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The 2B-finished SUS 304 and SUS 44711 stainless stecls were atmospherically
exposed to different seasons for 7 and 61 days in the Chiba urban-industrial site. The
pitting and corrosion potentials of the samples were determined by an electrochemical
technique. AES sputtermg was applied to evaluate passive film thickness, and
chemical composmons in passive film were investigated by XPS analysis. The pitting
and corrosion potentials of SUS 304 and SUS 447J1 stainless steels increase after
exposure. With the same exposure period, the pitting and corrosion potentials of SUS
304 stainless steels are lower than those of SUS 447]1 stainless steels. The passive
film thickness of SUS 304 stainless steels after exposure decrease. The passive film of
specimens exposed for 7 days is thinner than that of specimens exposed for 61 days.
Cr enrichment in passive film increases after exposure, but the specimen exposed for
7 days has less Cr enrichment than that exposed for 61 days. By comparing with the
unexposed specimen, after the 7-day exposure peried the photoelectron intensity ratic
of HyC and OH per O " in passive film decreases, but it is nearly the same ratio afier
the 61-day exposure period. It is purposed that H,O and OH film of SUS 304
stainless steel is removed after exposure for 7 and 61 days, and hydroxide was formed
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superior to the H>O and OH film of the unexposed specimen. For SUS 304 stainless
steels, the Cr enrichment and the formation of hydroxide in passive film after
exposure may relate to the positive shift of pitting and corrosion peotentials, For SUS
44731 stainless steels, the changes of Cr enrichment and passive film thickness cannot
be considerably observed after the exposure periods of 7 and 61 days. However, the
increase in the photoelectron intemsities of OH" per O, OH and O 2 can be
observed. The hydroxide film formed afler exposures may relate to the positive shift
of pitting and corrosion potentials.

Department.....Metallurgical Engineering...Student’s signature., QOWWY&( C/Wwd Ta:q by
Field of Study.. Metallurgical Engineering...Advisor’s signature Mjﬂ% iﬁ‘ﬁ*@
Academic Year........... 2001




vi

Acknowledgement

The financial support by Kawasaki Steel Corporation, Japan and National
Science and Technology Development Agency, Thailand, is gratefully acknowledged.
The author is gratefully indebted to Asst. Prof. Dr.-Ing. Gobboon Lothongkum for his
kindly help and cooperation with Kawasaki Steel Corporation for the research
sandwich program at the Technical Research Laboratory in Chiba City from
November 2000 to April 2001. His acknowledgement is also extended to the
chairman of committee Assoc. Prof. Dr. Prasonk Sricharoenchai and the member of
committee Dr. Sawai Danchaivijit. The appreciated thanks also go to Dr. S. Satoh,
Mr. A.Yamamoto and Mr. U. Usui for their helpful advice. The author had spent the
wonderful times for a half year to work at the Chiba City under the supervision of Ms.
N. Makiishi and Ms. M. Tochihara. The author wishes to give the special thank to
them. _

Finally, the author wishes to thank the AES operator, Mr. K. Suzuki, as the
best friend during his staying in Japan. And last, but not least, no words can be sent to
the author’s mum and sisters for their warmly love and taking good care of him that
he is aiways touched. :

o e




Table of Contents

Page

Abstract (Thai). ..o cvaeeeenees e e e rrae v
Abstract (English). ..o e LV
ACKNOWIEdGemMEnIt. L. i i e e a e e e vi
Table of Contents......... .. osesavin spsmelie RIS dhs g fiss an KESHTAE ¢ e eesnronnraannsensemnm vil
List of Figures......... vereeenmmadl e e e B o ranse s s eessesansesnnsensons 1X
LISt 0F TaBLES. .o aasrs i+ B Mt LR E g 844 2 20 n e am e mes saee e memmane xi
Chapter
1 Introduction..........;cruulie sssdledadsesmhv «Oh s hins SORTGs s v 55 c < vvvensneneoeensnsssons 1

1.1 Generalization

1.2 Objectives

1.3 Scopes of the work

1.4 Advantages of the work
II Literahwe Review. .. v s dliele s 4088 iifla o - covtlevd e s GRB 50 o v o evemnnencsnsesomnnnen 3

2.1 Introduction to SUS 304 and SUS 447]1 stainless steels »

2.2 Electrochemical behavior of passive film before and after atmospheric exposure

2.3 Characterization of passive film
2.3.1 Characterization of passive film before atmospheric expasure
2.3.2 Charactenzation of passive film after atmospheric exposure
2.4 Gel-like structure model and selected application
T Experimental methiile, ; oasasuossinstasiottnetnms st as -« < -« - <« -« rx s eneonens 14
3.1 History and installation for exposure test of specimens
3.2 Preparation of specimens
3.3 Experimental procedures
3.3.1 Measurement for pitting and corrosion potential
3.3.2 AES analysis '
3.3.3 XPS analysis
IV Results and DiSCUSSION. .. ouuueririnerttererareesaeaiaretae e eaastansrrareanneneeenenns 17
4.1 Effects of stainless steel compositions and exposure periods
on the pitting and corrosion potentials
4.2 Effects of stainless steel compositions and exposure periods
on the thickness of passive film
4.3 Effects of stainless steel compositions and exposure periods
on the composition of passive film
4.3.1 The Fe and Cr compositions
4.3.2 The Ni and Mo compositions
4.3.3 The oxygen distribution
4.4 Schematic sketch of the change in construction of passive film of SUS 304
and SUS 447]1 stainless steels before and after atmospheric exposure
for 7 days and 61 days
4.5 Photo-inhibition under UV and natural light irradiation




viii

List of Contents {continued)

Page
N COMCIUSIONS v ve et emtee e e et eer e e e e e e e e et 34
References. . oiv it e aee e e e e e as 35
Appendices
Appendix 1 Principle of X-ray Photoelectron Spectroscopy......coovvvviiinnnn. 38
and Auger Electron Spectroscopy
Al.1 X-ray Photoelectron Spectroscopy
A1.2 Auger Electron Spec;roswpy
Appendix 2 XPS Quantification by using Relative Sens1t1v1ty Factor............... 40
Appendu( 3 Experiment for investigating the accuracy of
XPS Quantification by using Relative Sensitivity Factor............... 41
A3.1 Objectives
A3.2 Scope

A3.3 Experimental Method
A3.3.1 Specimens
A3.3.2 XPS analysis

A3.4 Results

A3.5 Conclusions



Figure 2.1:

Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5;

Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.5:

List of Figures

Corrosion resistance of stainless steels including SUS304

and SUS447]1 staindess steel. oo e

(a) % Rust area as a function of pitting index

(b) Pitting potential, V’c10, as a function of pitting index
Pitting potential as a function of (a) %Cr and (b) %Mo

in bulk composition
Corrosion potential of 2B-finished AISI304 stainiess steel

as a function of exposure period in Milan urban-industrial site
Pitting potential of 2B-finished AISI304, AISI430 and AISI316
stainless steel as a function of exposure period in Milan

[OhEaTzY (IS e Te Ab Lt n g 12 LRt | < R

Mass concentration of Cr in passive film and substrate

immediately under passive film as a function of Cr content
in bulk composition
Passive film thickness of mechanically polished Fe and Fe-Cr alloy
and Cr as a function of Cr in bulk composition
intensities of emitted photoelectron as a function of sputtering time
of SUS304 stainless steel

at the take-off angle of 10°, 38.5 ° and 80°

Fxgurc 2.10: The schematic sketch of passive film stainless steels containing

20-29%Cr and 4-29%Ni exposed in air lasted for 24 hours

Figure 2.11: The average of cationic fraction of Cr in passive film of SUS304

and SUS316 austenitic stainless steels at Miyakojima subtropical site

and Kinu-ura temperate site for ¢ months

Figure 2.12: The average of cationic fraction of Cr in passive film of SUS430¢

and SUS444 ferritic stainless steels at Miyakojima subtropical site

and Kinu-ura temperate site for 6 months ..o e

Figure 2.13: AES depth profile of 2B-finished SUS304 exposed in Shinomisaki

marine site lasted for S years

Figure 2.14: Schematic sketch of the process of the formation of passive film

Figure 3.1:

Figure 3.2:
Figure 4.1:

Figure 4.2:
Figure 4.3:

~ Figure 4.4:

according o gel-like structure model
AES micrograph of as-received 2B-finished SUS304 stainless steel

Pitting potential of SUS304 stainless steels exposed for 7 days
and 61 days in Chiba urban-industrial site
Pitting potential of SUS447]1 stainiess steels exposed for 7 days
and 61 days in Chiba urban-industrial site
Corrosion potential of SUS304 and SUS447]1 stainless steels

unexposed and exposea for 7 days in Chiba urban-industrial site..........

AES depth profile of Fe, O, Cr and Ni Auger electron intensity

as a function of sputtering time of as-received SUS304 stainless steel...

-----------------------------------------------------------

-------

............................................................
............................

.....................................................

The schematic sketch of “*aeswe film modei of SUS304 stainless steel..
XPS spectra of NiZp 3p, Fe2p 3 and Cr2p 3p of 20Cr-18Ni-6Mo-0.2N

.................................

...........

..................................

.................................................

........................................

AES micrograph of as-received 2B-finished SUS447J1 stainlesssiee..

.................................

