.

AD=A058 883 RHODE ISLAND UNIV KINGSTON DEPT OF OCEAN ENGINEERING F/6 11/6
CHARACTERIZATION OF CORROSION FILMS ON LEAD BY INFRARED REFLECT==ETC(U).
AUG 78 A GOLDFARBr C BROWN: R HEIDERSBACH NOD0O14=76=C=0889

UNCLASSIFIED TR=5 . NL

jrowes

21 (51 1 I ) T




ADAO 58883

£

—

0D FiLe copy

CHARACTERIZATION OF CORROSION _FILMS ON LEAD
BY INFRARED REFLECTION SPECTROSCOPY -

L

it ]

(/“/i | =4 /

e

TECHNICAL REPORT NUMBER 5

( IS ¢ 3
CONTRACT NUMBER: /r—;ﬂpylll-76-c-ﬂ889

SUBMITTED TO:

DEPARTMENT OF THE NAVY I
OFFICE OF NAVAL RESEARCH Be
METALLURGY PROGRAM - CODE 471 D or
\", -5 1B b
PREPARED BY: \ et
\/ - |, # /GOLDFARB, C.YBROWN #8 R./HEIDERSBACH |
o ¥ g b “ENGINEERING ™ :
UNIVERSITY OF RHODE ISLAND
KINGSTON, RHODE ISLAND 02881
(] / AUGUDSES978 | 4] 1 /vzl ,‘
ﬁis\d\“"
“ /’ IUI' ? .u,mune‘"f i -
e ————————————— — t.i‘i'?"i?m * Jroved )
.
P —
/ i A ,/I o — \
f\ (\ 2 M N\ (5 {!‘ \'\ '\ \
e = $OY W REREY ‘s.i"‘“ﬁ;gﬁ'mm




CHARACTERIZATION OF CORROSION FILMS ON LEAD
BY INFRARED REFLECTION SPECTROSCOPY

TECHNICAL REPORT NUMBER 5

CONTRACT NUMBER: NO00014-76-c-0889

SUBMITTED TO:

DEPARTMENT OF THE NAVY
OFFICE OF NAVAL RESEARCH
METALLURGY PROGRAM - CODE 471

PREPARED BY:

A. GOLDFARB, C. BROWN AND R. HEIDERSBACH
DEPARTMENT OF OCEAN ENGINEERING
UNIVERSITY OF RHODE ISLAND
KINGSTON, RHODE ISLAND 02881

AUGUST 1978




SECURITY CLASSIFICATION OF THIS PAGE (Vheon 12818 rnieren,

[ T ——

REPORT DOCUMENTATION PAGE i BRatae T RUE TS
T. RLPGRYT HUMDELR 2. GOV T ACCESCION NO.| 3. RECIPIENT'S CATALOG HUMBER
Technical report number SJ \
4. TITLE (and Subtitie) T, S. TYPE OF REPCRT & PERIOD CGVERED
Characterization of Corrosion Films on Lead Technical report 1978

by Infrared Reflection Spectroscopy

6. PERFORMING ORG. REPORT NUMBLR

7. AUTHOR( ) €. CONTRACT OR GRANT NUMBER(®)
A, Goldfarb, C, Brown and R. Heidersbach N00014—76-c—088§/
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK

AREA & WORK UNIT NUMBERS
Department of Ocean Engineerinq/

University of Rhode Island
Kingston, Rhode Island 02881

\

l

|

11. CONTROLLING OF FICE NAME AND ADDRESS 12. REPORT DATE 1

Office of Naval Research August 1978 4

Department of the Navy 13 NUMBER OF PAGES i
Arlington, Virginia 22217 188

4. MONITORING AGENCY NAME & ADDRESS(!! different from Conitrolling Office) 1S. SECURITY CLASS. (of thie report) %

unclassified

15s. DECL ASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

This document has been approved for public release and sale; its distri-
bution is unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, If different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reveree side i{ necessary and Identify by block number)

Lead; lead oxide; infrared spectra; corrosion products; oxidation;
passive films; surface films

A
20. Aurﬂ“fr (Coutioue en reverse olde ! meceesary sad Identily by block numbder)

This report contains the manuscript of a thesis by A. Goldfarb, M.S.
candidate in Ocean Engineering at the University of Rhode Island.
Electrochemical exposures of lead samples in aqueous carbonate, phos- !
phate, sulfate and chloride solutions were made at various pH and poten-
tial values. The resulting surface films were investigated by infrared
reflection spectroscopy in order to identify the surface species; to show
the applicability of the reflection technique to corrosion research. :
4

FonM <J
voas 7s JAI3  EOIMON OF Y MOV 6315 0DSOLETE

ST CURITY CLASSIFICATION OF THIS PAGE ("hen Data Entered)

e




20.~&fbstract (cont.)

The experimental results were compared to the appropriate theoretical
Pourbaix diagram. The experimental results did not always confirm the theoret-
ical prediction mainly due to the lack of the kinetic effect in the Pourbaix
diagram calculation.

Thicknesses of passive films formed on lead in sulfate solutions were
measured. From this the sensitivity of infrared reflection spectroscopy
for detecting this type of films was found to be better than 200 Angstroms.

Infrared reflection spectra were compared to the appropriate transmission
spectra and explanations for bands' shift, angle of incidence dependence,
and number of reflections are given.

Preliminary experiments of high temperature Armco iron exposures are
also presented.




CHARACTEKRIZATION OF COKROSION FILMS ON LEAD

BY INFRAFED REFLECTION SPECTROSCOPY

‘BY

ARNON GCLDFARB

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
IN

CCEAN ENGINEERING

UNIVERSITY OF RHODE ISLAND
1978




i.

1.

2.

3.

TABLE OF CONTENTS

LiSt Of tables...-ooo..o.o.oo...co.o.l‘.'c.o.co-......n01

ii. LiSt of FigureSQIl0!..!0.c.tn....o.o--'.lltlionoicc 000002

Introductiono..CQC loc..o....a.-o.oo-..c...onl-nn.'looloog

1.1.

POUEDaix d1aAgEAME cas saasesssasssessscsnacessssssss O

1.2. Infrared reflection SpPecCtrOSCOPYe:ececcccscccaccss 12

1.3. Lead application and researChecccececcccccecccaccesl8

Experi.entalc.tnclc‘. 'noo..‘-.'....o.o...ic.l..-.o-noﬁnzz

2.1.
2.2.
2.3.
2.4,
2.5.
2.6.
2.7.
2.8.

sa.ple holder..l....‘.....‘.000000000000-00000000023

ElectrochemiCcal eXpPOSUICSeescecscccsccsccsccceacaeslld

Infrared reflection SpecCtrOSCOPYececesossascscsooesldl

POLAriZatiOn CUTVEE, divvsn e enscsieseiiosislsesinsssesssd

Scanning €lectron MiCIOSCOPYecessecsceoccsccssseceld

X‘rays diffraction."....I.l...l.QIII.'.QOOCOICIQOBO

Lead

Iron

2.8.1.

2'8‘2‘

film thickness measuUrementS..cccccececesceceaa3l
exposure S. ® 0 00 @ 0000 00 ; ® @ ® 0 0 0 0 0 0 0 09 00 00 00 %0 v 31
Armco ircnl...cll...........l........0000001031

Vapor depoSited iITON.cscevosevosevssecanssssss3

ResUlts and diSCUBEIONesssvocsnissssssssosnesssssosssssI2

3.1.

Lead-'atericc.lo...cOoclooo-....-..o...o.lo.‘.ccntsz

3.1.1.

3. 1. 2.

3.1.3.

3. 1. “.

3.2,

Iﬂlnnity regiono..olco...0.0-..."....!.'....56
Pbo regicnOCQQ-0‘0..0--..........0...1000000062
Pb304 region;........c..'nc--o...o.l-.l--.tco67

Pboz regioncooo...0.0.l.o.c..lololl.ocnoo..0069

Lead°vater‘Ch10ride.-on--oqo.....-.-a-.o.-o.co....-,“

3.2.1. Pbclz region......'....l.......l..‘...’.......’s

3.2.2.

Exposures in pH=7 (0.1 Cl-) phosphate

iv

oo it i Lol b



SOLNEL OMlaiaiaisie ateis sisiaisisisss e akerolase ats a's s ninle sioisisiatare ol
3.2.3. Exposures in pH=10 (0.1M Cl-) carbonate
SOlUtiONeccccccecvsccsoccccccsccsnsscrscssessBl
3.3. Lead-vwater-sulfat@eccecccsceccccecscccsecscscacceceB3
3.3.1. Exposures in 0.1M sulfuric acideececccscesess83
3.3.2. Exposures in 0.1M K5,S0y (PH=5:75) ceceevosccsss 90
3.3.3. Exposures in KOH + 0.1M K2504
(PH=10.9-1102) cocccocccscccccccccssesssesessI2
3.3.4. Lead exposures for film thickness
DEASULEeBENtSeeecccccccossscsccscscscssssssnessID
File TEOD EXPOSWEC@Es s sisveiss sisiesissssisoioies sissnssoisennssssID
SUMMATLYecocccsoscsssccssscscscecsscssascsssosscccsscscacse 161
BibliOgrapPhYeceee o cecceeacocscscscsscsccssssscascncscceelbl
RPPORALE FecovnoposnnssnnsrossarsaassnssasspassdracnnesliB
Appenaix T cosesvssacisnsccssssosasvanmonsvonsmssnsnsoves 112

Appendix III‘...'..Q.C‘I.l....l...IO.Q...........'I...175




Table I

Table I1

Table III

Table IV

Table V

Table VI

LIST CF TABLES

Electrolyte solutions used in this
research.‘...l.’......'.....I.......Ql...'..a“

Lead electrochemical exposures in phosphate
and carltonate bufferS.c.cscsscsssscsossccscase3IS

Lead electrochemical exposures in solutiomns
containing 0.1M chloride iONSececcccccccscesse 37

Lead electrochemical exposures in solutions
containing 0.1M sulfate i0DNS.ccecccscccccsscs 38

Lead electrochemical exposures for passive
film thickness measurementS....eeeeececscsss 0

High temperature iron €XpOSUL€Seesescseccsssll




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Pigure

Figure

Figure

Figure

Figure

10

1

12

13

14

15

LIST OF FIGURES

; Simplified Pourbaix diagram of the system
lead-water. M. Pourbaix, Atlas of
Electrochemical Equilibria, Pergamon, N.Y.

(1966)-... O.IQOO'..'.Q.'Oo.o.-.uno........-ozo

Specular reflection from metal surface. a)
Film schematics and light path b) Defimition
Of refIGCtance...lI....‘l.'..'........‘.....21

Cross section of sample hoider "head".
Material: TEFLON.'...Q...O..OO..l......ltntcaz

Sample holder tube. Material: TEFLON.e.oceoo..l43

Base of sample holder "head". Material:
TEPLON.l.l..’...l"..'..‘....‘......0'...0..““

Cap of sample holder "head". Material:
TEFLON. .......I.........l......-.....'......us

The electrochemical cell used during this
researChl....'..0...O.l.'..'.‘...l.l.‘...l..u6

WL-1 potentiostat, main CirCulteccececccecscaslt?

