the

surface, at — .02 V NilE, while Figure 60b, at .80 V NilE,

shows a spectrum tha t  is identified to be a mixture of Pbs0
4

and red PhO . These identifications were confirme d by Rainan

spectroscopy (67) . The explanation given by Pavlov for the

formation of red PbC , which usually forns only under basic

conditions, was that as a result of the PbSO4 crystals

growth on the  e lectrode su r f ace , the  d i f f usion of s u l f a t e

ions towards the lEad electrode was hindered thus causing

the pH value under the surface film to rise and become more

basic. Electron micrographs of suc h surfaces were taken ,

Figures 61 and d2 , at magnifications of 500X and 2000X

respectively.

A series of seven exposures was done at .80 V NilE. The

only difference b~ ;we€n the exposure s was the exposure time ,

rangin g from 20 minutes to 20.5 hours. In the first three

exposures - 20 min utes,1.5 and 2.5 hours - the current

densities observed kept on going down steadily as the

F exposure time grew. It started with .94 wa/cut2 at the end

of a 20 minutes exposures and went down to 0.25 na/cm 2 for a

2.5 hour exposure. During these exposures sample colors

changed from yellow-pink to blue to gray green. Spectra

obtained wer e stronger for the 1.5 and the 2.5 hour exposu re

than that obtained from the sample exposed for 20 minutes.

There is no difference though in the spectra of the 1 ,5 and

_ _  _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~ 
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the 2.5 hour exposures. There is an indication of red PbO

in the 20 minutes exposure, Figure 63a, and ~-~ e 1.5 hour

exposure , Figure 63b, it is not seen in the spectrum

obtained from the saaple exposed for 2.5 hours, Figure 63c,

but it should have been there and probably was not resolved.

Things changed somewhat in the 3.5 hou r exposure.

Trials to record the spectrum upon removal fr o m  solution did

not produce a good spectrum , Figure 64a, which still can be

identified as PbSO4, but it has anabnornaly weak bands above

1000 cm— t . This spectrum was recorded at 60 degrees. After

letting the sample dry in air for 24 hours its spectrum was

recorded again , Figure 64b , this time giving a much better

spectrum but still not as good as those obtained from the

short time exposures. Figure 64b was recorded using 65

degrees incident angle . Using even higher angle, 65—68

degrees, gave a better spectrum which is identica l in

appearance to those recorded in the shorter exposures, and

it has a clear indicat ion of red PbO , Figure  64c .

The next exposure was 7 hours long. No meaningful.

spectrum was obtained in the first four hours after removal

of the sample from the solution , and it had a very weak and

broad band around 800 cm— 1. After letting the sample dry in

air for two days an excellent PbSO4 spec trum was recor de d,

which also had a red thO band.

The longer exposures , 16 and 20.5 hours, gave samples

gray to dark gray A.fl color, but the main difference was that

their spectrum was ccmplete ly different from those obtained

_ _ _ _ _ _ _ _ _ _ _
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from the shorter expo sures. Figure 65 shows the spectra

obtained at two different settings of light polarizations.

Two logical explanations exist for the series of

reactions observed at .80 V NilE. The first explanation is

the possible trapping of water molecules in the film , and ,

while the f i lm was not too thick, these molecules could

still diffuse to the surface and evaporate. While in the

Lilm these water mclecules could cause masking of the

spec trum in the longer waveleng th region, thus explaining

the difficulty of cbtaining a spectrum upon removal from

solution. In the lcnger exposures, 16 and 20.5 hours, the

film was probabl y too thick for the water molecules to

diffuse to the surface or they already were bonded as a

chemical  complex.  This  e x p l a n a ti o n  can be supported by the

fact that these samples, 16 and 20.5 hours expo sures, still

gave the sane spectra even after 20 days drying in air.

Water has a medium and broad band centered at 750 car’, and

this is close enough  to the 800 cm— ’ band seen in F igure

65b, which cause the ma jor difficulty in identifing th e

surface film . The presence of PbSO4 in the spectra is clear

and can also be sup ported by electron micrographs of those

samples that showed the exac t same crystals as the shor ter

exposed samples. Raman spectra of the longer exposed

sam ples did not help to solve the problem since the y only

showed PbSO4 and red PbO bands (67), but if water were

present the Raman sp ectra could not help much since wa ter is

a poor R aman  scatterer.