..................................

ix

Page

.4

)

<9

LA

.14




List of Figures {continued)

Page

Figure 4.5: AES depth profile of Og;; Auger electron intensity of as-received

SUS304 and SUS447J1 stainiess steels as a function of

SPULTETING THNE. . ..v ittt 20
Figure 4.6: AES depth profile of Ok, Auger electron intensity of SUS304

stainless steel before and after exposed for 7 days and 61 days in

Chiba urban-industrial Site.......cviirmiii e 21
Figure 4.7: AES depth profile of Og;y, Auger electron intensity of SUS447J1

stainless steel before and after exposed for 7 days and 61 days in

Chiba urban-industrial SIte.......covvuiiiiiiiiiiicic e e 21
Figure 4.8: XPS spectrum of Fe2p 3p of as-received SUS304 stainless steel.......... 22
Figure 4.9: XPS spectrum of Cr2p 3p of as-received SUS304 stainless steel........... 23
Figure 4.10: XPS spectra of Fe2p 3p, Cr2p 3p, NiZp 3p and Ols of SUS304

stainless steel at different exposure periods........oevveviviniiviiiieiieninn 24
Figure 4.11: XPS spectra of Fe2p 3n, Cr2p 3, Mo2d 3p5p and Ols of SUS44771

stainless steel at different exposure periods.....o.eeeveeeniiiiiiin, 25
Figure 4.12: Cr enrichments in passive films of SUS304 and SUS447J1

: stainless steels at different exposure periods......ooeoiviiiiiiiiiiiiiinn, 26

Figure 4.13: XPS spectrum of Ni2psp, of as-received SUS304 stainless steel.......... 26
Figure 4.14: Ni enrichments in passive films of SUS304 stainless steel at

different eXposure periods......ocieiniiiiriii i e 27
Figure 4.15: XPS spectrum of Mo2d 32 5 of as-received SUS447J1 stainless steel...27
Figure 4.16: Ols spectrum of as-received SUS304 stainless steel....................... 28
Figure 4.17: The photoelectron intensities of OH and H,0 per O

of SUS304 stainless steel at the different exposure periods................ 28
Figure 4.18: The photoelectron intensities of OH per HyO, OH and O

of SUS447]1 stainless steel at the dilferent exposure periods.............. 29
Figure 4.19: Schematic sketch of the change in construction of passive film

of SUS304 and SUS447J1 stainless steels.....ooooiiiiiiiiiiiiien 31

Figure Al.1: Schematic diagram of photoelectric effect excited by primary X-ray...38
Figure Al.2: Schematic diagram of Auger process excited by primary electron.......39



xi

List of Tables
Page

Table 2.1: Chemical compositions of SUS304 and SUS447]1 stainless steels.......... 3
Table 2.2: Mechanical and physical properties of SUS304 and SUS447J1

Stalnless StEelS. e 4
Table 2.3: Passive film thicknesses of austenitic and ferritic stainless steels

before and after atmospheric exposure at Miyakojima subtropical

site and Kinu-ura temperate site for 6 months........oooviviiviiicviiinnn.n, 10
Table 3.1: Mass percent composition of as-received SUS304 and SUS44731

SEAINIESS STEEIS. ..t ittt e 15
Table A3.1: Mass percent of standard stainless steels used...........ccocoeiiniinnenns. 41
Table A3.2: Raw area obtained from standard stainless steels...............cceeeennne. 42

Table A3.3:RSFs and % accuracy of @ measurement. ......ccc.ooevvvvieniniiiiiinennnnn. 42



- CHAPTERI

INTRODUCTION

1.1 Generalization

In addition to the mechanical properties, the corrosion resistances to an
aggressive or a polluted atmosphere as well as the aesthetic surface play the
important role for the selection and design of the architectural construction materials.
Stainless steel due to its corrosion resistance and appreciated surface has been
considered as one of the alternative materials for serving those purposes. SUS 304
austenitic stainless steel mainly alloyed with 18-wt% Cr and 8-wi% Ni is &
conventional grade for a weathering purpose. However, some grades have been
developed to attain the superior properties especially the corrosion resistance. The
SUS 44711 ferritic stainless steel (1-4) mainly alloyed with 30-wt% Cr and 2-wt%
Mo is an interesting one. The example of its application is the roof of the Kansai
International Airport in Japan. (2)

It is well accepted that the passive film formed on stainless steels plays the vital
role for the corrosion resistance. (5-8) Many works reported the existence of oxy-
hydroxide in passive film. (5,6,5-11) The change of passive film of the as-received
stainless steels with different surface finishes (8), immersed in various solutions {12),
implanted by molybdenum (10), and atmospherically exposed (7,8,13) were
investigated. However, the different results were reported for the atmospheric
exposure, for instances, the decrease (8) and increase (13) in Cr enrichment in passive
film as well as the decrease (13) and increase (8) in passive film thickness after
atmospheric exposure. Those results should not be over emphasized because of the
different stainless steels studied, different experimental conditions and analysis
methods used. The interesting questions are still remained for the atmospheric
exposed stainless steels. What are their pitting and corrosion potentials, chemical
compositions and thickness of passive film? How is their corrosion resistance
changed and by what mechanisms? The investigation of SUS 304 stainless steel
surface subjected to the atmospheric exposure was extensively carried out by both
electrochemical and surface analysis. (5,7,6,10,13) However, a few attentions were
paid to those of SUS 447J1 stainiess steel. In the present work, the common used 2B-
fimished SUS 304 and SUS 447J1 stainiess steels were atmospherically exposed in
Chiba urban-industrial site for 7 days and 61 days. The -electrochemical
measurements accompanied by surface analysis methods, AES and XPS, were then
applied to investigate the pitting and corrosion potential, film thickness and chemical
composition in passive film of specimens before and after those exposures. The
phenomena were firstly clarified, and mechanisms were then discussed.

1.2 Objectives

1. To investigate the changes of pitting and corrosion potentials of SUS 304
and SUS 447]1 stainless steels before and after atmospheric exposure.

2. To investigate the change of passive film thickness of SUS 304 and SUS
447]1 stainless steels before and after atmospheric exposure by using Auger electron
spectroscopy. :



3. To investigate the change of chemical compositions of alloying elements
and oxygen in passive film of SUS 304 and SUS 447]1 stainless steels before and
after atmospheric exposure by using X-ray photoelectron spectroscopy.

4, To explore the possible mechanisms of the change of passive film related to
the corrosion resistance represented by pitting and corrosion potentials of SUS 304

- ~and SUS 4471 stainless steels after exposure in atmosphere.

1.3 Scopes of the work

1. The exposure periods were 7 days in January 2001, and 61 days during
August 22™ to October 22™, 2000.
2. The selected exposure site was the Chiba urban-industrial site situated 1 km
far from the seafront.
3. Anodic polarization was applied to determine the pitting potentials. The
3.5- g/cm NaCl solution was maintained at 30°C as for SUS 304 stainless steel and at
70°C for SUS 447]1 stainless steel.
4. AES depth profile of oxygen and iron distribution as a function of
sputtering time was used to estimate passive film thickness with the sputtering rate
same as that for pure iron. |
' 5. XPS quantification was carried out by using relative sensitivity factor
obtained from standard stainless steels.

1.4 Advantages of the work

1. Be able to understand the change of chemical compositions of passive film
and passive film thickness related to the change of pitting and corrosion pofentiais of
SUS 304 and SUS 447)1 stainless steels after exposure in the atmosphere of Chiba
urban-industrial site for 7 days and 61 d \;ays

2. The possible mechanisms of the change of passive film of SUS 304 and
SUS 447]1 stainiess steels after exposure in the atmosphere of Chiba urban-industrial
site for 7 days and 61 days were discussed. The understanding of the corrosion
behavior of SUS 304 and SUS 447]1stainless steels with respect to the in- depth
change of passive film are expected.



CHAPTER 11
LITERATURE REVIEW

First of all, SUS 304 and SUS 447J1 stainless steels are introduced. Then, the
electrochemical properties of both grades before and after atmospheric exposure are
re-examined. Subsequently, it is the reviews of film thickness and chemical
compositions of passive film of stainless steels both before and after atmospheric
exposure. One of possible mechanism of passive film formation, gel-like structure
model, is also finally discussed.

2.1 Introduction to SUS 304 and SUS 447J1 stainless steels

The conventional SUS 304 and SUS 316 austenitic stainless steels are often
used for architectural purpose. This is mainly because their corrosion resistance is
better than the conventional ferritic stainless steel, such as SUS 430 ferritic stainless
steel. (2) SUS 304 stainless steel consists mainly of 18-wit% Cr and 8-wt% Ni same
as SUS 316 but Mo ca. 2 wit% is added in SUS 316 austenitic stainless steel for
increasing the pitting corrosion resistance. (14) To improve the corrosion resistance
of ferritic stainless steel as well as the other properties, some clements are ailoyed for
developing the novel grades. SUS 447]1 ferritic stainless steel was developed by the
principal alloying of 30-wt% Cr and 2-wt% Mo fo promote the corrosion resistance.
{2,3) Furthermore, around 0.1 wt% Ni is added for the convenient production,
especially to promote the enough toughness for rolling. (15) Chemical compositions
of SUS 304 and SUS 447J1 are shown in Table 2.1. The corrosion, mechanical and
physical properties of both grades will be further discussed in detail.

Table 2.1 Chemical compositions of SUS 304 and SUS 447J1 stainless steels (2)

Mass% |

Steel C Si Mn P S Cr Ni Mo N
SUS304 | 6.06 | 032} 1.02] 0.031] 0.005] 18.2 8.5 0.2 0.02
SUS44731 0.003| 0.13 ] 0.1t} 0.02 | 0.004] 29.6 0.1 2.09 | 0.006

For testing the general corrosion resistance of SUS 304 and SUS 447]1
stainless steels, the 2B-finished surface was exposed for 1.5 years to the atmosphere
in Chiba coastal industrial site. The samples were placed 4 meters away from the
seafront, The rust area of the tested samples were evaluated and plotted against the
pitting index (%Cr + 3x%Mo), which is around 18 and 36 for SUS 304 and 5US
44731 stainless steels, respectively. The results showed in Figure 2.1(a). This Figure
illustrates that, after exposure in the mentioned condition, all exposure area of SUS
304 stainless steel completely rusts, whereas all area of SUS 447]1 stainless steel
surface (R30-2) is absolutely immune.