WL-1 potentiostat, current to voltage
conversion Circuit.csecscscsoescsacensnssnsssslB

Block diagram of the P.E. 521 infrared grating
spectrometer, equipped with Wilks reflection
attachments...‘.l...l.l.l.......l...l'......ag

Block diagram of the setup for recording
polarization CULVESesceccscccccocscsccsscsnssed0

Vapor deposited film on glass and the stylus
instrument working principleciccceccceccccccssdl

Pourbaix diagram of the system lead-water, M.
Pourbaix, Atlas of Electrochemical Equilibria,
Pergamon' N.Y. (1966).....l.-...l'..l..ll'..ge

Pourbaix diagram of the system lead-water,
calculated with the latest available
thermodynamic data (65)ceccecccecccscccacssssI9

Polarization curve of lead in phosphate buffer
solution, pH=7. Scan vrate U0
mv/.inute'.....l...l.l.........0......"0.'100




Figure

Figure

Figure

Figure

Figure

Pigure

Figure

Figure

Figure

Figure

16

17

18

19

20

21

22

23

24

25

Polarization curve of lead in bicarbonate
buffer solution, pH=10. Scan rate 40
mv/minute..l..O..Ql..t.l'...l'..ll...‘....‘101

Infrared spectra from lead exposed in
phthalate buffer, pH=4, for 1.5 hours at
.28 V NBE. a) Parallel polarization b)
Perpendicular polarization c) Potassium
hydroger phthalate powder, in

KBro...oon.'ouo.coa.-c.-.-co.no-o..o...c.--102

Infrared spectra frcm lead exposed in

phosphate buffer, pH=7, for 2 hours, parallel
polarization. a) =-.76 V NHE, sample was not
washed b) -.64 V NHE, sample was washed c)
perpendicular polarizatioON..cecceccccecccsss103

a) Infrared reflection spectrum from lead

exposed in bicarbonate buffer, pH=10, for 2.75
hours at -.56 V NHE. b) Transmission spectrun
of orthcrombic PbO powder, in KBLeeeoesoso..104

b) Transmission spectrum of LCH powder, in

KBr. a) Reflection spectrum from lead exposed
in bicarbonate buffer, pH=10, for 24 hours at
= 2V NH B e e Sleie el e elialala/ialial o sl oiie s a's s sls laia ale oiuie 1 0D

Reflection spectra from lead exposed in

bicarbonate buffer, pH=10, at -.42 V NHE. a)
For 4 bours, parallel polarization. b) For 24
hours, parallel polarization. c) For 4 hours,
perpendicular pclarizatioD...cceeesecccsces106

The dependence of the sensitivity of

reflection spectra on angle of incidence,
obtained from 1l2ad exposed in bicarbonate
buffer, pH=10, for 24 hours at -.42 V NHE. a)
15=809 E) 60-65%cissacssssscsssscssscssasss 107

Change c¢f band position in reflection spectra
due to angle of incidence, obtained from lead
exposed in bicarbonate buffer, pH=10, for 2.25
hours at -.37 V NHE. a)45%2 b) 60%°.cceecee..108

Infrared reflection spectra from lead exposed
in KOH solution, pH=9.7, for 17 hours at
-Oaz v NHE...C...lI..l.l'..l....l...l....!“Og

Infrared spectra from lead exposed in
phosphate buffer, pH=7, at -.16 V NHE. a) 1.25
hours b) 4.5 hours c¢) 16 hours d4) 16

hours.o0‘..0..0'OOOQ..'I...Q..00‘0...0.-0--110




.

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

26

27

28

29

30

31

32

33

34

35

Lead exposed in pH=7, phosphate, buffer at

-.11 V NHE for 19 hours. Magnificatien: 2000X.
Black particle: SiC, white "balls": 1lead
phosphate' I.I'.l.n.....0.................0-111

Infrared reflection spectrum of red PbhO,
obtained from lead exposed in bicarbonate
buffer, pH+10, at 1.08 V NHE for 14.5
ROBES: 4 isastsasstssstaannassesessasansneasslld

Infrared reflection spectra from lead exposed
in bicarbonate buffer, pH=10, at -.28 V NHE,
for 4 hours. a) Parallel polarization b)
Perpendicular pclarizatiONeccccescsssccasss 113

Lead exposed in bicarbonate buffer, pH=10, at
-.28 V NHE for 4 hours. Magnification: 1000X.
Rough surface with film On it.ceccecesccceosas 11l

Infrared reflectinsn spectra from lead exposed
in bicarbonate buffer, pH=10. a) .24 V NHE,
18.5 hours, parallel polarization b)

.24 V NEE, 18.5 hours, perpendicular
polarization <¢) .04 V NHE, 1.5 hours 4)
+28 ¥V NBE, 5.5 hOUrScscccssccsssnsosnconsss1I1D

Infrared reflection spectra from lead exposed
in phosphate buffer, pH=7, at .67 V NHE for 2
hours. a) Parallel polarization b) No

polarizer «c¢) Perpendicular polarization d)
Transmission <spectrum of Pb30, powder, in

KBroo.oIcoocccao.oo..ooo.oo.oo0.0000001000‘116

Infrared reflection spectra from lead exposed
in bicarbonate buffer, pH=10, at .51 V NHE for
6 hours. a) Parallel polarization. b)

Perpendicular polarizatioNeeececscccscscsecesall7?

Lead exposed in bicarbonate buffer, pH=10, at
.51 V NEE for 6 hours. Magnification: 1000X.
Film coated surface, cracks from sample

preparation for SEMccccecoceccccocsecscccss 118

Infrared reflection spectra from lead exposed
in phosphate buffer, pH=7, at .99 V NHE for 2
hours. a) Multiple reflections, 609, b) Single
reflection, 65°., c¢) 2-3 reflections, 60-659.
d) Multiple reflections, 659, €) 1-2

reflections, 70%.ccesevvesssossessesvunsess 119

Infrared reflection spectra from lead exposed
in bicarbonate buffer, pH=10. a) .75 V NHE,

P




Figure

Figure

Figure

Figure

Figure

Figure

Pigure

Figure

Figure

Figure

Figure

36

37

38

39

40

41

42

43

44

45

46

for 2.25 hours. b) .75 V NHE, for 5.5 hours.
Gl 83 VENHEC o 3 26N hOUTES ois s els sieisiainlatelelain 120

The change of a reflection band due to the

angle of incidence, obtained from lead exposed
in bicarbonate buffer, pH=10, at .99 V NHE for
17 haurs, a)l 60° D) 659 cy T 001, vieisalslssisisrailiZd

Lead exfposed in bicarbonate buffer, pH=10, at
.84 V NHE for 1 hour. Magnification:
1000Xl...tl.....'..l....Q..l..'ll....‘."..122

Pourbaix diagram of the systen
lead-water-chlorides (0.1M Cl-), calculated
with thke latest available thermodynamic data

(65)oo.ot.no-!ao..o-occconoc.cooloo--.-u-oo123

Polarization curve of lead in 0.1 HCl. Scan
rate U0 nv/mIRUEE. ¢ csae s caossssaoscossesss Lol

Infrared reflection spectra from lead exposed
in 0.1M HC1l, pH=1.1, for 1 hour at 1.18 V NHE.
a.) 65‘6&0 b) 60-65°.looo.oooo-ou-|--o-.c-oo125

Polarization curve of lead in phosphate
buffer, containing O0.1M chloride ions, pH=7.
Scan rate U0 MV /DiNULC cceccccccoscaccoscsess26

Infrared reflection spectrum from lead exposed
in phosphate buffer, containing 0.1M chloride
ions, f[H=7, for 25 hours at

= 2N NHE e o s e ilal o oie s iala w ai e i miel oralatatnte e win NS

Infrared reflection spectra from lead exposed

in phosphate buffer, containing 0.1M chloride
ions, fH=7. a) and b) 17 hours at =-.11 V NHE.
€) 16 Houfs dt 1T ¥V NHEL . cssvsvsesssuseona VLS

Lead exfposed in phosphate buffer, containing
0.1M chloride ions, pH=7, at =-.11 V NHE for 16
hours. Magnification: 500X. White colored
particles - lead phosphate, no chlorides were
detected in the fillisessvscswsscunanenssvsetdd

Lead exposed in phosphate buffer, containing

0.14 chloride ions, pH=7, at <.11 V NHE for 16
hours. Magnification: 5000X. Particles - lead
phosphate, no chlorides were detected......130

Infrared reflection spectra obtained from lead
exposed in phosphate buffer, pH=7. a) 0.01M
chloride ions, 3 hours at -.01 V NHE. b) 0.5M
chloride ions, 18.75 hours at




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Pigure

47

48

49

50

51

52

53

54

55

56

57

’.01V NHE.O........I..00.00..0..-.0..-000.131

Lead exposed in phosphate buffer containing
0.01M chloride ions, pH=7, at -.01 v NHE for 3
hours. Magnification: 1000X. Film coated
surface, No paArticleS..scsaessssscscsassssce 132

Lead exposed in phosphate buffer containing

0.5 chloride ions, pH=7, at -.01 V NHE, for
18 hours. Magnificatiou: 200X, the crystals
were identified as KCl.:sesesescanssecsoencs 133

Lead exfposed in phosphate buffer containing
0.5M chloride ions, pH=7, at -.01 V NHE, for
18 hours. Magnification: 2000x, the big
crystal was identified as KCl, the small as
Jead phosphat@eesscssesesssccscssssncscscssese 13l

Infrared reflection spectra from lead exposed
in phosphate buffer, containing 0.1M chloride
ions, ©pH=7, for 3 hours at 1.08 V NHE. a) 1X,
parallel polarization. b) 5X, parallel
polarization. <¢) 11X, perpendicular

POLAELZ At 1 ON s sis ait o 0aoiesesiseesesssssssesresVId

Polarization curve of lead in bicarbonate
buffer, containing 0.1M chloride ions, pH=10.
Scan rate 40 DV/DiNUtC.ccceacccccccocccncsesel3b

Infrared reflection spectrum from lead exposed
in bicarbonate buffer, containing O0.1M
chloride 1ions, pH=10, for 4 hours at
1.08 v NHEOO..IC000....‘0..0.......l...‘...137

Pourbaix diagram of the systenm
lead-water-sulfate (1M SO --), calculated with
the latest available thermodynamic data

(65).'.!l.....-.0.'.0......0...0....l.l....138

Pourbaix diagram of the systenm
lead-water-sulfate (0.1M S4--), calculated
with the latest available thermodynamic data

(65).CQ....\'I.'C‘..C.!.‘...lQi..........'l.139

Polarization curve of lead in 0. 1M sulfuric
acid, pH=0.9. Scan rate 40 mv/minute.......140

a) Infrared transmission spectrum of PbSQq
povwder, in KBr. b) Infrared reflection
spectrus from lead exposed in 0.1M sulfuric
acid, pk=0.9, for 3 hours at -.02 V NHE....141

Infrared reflection spectra from lead exposed




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

58

59

60

61

62

63

64

65

66

67

68

7

in 0.1M sulfuric acid, pH=0.9, at -.40 V NHE
for 2 hours. a) Parallel polarization. b)
Perpendicular polarizatiODececcccccscccssesll2

Lead exposed in 0.1M sulfuric acid, pH=0.9, at
-.40 vV NHE for 2 hours. Magnification: 1000X,
particles are probably lead sulfate€........143

Infrared reflection spectra from lead exposed
in 0.1M sulfuric acid, pH=0.9, for 16 hours at
-.02 V NHE. a) 60-65° b) 45° ¢) 309, .......1044

Infrared reflection spectra from lead exposed
in 0.1M sulfuric acid, pH=0.9. a) -.02 V NHE,
for 3 hours. b) .80 V NHE, for 1.5 hours...145

Lead exposed in 0.1M sulfuric acid, pH=0.9, at
.80 V NEE for 16 hours. Magnification: 500X,
lead sulfate crystalSiceeccceccsscccccanssesllib

Lead exposed in 0.1M sulfuric acid, pH=0.9, at
.80 V NBHE for 16 hours. Magnification: 2000X,
lead sulfate CrystalSeeccecceccscecsccccssselli?