L~ . . . .~~ -.~~ -.- -. -.-—~~~~~~~~~-~~~~~~-~~
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The other explanation is the possible formation of lead

bisulfate (Pb(HSO4)2 ) under the surface fili’. Not much

information on this compound is available, but using an

analogy to other bisulfate compounds (79) it is reasonable

to assume that the lead bisulfate has a band , probably

strong, near 800 c m 1 . Since no bisulfate was detected by

Raman, which should have detected it, this whole explanation

does not have much support .

Besides the two ~ossibi1ities mentioned above, there is

another explanation whic h is based on a published paper (80)

that deals with the icy temperature spectrum of PbSO4. This

is the only paper that says that PbSO
4 has one of its

fundamental frequencies in the vicinity of 800 ca ’. It is

unlikely that if this was true that, this band at 800 cm ’

was not observed fro m other exposures in this research.

3.3.2. Exposures in 0.1~ K2S04 (pH 5.75)

The electrochemical pc]arization curve in 0.th K2S04,

Figure 66, looks almost identical to the polarization cur ve

that was run in o .im sulfuric acid. This agrees well with

the information presented in the Pourbaix diagram , Figure

5~e, of the system. The two big waves in the polarization

curves, Figures 55 and 66, are at the same potential and

they correspond to the Pb/PbSO4 transition line, which is pH

independent , as seen in the Pourbaix diagram.

Exposures at -.62 V WHE gave a dark sample which showed

a strong red PbO spectrum , Figure 67, with some LCH.
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In the PbS04 region of the Pourbajx diagram , exper imen ts

were carried out to compare the effect of using 0.1M K2S04

solution, which is not a buffering system , versus the use of

the regular phosphate buffer with an added amount of sulfa te

ions. In the  latter case the sample had a dark color and

the spectrum obtained was of red PbO with a possible

indication of small amounts of yellow PbO, Figure 68a.

Exposing a sample in 0.1M K2S04 at identical potential

conditions and almost the same pH value, the current was 20

times smaller than that observed in the phosphate plus

sulfate exposure. In the 0.1M K2S04 exposure the sample had

a white—gra y color . All these are indications that the

species formed in the two exposures were different. The

spectrum obtained from the exposure in the 0.1N K2S04

solution , Figure 68b , shows a clear PbSO4 spectrum. The

only different feature in this spectrum is the very sharp

band at 450 cm— 1 . The position of the ban d makes it

possible to assign it to red PbO , but based on this band

shape it is unlikely that it is a red PbO band . The sulfate

group has a fundamental frequency at ‘e50 cm— t (79) which is

Raman active but is not allowed in the infrared. It is

possible that the sulfates in that film are somewhat

distorted, thus overccming the selection rules, and allowin g

the 450 c i t  frequenc y to be infrared active. The Raman

spectrum of this sample gave the usual PbSO4 ban ds with some

enhanchient ot the 450 c m—I band .

Exposure in the ~bO2 region of the Pourbaix diagram , at

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ----~~--—-———-~~~
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1.08 V NHE , gave a gray—brown sample . The spectrum

obtained , Figure 69, shows the PbSO4 bands and a sharp band

at 445 c m ’ . This b and  is not as sharp as the 450 cm— ’ band

in Figure 68b , but they due have some similarity . The

interesting thing in the 445 cm— ’ band is that it shows a

shoulder at 470 cm ’. This shoulder can be attributed to

r ed PbO . There is a possibility tho ugh that the shoulder

and the 445 cm— ’ band are part of the spectrum of PbO PbSO4
that formed on the surface. The infrared transmission

spectrum of PbO PbSO4 (41) has a strong band at £420 ca’ and

a shoulder at 454 cm 1 , and these can ma tch the £445 c~~ I

band and the 470 cm— ’ shoulder  tha t  are seen in Figure 69.

Since a Raman spectrum of the sample (67) did not show

any trace of lead oxide , it is more l ikely that  the  ban d at

445 cm- ’ and the shculder  at 470 cm— ’ are due to breakdown

in the selection rules in the sulfate spectrum, and it fits

well since that vibration is doubl y degenerate.

3.3.3. Exposures in KCH + 0.Th K2S04 (pH lO.9—11.2)

The electrochemical polarization curve of lead in. this

solution , Figure 70, exhibits only two waves in its

oxidation cycle. The lower wa ve though is seen to be

resolved into two small waves. The uppe r potential wave has

a somewhat odd shape indicating that either •any processes

occur s imultanously  or the t rans i t ion  is not a shar p one.

The n u m b e r  of w a v e s  corresponds well with the Pourbaix

d i a g r a m  of the sys tem , F igu re  54 .
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An exposure carried out in the immunit y region , at

— .67 V NBE , snowe d r~-ducin g currents throughout the

exposure, and the samp le color stayed shiny metallic silver.