Piiting potentials, as the corrosion resistance indicator, of the tested steels in
3.5-wt% NaCl agueous solution at 70°C using standard calome! clectrode as the
reference electrode was also investigated by potentiodynamic method. Potentials that
current density reaches 10 pA/em?®, V'c10, were recorded as pitting potentials and
plotted related to pitting index as shown in the Figure 2.1(b). It can be seen that
pitting potentials of SUS 304 stainless steel are less than 200 mVgcg, whereas those



of SUS 447]1 stainless steel are around 600 mVseg. It is épparent from Figure 2.1
that corrosion resistance, represented by percentage of rust area and pitting potentials,
of SUS 447J1 stainless steel is higher than that of SUS 304 stainless steel.

100 2 - .
- SUS304 Surface finish: 2B
® 80
- o |EXposed nearseaside @ SUS316
% at Chiba for 1.5 years
z 40 ORSX1
& 20 O :
0 R445MT  R24-2 o, R302
= 800
o 3.5%NaCl solution at 70°C
3 600 ‘ A
E £ 400 ro2
o = A _
B2 g0 g
§ ., A _| SUSSIS R445MT
) SUS304| RSX-1
—200
10 20 30 40

Pitting index {Cr + 3Mo)

Figure 2.1 Corrosion resistance of SUS 304 and SUS 447J1stainless steels (2)
(a) % Rust area vs. pitting index
(b) Pitting potentials, V’c10, vs pitting index

Table 2.2 summarized the mechanical and physical properties of SUS 304 and
SUS 447]1 stainless steels. It was reviewed that (2) SUS 447]1 stainless steel can be
applied such as panel or roofing member by ordinary bending, press forming or rolled
forming. Due to smaller thermal expansion and greater thermal conductivity of SUS
44771 stainless steel than those of SUS 304 stainless steel, the thermal stress in SUS
447J1 stainless steel caused by welding or temperature change day and night
decrease. The improved properties of SUS 447]1 stainless steel are attractive for
serving as a long panel or roofing. The example application of SUS 447J1 stainless
steel is the roof of Kansai International Airport, the first offshore airport in Japan.

Table 2.2 Mechanical and physical properties of SUS 304 and SUS 447]1 stainless

steels (2)
Steel Yield Tensile % Thermal Coefficient | Density
strength =~ | strength Elongation | conductivity| of thermal (gfem’)
(MPa) (MPa) (W/mK) expansion
. C between
27310 573 K
(10°%/K)
SUS304 284 637 58 16.2 16 7.93
| SUS447]1 430 539 30 8.9 9.6 7.64




2.2 Electrochemical behavior of passive film before and after atmospheric
exposure

Yoshihiro Kasawa, and et.al., (3) investigated the effects of Cr and Mo on
pitting potentials of stainless steels contained 11-30 wt% Cr and 0-4 wt% Mo in 3.5-
wi% NaCl aqueous solution at 30°C by potenticdynamic method and using standard
calomul electrode as the reference electrode. The potentials at a current density of 10
pA/em?, V10, was selected as pitting potentials. The relationship between V’c10 a
a function of %Cr and %Mo is illustrated in Figure 2.2.
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Figure 2.2 Pitting potentials as a function of (a) %Cr
{(b) %Mo of stainless steels (3)

It can be seen that pitting potentials of 0.9Mo0-0.4Nb-0.5Cu stainless steel and
0.2 Nb stainless steel distinguishably increases as Cr contents in bulk compaosition
increases. Pitting potential also increases with the increase in %Me in bulk
composition 1n the case of 23.5Cr-0.4Nb-0.5Cu, 20Cr-0.2Nb and 20Cr-0.2Nb-0.8Cu
stainless steels. By considering that the increase in pitting potential indicate the
capability for suppressing the generation of pit, the authors (3) purposed the role of
Cr and Mo on the suppression of pit generation. However, how Cr and Mo physically
take part in passive film was not clearly explored in this work.

N. Azzari (7) studied the corrosion and pitting potentials of 2B-finished SUS
304 {AISI 304) stainless steel subjected to atmosphere in Milan urban-industrial site
for 3 years. Some specimens were then picked up at any period and without any
surface treatment immersed in 0.5-M NaCl solution at 45°C to evaluate the corrosion
and pitting potentials. The results from electrochemical measurement are shown in
Figure 2.3. It is apparent that corrosion potentials increase with increasing time in the
first two years. The curve is a parabolic form. Azzari suggested that the relation is
Beor. = 220 — 360104, Pitting potentials of the same specimens were also
investigated. Figure 2.4 illustrates pitting potentials of AISI 304, AISI 430 and AISI
316 stainless steels as a function of atmospheric exposure time. It appears that pitting
potentials, therefore the corrosion resistance increases with the increase in



atmospheric exposure time until 24 months afterwards the deterioration of pitting
potentials of all stainless steels grade can be observed. Its validity for service seems .
to be unaccepted. after the exposure period exceeds around 24 months. The author
purposed the role of water adsorption and the absorption of anions on the degradation
of passive film. This will be discussed later in section 2.4.
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Figure 2.3 Corrosion potentials of 2B-finished AISI 304 stainiess steel as
a function of the exposure time in Milan urban-industrial site (7)
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2.3 Characterization of passive film
2.3.1 Characterization of passive film before atmospheric exposure

K. Asami et. al. (16) studied the composition and structure of passive film
formed on a series of Fe-Cr alioy in de-aerated 1-M H,;SGs solution by using XPS
quantitatively. The change of composition of passive film and alloy adjacent to
passive film on Fe-Cr alloy polarized at 100 and 500 mVsce as a function of alloy
composition are illustrated in Figure 2.5. The circle mark represents the cationic
fraction of Cr in passive film, whereas the triangle mark represents the cationic
fraction of Cr in the alloy surface of substrate just under passive film. The solid mark
represents coordinate corresponding to specimen peolarized at 100 mVsee , whereas
the hollow mark indicates the polarization at 500 mVscg. This Figure reveals that Cr
content of passive film increases drastically at ca. 13-wt.% Cr of the bulk

composition. However, no Cr enrichment had been found in the surface of substrate
next to passive film.
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Figure 2.5 Mass concentration of Cr in passive film and substrate immediately under
passive film as a function of Cr content in buik composition (16)

K. Asami, and et.al, (17) also investigated the effect of atomic fraction of Cr in
Fe-Cr alloy on the thickness of passive film by using XPS. The specimen was
polished with SiC abrasive paper in Trichloroehylene, and then clean ultrasonically
before XPS measurement. Figure 2.6 illustrates the thickness of passive film of Fe-Cr
alloy as a function of Cr in bulk composition. Film thickness increases to the
maximum when the Cr atomic fraction of bulk composition reaches ca. 13 atomic
pereent. ‘

E. De Vito and P. Marcus {10) purposed the elemental distribution models of
passive film for SUS 304 stainless steel using XPS sputtering technique. Figure 2.7
illustrates intensities of the emitted photoelectrons as a function of sputtering time cf
SUS 304 stainless steel. The total sum of Fe*" and Fe’* was taken from depth profile
because of two reasons. The full width at half maximum (FWHM) of iron oxide
spectrum is large comparing to the difference of the binding energy between Fe **
and Fe 2*, and the reduction of Fe ** and Fe * by ion sputtering cannot be ignored.



From Figure 2.7, it can be seen that chromium hydroxide appears to be located in the
outer part of passive film. The increasing signal of oxide states of Fe and Cr indicates .
their location in the inner part of passive film. The enrichment of chromium oxide
near the film/alloy interface can be observed.
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Figure 2.6 Passive film thickness of mechanically polished Fe and Fe-Cr alloy
and Cr as a function of Cr in bulk composition (17)

The authors (10) also purposed the passive film model of SUS 304 stainless
steel as depicted in Figure 2.8. This schematic sketch illusirates the covering of
contamination with the thickness of 0.6 nm on the top surface. Passive film is divided
into 3 layers. The layer of chromium hydroxide forms on the layer of iron oxide and
chromium oxide, which iron oxide co-exists with chromium oxide by the ratio of
31:69. The layer of iron oxide and chromium oxide forms on the layer of Cr° and Ni°,
which Cr® co-exists with Ni’ by the ratio of 60:40. The estimated thicknesses of
compound layers are 0.6 nm, 0.8 nm and 0.3 nm respectively.