Infrared reflection spectra from lead exposed
in 0.1 sulfuric acid, pH=0.9, at .80 V NHE
for a) 20 minutes b) 1.5 hours ¢ 2.5

hours....t'..lOl....o..o...-.0..o-.o.c.o.o.1“8

Infrared reflection spectra from lead exposed
in 0.1M sulfuric acid, pH=0.9, at .80 V NHE
for 3.¢ hours. a) 60° b) After drying in air
for 24 bours, 65° c) Same as (b), 65-68°...149

Infrared reflection spectra obtained from lead
exposed in 0.1 sulfuric acid, pH=0.9, at
.80 V NHE for 20.5 hours. a) Parallel
polarization. b) Perpendicular
POLACIZALION i s e isiscesssvsnnsssnssrnsnnwseld0

Polarization curve of lead in O.1M Kzso4
solution, pH=5.75. Scan rate 40
.v/.inute.".........Q...l.....'..l......l.151

Infrared reflection spectra from lead exposed

in 0.1H4 K5 S0, solution, pH=5.75, at =-.62 V NHE
for 3 hours. a) Parallel polarization. b)
Perpendicular polarizatioDeccecccceccssssss152

Infrared reflection spectra obtained from
lead. a) Exposed in phosphate buffer,
containing 0.1 sulfate ions, PpH=7, at
«24 V NEE for 16.75 hours. b) Exposed in 0.1M




Figure

Figure

Figure

Figure

Figure

Figure

Figure

69

70

71

72

73

74

75

K>S0, solution, pH=5.75, at .24 V NHE for 1.75

hOUIS-. .I....‘......l.l.l".ll.l..'........153

Infrared reflection spectrum from lead exposed
in 0.1M K,S04 solution, pH=5.75, at 1.08 V NHE
for 3.5 hoursﬂﬂ.l.l.lll....idt..l..........15a

Polarization curve of lead in KOH solution
containing 0.1M sulfate ions, pH=10.9~-11.2.
scan rate uo mv/minute..l...l.‘.'l..'l.l..l155

Infrared reflection spectra from lead exposed
in KOH solution containing 0.1M sulfate ions,
pH=10.9-11.2, at .24 V NHE for 25 minutes. a)
Parallel polarization. b) Perpendicular

PolarizatioNecececoccoccccvocsccoscccssocsscese 156

Infrared reflection spectra from lead exposed
in KOH solution containing 0.1M sulfate ions,
pH=10.9-11.2, especially prepared to minimize
carbonates content, at .24 V NHE for 2.5
bours. a) Parallel polarization. b)

Perpendicular polarizatiONececcsccssccsscses 157

Infrared reflection spectra from lead exposed
in KOH solution containing 0.1M sulfate iomns,
pH=10.9-11.2, at .24 V NHE for 2.75 hours. a)
Parallel polarization. b) Perpendicular
polarizationececcesscccscscscaceccscaccsscseesl58

Infrared reflection spectra from lead film,
vapor deposited on gold, exposed in O0.1M
sulfuric acid, pH=0.9, at .80 V NHE for 20
minutes. Film thickness 2142 angstroms. a)
Parallel polarization. b) Perpendicular
polarization..00.0..'......'.'000'000.00000159

Infrared reflection spectra from Armco iron

oxidized at 2309c. a) For 405 hours, no
polarizer. b) For 288 hours, with parallel
polarizatioONececccsccescssccccscascscscccce 160




Sle b bt 0 o o

1. INTRODUCTION

Corrosion 1is very costly. The expenses caused by
corrosion in the U.S alone run into the billions of dollars
a year (1). At the same time the entire industry depends on
the stability of metals, and they in turn depend on a few
hundred angstroms, sometimes even less, of protective film
for their stability (2). "The loss of chemical reactivity
under certain envirconmental conditions" (1), 1is termed
passivity. In other words, the metal is stable under
conditions that thermodynamically 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 Lkehavior was explained by the formation
of a protective film on the metal surface. These surface
layers vary in thickness from metal to metal and from
environment to environment. Surface layers less than 10
angstroms (6) thick have been reported to passivate the
surface of stainless steels, but naturally there are other
metals, such as lead, where the protective films that form
can be several orders of magnitude thicker. 1In view of all
this it will be hard to overemphasize the importance of the
protective films - oxides, carbonates, sulfates and many
more. Theories have been developed to explain and predict
the film formation, among them the "Oxide film theory" (3)

and the “Adsorption theory" (4).

S
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Much research on passivity was done since Faraday
observed the passivation of iron in nitric acid, but there
are still many questions to be answered. Passivity affects
many aspects of our life, from cars to buildings and from
energy to food. Apy new technique that can help in
answering some of these questions is welcome. The objective
for this research is to try and show the applicability of
infrared reflection spectroscopy to surface 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 M. Pourbaix and is explained in detail in
his atlas (7).

In the Pourbaix diagrams one can find the regions of
immunity - the unreacted metal is thermodynamically 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 diagranm,
Figure 1, shows the three general regions for a given
system - in this case lead-water. Unlike 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 systea
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of interest. The fotential-pH diagrams store huge
quantities of thermodynamic data in a relatively simple way
which 1is gquite easy to understand and has the great
advantage of summarizing the information in a graphic
manner. In constructing a diagram one has to define the
system and within it the species of interest. The Gibbs
free energies of fcrmation of the different species, or
enough data to calculate them, must be known. A series of
chemical reactions, in equilibrium, involving the species of
interest 1is selected and from it using the Vant-hoff,
Faraday and Nernst equations a linear relation of potential
and pH 1is calculated. An example of the methodology of
calculating and drawing a Pourbaix diagram is given in
Appendix 1.

The diagrams can be used for:

a) Predicting the spontanous direction of reaction under

given potential - pH conditions.

b) Estimating the composition of corrosion products.

c) Predicting changes - pH, potential, composition of

solution - to reduce the attack.

Thermodynamically calculated Pourbaix diagrams have some
very dimportant 1limitations which must be remembered every
time they are used:

1) They contain no kinetic information.

2) The information exists for pure metals and not for

alloys. Present understanding of thermodynamics 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 problenms.

In recent years attempts have been made to
experimentally detersine Pourbaix diagrams in the
laboratory. These experimental diagrams have the advantage
of providing kinetic information; they can also be developed

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

1.2. Infrared Reflection Spectroscopy

Surface analysis advanced 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 Spectroscopy for
Chemical Analysis (ESCA) (11), Second Ion Mass Spectrometry
(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 already in use such as
X-ray diffraction (13,14) and ellipsometry (17) . Among the
techniques wmentioned there are some that are capable of
detecting surface films 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 layer.

In view of all this one must ask the inevitable question
of why we need infrared 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 films that are
sensitive to and can be altered by vacuum. An example
for this type of films are films that contain water 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, ESCA, AES), provide kinetic information

(ellipsometry) or require vacuum (LEED).

3) Infrared spectroscopy provides structural information

both for crystalline and amorphous materials.

4) The experimental 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 attachments and a polarizer,
these can be purchased from a variety of manufacturers.

The overall price for am 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 he analyzed
L using infrared reflection spectroscopy (18,19). This
compares favorably with the most sensitive electron
% techniques.

6) One of the main advantages of the infrared

spectroscopy is that its theory is fully developed.

7) Infrared spectroscopy can be considered as a truly

non-destuctive technique, probing the surface with low

energy radiation,

The technigque has been uséd in research of the following

subjects: adsorbed wmolecules on metal surfaces (20) , thin
polymer films on metal surfaces (21), identification of
oxidation compounds on @metal surfaces (18,19), ceranmic
: surface degradation (22,23), recording single crystal
spectra (24,25), and corrosion inhibition (26).
- A brief and intuitive approach to the theory of infrared
reflection spectrosccpy will be given here. For detailed
mathematical and optical formulation the reader is refered
to the works by Francis and Ellison (27), Greenler (28, 31),
Poling (32), Tompkins (33), Harrick (34) and Lavin (35).

The problem refers to a thin, homogenous, isotropic,

parallel-sided film on a metal surface, such as is shown in

Figure 2a. Assuming the radiation falls at near the normal
incident amgle to the surface the reflected wave and the '

incident wave will combine to form a standing wave with a

node of the electric field vector at the surface. With zero
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electric field vector at the surface no interaction with the
surface species can result, and thus its not possible to
obtain a spectrum. 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, thus making the surface the best place to hide a
few hundred angstroms of oxide film from detection.

With the same approach the polarization of the incident
light should be considered. An incident w<ave polarized
perpendicular to the plane of incidence will undergo a 180
degree phase shift upon reflection, and thus the incoming
and the outgoing waves cancel each other at the reflecting
surface. On the other hand a parallel polarized light
undergoes a finite phase shift wupon reflection, which
depends on the angle of incidence, and becomes 180 degrees
only at grazing incidence angle. The result of the parallel
polarized light is an elliptical standing wave with a finite
electric field vector normal to the metal surface. The
change of the reflectivity, at the vicinity of an absorption
band, and the phase shift of the polarized light indicate
that the sensitivity, for a 5 angstrom thick film, will be
highest at high angles of incidence, 85-88 degrees from the
normal. Prom 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 clear.
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The next thing tc consider is the number of reflections
that should be wused in crder to obtain a <spectrunm.
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
after many reflecticns, even though there is more
information in the wave, the signal to noise ratio will be
too 1low to allow a significant spectrum to be recorded. 1In
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 1is necessary to take into consideration the
relatively simple @artrangement required for single
reflection, and the possibility to wuse other surface
analysis technigues, all at the same <*ime. The
instrumentation becomes more complicated for nmultiple
reflections and simultaneous fprobing of the surface with
other techniques is not possible. Calculations (29) showed
that the deviation by a factor of 2 from the optimup number
of reflections can reduce the reflectance by 20-30% . An
equation and graphic definition of reflectance are given in
Figure 2b. In general when using good reflectors, silver,
gold, copper etc. , the optimum number of reflections is
higher than when poor reflectors are used. This depends on
the initial reflectivity of the metals which in turn is a
function of the optical constants of the metal substrate,

the angle of incidence, and the wavelength of the light.
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This =suggests that when using poor reflectors more than 70%
of the available sensitivity can be achieved with only 1-2
reflections (30,31).

There are additional prcblems to be solved in the use
and design of reflection instrumentation. Since almost all
infrared spectrometers use thermal sources the resulting
divergence c¢tf the sample and the reference beams is a fact.
This causes the 1light 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 beanm
travel the same number of reflecticns. There is a problen
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 brought together in order to provide the
high number of reflections that is sometimes needed, since
the image of their exit must £fill the monochromator slits if
all the energy availakle is to be used.

A major probiem 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 c¢nly on the extinction coefficient, 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
t:ansniésion spectra, to cause problems in the

interpretation of reflection spectra.
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Infrared 1reflecticn spectroscopy has proved to be a
useful and sensitive technique for surface analysis, in
spite of the problems mentioned above. The use of infrared
reflection spectroscopy 1is expected to grow in the near
future mainly due to the recent availability of theoretical
formulation and 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, when used properly, 20-30 times greater

than the semsitivity cf transmission spectroscopy (32-34).