Obtaining a spectrum from that sample was difficult and no

meaningful bands could be seen.

A few exposures were run at .24 V NHE . The ma in

difference in these exposure conditions was the length of

time they were exposed , which ranged fro m 3 minutes to 3.5

hours. In the 3 minute exposure the film was probably too

thin , and no bands were observed. Exposing a sample for a

longer time, 25 minutes , produce d a spectrum , Figure 71 that

displays bands at the two extreme s of light polarization.

Figure 71a shows clearly the presence of sulfates, in the

broad band around 1200 cm— ’, but there is also a clear

presence of LCH as seen fro m the 1450 cm~-’ band. The other

extreme of light pclarization , Figure 71b , supports the

presence of the two compounds identified in Figure h a , but

it also adds the presence of red PbO , the 460 cm— t band.

The presence of LCH was somewhat disturbing, and a few

steps were taken tc get rid of the carbonates presence in

solutions. This was complicated by the potassium hydroxide

((OH) , which is a very good adsorbant of carbon dioxide. In

preparing solutions for exposure the following steps were

taken: the solution was boiled - equivalent to degassing -
and (OH was added. At this point granular lead, about 50 gr

for 3 liter , was add€d to the hot sclution so it could form

LCH and deplete the sclution even more of carbon dioxide and
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carbonates, while still hot the solution was filtered - to

keep the granular lead away from the storage bottl e. In the

bottle the solution was purged with nitrogen and the bottle

was tightly closed . Just before the exposure the solution

was boiled again . After the exposure the sample was quickly

dried with a stream of nitrogen.

Comparison samples were expose d for the same length of

time , 2.5 hours, and gave different spectra. One sample had

a specially prepared solution and the other sample was

exposed in a solution where special precautions were not

taken. Figur e 72 was obtained from a sample that was

exposed in a solution especially prepared to minimize

carbonate content , an added precaution in this exposure was

an overnight purging of the solution with nitrogen while in

the electrochemical cell. Figure 73 was obtained ftom a

sample exposed in solution not especially treated to

minimize carbonate content. Ccmpa ring Figures 72a and 73a

show that in the former case all the carbonate bands are

weaker. There are other differences between these two

spectra, one of them is the £465 cm ’  band , seen in Figure

73a. This band does not appear in Figure 72a, which is the

matching spectrum , in polarizer settings, of Figure 73a, but

rather appears at the other extreme of light polarization,

Figure 72b. No explanaticn other than a different film

orientation can be given for these results, since comparing

all the bands of Figure 72 with all the Lands in Figure 73

shows that all of them are there, but they are not
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distributed in the same way in each spectrum.

3.3.4. Lead Exposures for Film Thickness Measureme nts

The experimental techniques used to measure passive film

thicknesses were disc ussed in section 2.7. of this report.

Exposures were performe d in 0.1M sulfuric acid at a

potential of .80 V NHE. The lead film thickness was

measured before the exposure , for most accurate results, and

the after exposure thickness was figured from that value by

multiplying it by a factor of 4.12. This factor was

determined from a few measurements of exposed samples.

Thickness corrections based on density change from lead to

the appropriate oxidation product, using literature values ,

were found to be inaccurate , since the thin  fi lm s form ed in

the electrochemical exposures did not always display the

bulk mater ia l  densities.

Short exposures under these conditions were presented

before , Figure 60, and were identified to give PbSO4 and red

PbO. Figure 74 shcws the spectra obtained f rom a vapor

deposited lead sample that  was exposed for  15 minutes  in

0. 1M sulfur ic  acid . The m a x i m u m  f i lm thickness obtained , in

case all the lead had oxidized , was 2142 ± 61 angstroms.

The spectrum obt ain€d is clear and sharp and is ident i f ied

as PbSO4 ; no red Pb O band s are present , this  is reasonable

in a th in  film that is not much of a diffusion barrier for

the sulfate ions.

Ba sed on the literature (19 ,28) the reflectance and f i l m

. .

~ —
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thickness, of that magnitude , are linearly related. From

this it is clearly seen that a film ten times lhinner than

the one that gave the spectrum in Figure 74a, can be

detected using infrared reflection spectroscopy. This lower

limit is in the 200 angstrcms range. These results require

some remar ks:

1) This is true only for PbSO4 which constitutes the

surface film exami ned. The estimation for other compounds

can be ma de if their optical constants are known for the

infrared region of interest.

2) The sensitivity obtaine d can be improved using better

reflection attachments and signa l averaging techniques.