Intensity(kC eV sec™)
140000

0 5 10 , 15 20

Sputtering (0 A o 7))
Figure 2.7 Intensities of emitted photoelectron as a function of
sputtering time of SUS 304 stainless steel (10)
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Figure 2.8 Schematic sketch of passive film model of SUS 304 stainless steel (10)

I. Olefjord and L. Wegrelius (9) applied XPS technique to investigate chemical
compositions of passive film of 20Cr-18Ni-6Moe-0.2N polarized in 0.1-M HCI + 0.4-
M NaCl solution. The specimens were cathodically treated at —600 mVscg for 30
minutes and then polarized at 500 mVgcg for 10 minutes. XPS spectra of NiZp 3,
Fe2p 3 and Cr2p 3p at the take-off angle of 10°, 38.5 © and 80° are illustrated in
Figure 2.9. It can be seen that Ni° is dominating, whereas Ni*" is low. The chromium
oxidation state is trivalent. They are Cr’* bounded to OH denoted as Cr**(hyd), Cr**
bounded to O denoted as Cr*" (ox), and Cr° is metallic state. It appears that the
photoelectron ratio of Cr * (hyd) per Cr ** (ox) is largest at the lowest take-off angle.
This indicates that the location of Cr >*(hyd) is in the outer part and that of Cr **(ox)
is in the inner part of passive film. Ols spectra are deconvoluted to be 3 peaks
representing oxygen in O ¥, OH and H,0. The ratio of OH /0% photoelectron
decreases with the increase in take-off angle indicating the location of hydroxide in
the outer side compared to oxide in passive film.
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Figure 2.9 XPS spectra of Ni2p 35, Fe2p 3 and Cr2p 3, of 20Cr-18Ni-6Mo-0.2N
at the take-off angle of 10°, 38.5 © and 80° (9)



10

S. Chaikittisilp (11) applied XPS technique to analyze the passive films of
ferritic and austenitic stainless steels containing 20-29%Cr and 4-29%Ni exposed in
air for 24 hours. The schematic sketch of passive film of these specimens is depicted
in Figure 2.10. Passive film can be distinguished to be 2 layers that are chromium
hydroxide and chromium oxide layers. The estimated thickness of chromium
hydroxide layer is around 0.15 nm. The chromium oxide layers can be further divided
into 2 layers. The top layer consists of chromium oxide, iren oxide and iron with the
estimated thickness of 0.5 to 2.5 nm. The lower layer contains chromium oxide,
chromium, iron and nickel with the estimated thickness of 0.9 to 3.5 nm. It was also
found that the increase in Cr content in bulk composition results in the decrease in
passive film thickness but the increase in the layer that contains chromium oxide, iron
oxide and iron.

‘ :  Chromium hydroxide ~15A°
| |
{
t
chromium oxide. iron oxide and iron ~5-25A°
" chromium oxide. chromium. tron and nickel ~g_35A°
substrate

Figure 2.10 Schematic sketch of passive film stainless steels containing
20-29%Cr and 4-29%Ni exposed in air for 24 hours (11) .

2.3.2 Characterization of passive film after atmospheric exposure

In K. Asami and H. Hashimoto’s work (8), 2B-finished SUS 304 and SUS 430
stainless steels and MR-finished SUS 316 and SUS 444 stainless steels were exposed
at the Miyakojima subtropical site and the Kinu-ura site for 6 months. The passive
film thickness and chemical compositions in passive film were quantitatively
investigated by XPS. The passive film thicknesses of austenitic and ferritic stainless
steels are reported in Table 2.3.

Table 2.3 Passive film thickness of austenitic and ferritic stainless steels before and
after atmospheric exposure at the Miyakojima subtropical site and
the Kinu-ura site for 6 months (8)

Exposure Passive film thickness (nm)
site Average of austenitic Average of ferritic
stainless steels stainless steels
~ Thickness Increment hickness - Increment
Unexposure 2.48 - 2.91 -
Miyakojima | 4.08 1.60 4.68 1.77

Kinu-ura 3.94 1.45 4.59 1.68
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It can be seen that passive film thickness of both types increase afier exposure.
Passive film thickness of ferritic stainless steel is higher than that of austenitic
stainless steel before and after atmospheric exposure in both sites. The increments are
larger at the Miyakojima site than at the Kinu-ura site. The authors suggested the
effects of temperature and NaCl deposition rate on surface on the difference in the
change of film thickness of specimens expcsed in different sites. In the case of the
Miyakojima subtropical site, average annual temperature is around 296 K and NaCl
deposition rate is 1.1 to 1.6 (mg/dmz)/day. In the case of the Kinu-ura temperate site,
the environment parameter is similar to that of the Choshi site, which the average
temperature is lower than ca. 283 K and NaCl deposition rate is around a half of that
of Mivyakojima site. The average of cationic fraction of alloying elements in passive
film of SUS 304 and SUS 316 austenitic stainless steels is illustrated in Figure 2.11,
and the average of cationic fraction of Cr in passive film of SUS 430 and SUS 444
ferritic stainless steels is illustrated in Figure 2.12. These two Figures indicate the
diminishing of Cr in passive film after exposure.
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Figure 2.11 The average of cationic fraction of Cr in passive film of SUS 304
and SUS 316 austenitic stainless steels at the Miyakojima subtropical site
and the Kinu-ura temperate site for 6 months (8)
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However, M. Tochihara (13) confirmed the increase in Cr enrichment of 2B-
finished SUS 304 stainless steel after the long-term exposure. Cr content in passive
film of 2B-finished SUS 304 stainless steel exposed to the Shinomisaki marine site
for 5 years was investigated by AES spuitering technique as illustrated in Figure 2.13.
The auger electron-intensity ratios of Cr/Fe were plotted vs. sputtering time. It can be
seen that, after exposure, Cr enrichment in passive film increases but film thickness
decreases. ' '

An interesting question should be noted. What is the relationship between the
changes of pitting and corrosion resistance, passive film thickness, and the existence
of elements or compounds in passive {ilm and after stainless steels were exposed to
any atmosphere? In the case of unexposed stainless steels, the effect of Cr in passive
film plays the important role for the increase in pitting potentials as described in
section 2.2. The previous survey also points that after the certain exposure period
pitting potentials increase but how the change of Cr enrichment in passive film is
unclear. It should not be over emphasized about those results because they were
obtained from the different experiments. In the present work, the pitting and
corrosion potentials obtained from electrochemical measurement and surface analysis

results from AES and XPS will be integrated in one set of experiment to discuss the
relationship.

Shionomisaki (marine site)

+——After field exposure

5§ 10 15
Sputtering time /min.

Figure 2.13 AES depth profile of 2B-finished SUS 304 stainless steel
exposed to the Shinomisaki marine site for 5 years (13)

2.4 Gel-like structure model and selected application

Based on the investigation of elemental distribution previously reviewed in
section 2.3, one of the classic models of passive film formation was purposed. (5,6)
The model was applied to explain the change of pitting potentials of stainless steel
after exposure as reviewed in section 2.2.

Gel-like structure model was purposed in order to explain the effects of
potential and aging time upon dry and wet corrosion based on the adsorption of
bound water on surface film and the deprotonation process. Figure 2.14 shows a
schematic sketch of the formation process of passive film by the successive
deprotonation of water.
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In Figure 2.14(a), bound water adsorbs on surface, and metal ions are produced
by the anodic dissolution through an unprotected part on surface. It results in the -
formation of the intermediates denoted as MOH'. The deprotonation causes the
losing of H' from H,O. The process is further continuing to pull H™ out from OH-M
to be O-M as depicted in Figure 2.14 (b). This process can takes places on other parts
of surface, and the neighboring O-M-H,CO are consequently bridged each other by
H;O as depicted in Figure 2.14(c). In the undeveloped part as shown in Figure 2.14
(d), intermediate compound MOH" can be produced and captured by surrounding
H,O resulting in the precipitation as solid film. The freshly formed film in this way
still contains a lot of bound water. The anodic dissolution or the natural aging can be
taken place accompanied by the dehydration. The structure of H;O-M-CH,; is
progressively replaced by OH-M-CH, and then O-M-0O depending on the degree of
the proton loss.

Figure 2.14 Schematic sketch of the process of the formation of passive film
according to gel-like structure model {6)

As previously mentioned in section 2.2, pitting potentials reduced afier the 2-
year exposure period in the Milan urban-industrial site. N. Azzari (7) purposed that
the degradation of passive film ensuing from the desorption of water molecules and
adsorption of anions from the environment is very accentuated in the presence of
chlorides, which can be found in urban-industrial site with other pollutants, such as
sulphur dicxide. They accelerate the film dissolution. However, the reason for the
increase in pitting potentials in the first 2-years period was not clearly explained. The
desorption of water molecules and other anions were not proved by surface analysis
methods especially at the points of the oxygen existence and the change of chemical
states of oxygen in passive film. The existence and change of oxygen in the form of
O (H,0), 0* (OH-) and O (O) both before and after atmospheric exposure will be
treated in the present work.
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CHAPTER I

EXPERIMENTAL METHOD

3.1 History and installation for exposure test of specimens

Specimens in this study are 2B-finished SUS 304 and SUS 447]1 stainless steel
sheets, They were produced by cold rolling, annealing and pickling. AES micrograph
of 2B-finished surface of SUS 304 and SUS 447J1 are shown in Figure 3.1 and 3.2
respectively. Mass percent compositions of Cr, Ni, Mo, C, Si and Mn of both grades
are reported in Table 3.1.

Figure 3.1 AES micrograph of 2B-finished SUS 304 stainless steel
(As-received state)

Figure 3.2 AES micrograph of 2B-finished SUS 447]1 stainless steel
(As-received state)
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Specimens were exposed to the Chiba urban-industrial site situated 1 km far
from the seafront. Specimens with the dimension of 100cm x 150cm x 0.8em(t) were
fixed on the top surface of specimen holders inclined with the angle of 45°
southward. The exposure period was carried out for 7 days in January 2001 and for
61 days during 22" August to 22™ Getober 2000.

Table 3.1 Mass percent compositions of as-received SUS 304 and SUS 447]1
stainless steels

Steel C Si Mn [P S Cr Ni Mo N

SUS304 0.062 {052 |1.01 |0.036 |0.004 1832 844 | 0.018 | 0.04

SUS447J1 | 0.005 |0.19 [ 0.13 | 0.021 |[0.004 ]29.76 |0.16 | 1.91 0.012

3.2 Preparation of specimens

As for electrochemical measurements, specimens were cuf to be a dimension of
2em x 2em x §.8cm(t) without polishing. Then they were joined with steel wires. The
shielding tape was wounded from the joint of specimen and wire to the rod far nearly
8 cm from the joint. The shielding polymer to remain the immersed area of lem x
lem then covered the specimens. For XPS and AES analysis, specimens were cut to
be the dimension of icm x lem x 0.8cm(t) without polishing. Ultrasonic cleaning and
degreasing was done for 2 minutes before the measurement.