1.3. Lead - Applicaticns and Research

Lead is one 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 serves well, and in many cases it is impossible teo
replace it with other metals or materials. AmoOng its most
popular applications are: lead-acid batteries, additives to
fuels (its consumption for this application is going down
due to lead toxicity and lead pollution of the atmosphere),
lead covered cables for electrical use, equipment for
pLoduction, tcansportation, and storage <of corrosive
chemicals, corcrosion resistence, solders, plumbing,
architecture - ornasentation and vibration isolationm,
radiation protection, ammunition, and paints (36).

Lead wuse in batteries is by far the most @onsuming

MDY P TIR TSP R o T e —
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application of 1lead. This wmakes the understanding of lead
electrochemistry and surface reactions an important field of
stady. Research on lead compounds oY interest in
electrochemistry and corrosion prevent:on aeals with the
investigation of their crystalline structure (37-39),
infrared ana Raman spectra (40-42), kinetics of formation
(43-46), thermodynamic stability (7), electrochemistry
(47-53), photodecompcsition (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. EXPERIMENTAL

One of the first problems this study encountered, from
the experimental point of view, was to determine under what
conditions the 1lead electrochemical exposures should be
performed:

a) Envaironment - 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 1is fixed, but they definitely present two
different aspects of the problem. The approach was to use
common buffer systeas in the neutral and ktasic regions of
the pH scaie and strong acid, not a buffering system, but
the pH was not expected to change by more than one pH unit,
at the acidic side of the pH scale. In this way when the
effect of chlorides cn the system was investigated compared
to a system that did not have any chlorides, the same
buffering system was used with an added amount of chloride
ions. Table I 1lists all the buffer systems and solutions
that were used duaring the research.

The determination of +the potential values for each
environment-pH was approached from:

a) Pourbaix diagrams - theoretical and thermodynamic

considerations.

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 Holder

There are some unique features characterizing a sample,
and thus also the sample holder to be used in the
electrochemical exposures, intended for infrared reflection
measurements. The:sse are:

a) Size: The sample has to be fairly large, 2.8 X 5.7
cm. This 1is the size of the larger sample that can be used
with the Wilks Model 9 reflection attachments used in this
investigation. The smaller sample size that can be used with
these attachments, but which was not used in this research,
is 2.8 X 4.3 cnm.

b) Flatness: The goal of this research 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 1light, with the amirrors,
towards the nonochromator compartment.

c) Safe removal: The sample has to be taken from the
sample holder after the electrochemical 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 sample hclder material must be inert to

all chemical environments used during the electrochemical
exposures. It should not form a galvanic couple with the
sample on contact in solution. The material should also be
strong enough to be rressed against the edges of the sample
to prevent leakage.

Many sample holders for electrochemical exposures have
been described in the past (56-62), but none could fulfill
the requirments mentioned in points a to c. Thus, a sample
nolder tor this research had to be developed. It was made of
TEPLON; Figures 3-6 show the various parts of the sample
holder and any necessary information for construction.
Other requirements in the development of a standard type

sample holder would be: standard necks for all sample

holders, different heads for different sample sizes, and
special attachments between heads and necks as in the case

of the tilt angle required for Raman measurements.

2.2. Electrochemical Exposures
An electrochemical <cell, Fiqure 7, was filled with 1

liter of the appropriate buffer solution and 4 of the necks

: were sealed with rutber stoppers. The fifth neck was used
for the gas dispersion unit, purging dry nitrogen into the
solution in order to rminimize the amount of dissolved carbon
dioxide, and thus carbonate 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 performed in which
degassing of the solution before 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 nminutes. 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 thick sheet.

While purging took place, a lead sample was cut to size,
2.8 X 5.7 cm, and vas immersed in a hot, almost boiljng,
concentrated solution of ammonium 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 the surface prepagation by using
conventional metallurgical methods such as grinding amd
polishing were tried. Lead 1s a very soft metal sa all
these efforts did not seem to improve ¢the surfads
preparation but only introduced impurities to the sugface
layer; thus, they were abandoned. Electron micrographs
which emphasize this point will be discussed in the next
chapter.

Toward the end of the nitrogen purging, the
electrochemical cell was prepared for the exposure by
introducing the thermometer and auxilliary electrode -
platinum mesh - and by connecting the Luggin probe, via

tubing filled with the solution, to the calomel electrode
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cell im a 100 ml beaker. The purpose of the tubing
connection was to hinder the diffusion of chlorid< ions from
the calomel 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 from the sample surface, and the solution was stirred
constantly with a magnetic stirrer to prevent the formation
of a Helmholz layer, which might introduce resistance
errors. At this pcint the potentiostat was turned onm 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 1is a voltage feedback circuit
that wutilizes negative feedback. Pigures 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 Kepco Inc.
bipolar operational power supplysamplifier model BOP 36-1.5
that can supply high currents, wvhen needed, up to 1.5
amperes.

Tables II, III and IV list the electrochemical exposures
that wvere 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 9SS and 9D reflection attachments and a Beckman
42-POL grating polarizer were used to measure the infrared
reflection spectra. A block diagram of the spectrometer
with the reflection attachments, polarizer position and the
light paths 1is given in Figure 10. The spectrometer was
prepared for recording the spectra by carefully balancing
the beaams, then th: reference beam was adjusted for maximum
reflectivity by working the spectrometer in a single beanm
mode and adjusting the mirrors in the model 9D attachment,
with two aluminum w@irrors as samples. When this step was
satisfied the polarizer was mounted just before the main
slits.

When the exposure was comnpleted the sample was rinsed
with distilled water and immediately mounted in the Wilks
model 9S reflection attachment, against an aluminum mirror,
then the attachment was placed in the spectrometer light
path and adjustments for number of reflections and angle of
incidence were perfcrmed by moving the M2 and MS mirrors
with the matching ad justments at M2' and M5'. 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 wusually 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
instrument wavelength was centered on one of the z2bsorption
bands. Once best conditions were determined, the spectrum
was recorded from 1800 to 250 wavenumbers at a speed of 25
wavenumbers/minute, suppression - 6, gain - 5-6, normal slit
program - 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 spectrometer was continously purged
with nitrogen to mirimize the amount of carbon dioxide and
water vapor opresent. Carbon dioxide and water vapor can
cause problems, especially if the instrument is not
perfectly balanced. Their spectra will add to or mask the
spectra recorded. This problem was especially important in
this research since most of the oxides absorb in the long
wavelength region, telow 600 cm—t, where there is strong
absorption by water vapor.

Spectra were recorded under identical conditions for two

extremes of light polarization.

2.4, Polarization Curves

Electrochemnical polarization curves were run in order to
determine 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 curves were run from +1 V SCE (1.24 V NHE)
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to -1V SCE (-.76 V NHE) and back to +1 V SCE (1.24 V NHE).
In this way there was a reduction cycle first so when the
oxidation cycle began the 1lead surface 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 Elscint potential scan generator, model ABA-26, was
used to scan the potential. The scan rate was 40 mv/minute.
Results were plotted cn an MPE 815 Plotmatic X-Y recorder.

At least one pclarization curve was run for each
buffering system or soluticn that was wused during this

research.

2.5. Scanning Electron Microscopy

The samples were cut so they could fit into the SEM
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 SEM work wvas done on a Hitachi Scanscope SSM-2, the
camera was a Tektronix osciloscope camera C=-27 with f£1.4 to
£16 optics and 1:1 magnification. Polaroid film #665
(positive - negative) with an ASA rating of 75 was used for
all pictures with an aperture setting of £16 and photometer
reading 75-85.

Magnifications were between 200X and 2000X. Very few
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samples needed coating, and those that did were coated with
60-40 gold - palladium 8 mil wire.

A few samples were examined on an AMR 1000 SEM equipped

with an EDAX 707A X-ray energy dispersive analyzer.

2.6. X-ray Diffraction

X-ray diffraction patterns of analytical reagents, to
determine purity and for reference spectra, and of passive
film samples of particular interest were recorded. The
patterns were vrecorded on a General Electric 11GJ1 X-ray
unit with a copper target and team slit of 3 degrees, Soller

slit - medium, filtration = 2 Nickel, time constant - 1

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

2.7. Lead Film Thickness Measurements

In order to fird the detection limit cf the infrared
reflection measurements with respect to the film thickness
the thickness had to be measured. Several methods for
measuring film thickness are known, two were available for
this research - interference microscopy, and a Taylstep-1
stylus-type instrumenmt - both require a sharp step in the
film in order to &seasure its thickness. It was expected
that an electrochemical expcsure of a regular lead sample
would not leave a sharp step, even if part of the sample was

to be masked; thus, another approach was taken. Lead wvas

‘ \ | —p
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vapor 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-Hobson Taylstep-1, this is a commercial stylus-type
profile instrument with a maximum vertical resolution of
better than 10 angstronms. Figure 12 shows the film
deposited on glass and a simplified diagram of the stylus
type instrument and its output. The sample was exposed by
making an electrical ccnnection to the top front side of the
microscope slide, where the film was deposited, and
immersing the slide in solution leaving the connection out
in the air to avoid ary interference from galvanic coupling.
After electrochemical exposure the sample was cut to size
with a diamond cutter, and the infrared reflection spectrunm
was recorded. The film thickness was corrected for the
density change from le€ad to the appropriate compound. Table

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

2.8. Iron Exposures

2.8.1, Armco iron:

Armco iron samples, of the same size as the lead
samples, were ground with CARBIMET - SiC grinding paper =
down to 600 grit, hand grinding was found to be the most
accurate, and then down to 0.3 micron with Buehler alumina
povder on a revolving table. The alumina polishing was done

vet wusing distilled water. After polishing the sample was
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carefully rinsed with distilled water and spectroscopic
grade methanol, then it was put in a vacuum A2sicator to
minimize air oxidatior.

Infrared background spectra of the iron samples were
recorded. The samples were then exposed in air for 0.5 to
480 hours at 2309c. Spectra wvwere recorded using unexposed
iron or aluminum in the reference beam, angle of incidence
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 wused by Pcling (19). This sample configuration
provides a reflecting surface in <case all the iron is
oxidized.

After the gold was deposited, part of the sample was
masked when the iron was deposited. 1In tnat way, when the
mask was lifted, a step the thickness of the deposited layer
vas there and the film thickness was measured using a Karl
Zeiss 1interference microscope. The samples were put in the

same oven with the Armco Iron samples.
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Spectra were recorded wusing gold deposited on a
microscope slide in the reference beam and an angle of

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

Electrolyte Solutions Used in This Research

Solution pH

a 4.01
b 6.87
c 10.00
d 7.00
e 7.00
£ 10.00
o Al

h 0.9

i 5615
3 7.00
k 10.00
1 1.1

ELECTROLYTE COMPOSITION
0.05K KHC G0 H,
0.025M KH,PO, + 0.025M Na,HEO,

50 m1 0.05M NaHCO, + 10.7 ml 0.1M NaOH

3
50 ml 0.1M KH2PO4 + 29.1 ml 0.1M NaoOH
d + 0.1M KC1

c + 0.1M KCl

0.1M HC1

0.1M HyS0,

0.1M K550,

d + 0.1M K2504

c + 0.1M K2504

KOH + 0.14 K250

Remark: All the chemicals were reagent grade.
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TABLE II

Lead Electrochemical Exposures in Phosphate and Carbonate

Buffers =
No. E NHE
volts
1 .28
2 -.16
3 -. 16
4 -.76
5 -.64
6 - 42
7 -. 16
8 .48
9 .67
10 «99
1 1. 08
12 -.42
13 .42
14 -+56
15 -.42
16 -.42
17 -.42
18 =37
19 -.28
20 .02
21 .04
22 .24

pH

4.0
6.87
6,93
7.0

7.0

7.0

9.7

9.7
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

Exposure
Time hrs.