3.4. Iron Exposures

High temperature iron exposures were conducted as

preliminary efforts, for providing reference infrared

reflection spectra of iron oxides, and for further research

on the passivity of iron in aqueous solutions. The present

research is not entire ly origina l and is in part after the

work done by Poling (19)

Figure 75a shovs a spectrum obtained from an Armco iron

sample exposed for 405 hours in 2300, this spectrum was

obtained without using a polar izer in the light path.

Comparing this spectrum to Figure 75b which shows a spectrum

obtained from an Armco iron sample exposed for 288 hours in

240°, this time with a polarizer in the light path, clearly
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shows the  a d v a n t a g e  of the use of a polarizer to increase

the sensit ivity of recording a spectrum. All the bands in

Figure 75b , except the 655 cm— ’ band , can be a t t r ibu ted  to

~ -Fe 2 O3, whic h is a very strong absorber of infrared

radiation , its extinction coefficient is 4.5 to 22 times

greater than those of the other iron oxides (19) . The 655

cm—’ band can be assigned to Y-Fe203 and Fe304.

No difference was observed between the spectra obtained

f rom Arwco iron samples and those obtained from vapor

deposited iron.
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Figure 13. Pourbalx diagram of the system Lead-Water,
M. Pourbaix, Atlas of Electrochemical
Eq~ui1ibria, Pergaxnon, N.Y. (1966).—
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Figure 1L.. Pourbaix diagram of the system Lead-Water,
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Figure l~ . Polarization curve of lead in phosphate buffer
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Figure 16. Polarization curve of lead in bicarbonate
buffer solution, pH.1O. Scan rate Li~0 mv/minute.
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Figure 17. Inrrared spectrum from lead exposed in phthalate
buPfer, pH-L~, for i.S hours at .28 V NilE.
a) Parallel polarization . b) Perpendicular
polarization . c) Spectrum of potassium hydrogen
phthalate powder , in KBr .
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Figure 18. Infrared spectrum from lead exposed in phosphate

buffer, pHa7, for 2 hours, parallel polarization
a) -.76 V NHE, was not washed. b) -.61~. V NilE,
sample was washed. c) Perpendicular polarization
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Figure 19. a) Reflection spectrum of lead exposed in
bicarbonate buffer, pl1 10 , for 2.7~ hours at- .~ 6 V N~~ . b) Transmission spectrum of
orthorombic ?bO powder , in KBr.
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Figure 20. a’~ Reflection spectrum from lead exposed in
bicarbonate buffer , pH=10, for 24 hours at -.42
V NHE . b~ Transmission spectrum of LCH powder ,
in KBr .
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LEAD CARBONATE HYDROXIDE

~ I I I I I I I I I I I I I I 1 1 1
1500 COO 500

FREQUENCY . CM ’
Figure 21. Reflection spectra of lead exposed in bicarbonate

buffer , pHlO , at -.~.i.2 V NilE. a) For t~ hours,
parallel polarization. b) For c~l.j. hours,parallel polarization. c ) For L~. hours,
perpendicular polarization.
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due to the angle of incidence , obtained from
lead exposed in bicarbonate buffer, pB*10, for
2.2.~ hours at - .37 V NilE. a) LI5~ b) 600
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Figure 2~ . Infrared spectra from lead exposed in phosphate
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Figure 27. Infrared reflection spectrum of red PbO obtained
from lead exposed in bicarbonate buffer , pl i 10,at 1.08 V NHE for ]J4..~ hours .
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Figure 30. Infrared reflection spectra from lead exposed
in bicarbonate buffer, pH 10. a) .214. V NilE ,
l8.~ hours, parallel polarization. b) .4 V
NilE, l8.~ hours, perpendicular polarization.
c) .014. V NilE, 1.5 hours. d) .2k. V NilE, 5.5
hours .
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Figure 31. Infrared reflection spectra from lead exposed
in phosphate buffer, pli~7, at .67 V NilE for 2
hours. a) Parallel polarization. b) No
polarizer. c) Pernendicular polarization. d)
Transmission spectrum of Pb3014. powder, in KBr.
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Figure 34.i. Infrared reflection spectra from lead exposed
in phosphate buffer, pR:7, at .99 V NilE for 2
hours , a) Plultiple reflections, 60°. b) Single
reflection, 65° . c) 2—) reflections, 60-65° .
d) Multiple reflections , 65°. e) 1-2 reflections,
70° . 
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Figure 35. Infrared reflection spectra from lead exposed

in bicarbonate buffer, pki lO . a) .75 V NilE,
f or 2.25 hours . b) .75 V NilE, for 5.5 hours .
c)  .83 V NilE, for 3.25 hours.