3.3 Experimental procedures
3.3.1 Measurement for pitting and corrosion potential

The 3.5-g/em® NaCl aqueous solution was used. It was maintained at 30°C for
SUS 304 stainless steel and 70°C for SUS 447J1 stainless steel. Ag/AgCl reference
electrode was applied and used as the reference for the report of pitting and corrosion
potentials. The counter electrode was platinum type. The solution was first de-aerated
by Ar gas bubbled in the solution for 30 minutes. The specimen was then immersed
in, and Ar gas was changed to flow over the solution. The searching for corrosion
potentials was done for 10 minutes. The current density was then detected as a
function of the potentials. The anodic polarization started from the detected corrosion
potentials with the scanning rate of 20 mV/min. The potentials at the current density
of 10 pA/em®, V’¢10, were recorded as the index for the pitting potentials. The
measurement procedure for corrosion potentials was as same as that for pitting
potentials, but it was carried out at 30°C for both grades. The searching for corrosion
potentials was done for 8 hours without the scanning for the ancdic polarization.

3.3.2 AES analysis

The experiment was performed with the AES PHI model 565. Electron gun was
operated at the acceleration voltages of 10 kV and the beam current of 1 pA. The ion
gun was operated at the acceleration voltages of 2 kV and ion current densities of 20
uA/em®, Depth profiles of Fe, Cr, Ni, Mo, and O Auger electron intensities were
derived by Argon sputiering for 30 seconds and proceeded by the detection of their
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intensities alternately for 15 minutes. The sputtering rate estimated. from the
sputtering of pure iron was 2.1 nm/min.

3.3.3 XPS analysis

The instrument was perforiiied with KRATOS AXIS HS. AlKa monochromatic
x-ray contained the photon energy of 1486.6 eV was applied with the x-ray power of
15 kVx5mA. The incident angle of X-ray was 55° to the surface normal, whereas the
take-off angle was 90°. The pass energy of 40 eV was used. The energy axis was
horizontal shifted to set the binding energy of Cls at 284.6 eV. Shiriey base line was
drawn in order to quantify integrated peak intensity. Sensitivity factors of Fe, Cr and
Ni accompanied by the accuracy of XPS measurement for stainless steel were
evaluated through integrated peak intensities obtained from bulk stainless steel
specimens. Relative sensitivity factors of Cr and Ni as well as the accuracy of the

‘measurement of Fe and Cr Ni were obtained from the experiment according to
appendix III. Relative sensitivity factors of Cr and Ni are 0.86 and 1.13 respectively,
and that of O (18) is 2.81. All relative sensitivity factors are normalized by that of Fe.
Accuracies of the measurement of Fe and Cr are respectively 2.50 and 0.85 %.



CHAPTER IV

RESULTS AND DISCUSSION

The results concerning the influences of stainless steel grade and exposure
period on pitting potentials, corrosion potentials, passive film thickness and chemical
compositions-Cr, Ni, Mo and O- in passive film were firstly clarified. The results of
the previous and the present works were discussed. The whole results obtained were
then schematically integrated to depict the changes of passive film of SUS 304 and
SUS 447]1 stainless steels after the 7- and 61-day exposure periods in the Chiba
urban-industrial site. UV irradiation as the photo-inhibition of stainless steels
immersed in aqua sclution was finally stated in order to seek the common mechanism
to the positive shift of pitting and corrosion potentials of SUS 304 and SUS 447J1
stainless steels in the atmospheric exposure, which exposed in the natural light UV
irradiation.

&
4.1 Effects of stainless steel compositions and exposure periods on the pitting and
corrosion potfentials

The pitting potentials of SUS 304 and SUS 447J1 stainless steels exposed for
7 and 61 days in the Chiba urban-industrial site are illustrated in Figure 4.1 and 4.2
respectively.
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Figure 4.1 Pitting potentials of SUS 304 stainless steel exposed
for 7 and 61 days in Chiba urban-industrial site

- The temperatures of solution were maintained at 30 and 70°C for SUS 304 and

SUS 447J1 stainless steels respectively. The measurement was repeated 3 times for

each condition. One specimen was used for a measurement for one time. In the case

of SUS 304 stainless steel as shown in Figure 4.1, an average pitting potential of the

unexposed specimen 1s 394.3 mV agaqcr. It respectively increases to be 461.7 and 632

mVagaect after the exposure period of 7 and 61 days. In the case of SUS 447]1

stainless steel exhibited in Figure 4.2, the average pitting potential of unexposed
specimen 1s 691 mVagaqc. It respectively increases to be 881.7 and 965.3 mVAg;Agc;'
after the 7- and 61-day exposure periods.
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Figure 4.2 Pitting potentials of SUS 447J1 stainless steel exposed
for 7 and 61 days in the Chiba urban-industrial site

It can be seen that pitting potentials of both grades after exposure are higher
than those before exposure. Although the measurement for pitting potentials for SUS
447J1 stainless steel was carried out at the higher temperature than that for SUS 304
stainless steel, it still can be seen that pitting potentials of the as-received SUS 304
stainless steel is lower than those of SUS 447]1 stainless steel. And at the same
exposure period, average-pitting potentials of SUS 447J1 stainless steel is higher than
those of SUS 304 stainless steel.

As shown in Figure 2.2, Y. Kasawa reported the increase in pitting potential
with the increase in Cr and Mo contents in model alloys. The present work
investigated 2 types of stainless steels, which have different bulk chemical
compositions of Cr and Mo. The Cr and Mo contents of SUS 447]1 stainless steel are
respectively 29.76% and 1.91% and higher than Cr and Mo contents of SUS 304
stainless steel, which are 18.32% and 0.018% respectively. Even though the other
alloying elements of these two grades are also different, especially Ni content that is
0.16% in'SUS 447]1 stainless steel, but 8.44% in SUS 304 stainless steel, it still can
be seen that pitting potentials of SUS 447J1 stainless steel, which contains high Cr
and Mo contents, is higher than those of SUS 304 stainless steel. It was reported that
Ni does not take part in passive film of SUS 304 stainless steel. {12) Then the effect
of Ni on the promotion of corrosion resistance by taking part in passive film was
questioned. In the present work the small amount of Ni was detected in the passive
film of SUS 304 stainless steel and will be reported in section 4.3.2.

- Corrosion potentials of the specimens unexposed and exposed for 7 days were
measured and illustrated in Figure 4.3. The corrosion potentials of unexposed SUS
304 stainless steel were 161.3 mVagagct and increased to be 186 mVagagc after
exposure for 7 days. In the case of unexposed SUS 447J1 stainless steel, it was 230
mVYagagcr and also increased to be 432 mVagagcr after the 7-day exposure period.
These evidences indicate that corrosion potentials of the as-received SUS 304
stainless steel are lower than those of SUS 447J1 stainless steel. At the same exposure
period, corrosion potentials of both grades after exposure are higher than those before
exposure. ' :

As illustrating in Figure 2.4, N. Azzari also reported the increase in pitting
potentials of SUS 304 stainless steel exposed in the first two year in the Milan urban-
industrial site. The increase in corrosion potential as a function of exposure period
was also reported as in Figure 2.3. Those and the present resuits are in agreed with for
the case of SUS 304 stainless steel. The present work also confirms the increase in
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pitting and corrosion potentials after atmospheric exposure for 7 and 61 days for SUS
447J1 stainless steel.

500

o 30

L

<

o

0

g B unexposed
3 D7days

‘ Stainless
SUS304 SUS447]1 steel grade

Figure 4.3 Corrosion potentials of SUS 304 and SUS 447J1 stainless steels
unexposed and exposed for 7 days in the Chiba urban-industrial site

4.2 Effects of stainless steel compositions and exposure periods on the thickness
of passive film

For the as-received SUS 304 stainless steel, Figure 4.4 illustrates the profile of
Fe, O, Cr and Ni Auger electron intensity as a function of sputtering time. The
sputtering times at the half of the maximum of O and Fe intensity were averaged to
find out the estimate film thickness. The maximum intensity of Fe was selected at the
intensity corresponding to the sputtering time of 9 minutes which the intensity of Fe
was considered reaching the steady level. The sputtering rate in the case of pure iron,
which is 2.2 nm/min, was applied to convert averaged sputtering time to the estimated
passive film thickness.
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Figure 4.4 AES depth profile of Fe, O, Cr and Ni Auger electron intensity
as a function of sputtering time of the as-received SUS 304 stainless steel
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Figure 4.5 illustrates the Auger electron intensity emitting from oxygen in the
compound form in passive film and substrate of SUS 304 and SUS 447]1 stainless .
steels. 1t is evident that passive film thickness of the as-received SUS 304 stainless
steel is considerably more than that of SUS 447]1 stainless steel. By calculating the
estimated film thickness by the previously described method, the estimated passive
film thicknesses of SUS 304 and SUS 447]1 stainléss steels are respectively 2.6 and
1.7 nm.
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Figure 4.5 AES depth profile of Ogy;, Auger electron intensity of the as-received
SUS 304 and SUS 447J1 stainless steels as a function of sputtering time

As shown in Figure 2.6, it was reported by K Asami, et. al. that film thickness

of Fe-Cr alloy reduces when Cr content in bulk composition exceeds 13 atomic
percent. It is also found in the present work that passive film thickness of SUS 447J1
stainless steel, which contains high Cr content compared to SUS 304 stainless steel, is
less than that of SUS 304 stainless steel. Even though it cannot be directly compared
with the previous study because the increase in Cr in the case of SUS 447]J1 stainless
steel is consistently accompanied by the change of amount of other alloying elements,
such observation, however, should be noted.

The profile of Ogyp Auger electron intensity of SUS 304 stainless stee] before
and after exposure for 7 and 61 days in the Chiba urban-industrial site as a function of
sputtering time was shown in Figure 4.6. The estimated {ilm thicknesses of SUS 304
stainless steel were respectively 2.6, 1.6 and 2.2 nm before and after the 7-day and 61-
day exposure period. The film thickness decreases after exposure. The film thickness
of specimen exposed for 7 days is lower than that of specimen exposed for 61 days.