1.5

1.5

1.0-2.0

Temp.

23
25
19

18

18
19
20
21
24
18
25
24
25
20
18
25

23

C X-ray
Diffraction

yes

yes

yes

yes

yes

SEM

yes

yes

yes

35
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No. E NHE pH Exposure Temp. C X-ray SEM
volts Time hrs. Diffraction

23 .24 10.0 565 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 Table 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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TABLE III

Lead Electrochemical Exposures in Solutions Containing 0.1M

Chloride Ions *

No.

S5%%
6%%

T ekx

1
12
13
14
15

16

E NHE
volts

1.18
-. U2
-. 11
=is 11
-.01
-.01

-001

-.42
-.42
-.24
.49
.49

1.08

pH

10.0
10.0
10.0
10.0
10.0

10.0

* - Solutions e,f,g

** - 0,.01M chloride

*** - (0,5M chloride

Exposure Temp. C X-ray SEM
Time hrs. Diffraction
1.0 22
25 24
16.25 24 yes
17 23
210> 20 yes
3.0 21 yes
18.45 20 yes yes
21
22.5 20
3.0 24 yes
2.0 20
17.5 23
2.0 19 yes
3.25 20
20.0 20
4.5 22
in Table I.
icns.
icns.
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TABLE IV
Lead Electrochemical Exposures in Solutions Containing 0.1M

Sulfate Ions *

No. E NHE pH Exposure Temp. C SEM '
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 -.23 0.9 2.5 23
5 -.02 0.9 16. 25 21
6 -.02 0.9 3.0 21
7 .80 0.9 «571.5=-2.5 21
8 .80 0.9 3.5 20 yes
yes
yes
:
yes
yes
yes
yes |




No.

23

24

E NHE
volts

<24

. 24

pH

11.2

11.2

Exposure Temp.
Time hrs.
3.5 26
2.5 19

Solutions h,i,j,k,l in Table I.

c

SEM

39
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TABLE V
Lead Electrochemical Exposures for Passive Pilm
Thickness Measurements.

No. E NHE pH Exposure Temp. C Description

volts Time hrs.
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

Remérk: The 1lead was vapor deposited on top of gold omn a

microscope slide.




No.

v & W N

o

TABLE VI

High Temperature Iron Exposures

Type Exposure Temp. C
Time hrs.
Armco iron 405 230
Armco iron 405 230
Armco iron 288 230
Armco iron 0.5 230
Vapor deposited ircn 480 230
Vapor deposited iron 480 230
Armco iron 50 250

41
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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.
Electrochemical polarization curves were run on lead in each
environment of interest; this was necessary since no data
was available for the exact solutions, pH conditions and
lead quality wused in this research. At the same time, a
cueck was made to «certain that the Pourbaix diagrams
available on the systems lead-water (7), le;d-vater-chloride
(o4) and 1lead-water-sulfate (48) <contained the latest
available thermodynamic data. Even though recent
thermodynamic data available (65) does not differ by much
from those wused in calculating the Pourbaix diagrams
(7,48,64), 1t is 10-25 years more recant and thus more
reliable. As will ke seen later even small differences in
data can lead to scme major changes in the diagrams since
the data is tramnslated into line slopes. Recalculations of
the Pourbaix diagrass for the systems lead-water,
lead-water-chloride and lead-water-sulfate are given in

appendices I-III respectively.

3.1. Lead-Water
The original, simgplified Pourbaix diagram of this systen
(7), Figure 13, has the regions of lead metal - Pb, plumbous

ion - Pb**, 1lead mcnoxide - PbO - the stable monoxide was
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calculated to be the tetragonal form, plumbo-plumbic oxide -
Pb30, and lead dioxide - Pbo2. kecalculation of the diagram
using newer data, appendix I, shows, ¥igure 14, that the
tetragonal lead moncxide region extends towards higher
potentials =~ compared to Figure 13 - thus squeezing the
Pb;0, region, Part of the Pb3p, region was replaced by lead
sesquioxide - Pb203, and the lead dioxide lower fpotential
boundary was moved into what used to be Pby0, region. The
new diagram has thecretical transitions in the neutral and
basic regions of Pt to PbO to Pb304 to Pb203 ending with
Pbo2 in the highest pctential region.

Unlike most of the nonprecious metals, lead is
thermodynamically stable within part of the water stability
range, marked by lines a and b in Figures 13 and 14.

Figures 15-16 shoy the polarization curves that were run
for pH=7 and pH=10 solutions respectively. In the oxidation
cycle of the polarization curve at pH=7 solution there are
four distinct waves, The lower wave corresponds,
approximately, to the Pb/PbO transition in the Pourbaix
diagram and the upper wave to the lower potential boundary
of the 1lead dioxide region. Immediate correlation between
the two middle waves and the Pourbaix diagram does not
exist, this could be due to the buffer solution, phosphate,
and/or a kipetic effact even though the potential scan was
fairly slow, 40 mv/sinute. Position and shape of waves in
polarization curves depend upon: sweep rate, electrode

material, solution composition and concentration of
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reactants (5) - There are five distinct waves in the
oxidation cycle of the polarization curve in the pH=10
bicarbonate solution. The one at the lowest rotential
corresponds to the Pb/PbO transition, and the wave at
.64 V SCE (.88 V NHE) corresponds to the lover potential
boundary of the lead dioxide region in the Pourkaix diagram.
The wave that runs off scale above the 1lead dioxide
transition wave corresponds to the oxygen evolution line.
From looking at the Pcurbaix diagrams, Figures 13 and 14, it
is clear why tnis line appears in the pH=10 solution and not
in  the pH=7 soluticn. The small waves between the Pb/PbO
transition wave and the lead dioxide formation wave can
correspond to intermediate lead oxides, like Pb304, and/or
are due to the buffer, which is known to form a very stable
iead compound - lead carbonate hydroxide (LCH).

In the 1lead - 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
current started fairly high, 6.3 ma/cm2, but did not
maintain that level for long, as would be expected in the
case of corrosion. It went down to 0.3 ma/cm2, which is
still quite high, thus indicating that whatever formed on
the surface was not highly protective. The infrared
reflection spectrum cf the sample, Figure 17a, was obtained
and some interesting features can be noted:

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

|
|
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transmission spectrum of the buifer, Figure 17c. Fronm
the sixteen bands that appear below 1000 cm—?! in the
transmission spectrum, fourteen can be matched with
bands in the reflection spectrum, these bands match
exactly or were shifted 5-10 wavenumbers which is well
within the expected magnitude of shifts due to
reflection. The two bands that are missing are at 680
cm—* - probably not resolved from the 690 cm—! band -
and at 405 cm~t. Two extra bands appeared at 530 and at
365 cm—-! and are probably due to orthorhombic (yellow)
PbO, these bands are not as sharp as the "organic"
bands.

2) The effect of polarizing the light perpendicular to
the 1incident wave 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 17¢c - broad vs. sharp - makes it
difficult to say if any of the bands in that region are
missing in the reflection spectrum obtained from the
lead sample or if scme of the bands just combined to
form broad bands which were not resolved properly.
Since we are dealing with polyatomic molecules it is
likely that some of the vibrations are parallel to the
sample surface and thus cannot be excited by the
parallel polarized 1light, which can excite only those

vibrations that have some component normal to the metal
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surface.

3.1.1. Immunity Region

Experiments perfcrmed in the immunity region of the
Pourbaix diagram, in phosphate buffer, pH=7, confirmed that
lead does not go through an oxidation reaction under these
conditions. Under all potential conditions below
-.42 V NHE, there wvas a reduction current, reducing whatever
species there were cm the surface when the reaction began.
The lead samples stayed metallic shiny in the solution
throughout all the exposures. Figure 18a shows an infrared
reflection spectrum of a lead sample exposed at -.76 V NHE.
This sample was not washed with distilled water after being
removed from soluticn but was left to dry in air. Upon
drying its coler changed to light brown with some streaks of
interference colors - mostly blue. All the bands that
appear 1in the spectrum can be attributed to lead phosphate
(66) . Another sample that was exposed for the same length
of time wunder almost the same potential conditions,
-.o04 V NHE, was washed with distilled water upon removal
from solution. Its reflection spectrum, Pigure 18b, has
some LCH at 1440,1400 and 840 ca—~% in addition to all the
lead phosphate bands. There is a possible indication of
tetragonal PbO band at 500 cm—t., It can be concluded that
the LCH and the tetragonal PbO fcrmed as a result of wvashing
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 minutes, would take care of
vhatever lead phosphate was on the surface, especially if it
did not form during the electrochemical exposure but rather
from the buffer solution that stayed on the sample surface
when it was taken out of the cell. 1In both cases, rinse and
no rinse, the lead phtosphate bands appeared in the spectrum
thus suggesting some adsorption process in which phosphate
molecules adsorhed to the surface of the sample, and changed
its potential slightly. The process was not carried far
enough to ke 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 Figqure 18a, with the polarizer aligned to
transmit the perpendicular, to the incident wave, ccmponent
of the 1light.

Exposures in the immunity region of the Pourbaix diagram
that were carried out in a bicarbonate buffer, pH=10, gave
different results. Tkte current was reducing only during the
exposure at =-.56 V NHE in which the sample also stayed
metallic shiny. The spectrum obtained upon removal from
solutica indicated the formation of orthorhombic PbO and
LCH, Figure 19a. The spectrum was confirmed by Raman
spectroscopy (67). This secems to contradict the results of
J. Burbank (45), who stated that orthorhombic PbO cannot
form above a pH value of 9.4, but due to the reducing
current observed throughout the whole exposure it is

unlikely that the oxidation was part of the electrochemical
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exposure. Therefore it is probably due to air oxidation of
the sample after its removal from the reaction cell., Figure
19b shows a transmission spectrum, in KBr, of orthorhombic
PbO.