121

~~~~~

7/ \j

h1

4 I

FREQUEN CY, CM~ _ _ _

Figure 36. The change of a ref lect ion band due to the angle
of’ incidence , obtained from lead exposed in
bicarbonate buffer, ~H10, at .99 V NilE for 17
hours, a) 60° b) 65 c) 70°.

L ~~~~~~~~~~~~~~~~ --



1?.

~~~~~~~~~~~~~~ 
?~~~~:~~~~~_ ~~~~~~~

• 
- 

- ~~~~~~ -~~

~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~J.’ ~~~~~~~~ ~~~~~~~~~~~~~~~~~

— ~~~!‘_~w • • 
-
~ •I~~

-J ~~~~~~. • •
_____ • ~~~~~~~~~~~ 

• -

~~~~~~~~~

_ _ _ _  

- •Z~f~:. ~ -

~jwr ~

~~~~ ~7. ~ id c~x — ’c~~ ;d i~~. bir  ~~~~~~~~~ D ; r ~~~r , pH 1O , at
4 V ~~~~ Y r  h ;r . ~~ ; i ~~~~~ t~~c~ - -~: 1000X.



_________________________________________

123

‘~~~~~~~~~~~~~~ PbO2

~~~ CI- 
Pb304

EH PbCI2 3PbO• PbCI2

“I.,.
—I. — --

i -) 
I I I I I 

-
I I I I I-

0 7 4

pH

Figure 38. Pourbajx diagram of the system Lead-Water-
Chlorides (a01 0.1), calculated with the
latest available thermodynamic data (65) .
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Figure 14.0. Infrared reflection spectra from lead exposed
in 0.114 HC1, pli:l.l, for 1 hour at 1.18 V NilE.
a) 65-68° b) 60-65°.
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Figure b~.3. Infrared reflection spectra from lead exposed
in phosphate buffer, with 0.1)1 chloride ions,
pM 7 .  a) and b) 17 hours at -.1]. V WilL
c) 16 hours at -.11 V N1~~.
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Fi gure 144. Lead exposed in phosphate buffer , contain -in ;~
O.11~ chl ori de ion s, pH 7 ,  at — .11 V -Jiii ~ ~or
16 hours . Nagnh fj c a~ j o~~: 500X . Whi te acior ea
rarticles — lead phosphate, no chlorides were
detected in the film ,

_ _  _ _ _ _ _ _ _ _ _



- • --~~. - • ~~~~~~~~~~~~~~~~ - •

130

a

I

~1~

‘s

S

~igure Li5 . Le ad exposed in phosphate buf fe r , containing
0.1)1 chloride ions , oH 7, at - .11 V NilE for
16 hours. Magnification : 5000X. Particles -
lead pho sp hate , no chlor ides ~ere detected.
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Figure L16. Infrared reflection spectra obtained from lead
exposed in phosphate buffer, pH~7. a) 0.01)1
chloride ions, 3 hours at -.01 V NilE. b) 0.511
chloride ions, 18.75 hours at -.01 V NilE.
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Figure 50. Infrared reflection spectra from lead exposed
phosphate buffer containing 0.1M chloride ions ,
pkIZ7, for 3 hours at 1.08 V NilE. a) ix , parallel
polarization. b) 5X, parallel polarization. c)
lX , perpendicular polarization.
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Figure 60. Infrared reflection spectra from lead exposed
in 0.1M sulfuric acid , pH=0.9, al — .02 V NIlE
for 3 hours . b~ .80 V NIlE for 1.5 hours . 
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Figure 63.. Infrared reflection spectra from lead exposed
in 0.1M sulfuric acid , pH=0.9, a t .80 V NHE
for a~i 20 minutes bI 1.5 hours cl 2.5 hours. 
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Figure 64. Infrared reflection spectra from lead exposed
in 0.1M sulfuric acid , pH=0.9, at .80 V NHE for
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24 hours , 65° cl same as (bI , 65_686 .
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Figure 65. Infrared reflection spectra obtained from lead
exposed in 0.1M sulfuric acid , pH=0 9, at .80
V NHE for 20.5 hours. a l Parallel polarization.
b~ Perpendicular polar izat ion.
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Figure 68. Infrared reflection spectra obtained from lead
a) Exposed in phosphate buffer, containing
0.114 sulfate ions , pH~7, at .2i~. V NIlE for 16.75
hours. b) Exposed in 0.1M K2SOk solution,
pH 5.75, at .21~ V NIlE for 1.75 hours .
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Figure 71. Infrared reflection spectra from lead exposed
in KOIl solution containing 0.114 sulfate ions,
pBslO.9_ll .2, at .2L~. V NIlE for 25 minutes.
a) Parallel polarization. b) Perpendicular
polarization.
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Figure 72. Infrared reflection spectra from lead exposed
in KOIl solution containing 0.114 sulfate ions,
pH lO.9-].l.2, especiallyprepared to minimize
carbonates content, at .2L~. V NILE for 2.5 hours.
a) Parallel polarization. b) Perpendicular
polarization.
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Figure 73. Infrared reflection spectra from lead exposed
in KOH solution containing 0.114 sulfate ions,
pH:10.9_11 ,2, at .2L~. V NIlE for 2.75 hours.a) Parallel polarization. b) Perpendicular
polarization.
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Figure 74. Infrared reflection spectra from lead film ,