The profile of Okyy, Auger electron intensity of SUS 447]1 stainless steel after
the 7- and 61-day exposure period in the Chiba urban-industrial site as a funciion of
sputtering time is shown in Figure 4.7. The estimated film thicknesses are respectively
1.7, 1.6 and 1.9 nm for specimen unexposed and exposed for 7 and 61 days. It can be
seen that the depth profile of Oxy; Auger electron infensity of specimens unexposed
and exposed for 7 days are nearly the same. The depth profile of Okp1 Auger electron
intensity of specimen exposed for 61 days could be considered no different to the
unexposed and exposed 7-day specimens. It may be concluded that film thickness of
SUS 447J1 stainless steel does not change considerably after exposure for 7 and 61
days in the Chiba urban-industrial site.
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Figure 4.6 AES depth profile of Ok, Auger electron intensity of SUS 304 stainless
steel before and after exposure to the Chiba urban-industrial site
for 7 and 61days
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Figare 4.7 AES depth profile of Ok Auger eleciron intensity of SUS 447]1 stainless
stee! before and after exposed for 7 and 61 days in the Chiba urban-industrial site

As in Table 2.3, K. Asami, et al. reported the increase in passive film
thickness of stainiess steel after the 6-months exposure period in the Miyakojima
subtropical and the Kinu-ura temperate site. M. Tochihara, however, confirmed the
decrease in passive film thickness after the long-term exposure for 5 years in the
Shicnomisaki marine site as shown in Figure 2.13, For the short-term exposure for 7
and 61 days in the present work, the results of SUS 304 stainless steel indicated the
decrease in passive film thickness after exposure. The inconsiderable change of
passive {ilm thickness of SUS 447]1 stainless steel was observed after the short-term
exposure for 7 and 61 days in the Chiba urban-industrial atmospheric exposure.
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4.3 Effects of stainless steel compositions and exposure perieds on the composition
of passive film

4.3.1 The Fe and Cr compositions

XPS spectra of FeZpsn and Cr2py; of as-received SUS 304 stainless steel are
shown in Figure 4.8 and 4.9 respectively. The primary information of Fe2ps;, and
Cr2pip spectra is the integrated peak intensity. It was obtained in the form of raw area
constraint by a certain window of binding energy and bounded by peak intensity and
base line. Background subiraction by drawing base line in the present work was in
Shireley mode. XPS spectrum consists of the emitted photoelectron from both passive
film and substrate. Photoelectron of metallic form, i.e FeOme, CrOme and NiOme,
may emit from both passive film and substrate. In order to analyze composition in
passive film, the subtraction of metallic peak intensity from the apparent peak was
then applied. The binding energies of Feo2p 32 and CrOQP 3 are 706.8 eV and 574.1
eV respectively. (10) Integrated peak intensities were quantified to be atomic and
finally weight percent under the consideration of the accuracy of the previously
mentioned measurement. In this work, weight percent of Cr ion per Fe ion was used
to indicate the degree of Cr enrichment.
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Figure 4.8 XPS spectrum of Fe2p 2, of as-received SUS 304 stainless steel

XPS spectra of Ols, Fe2psp, Cr2pspn and NiZpsp of SUS 304 stainless steel at
different exposure periods are illustrated in Figure 4.10. Figure 4,11 depicts XPS
spectra of Ols, Felpyp, Ci2psn and Mo2dsnsn of SUS 44771 stainless steel at
different exposure periods. By calculating Cr enrichment according to the method
described in appendix 2 using XPS spectra depicted in Figure 4.10 and 4.11, mass
percent of Cr per that of Fe in passive film of as-received SUS 304 and SUS 447]J]
stainless steels are then obtained as exhibited in Figure 4.12. Those values of as-
received SUS 304 and SUS 447J1 stainless steels are 40.4% and 214.2%,
respectively. From Table 3.1, mass percent of Cr per that of Fe in bulk of as-received
SUS 304 and SUS 447]J1 stainless steels are respectively 25.6 % and 44.1%. It then
can be seen that Cr enrichment in passive film of as received SUS 304 and SUS 447J1
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stainless steel. The increase in Cr enrichment from bulk to the outermost surface of
SUS 447]1 stainless steel is markedly higher than that of SUS 304 stainless steel.
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Figure 4.9 XPS spectrum of Cr2p 3 of as-received SUS 304 stainless steel

In the case of exposed SUS 304 stainless steel exhibited in Figure 4.12, the
mass percents of Cr per those of Fe are 51.8 % and 81.3 % afier the 7-day and 61-day
exposure period respectively, By the accuracy of the measurement, it can be seen that
Cr enrichment considerably increases with the increased exposure period. Cr
enrichment of specimen exposed for 61 days is higher than that exposed for 7 days. In
the case of SUS 447J1 stainless steel shown in the same Figure, the mass percents of
Cr per those of Fe are respectively 198.2 % and 236.3% after the 7-day and 61-day
exposure period. The analytical data are in the ranges of 193.2% to 239.4%, 178.9%
to 221.3% and 221.6% to 266.6% for specimens unexposed and exposed for 7 days
and 61 days respectively. By the accuracy of measurement, it cannot be considered
that the changes uf Cr enrichment are distinguished in the case of SUS 44711 stainless
steel exposed 7- and 61-day in the Chiba urban-industrial site.

As rev1ewed in section 2.3.2, K. Asami, et al. investigated passive {ilms of
various stainless steels exposed in atmosphere. The averaged cationic fraction of SUS
304 and SUS 316 stainless steels passive film after exposure at different site depicts in
Figure 2.11. For SUS 430 and SUS 444 stainless steels, it 1s illustrated in Figure 2.12.
It can be seen that Cr diminishes after exposure. M. Tochihara, however, reported the
enrichment of Cr in the passive film after the long-term exposure as shown in Figure
2.13. In the present work, the results show the trends of Cr enrichment after exposure
in the case of SUS 304 stainless steel but the indistinguishable change in Cr
enrichment in the passive film is observed in the case of SUS 447]1 stainless steel.

From the results of SUS 447J1 stainless steel, the pitting and corrosion
potentials increase after exposure, but the considerable change in passive film
thickness and Cr enrichment cannot be observed. The question is what affects or
relates to the positive shift of pitting and corrosion potentials ? The further inquiry
will be done in the next sections. :
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Figure 4.12 Cr enrichments in passive films of SUS 304 and SUS 4471
stainless steels at different exposure periods

4.3.2 The Ni and Mo compositions

. From Table 3.1, SUS 304 stainless steel contains 18.32 wi-% Cr, §.44 wto Ni

and SUS 447]1 stainless steel contains 29.76 wt-% Cr, 1.91 wt-% Mo. The elemental
distributions of Ni and Mo were then successively investigated for SUS 304 and SUS
447J1 respectively. _

Figure 4.13 shows XPS spectra of Ni2psp of as-received SUS 304 stainless
steel. Ni peak was deconvoluted to be three peaks. They are Ni metallic (Nio?;pg/z),
nickel oxide (NiO) and nickel hydroxide (Ni (OH) ;) peaks. The binding energies are
respectively 852.9 eV (10), 854-855 eV and 856-856.5 eV (19).
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Figure 4.13 XPS spectrum of Ni2psj; of as-received SUS 304 stainless steel

In the passive film of SUS 304 stainless steel, both nickel oxide and hydroxide
were slightly observed in unexposed specimens. However, only oxide film can be
observed after the 7-day and 61-day exposure periods in the Chiba urban-industrial
site. It is possible that nickel hydroxide in passive film of unexposed specimen was
deprotonized and changed to be nickel oxide after the 7-day exposure. In Figure 4.14,
mass ratios of Ni/Fe-Cr-Ni in the compound formed in passive film after different
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exposures are 1.4%, 3.2% and 2.3%. It can be seen that, even though Ni was added
8.44% in bulk composition, but it slightly took part in passive film, which was 1.4%
inr the unexposed specimen. After specimens were exposed for 7 days and 61 days,
passive film thickness decrease as in figure 4.6.
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Flgure 4.14 Ni enrichments in passive films of SUS 304 stainless steel
after different exposure periods

Based on the assumption that the density of passive film in each condition is
not different markedly, it may consider that the passive film thickness decrease due to
the reductions of passive film volume and mass. If the Ni content of compounds in the
passive film was considered nearly constant and the passive film mass decrease after
exposure, the increases of Ni mass percent in the passive film was observed. This is
reflected in Figure 4.14. The film thickness of specimen exposed for 7 days is less
than that exposed for 61 days. It appears that mass percent of Ni in passive film
change considerably after exposure. The specimen exposed for 7 days has higher
nickel mass percent than that unexposed and exposed for 61 days. '

The integrated peak intensity of Mo in passive film of as-received SUS 447]1
stainless steel, and after different exposure periods is showed in Figure 4.15 and 4.11
respectively. The binding energies of Mo at the oxidation states of 0, +4 both oxide
and hydroxide form and +6 for oxide form are in the ranges from 227.8 to 235.6 eV.
(10) However, it shows that the spectra have severely the noise effect. Subsequently,
the considerable change of Mc peak cannot be clearly investigated for the specimens
exposed for 7 and 61 days.
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Figure 4.15 XPS spectra of Mo2d 3,5 of as-received SUS 447]1 stainless steel
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4.3.3 The oxygen distribution

The Ols spectrum of as-received SUS 304 stainless steel is depicted in Figure
4.16. It was deconvoluted to be 3 peaks. They are 0%, OH and bound water (H,0).
The binding energies are respectively 529.9-530.3 eV, 531.6 eV and 532.6 eV. (10)
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Figure 4.16 Ols spectrum of as-received SUS 304 stainless steel