Exposures from =-.42 V NHE 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/cm2, thus indicating the formation of a very
protective film. The color of these sanples was white-gray.
Infrared spectra of samples exposed in this region showed
the protective film to be LCH, one of the most stable and
insolukle compounds of lead. The identification can be seen
clearly in Figure 20 where a transmission spectrum of LCH
powder is matched against a spectrum obtained from 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—?! bands, up to 60 cm-1?
in the former case, the identification is positive. The
phenomenon of band shifting has been observed before (19)
during reflection wcrk; it can be explained by the
additional dependence of a reflection spectrum on the
refractive index and angle of incidence. More precisely,
these shifts result from the inverse dependence of the
reflectance on the refractive index, which reaches a minimum
on the higher frequency side of the absorption band, thus
making it <clear why the bands are shifted toward higher

vavenumbers. Further confirmation in identification can be
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achievea by examining a sample that was exposed for a
shorter length orf time than the sample that gave the
spectrum in Figure 20a. Figures 21a and 21c show the
spectra recorded frcm a sample covered with a thinner LCH
film; the twc spectra are of the same sample at two extremes
of 1light polarization. Compared to Pigure 21b, which is of
a thicker film, we see€ that the 845 cm—! band, which appears
in the transmission spectrum but is absent in tae thicker
film, appears in the thinner film spectrum, Figure 21a. 1In
the same 1line the 680 and the 690 cm—! bands, which are
resolved in the transmission spectrum, Figure 20b, and in
the spectrum obtained from the thicker film, Figure 21b,
appear as one band at 685 cm—% in the thinner film spectrunm,
Figure 21a. In Figure 21a there is a shoulder at 510 cm—¢,
a band at 46t cm—! and another shoulder at 405 cm~t. 1In the
comparable region of the thicker film, Figure 21b, there is
only slight hint of a shoulder at 500-510 cm—%, a strong
band at 420 cm-! and a weak band at 365 cm-!. The
conclusion from comfparison in this region 1is that the
thinner film displays a tetragonal PbO band, 465 cm—%, while
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
vibration of the system, which in this case appears at 420
cm=! and can be assigned to the metal-oxygen stretching
(68) . This transition, when present, appears always as a

wveak band attached, within 100 cm=t, on the 1longer
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wavelength side, to one of the fundamental frequencies. The
comparison between the samples indicates that upon
thickening the film undergoes <changes 1in its crystal
structure, thus causing mincr changes 1in its infrared
reflection spectrum. Figures 22a and 22b show spectra of
LCH recorded, from the same sample, at different angles of
incidence. Theory (32) shows:

5 1611dCo <@ anLSinzo_n4f (nle)

P, n$ Cos@ k3 Cos*@

AR

1

that the reflectance, R, is dependent on film thickness, d,
and the angle of incidence,f?. Any increase in the film
thickness will result 1in a decrease in the angle of
incidence required to obtain the maximum reflectivity from a
given sample. The second term in the equation for the
reflectance is wusually small, since it has 1in the
denominator the extinction coefficient of the metal (kg) to
the third power and the refractive index in the numerator
but only to the first power - the two indices are of the
same order of magnitude in the wavelength region used in
this 1esearch (69). Even when the second term becomes of
some importance its effect on the change: of the angle of
incidence as a result of film thickening is the same as that
of the first term since it has a cosine of @ in the
denominator.

When all the theory is considered it is clear why the
sensitivity of recording spectra of a thick film, 24 hours

exposure, will be higher at 60-65 degrees, Figure 22b, than

D T T
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at 75-80 degrees, Figure 22a, The phenomena of band
shifting due to <changes in angle of incidence can bhest be
seen 1in Figure 23, Concentrating on the 1400 cm—t% band it
is seen that 1in recording the spectrum at 60-65 degrees,
Figure 23b, the band was centered at 1440 cm—=1, while in
recording at 45-50 degrees, Figure 23a, the band was
centered at 1400 cm—? - a 40 wavenumber shift on an average
change imn 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 moving towards the
normal, smaller and smaller angles of incidence, it is seen
that the positions of the bands approach those of
transmission spectra.

An exposure 1in a KOH solution, pH=9.7 and potential of
-.42 V NHE, was carried out to check if the carbonate buffer
was responsible for the oxidizing currents observed in the
immunity region. The current in this exposure was reducing
thus indicating that the immunity region extended above the
-.56 V NHE value that was achieved in the pH=10 carbonate
buffer. A poor quality reflection spectrum of that sauple
was obtained, Figure 24, probably due to the film being very
thin. It 1s probably not an oxidation prcduct fila but more
likely due to adsorption or from washing the sample, but it
shows <clearly the presence of LCH, 1400 and 680 cm—' bands,
with some other bands of that compound appearing too but
they are very weak. The asymmetric band at 500 cm—1t! is

probably due to the presence of tetragonal PbO.
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From the exposures in what should have been the immunity

region of the lead-vater system it is clear tb2t using a

carbonate buffer alters the system thus making at least part
of this "immunity" region into a passivity region, where LCH

* forms on the surface and protects it from further corrosion.

3.1.2. PbO Region

The next region of higher potential in the Pourbaix
diagram 1is the PbO region. PbO can exis*t in at least two
distinct polymorphs: red PbO, which is also called litharge
or tetragonal PbO, and yellow EbO, which is also referred to
as massicot or orthorhombic PbO. The red °b0 is the stable
torm at room temperature, and it exists in equilibrium with
the yellow form at 4919, The yellow PbO can also be
stabilized at room temperature, and it probably does so by
incorporation of impurities into its crystal lattice (70).
Synthesizing the twc forms must be carried out carefully,
especially for the red PbO (71), since any impurity present
will either prevent the formation cf or the transformation
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 frecm .025 ma/cm2 in a 4 hour exposure to
.003 ma/cm2 in a 16 hour exposure. In the lovwer potential

exposures, close to the Fbs/PbO transition line, samples
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stayed shiny auring the whole exposure in spite of the
oxidizimg 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 exposures 1is seen in Figures 25a, 25b and 254.
Ail the bands above 500 cm—?* can be attributed to lead
phosphate, and the kand at 480-485 cm—t* to red PbO. These
exposures fall between the +two lower waves in the
polarization <curve, Fiqure 15, thus making it possible that
the lower wave corresponds o0 the phosphate and th2 PbO
formation, since that wave 1s resolved into two waves
indicating that two processes occur. The ligat colored
particles seen in the electron micrograph, Fiqure 26, taken
from a sample exposed in *hat region, were identified with
an X-ray enerqgy dispersive analyzer to be lead phosphate
particles. This seems to rule out any idea of a thin,
protective lead phosghate layer on the surface, which could
have been the 1logical explanation to the 1low current
densities and the almost shiny samples observed in these
exposures. It 1is pcssible that the phosphate forms in two
separate processes, one of them providing the thin
protective «coating. Indirect evidence fcr this is the fact
that neither form of EbO can form protective films and their
region 1s 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

considering the shiny color of the samples and the very low

e o it i e bl sl a
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current achieved - 0.003 ma/cm2 - it is likely that the
phosphate 1is the passivating agent in these expocures. The
film itself seems to be quite thick as seen from the cracks
around the dark particle in the center. That particle was
analyzed to be a SiC rparticle embedded in the soft lead from
the grinding process which was part of the surface
preparation routine. The SiC fparticles tnat were stuck in
the lgad did not oxidize and grow. This introduced stresses
into the filwm, and as it thickened these stresses resulted
in cracks. The grinding step was abandoned after this
phenomenon w3s noticed, and the surfac: preparation
consisted only of <chemical <cleaning wizh hot ammcnium
acetate solution.

Exposure 3in the upper part of the PbO region, at a
potential of .48 V NHE, in phosphate buffered solution,
pHi=7, resulted in a sample that was very dark. The spectrunm
obtained, Figure 25c, was identified as due to 1lead
phosphate and red PboO.

Due to the difficulty of synthesizing red PbO a compound
for 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—t, which is the lower limit of
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the spectrometer us=d in the present research, there are two
bands, at 470 and at 278 cm—!. During the present research
many FbO spectra were recorded and will be shown later in
the text; uot all of these spectra showed both bands but
some did. Figure 7 1is a red PbO spectrum, confirmed by
Raman spectroscopy, that clearly shows the two bands, now at
505 and 315 em—?, The asymmetry and the shifting of the
bands are very characteristic of reflection spectra. This
figure clearly indicates that a good spectrum, as good as
that from & single crystal - sometimes even better, can be
obtained using the reflection technique, not to mention the
trouble saved 1n "using" an electrochemical exposure to
prepare the compound.

Like the exposures done in the pH=10 buffer solution at
the wupper part of the immunity region, those that were done
in the lower part of the PbO region gave, maimnly, the
spectrum of LCH, Figure 28. The main difference fronm
previous spectra of this compound are the two distinct
shoulders - at 5170 and 465 cm~t, The possibility of the 510
cm~t band bzlonging to yellow PbO was ruled ocut with the
help c¢f Raman spectroscopy (67). The band at 465 cm—t
would, naturally, be assigned to red PbO, but in this way
the 510 cm-? will be left unidentified, unless we assign the
465 cm—* band to the ICH - it has a distinct shoulder at 460
cm=! in its transmission spectrum - and the 510 cm—%* band to
red PboO. We already observed a red PbO band at 505 cm—1t,

Figure 27, thus makirg it reasonable to assign the 510 cm—?t
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band to red PbO. An electron micrograph, Fiqure 29, of this
sample was taken, and it reveals a rough but oré-<.ed surface
which definetly has a film on it. There is a possibility of
lead compound particles, but they were not resolved.

Moving up in the PFbO regicn, pH=10, major changes in the
samples exposed were observed. Their color was not
light-gray any more but rather black. Thke most impressive
aspect of these exrosures was the high current density
obtained, even after 18.5 hours exposure. The current
densities ranged froe 6.3 ma/cm2 for a 1.5 hour exposure to
2.5 ma/cm? for an 18.5 hour exposure. These were three
orders of magnitude bhigher than currents observed where LCH
formed, indicating that the red PbO films that formed were
not protective. Figure 30 shows spectra recorded in the PbO
region between .02 V NHE and .24 V NHE. Figures 30a and 30b
show spectra of one of the longest exposed samples - 18.5
hours - which probably had the thickest film of all samples
exposed in that region. Figure 30a was taken at one extreme
of light polarizaticn which is thought to produce parallel
polarized 1light; 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
absorption, but it is clearly seen that the two bands are
there, even though the 480 cm—?* band was shifted to 505 cm—t
and the overall appearance 1is less symetric than the

spectrum obtained with the light polarized parallel to the
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incident plare. Intuitivly this makes sense, since the less
sensitive perpendicular polarization, which has a node of
the electric field vector in the plane where the reflection
occurs, will have a finite magnitude of that vector sone
distance from the reflection plane. If the film is thick
enough and the 1light penetration is deep enough, on the
order of a wavelength, this perpendicular polarized light
will assume finite values for its electric field vector
while still within the film, thus making it possible for
vibrational excitaticn. A cshorter exposure, 1.5 hours,
produced the spectrum shown in Figure 30c, in this case only
one band of the red PLO was observed, and it appeared at 540
cu~3., The identity ot the red PbO compound was confirmed by
X-ray and Raman spectroscopy. Samples exposed for an
intermediate length of time - 5 hours - showed a weak
presence of LCH as can be seen in Figure 304, but there is
no doubt that, even at that stage, red PbO was the main
constituent of the surface layer which contributed to the

spectrum.