vapor deposited on gold , exposed in 0.1M
sulfuric acid , pH=0.9, at .80 V NHE for 20
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Para llel polarization . b~ Perpendicular
polarization .



160

• 

~~~~~~~~~~~~~~~~ rIzsr

Iron •xpOSUr. (2
~Oe )

w
C)

with pOISrIs.r

$ S I $ I I S I I I
10(X) 50C

FREOUENCV . CM ’

Figure 75. Infrared reflection spectra from Armco iron
oxidized at 230°c. a) For Ii.05 hours, no
polarizer. b) 288 hours, with parallel
polarization.

— — -- - — —_ -—-——_-— 



~~~~~~~~- • • —-- • .--~~~- - - - - —•-—-. •-- - - -

161

4. SUMMARY

In the present r esearch i n f r a r E d  ref lec t ion  spectroscopy

was demonstrated to be a sensitive surface analysis

technique.  The se n s i t iv i ty  of the reflection technique,

which is capable of detecting surface films Less than 200

angstrows thick , is definitely ccmpound dependent . The

sensitivity can ei-thet be greater or less than that achieved

in this research , depending on the species in the surface

layer.

Improvements to enhance the overall sensitivity of the

technique can be made by us ing  one or more  of the f o l l o w i n g :

1) Better optics — beam condensers , variable sample

position attachment with a better control to balance the

reference and sam~le beaus.

2) signal averaging techniques.

3) Infrared laser spectroscopy - narrow beam ,

monochromatic radiation , more energy will be available

for  probing  the  s ur f a c e .

One problem area of infrarEd reflection spectroscopy

that requires expansion is the limited availability of

reference reflection spectra, thus restricting the use of

this technique in routine analytical work.

No thoro ugh matching exists between the results obtained

from the electrochemical exposures and the predicted results

f ro m the appropriate Pourbaix diagrams . This is not

surprising since the i n f o r m a t i o n  considered in cons truc t ing

a Pourbaix diagram fixes the information one can obtain from
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the diagram. This was demonstrated in the lead—water system

where no carbonate s were ccnsidered in calcutating the

Pourbaix diagram. Electrocheiuical exposures , in bicarbonate

buffer solu tion, in the immunity region gave lead carbonate

ny droxide (LCH) . Thu s the region  should not  be considered

an immunity region but rather a passivity region. These

results match a published diagram (81) of the

lead-water-carbonate system. The theoretical Pourbaix

diagrams do not matc h some of the experimental results

because of kinetic effects, whic h are not taken in to account

when cons t ruct ing  a P o ur b a i x  d iagra m , and because of the

presence of impurities , which can alter the transformation

of one polyworph to another , as was seen in the case of

orthorhombic PbO in sciutions containing chloride ions.

As expected , infrared reflection spectroscopy could not

provide much information on lead-chloride compounds, thus

stressing the need fcr a coiplementary technique to be used

in this research.