In order to investigate the shift of Ols XPS spectrum with the exposure
period, the photoelectron intensities of OH™ and H,O were grouped and compared to
the photoelectron intensity of O% for SUS 304 stainless steel. The photoelectron
intensities of OH" and H,O per O* are shown in Figure 4.17. The ratio is 2.42 for
unexposed condition. It indicates that the photoelectron intensity of OH and H,O 1s
higher than that of O%. This ratio reduces to 1.34 after the 7-day exposure period, but
is nearly constant (2.41} after the 61-day exposure period. If the successive evaluation
could be applied, it may say that Ols shifts to the decrease in OH and H,O spectra
after the 7-day exposure. This ratio, however, reversibly shifts to the increase in OH
and H,O spectra after specimen was exposed for 61 days. The change in this ratioc will
be discussed with the change in passive film thickness in the next section.

it should be mentioned here that the specimens were exposed to the different
atmospheres. The environmental effect may be included in the resuits.
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Figure 4.17 The photoelectron intensity of OH™ and HyO per O of SUS 304
stainless steel at the different exposure periods




In the case of SUS 447J1 stainless steel exposed for 7 days, the photoelectron
intensities of H,O per OH", HbO and 0%, of OH, per OH’, H,O and O, and of O
per OH', H,0 and O% were calculated by using deconvoluted peaks of Ols shown in
figure 4.10 and 4.11. The photoelectron intensities of 1,0 per OH, H,O and 0%
increase from 0.11 for unexposed specimen to 0.2 for specimen exposed for 7 days in
snowy winter in the Chiba urban-industrial site. it 1s believed that such environment
contained higher relaiive humidity than specimen unexposed and exposed for 61 days,
which was held in Summer. Then the increase of HO layer causing by the water
adsorption from atmosphere was observed. In Figure 4.18, the photoelectron
intensities of OH per OH', H,O and G increase from 0.25 for unexposed specimen to
0.46 for specimen exposed for 7 days. The photoelectron intensities of O per OH,
H,0 and O™ decrease from 0.64 for unexposed specimen to 0.34 for specimen
exposed for 7 days. It is then possible that H,O were deprotonized and changed to be
OH’, and the H' from such process was captured by O resulting in OH". Finally, it
results in the decrease in H.O and O” as well as the increase in OH in passive film.

In the case of SUS 447J1 stainless steel exposed for 61 days, the photoelectron
intensities of H,O per OH", H0 and O decrease from 0.11 for unexposed specimen
to 0.02 for specimen exposed for 61 days in Summer. Similar as above discussion, it
is believed that the atmosphere in Summer contained lower relative humidity than that
for unexposed and 7-day exposed specimens, which were held in Winter. Then the
increase in H,O layer causing by the water adsorption from atmosphere may be less
than the cases of unexposure and the 7-day exposure. Additionally, the effect of
temperature in Summer may increase the kinetics of deprotonation of H,O to be OH”
or O resulting in the drastic reduction of H,O. However, it is still found that the
photoelectron intensities of OH™ per OH, HyO and O increase from 0.25 for
unexposed specimen to 0.67 for specimen exposed for 61 days as in Figure 4.18. And
the photoelectron intensities of 02"per OH, H;O0 and 0% decrease from 0.64 for
unexposed specimen to 0.31 for specimen exposed for 61 days. It is possible, as same
as the former case, that H>O were deprotonized and changed to be OH, and the H"
from such process will be captured by O resulting in OH™. It then results in the
decrease in H,0 and O% as well as the increase in OH in passive film.

From the result, the increase in hydroxide, OH, films took places for those
two conditions. This change wiil be further discussed with the previous results in the
next section. '
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Figure 4.18 The photoelectron intensity ratios of OH per OH , H,O and O of
SUS 447]1 stainless steel at the different exposure periods




4.4 Schematic sketeh of the change in construction of passive film of SUS 304

and SUS 447J1 stainless steels before and after atmospheric exposure for 7 days
and 61 days

The schematic sketches of SUS 304 and SUS 447J1 stainless steels passive
films before and after exposures for 7 and 61 days in the Chiba urban-industrial site
are depicted in Figure 4.19. Cr and Fe in the compounds formed in passive film were
considered. The horizontal dot line is used to indicate the hydroxide and oxide layers.
Ini this sketch, hydroxide means OH" and H,O in passive film. |

In the case of SUS 304 stainless steel exposed for 7 days, it is possible that Fe
cation in passive film was dissolved from passive film to atmosphere after exposure,
It then resulted in the increase in Cr enrichment. Many works reviewed as depicted in

‘Figure 2.8 to 2.10 exhibited the covering of hydroxide layer on the top surface of
passive film. As in Figure 4.17, the decrease in photoelectron intensity of OH and
- Hy0 per O” in passive film in the 7-day exposure in the case of SUS 304 stainless
steel was observed. It is then possible that OH™ and H,O film, at least that formed on
as-received specimen, was removed from passive film to atmosphere. The dissolution
of both Fe cation and the removing of OH and H,O film may result in the decrease in
thickness of passive film. '

In the case of SUS 304 stainless steel exposed for 61 days, it is considered that
Fe cation in passive film was dissolved from passive film to atmosphere after
exposure resulting in the increase in Cr enrichment. It may also consider that
hydroxide film, at least that formed. on as-received specimen, and Fe cation, as
previously mentioned, were removed from passive film to atmosphere resulting in the
decrease in thickness of passive film. However, it appears that film thickness reduces
" after exposure, but the photoelectron intensities of OH™ and H;0 per O are nearly
constant. It is then considered that oxide in passive film was changed to be hydroxide
in passive film in order to maintained this ratio.

The successive evaluation of passive film with the exposure period is limited
by the different seasons between specimens exposed for 7 and 61 days. However, if it
is considered that the 7-day exposure peried represents the early condition of the
atmospheric exposure, then the additional phenomena can be discussed. OH and H,O
film is considered that it was removed from passive film after the exposure period of
7 days as previously discussed. However, it appears that passive film thickness and
the photoelectron intensities of OH™ and H,O per that of O” in passive film after the
61-day exposure period were more than those of specimen exposed for 7 days. It is
then considered that new OH™ and H,O film grows after the exposure. The passive
film of specimen exposed for 61 days is not severely removed as same as that of
specimen exposed for 7 days. It seems that hydroxide film formed after exposure is
tougher than hydroxide film formed on as-received specimen. From the previous
discussion, it is suggested that OH and H,O film formed after exposure can be
occurred by 2 possibilities. The first is the transformation of oxide in passive film to
be hydroxide in passive film. The second is the growth of HyO or OH  film after
exposure. The thickness of OH™ and H,O film after exposure as well as pitting and
corrosion potentials increase. For the case of SUS 304 stainless steel, Cr earichment
and OH and H,O film formed after exposure are considered the cause of the increase
in pitting and corrosion potentials.
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In the case of SUS 447J1 stainless steel, it appears that pitting and corrosion
potentials of SUS 447J1 stainless sieel increase after exposure, but the considerable
change of passive film thickness and Cr enrichment cannot be observed. The change
of Mo content my affect the pitting and corrosion potentials, but it cannot be analyzed
in the present work. It is purposed that, at least, hydroxide formed after exposure
plays the role on the positive shift of pitting and corrosion potentials.

By comparing SUS 304 and SUS 447J1 stainless steels, it can be seen that
after exposure, pitting and corrosion potentials of the both grades increase. At the
same exposure period, pitting and corrosion potentials of SUS 447]1 stainless steel
are higher than those of SUS 304 stainless steel. The different and common possible
mechanism was here purposed. In the case of SUS 304 stainless steel, after exposure
film thickness reduces, but Cr enriches, and the new OH™ and H,0 film was formed.
The Cr enrichment and the formation of CH and H,O film after exposure were
considered to be the cause of positive shift of pitting and corrosion potentials.
However, in the case of SUS 447]1 stainless steel, the considerable changes of
passive film thickness cannot be found, especially for specimen unexposed and
- exposed for 7 days that the AES depth profiles are nearly the same path. It is then
considered that passive film of SUS 447]1 stainless steel has more resistant to be
removed by environment, or tougher than that of SUS 304 stainless steel. Cr
enrichment of as-received SUS 447]1 stainless steel is higher than that of SUS 304
stainless steel. After exposure, the change of Cr enrichment in passive film of SUS
447J1 stainless steel cannot be clearly found, whereas it considerably increases in the
case of SUS 304 stainiess steel. Nevertheless, at the same exposure period, Cr
enrichment in passive film of SUS 447J1 stainless steel is higher than that of SUS 304
stainless steel. The increase in hydroxide in passive film of SUS 447J1 stainless steel
can be observed and was considered that it relates to the increase in pitting and
corrosion potentials.

4.5 Photo-inhibition under UV and natural light irradiation

Specimen atmospherically exposed is considered that it is alsc affected by the
natural light irradiation. The photo-ifihibition, the increase in pitting potential of
specimen subjected tc UV irradiation, was also observed in various laboratories that
included the case of stainless steels, (20-22) The photo-quenching of electric field
strength in passive film was first purposed based on point defect model. This model
purposes that the passivity breakdown occurs when the accumulation rate of cationic
vacancies at substrate/film interface is critically more than the rate that cationic
vacancies can be annihilated at the same interface. (20,21,23) In the case of photo-
inhibition of passivity breakdown, it was purposed (20,21} that incident photons that
contain energies more than the bandgap energy of passive film generate electron-hole
pairs. They are then separated by the steep potential gradient in the manner to quench,
or reduce, the electric field strength in passive {ilm. The reduction of electric field
decreases the flux of cationic vacancies that transport from film/solution interface
across passive film to substrate/film interface. The decrease in the flux of cationic
vacancy then promotes the increase in the breakdown potential. The modification of
vacancy structure after stainless steel is subjected to UV irradiation was also
purposed. The photo-inhibition caused by this mechanism that can be persisted after
UV irradiation is removed over the relaxation time. The recent work (23) also
reported the Cr enrichment after SUS 304 subjected to UV irradiation. The Cr
enrichment of SUS 304 stainless steels under UV irradiation may increase the pitting
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potential. The photo quenching of electric field in passive film and Cr enrichment
were the possible causes of the photo-inhibition under the UV irradiation. However,
the ultimate solution for the mechanism of this phenomenon is still in consideration.