3.1.3. Pb_O Kegion
i
J. Burbank wrote the only paper (45) we found that
claims the formation cf Pb304 in aqueous solutions. None of
the exposures done during this research, in any of the

regions, produced a spectrum that unquestionably could be
identified to be that of Pbj0,. Pb,0,, vhich is called red !
lead or minium, can be made by heating up Pbo2 (43). An ?
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interesting point 1is that there is tetragonal PbO,
? tetragonal Pbo2 and Pb304 is also tetragonal, thu<c making it
easier to 1introduce any of the oxides 1into the other
lattices, From simfple stoichicmetric addition it is seen
4 If

during our exposures in the Pb304 region we actually formed

that a combination of 2PbO and Pbo2 will produce Pb30

a lattice with PbO and FbGC, in it, it is clear why the

actual Pby0, spectrum was not observed in any of the

€XpOoSures. A possible kinetic effect in the formation of

E Pb304 can not be ruled out.
Exposure in phosphate buffer, pH=7, in the Pb304 region,
at a potential of .67 V NHE, produced 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. Yigures 31a and 31c show spectra obtained from
the sample at different light polarizations. The problenm
with the assignment of the bands is that Pb3o4 and lead
phosphate have bands in very close proximity, and with the
possible shift in tand position due to r=flection, it was

not possible to determine if any Pb existed in the

3%
sample. Indirect evidence, like color of “he sample - dark
gray - instead of the bright orange color that was under the
surface film reported by Burbank (45), indicated against the
ftormation of Pb304 in any of those samples. The 455-60 cm—1?
band, Figure 31a, <can be assigned as the strongest Pb304
band, as seen in the reference transmission spectrum of the

compound, Figure 31d. The bands at 540,365 (sh) and 265




69
cm~3 can also be attributed to Pb304, but at the same tinme
its more 1likely that the 455-60 and the 265 cm—%* bands are
red PbO bands and the rest are lead phosphate bands. Figure
31b gives the spectrum of the same sample when no polarizer
was wused 1ir the light path. There is a marked decrease in
the sensitivity and the intensity of this spectrum compared
to the spectrum recorded with the polarizer alligned to
transmit the parallel component, Figure 31a. Exposing a
sample 1in a bicarbonate buffer at comparable potentials did
not seem to rorm Pb304 either. The sample was dark-gray and
the current was of the same order of magnitude, even after 6
hours exposure. The spectrum, Figurs 32, has indications of
LCH and red PbO, but there is also a slight possibility that

Pb is present, based on the 470 and 375 (sh) cm—? bands.

24
An x-ray diffraction pattern of the sample did not reveal
any new data., Thic was expected, since x-ray diffraction
patterns from thin oxide films on a lead substrate produced
a strong lead diffraction pattern which probably masked some
of the film peaks, thus preventing compleie identification.
An electron micrograph of the sample, Figure 33, did not
help, since it shows only a film-coated surface. All the

cracks, shown 1in Figure 33, are probably due to stresses

introduced into the surface during sample preparation.

3.1.4. kbo2 Fegion
Like PbO lead dioxide has two polymorphs, the tetragonal

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

: PbO, is high and it is considered to be ar intrinmsic

i semiconductor (47). Lead dioxide is an important compound

: since it constitutes the p[positive electrode in lead-acid

' batteries. Unfortunately neither form of Pbo2 exhibits any

i absorption bands in the near and middle regioms 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 PbO

2
that many contaminants were present in many of the samples.

(74) admitted

An attempt to record the transmission spectrum of PbO)

powder - confirmed by X-ray to be pure tetragomal Pbo, - did

not produce any measurable absorption 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 PbO2 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 Pbo2 region im a phosphate buffer,
pH=7, at .99 V NHE, produced a gray sample. The change in
current magnitudes during the 2xposure indicated the
possibility of two processes occuring, the current went
steadily down, then after 1 hour climbed up, and then

started down again. Current densities were fairly high -

0.6 ma/cm2, An electron micrograph of the sample did not
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reveal any particles on the surface. Figure 34a shows the
spectrum obtained fror 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 formation, since€ the high frequency band should appear
above 500 cm—t, The bands correspond well with the
’ possibility of Pb3q4 formation even though some of this
compound's bands are missing, as seen in comparison with a
reference transmissiorn spectrum of Pp30 s Fagures 3ddis It s
possible though that some of the Pb304 bards are not
excitable 1in the reflection mode. P:)O2 is known to
decompese 1in 1light and give the lower oxides (54), this was
demonstrated with a laser, and the film's Raman 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 sample with different

angles of incidence and numbers of reflecticns. Figure 34b

1s a single reflection spectrum recorded at an angle of

incidence of 65 degrees. Using the same angle of incidence
but a higher number of reflections, 2-3, produced a somewhat
weaker spectrum, Figure 34c. This spectrum is not as highly
asymmetric as the single reflection spectrum; this can only
be attributed to the different number of reflections used in
recording the spectrunm. The <change in symmetry is not
explained by reflection since more reflections should

introduce wmore 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-specular reflection from the surfar-, which in
other words caused the 1light to fall in subsequent

reflections at a wide range of angles making the spectrum a
diffusion - specular combination spectrum. Figure 34d was
recordead using even more reflections; the 370 cm—t band is
almost undetectable and is seen only as a weak shoulder.
The 1interesting thing is the 470 cm—t band which looks now
as 1if it 1is composed of two bands at 485 and at 470 cm—1t.
Repeated spectra under the same conditions proved that this
was not instrument noise. The 470 cm—t band, along with the
possible band at 270 cm—t, more than hints for the presence
of PbO, The preserce of PbO does not contradict what was
said before, since the decomposition products of PbO, can be

2
any intermediate oxides between PbO_ and PbO inclusively.

2
To <close this 1line 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—t band of red PbO.

The conclusions from all these recordings is that the
film is quite thick, the recording at 65 degrees incident
angle was better thar recording at 70 degrees, and that the
optimum number of reflections for this film is not as low as
was expected, indicating that the surface is quite a good
reflector in this infrared region. PbO has been stated to

be a good mirror in a large interval of the infrared

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

'i
1
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presented.

Moving wup in tke PbO2 region to 1.08 V NHE, pH=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 from, since ro distinct bands could be located.

Exposures in pH=10 in the PbO, region were done in
potentials ranging from .75 V NHE to 1.08 V NHE. In the
«75 V NHE 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 r=2d PbO. In the 5.5 hour exposure the current
went down to value of 3.8 mas/cm2, 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 electrochemical cell with 150 watt lamp, there
was an increase in the overall current by about 3 ma. The
change was not larger since the experiment was conducted in
a 1lighted room and with the extra light we probably caused
saturation of the current. The spectrum obtained from that
sample, Figure 35b, is highly asymmetric, but the existance
of red PO 1is confirmed. The Lands due to PbO in this
spectrum are the 540 and the 290 cm—t bands. The direction
of band shift is in agreement with the film wavelength
relations. The 500 cm=t¢ 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 ~ztential,
.83 V NHE, gave samples with colors ranging from blue-gold
to gray, depending cn length of time exposed. The current
exhibited the same behavior of down, up and down again as
was observed at the 1lower potential, but, inspite of all
this, the spectrum was not much different from that recorded
before. It displays an extra band at 365 cm—%, Pigure 35c,
whica can be due to Pt O or any of the intermediate oxides.
Figure 36 shows one band of red FbO from a sample exposed in
that region, that was recorded at 3 different angles of
incidence - 60,65 and 70 degrees. It is clearly seen that
the optimum angle is around 65 degrees, probably between 60
and 65 degrees.

An electron micregraph of sample exposed at .83 V NHE,
Figure 37, shows only film and no particles.

During the apnalysis of all the exposures in the PbO2
region it must be taken into consideration that most of this
region lies above the oxygen evolution line, shown as line b
in Figure 14, This means that another process - water
decompcsition - takes place and probably influences the
surface reactions. The effect of this process on the

exposures was not studied in this research.

3.2. Lead-Water-Chloride

The 1lead electrcchemical exposures in solutions
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containing chloride 1ions were conducted in an identical
manner to the exposures in nil chloride solutions.

The Pourbaix diagram of the system, Figure 38, was
caiculated, Appendix II. In the lower potential region,
bzlow 0.2 V NHE, the reactions and the species present were
after the work dome by Appellet (64). The diagram was
calculated while taking into account the concentration of
chloride 1ions wused in this research, 0.1M. This in turn
atfected the concentration of lead ions in solution
independent of pH and potential as seen in reaction 3

Appendix II.

3.2.1, PbCl2 Region

Most of the exrperiments, as before, were conducted in
pi=7 and pH=10 solutions. One experiment and a matching
electrochemical polarization curve, Figure 39, were
performed in 0.1M HCl. During this electrochemical exposure
the current was very high, and there was a possibility of
overloading the potentiostat and having insufficient current
to keep the potential steady. The sample looked gray while
in solution but became yellowish wupon drying. The
auxilliary electrode was also covered with some dark
material. Figure U4C shows the spectrum recorded from that
sample. The two spectra were recorded at identical 1light
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.

PO er Sv )



76
The wmaterial 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 temperature golymorph of the lead monoxides, but is
known to be stable in the presence of minute amounts of some
materials (70), even at room temperature. The infrared
spectrum - transmission and reflection - of yellow PbO
appears 1in the literature (42,72,77), but the only reliable
source seems to be the one paper that is devoted to the
infrared spectra measurements of the lead monoxides (42).
This paper 1lists 3 tands for yellow PbhO above 250 cm—i: at
500,356 and at 290 cm-t, This corresponds well to the
spectra 1in Fiqgure 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 form via a direct electrochemical process but rather is
a byproduct of =such a process. This observation is in
agreement with a paper (45) that suggested the possible
mechanism for the formation of yellow PbO to be through the
plumbous ion, Pb#+:

Pbt¢+ + Hy,0 = FbO (Y) + 2H*

This explains why yellow EbO is seen in acidic solutions.
Since the Pb**/HPbOE transition line in the Pourbaix diagram
(7) 1is at pH=9.4, it is understood that the lack of Pbt+
ions in highly basic solutions will also prevent the
formation of yellow PLO.

This experiment was performed in a region of the
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pourbaix aisgram, Figure 38, 1in which there should be an
equlibrium between the solid phase of PbCl2 and the two
dissolved substances of Pb++ and Cl-. Lead chloride does
not exhibit absorption bands in the infrared region
investigated in this research. It is considered to be quite
a good material for infrared windows (40), due to its good
transparency and a relatively low solubility in water. In
view cf all this the lead-water-chloride system should have
been investigated wita a ccaoplimentry technique to infrared
spectroscopy, wnich should be sensitive to the lead chloride
compounds. This was done 1in a separate study using Raman

spectroscopy (67).

3.2.2. Exposures in pH=7 (0.1 Cl7) Phosphate Solutions

The electrochemical pclarization curve in phosphate
buffer containing 0.1 chloride ions, Figure 41, shows only
one small wave which is at too low a potential to correspond
to the Pb/3PbO'PbCl2 transition 1line 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/3Pb0'PbClH transition line gave reducing currents through
all the exposures. When the samples were taken out of
soluticn they looked the same as when put in. The infrared
reflection spectrum was olttained easily but was of fairly
low intensity, as is showen in Figure 42. The bands

correspond to those of lead fphosphate. Three different lead
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phosphates are known: meta, ortho and pyro rhosphate. All
of these compounds have their absorption bands in a very
close region which complicates their exact identirication.
The only compound that has a band in the 670 cm—t region is
the meta phosphate but it 1is unlikely that this is the
compound that formed, and the 670 cm—? band is probably due
] to LCH.