On the other hand infrared reflection spectroscopy was

demonstrated to be a very sensitive technique for the lead

sulfate compounds. It was seen tha t  some evidence on the

t r app ing  of water  molecules in th ick  PbS O4 +PbO films was

obtained . This was not suppor ted  by other techniques such

as R ama n spectroscop y (67), x-ray diffraction and SEft, which

either were not sensitive to water or, probably, altered the

the film. Some infor maticn was obtained about different

symmetry of the PbSO4 f i lm in weak acid solution as compared
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to the compound f i l m  t.iat formed in 0 . 1 N  s u l f u r i c  acid .
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APPENT rx I

Calculation of The Pourbaix Piagraii~ of The Lead—Water System

— Free Energy of Formation (6 5) ,  cal /Mole 

-5830

v to  (y) ...i~~0lO

PbO C R ) _~5l6 o

Fb0
2 

—51950 

—1~4~~700

i~~i~~1~~~j~~~fl Reactions :

1) Pb + 520 PbO (R) + 2H~ + 2e

E 0.2 5 — 0 .fl~~~p~

2~’ 3FbO + 520 = Fb30~ + + 2e

1.051 — 0.f l~~°pH

~) 2 1Th 30~ + 520 = 3P~b~~O
3 

+ + 2e

E = 1.059 — C .  059p H

~) Fb -30~ + 2H 20 = 3Pb0 2 + + i~~~~

P = 2 .0 97 — 0. 059p5

5) ~~ 203 + 5 20 _ ~~~~~~2 4 2 H + 0

F = 1.110 — 0.059p H

6) ~~~~~~~~~~ + 520 = i h ~ (~ ) +

=

a~~ ++ 10

pC~ = 9 . 27

I
I
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7) Pb = Pb~~ + ~p

E —0.126 + 0.02Q5 1og(a p.~++)

8) 3Pb~~ + ~4 H ( )  = + ~ + 2e

E = 2.18 — L236 pH — O.0891og(ap.~++)

9) 2Fb~~ + 3520 = Pb20 3 + 6H~ + 2e

E = 1.806 — O.l77p~ — 0 .059 1og(a~~++)

10) Pb~~ + 2H 20 = Pb00 + + 7e

E = l.~~58 — 0. i l%H — 0.029~log(ap~++)

* Free energies of formation (~~~G0) that were used in the calculation

of this appendix but were not written in the above table, are nodtfferent

from those used by M. Pourbaix (7) .

a- --- -- 

— ~~~~~~---- -~~~~~~~~~ --- ~~~-~~~~~~~~~ - _ _
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APPENDIX II

:a~culation of The Pourbaix Diagram of The Lead—Water—Chlciide System

/~ GO — Free Energy of Formation (65 ) , cal/mole

0H —3159k

C1 —31372

PbCl2 —75080

3Pb0~ FbCl0 ( R )  _22~4686

(y) —22)~2~46

a~’ 
bph o + 2C1 + 520 = 3PbO•PbC1

2 
+ 20H

b) ~4Pb0 + 2C1 + 2IP~ = 3PbO .PbCl 2 + H20

Caculation of~~G° of 3Fb0~ PbC12

~~G° (3Pbo•pbcl2) = _l.36~4K — 2~~ G0 (oH ) + 1.L~~G0 (Pbo ) + 2L~G° (ci— ) +

+ ~~o° (520)

K can be cal culated using Appellet’s thermodynamic values (61~) : —l~7 cal/mole

Equilibrium Reactions:

i) Fb~~~+ H 2O = FbO + 2If’

( R )  pH = 7.75
( Y)  pH = 7.80

~) 14 Pb~~~ + 2Cl + 3H20 = 3FbO~ PbC12 + 6H~
( R )  pH = 6.026

= 6.079

+ 2~C1~~ = PbC12

-

e - 2.7’Y)