In the experimerts perfecrmed in the lower part of the
3Pb0-PbC12 region, Figure 38, at -.11 V NHE the current yent
down fast 1indicating a quick formation of a protective
layer. At the end of a 17 hour exposure the current was
0.02 ma/cm2, 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 frequency bands are better
resolved after washing the sample. No improvement of the
baseline below 500 cm—% was possible with this sample.
Another sample, expcsed under identical conditions, Figure
43c, gave a spectrum that could be interpreted as either a

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

Electron micrographs of these samples at 500X, Figure 44,
and at 5000X, Figure 45, magnifications were obtained. The
light colored particles were identified, as din the nil

chloride solutions, to be 1lead phosphate particles. The

s

surface film was <characterized, with an X-ray energy
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dispersive analyzer, to have 1lead, but nothing else was
detected. This 1is 1in agreement with the infrared results
indicating PbO formation, since the X-ray energy dispersive
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
0.018 and O0.5M concentrations of chloride ions. These
experiments were domne 1in the 3Pb0-PbCl2 region of the
Pourbaix diagram, Figure 38, In the 0.01M chloride ion
soluticn the «current was an order of magnitude higher than
in those exposures carried out in 0.5M chloride ion
solutions. Figure 46a shows the spectrum obtained from the
exposure 1in the 1low concentration chloride solution.
Besides the 1lead phosphate bands one can see a distinctive
shoulder at 520 cm-%, a band at 470 cm-! and another
shoulder at 375 cm—%. 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 bards below 600 cm—t are not resolved and
the overall spectrus is weaker. Electron micrographs of
these samples were obtained, and there is a marked
difference between the low concentration chloride exposure,
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 pottasium chloride

St ot S
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(KCl) which precipitated out of solution due to its high

concentration there, but there was, probaktly, some impurity
or surface effect «c¢n this precipitation since KCi did not
exceed its solubility product in solution.

Electrochemical exposures in the upper part of the
3Pb0-PbCl2 region, Figure 38, gave a spectrum of red PbO
only.

Exposures in the Pbo2 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 exrpansion 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 stromng, 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 50c 1is a spectrum obtained from the
same sample with the ©polarizer aligned to transmit the
perpendicular component of the light.

The only big difference, so far, in ccmparison with the

nil chloride exposures is the formation of the yellow form

of PbO in solutions containing chloride ions. Since trace
amounts of the chlcride ions were expected to prevent the

yellow to red PbO transformation, no chloride concentration

effect wvas observed, 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. Exposures in pB=10 (0.1M Cl—-) bicarbonate solutions
The electrochemical polarization curve in a bicarbonate

buffer solution containing 0.1M chloride ions, pH=10, Figure

51, 1looks very much the same as the polarization curve of

the comparable nil chloride solution, Figure 16. Comparing

the Pourbaix diagrams 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 the polarization curve that was run in the nil
chloride solution at [fH=10. :
No yellow PbO was expected to form in pH=10 solutiomns, i
even in those containing chloride ions. 1In the exposures
performed in a bicarbonate buffer at 1low potentials -
immunity and the 1lcwer p[part of the 3Eb0-PbCl2 regions,
Pigure 38 - LCH formed, which is comparible tc the processes
in nil chloride solutions. Sample colors were freom light
gray to some that had interference colors on then.
Throughout this regicn current densities were approximately
the same indicating that identical processes might be taking
place. Spectra obtained, not shown, were identical to those
obtained in the <cosparible exposures in nil chloride
solutions, Figure 21a, and were identified, as before, to be

of LCH.
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Moving wup imn the 3Pb0'PbC12 region of the Pourbaix
diagram, Figqure 38, the exposures gave red Ph?. Current
densities were high ccmpared to the exposures that gave LCH,
this is expected 1in the formation of red PbO which is a
nonprotective oxide.

An exposure in the Pbo2 regicn, Figure 38, gave very
high currents, 5.0 ma/cm2. Its infrared reflection spectrunm
was obtained, Figure 52, and it shows a medium broad band
between 450 and 60C cm—t. This band is clearly resolved
into two weak bands. The spectrum looks like it could match
the intrared spectrum of 1lead dioxide given imn 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
cm—t, The high current densities observed are in agreement
with the good conductivity of PbO,, but at the same tinme
could be in part from the oxygen evolution process.

Not much information was expected to be gained from the
infrared reflection spectra of 1lead samples exposed in
solutions containing chloride ions. This was mainly due to
the lack of absorption bands of the lead halides in the
infrared region of the =spectrometer used during this
research. The results, in pH=10 solutions were almost
identical to those obtained in nil chloride solutioms, and

no significant difference can be pointed out.
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3.3. Lead-Water-Sulfate

The electrochemical behavior of lead in sulfuric acid is
by far the single most widely investigated system of lead
electrochemistry. The importance of the lead-sulfuric acid
system 1s based on the extensive use of lead-acid batteries
in many modern applications, from cars to submarines.

The Pourbaix diagrams of the system, Figures 53 and 54,
were calculated, Apgpendix III. Two diagrams are presented
for two different concentrations of sulfate ions - 1N and
0.14. The diagram was calculated before (48), but the use
of newer data (65) shows that some changes do occur. These
changes are mainly 1in the PbO-PbS0, region which is seen,
Figure 53, to expand towards higher and lower pH values,

relative to the diagram that was published (48).

3.3.1. Exposures in 0.1M Sulfuric Acid

The electrochemical pclarization curve of 1lead in
sulfuric acid, Figure 55, shows one strong and sharp wave at
-.26 V NHE which <can clearly match the Pb/PbSO4 transition
line in the Pourbaix diagram, Figure 54.

The infrared transmission spectrum of lead sulfate
powder was recorded and is «ccompared, Figure 56, to the
infrared reflection spectrum obtained from a lead sample
exposed in 0.1 sulfuric acid, pH=0.9, at -.,02 V NHE. The
lead sample surface was confirmed by Raman spectroscopy (67)

to be covered with EbSO4. The two spectra in Figure 56 do 1

not 1look the same at first sight but at least three of the
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bands can be matched easily: the 960, 628 and the 595 cm—1?
bands. The other tands, all of them above 1000 cmt, can
also ke matched if scme literature data is used, but before
that it 1is clear that the resolved bands in the reflection
spectrum could be hidden 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—t
band which 1is the strongest in “ 1e reflection spectrum can
vbe either from the shifting of the 1160 cm—%* band in the
transmission spectrum, or a combination band of two
fundamentals as 1s 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 O0.1M H2504, at -.40 V NHE. The
current was reducing during the whole exposure. The
spectrum obtained upcn removal from solution was identified
as PbsOy 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—t band is at
1160 cm—t, which is more like the transmission spectrum of
pbso4, thus hinting that the origin of the 1220 cm—t band is
from the 1160 cm—? 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" oxidation of the sample after removal from

the cell and not as part of the electrochemical process. An
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Xx-ray diffraction pattern of this sample was completely
uninformative and showed only the 1lines of 1lead metal
(cubic), thus supporting the idea of a very thin film (<1000
angstroans) . Figure 57b shows a spectrum recorded from the
same sample but with 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 sanmple.
Unfortunately it was not possible to identify the particles
using an x-ray energy dispersive analyzer 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 andé composition, on 1lead electrodes in
sulfuric acid solutions. Their results were that between
-.34 V NHE and .32 V NHE the anodic layer consists only of
PbSO,, from .32 V NHE to 1.52 V NHE the layer composition is
more complicated having PbSO, in the solution-electrode
interface. Under the Pbso4 layer they reported the
formation of compounds like, red PbO and PbO-Pbso4 which are
usually observed only 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 problenms
encountered with identification of some of the compounds

x-ray diffraction patterns.




86

Electrochemical exposures within the potential
boundaries set by Pavlov (50) in which only the f~rmation of
PbS0, was observed gave infrared reflection spectra that
confirmed these results. An example of such a spectrum is
seen in Figure 56b.

A good example of the dependence of the reflection
spectrum on the angle of incidence is given in Pigure 59.
Figure 59a was recorded at 60-65 degrees incident angle and
the spectrum obtained is clear and sharp. Recording at
lower angles of incidence, 45 and 30 degrees, Figures 59b
and 59c respectively, showed spectra that, while they still
are resolved, are of much wcrse quality than that recorded
at ©00-65 degrees. The spectra recorded at low angles of
incidence, Figures £S9b and 59c, 1look mnmore 1like 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 45 to 30 degrees the bands at 1200 and 1030 cm—t
change their relative intensity, so do the two sharp bands
at 630 and 585 cm—%, 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

.80 V NHE gave results that at least on the shorter
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exposures, up to 7 hcurs, ccnfirmed the results reported by
Pavlov (50). Figure 60a shows a spectrum obtained from amn

exposure done in the region where only PbSO, form on the

4
surface, at =-.02 V NHE, while Figure 60b, at .80 V NHE,
shows a spectrum that is identified to be a mixture of Pbso4
and red PbO. These identifications were confirmed by Raman
spectroscopy (67). 1The explanation given by Pavlov for the
formation of red PbC, which usually forms only under basic
conditions, was that as a result of the Pbso4 crystals
growth on the electrode surface, the diffusion of sulfate
ions towards the 1lead electrode was hindered thus causing
the pH value under the surface film to rise and become more
basic. Electron micrographs of such surfaces were taken,
Pigures 61 and 62, at magnifications of 500X and 2000X
respectively.

A series of sever exposures was done at .80 V NHE. The
only difference be .Ween the exposures was the exposure time,
ranging from 20 minutes to 20.5 hours. 1In the first three
exposures - 20 wminutes,1.5 and 2.5 hours - the current
densities observed kept on going down steadily as the
exposure time grew. It started with .94 ma/cm2 at the end
of a 20 minutes exposures and went down to 0.25 ma/cm2 for a
2.5 hour exposure. During these exposures sample colors
changed from yellow-pink to blue to gray green. Spectra
obtained were stronger for the 1.5 and the 2.5 hour exposure

than that obtained from the sample exposed for 20 minutes.

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

r—




88
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 spectrunm
oktained from the sanple 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 hour exposure.
Trials to record the spectrum upon removal from solution did
not produce a good spectrum, Figure 64a, which still can be

identified as PbSO tut it has anabnormaly weak bands above

4
1000 cm—!, 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 gocod 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 identical in 3
appearance to those recorded in the shorter exposures, and :
it has a clear indication of red PbO, Figure 64c. |

The next exposure was 7 hours 1long. 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—t, After letting the sample dry in 4
air for two days an excellent PbSO, spectrum was recorded,

4
which also had a red EbO band.

The 1longer exposures, 16 and 20.5 hours, gave samples
gray to dark gray in color, but the main difference was that

their spectrum was ccmpletely different from thcse obtained 5

:
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from the shorter eiposures. 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 NHE. The first explanation is
the possible trapping of water molecules in the film, and,
while the film wvwas not too thick, these molecules could
still diffuse to the surface and evaporate. While in the
film these water mclecules could cause masking of the
spectrum 1in the 1longer wavelength 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 probably too thick for the water molecules to
diffuse to the surface or they already were bonded as a
chemical complex. This explanation can be supported by the
fact that these samples, 16 and 20.5 hours exposures, still
gave the same spectra even after 20 days drying in air.
dater has a medium and broad band centered at 750 cm—?!, and
this 1is <close enough to the 800 cm—~* band seen in Figure
65b, which cause the major difficulty in identifing the
surface film. The presence of PbSO

4
and can also be suprorted by electron micrographs of those

in the spectra is clear

samples that showed the exact same crystals as the shorter
exposed sanmples. Raman spectra of the 1longer exposed
samples did not help to solve the problem since they only
showed Pbso4 and red PbO bands (67), but if water were
present the Raman spectra could not help much since water is

a poor Raman scatterer.




AD-A058 883 RHODE ISLAND UNIV KINGSTON DEPT OF OCEAN ENGINEERING F/6 11/6
CHARACTERIZATION OF CORROSION FILMS ON LEAD BY INFRARED REFLECT=-ETC(U) .
AUG 78 A GOLDFARBr C BROWNe R HEIDERSBA<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>