I
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14 )  Fb Pb~~~~~+~~~e~~

E = — O . 2 0 8

5) ‘4 PbC12 + 3H20 = 3PbO.PbCl 2 + 6ci— + 6H~

CR ) pH = 6.021

(Y ) pH 6.075

6) P b + H20 PbO + 2H~~ +2e

CR) E = 0.250 — O.O59pH

(Y) E = 0.252 — 0.05~pH

7) 14Pb + 2C1 + 3H~O = 3Pb0~PbCa 2 + 6H~ + 8e

(R) E = 0.059 — O.0l~ pH

(Y) E = 0.061 — 0.Ol414pH

8) Pb + 2C1 = PbC12 + 2e

E = — 0.208

9) 3Pb + PbC10 + 3520 = 3PbO~PbCl2 + 6H~~ + 6e

C R) E = o.i1~8 — O .059pH

Cx’) E = 0.151 — C .059pH

10) Pb + ‘
~Ph~) + = ~P C i ~~PbCl, + 2e

(R) E = —

(Y) E = -

ii) 3Pb0~ P: ‘~~~ + ~j -~ = ~ PbP + 2C1 + 25

C R )  & (V p~ =

12) 3PbO + = F~b ‘ + +

E = 1.051 — O.O59pH

13) Pb3014 + 2~L = + + 1~e



17~4

E = 1.097 — 0.059pH

114) 3Pb~~ + 14H20 = Pb 3014 + 8H~ + 2e H

E = 2.18 — 0.236pH - 0.089log(a~~++) = 2 .1 42 6  - 0.236pH

15) Pb~~ + 2H20 = Fb02 + + 2e

E = 1. 1458 - 0.ll8pH - 0.02951og(a.~~++) 1.5140 - 0.li8pH

16) FbC12 + 25
20 = Pb02 + 145k + 2C1 + 2e

E = 1.5141 — O.ll8pH

17) 3PbC12 + 14520 = Pb
3014 + 8H~ + 6ci + 2e

E = 2.1426 — 0.236pH

18) 3(3PbO~PbC12 ) + 7520 = 14Pb
3
014 + l141f~ + 6ci + 8e

E = 1.625 — O.lO3pH

19) 3PbO~ PbC12 + 5520 = 14Pb02 + 10H~ + 221 + 8e

E = 1.273 — O.0714pH

* PbCl14 was not considered due to lack of thermodynamic data.

** Pb203 was considered but the results obtained for its potential—pH

relations did not fit into the diagrcni, probably due to the lack

of modern thermodynamic data.
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APPENDIX III

‘~~~
‘ Calculation of The Pourbaix Diagram of The Lead—Water—Sulfate System

— Free Energy of Formation (6 5) , cal/mole

so:. —177970 

—180690

PbSO 1 — 19 14320

Pb0~ PbS014 —2 146700

Pb8014 — ~97 300

r
~
PlL)C~

. 2H~-)O —~~ 6350

Equlibriu~ Reactions :

1) Pb + HSO b~O~ + i:~~ + 2e

E = — 0.296 — 0 . O 2 ~~~p~ —

a50—~ + = 0.1

E = —0 .3255 - 0 .0 2 9 5pH

2) Pb + SC~~ = ~ThSO~ + ~e

S = —0 .32145

3) 2Pb + + !I~0 = ~~ O P b ~~O + flF~~ +

E = —0. 16 — 0.3?Q5pH

14) 14Pb + So~ + 14H
2
0 = 3Fb0~ PbflO~ ~H20 + 6H~ + 8e

a O.).7 — 0.~~~~
)
~~~pP

5) 5Pb + 2H20 = 5PbO~~C2:t ~ C + + 10e

E = 0. , (~C — ~).059pH

6) VbSO 14 + . 1 ~~r = P b O9 + H : ~C +  + T e

E = 1.598 — fl . fl~ 85ph

7) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

E = 1 . 65 7  — ) .ll 8pH
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8) Pb0~PbS014 + 3H20 = 2Pb02 + 6H~ + S0~~ + )4e

E = 1.14147 — 0.885pH

9) 3PbO~PbS014~H20 + ~4H20 = 14Pb0
2 + l0H~ + SOjT + 8e

E = 1.285 — O.0738pH

10) 5Pb 0~ 2H20 + 3520 5Pb02 + l0H~ + 10e

E = 1.070 — O.O59pH

ii) Fb 3014 + 21120 = 3Pb0
2 

+ 14H~ + )4e

E = 1.097 — O.O59pH

12) Fb 203 + H20 = 2FbO 2 + 2H~ + 2e

E 1.110 — O.059pH

13) 2PbSO14 + 3H20 = Pb20
3 

+ 2so: + 6H~ + 2e

= 2.203 — O.l77pH

1)4) PbO PbSO14 + 2H
20 = Pb20

3 
+ SO + + 2e

E 1.785 — O.ll8pH

15) 3Fb0~PbS014~H20 + 2520 = 2Pb 2O
3 

+ so~ + 6w~ + Le

H = 1.1458 — O.0885pH

16) 2Fb
3

O14 + H20 3Fb20
3 

+ 2H~ + 2e

E = 1.059 — O .O59pH

17) 3FbSO 14 + 14520 = Pb
3
014 + 3S0~ + 8H~ + 2e

E = 2.776 — 0.236pH

18) 3(PbO.Pb9014 ) + 5H20 = 2Pb
3
014 + 3S0~~~~ + 1OW’ + 1~e

E = 2.1148 — 0.l)48pH

19) 3(3Pb0 PbS014~ H20) + 14H20 14Pb3014 + 3S0~~ + l)4H~ + 8e

F = 1.658 — 0.lO3pH

20) 3(5FbO . 2H
2

0) = 5Fb
3
014 + l0W’~ + H20 + 10e

H = 1.0114 — 0.059pH

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - . , -~
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