The present work investigated the transformation of passive film in the
atmospheric exposure. The natural light irradiation may be a factor that affects the
transformation of passive film. Although the passive film that atmospherically
exposed should be different from the passive film that exposed under the controlled
condition of UV irradiation in laboratory, but the Cr enrichment can be observed in
cases for SUS 304 stainless steel. In this work, the role of hydroxide formed after
exposure, and may also be formed because of the natural light irradiation, on the
positive shift of pitting and corrosion potentials was alsc suggested. The result can be
observed in the case of SUS 447J1 after the exposure period of 7 days. However, the
further experimental work should be conducted to confirm the results.




CHAPTER V

CONCLUSIONS

The 2B-finished SUS 304 and SUS 447J1 stainless steels were
atmospherically exposed for 7 and 61 days in the Chiba urban-industrial site, then
electrochemical measurements accompanied by XPS and AES analysis were carried
out in order to investigate passive films. The following conclusions can be drawn,

1. The as-received SUS 304 stainless steel has lower chromiym enrichment in
passive film as well as lower pitting and corrosion potentials, but thicker passive film
than the as-received SUS 447]1 stainless steel.

2. The pitting potentials as well as corrosion potentials of SUS 304 and SUS
447]1 stainless steels increase after exposure. At the same exposure period, pitting
and corrosion potentials of SUS 447]1 stainless steel are more than those of SUS 304
stainless steel.

3. After exposure, Cr enrichment in passive film increases, Ni content in
passive film seems exhibiting no change, and film thickness reduces in the case of
SUS 304 stainless steel. Cr enrichment and film thickness are not distinguished in the
case of SUS 4477J1 stainless steel.

4. After exposure, the photoelectron intensity ratio of OH™ and OH, per that of
O reduces after the 7-day exposure period and is nearly constant after the exposure .
period of 61 days in the case of SUS 304 stainless steel. The photoelectron intensity
ratio of OH per OH", OH; and 0% increases after exposure for 7 days and 61 days in
the case of SUS 447]1 stainless steel. v

5. In the case of SUS 304 stainless steel, Cr enrichment and hydroxide film
formed after exposure are considered to increase the pitting and corrosion potentials.
In the case of SUS 447J1 stainless steel, hydroxide film formed after exposure is
considered to increase the pitting and corrosion potentials.
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: - APPENDIX

o FRINEIP E OF
X~RAY PHOT@ELECTRON SPECTROSCOPY AND
o AUGER ELECTRON SPECTROSCOPY

Al.l X-ray Pho&oelectmn Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis method based
on photoelectric effect as exemplified in Figure A.1. In this method the incident x-ray
with the energy of hv, where h is a plank constant and v is a frequency of X-ray,
impinges on surface and causes the creation of the inner shell vacancy. To release the
electron in that shell from surface, which is called photoelectron, the primary energy
of X-ray must be equal or more than the sum of binding energy of electron in that
- level, Ey, and work function, ¢. The remaining energy between the energy of primary
X-ray and the sum of binding energy of electron in that level and work function is
kinetic energy of photoelectron, K.E., according to the following equation.(24)

As
W
0

hotocteciron
free clectron)

L

hi}'l’ 1S

Figure A.1 Schematic diagram of photoelectric effect excited by primary X-ray‘(ZS)

In XPS experiment, according to equation Al.l, kinetic energy of emitted
photoelectron is detected, the energy of primary X-ray, hv, is known depending on X-
ray source used. By estimatiqg work function, binding energy is then obtained. The
binding energy is unique for any element and the analytical depth is in the order of
nanometer, The detection of kinetic energy of photoelectron and therefore binding
energy of photoelectron is then applied to investigate the exisience of elements in
surface film. Furthermore, because binding energy changes with the change of
chemical state of element, XPS then can be applied not only a kind of element, but
also the different chemical states in each element.

To identify photoelectron, the notation such as FeZpsp is determined. Fe
indicate element in consideration. The shell and orbital that electron of that element 1s
in are characterized by 2 and p respectively.3/2 is carried out from the vectorial
summation of the quantum number of orbital angular moments, 1, and of spin
momenta, s. In this case, 1 is 1 and s is 4.
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The primary information of this technique is the integrated peak intensity
depicted as raw area constraint by a certain range of binding energy and bounded by
intensity " line and- background line. Such area can be quantified to obtain the
numerical value of photoeiection intensity. By using the quantification method, such

as that will be expiamed in appendix II, atomic, and therefore mass percent, can be
obtamed

AL.2 Prigciple of Auger Electron Spectroscopy

Auger electron spectroscopy (AES) is a surface analysis method based on
Auger effect as exemplified in Figure A.2. In this method the incident electron
impinges on surface and causes the creation of the inner shell vacancy, which is in K
ievel in this Figure. To relax this excitation, electron in the outer level, which is Lj; in
this case, drops to the inmer vacancy causing the radiation of the energy equal to the
difference between the binding energy of electron in K level and Ly level denoted as
Ex-Evin. This energy transfers to another electron, which is in Ly level in this case.
Energy required to release the latest electron, which is called as Auger electron, from
surface is equal to the sum of binding energy of electron in that level, which is in Ly
level denoted as Eyyy in this Figure, and work function denoted as ¢. Kinetic energy of
the Auger electron is then as follows (26)

KEKL]]LH! = (EK-EU}) (E wt Q ) G T T W o R TR L R AlZ
R c Auger Electron
A
i B
. 3z Lo
2p . -
Ly lncident Pariicle
s 1
o
is > K

Figure A12 Schematic diagram of Auger process excited by primary electron (26)

KEkyinLm means kinetic energy of Auger electron that causes by the creation
of initial vacancy in K level and the excitation is relaxed by the filling of electron
from LI level to K level and by the emitting of Auger electron from LIII level with
kinetic energy corresponding to equation A.1. It may be written simply as KExy;.

Because the detected kinetic energy of Auger electron in unique for any
element and the analytical depth is in the order of nanometer, the detection of this
energy is then applied fo investigate the existence of elements in surface film. By
detecting Auger electron emitted from sarface with the sputtering of surface
alternately or simultaneously. Depth profile then can be obtained. This mode of AES
application benefits to investigate elemental distribution in surface film and to
estimate the surface film thickness. The detection of Auger electron with the

sputtering passive film alternately was applied in the present work in order to estimate
passive film thickness.




. APPENDIX II

" XPS QUANTIFICATION BY
RELA’MVE SENSITIVITY FACTOR

Relatwe sen31t1v1ty factor (RSF) is purposed to transform photoelectron
intensrry fo atomic concentration. It is a conventional method that is still used in an
industrial research such as in Kawasaki Steel Corporation.

- In an alloy consists of n elements and photoelectron intensities are I;, I,..., In
count/second, atomic concentration of element j is derived as follows.

%= (YRSF)/ 3, (/RSF)

RSFJ is relatlve sensitivity factor of element i. The term of > (Ii/RSFi) is
summed for n elements. To obtain RSF and accuracy of a measurement practxca;ly,
standard specimens wﬁh the given chemical compositions are applied in XPS
analysis.

For instance, to obtain RSF of each element and the accuracy of experiment,
equation: A2.1 is manupulated as follows;

Y. (I/RSF;) = (/RS %X; = (WRSFRY %X . vovocreeeeoerommrneeereeen. A22

whereas j and k are indices for element j and k respectively. By setting
RSFj=1, the following relation can be drawn.

(YR YXK) = RSFIIL)  eeveveneeenesieeeesesnensomeseeneesssmnieeeseeeeee A23
RSF, = (XX oo ey, B eeee e A2.4

From equation A2.3, it can be seen that quantification by this method based
on the assumption of the direct proportion of relative photoelectron intensity and
relative atomic concentration of arbitrary two elements in a system. From equation
A2.4, because atomic concentration can be known from standard specimens and
- photoelectron intensities are obtained by experiment, then RSFk can be obtained
according to equation A2.4. RSF for other elements can be derived in the same way.
However, if experiments were carried out to detect photoelectron in m standard
specimens. Average RSF for each element can be finally obtained by averaging RSF
obtained from each standard specimen.

To evaluate the accuracy of a measurement, the average RSF finally obtamed
is applied in equation AZ2.4 with the detected photoelectron intensities. The calculated
atomic concentration is then obtained, and can be change to mass concentration The
accuracy, 64, is defined as follows.

64 = { T(%Coea. ~%Coq Y/(m-1)}2... STRUROTROR SR A2.5

%C.q, is calculated mass concentration by using RSF, %Cyy, is standard mass
concentration given by standard specimens. The term of > (%C.uy -%Cya. )2 is
summed for m standard specimens.Relative sensitivity factors and accuracy of XPS
measurement in the present work were investigated in appendix Iil.




- APPENDIX III

EX?EREMENT FOR INVESTIGATENG THE ACCURACY
OF XPS QUANTIF HCATEGN BY USING RSF METHOD

A3l Ob jectives

To obtain relative sensitivity factors (RSFs) of Fe, Crand Ni accompamed by
the accuracy of XPS experiment for stainless steels. ’

A3.2 Scope

RSF is estimated from bulk part of standard stainless steel.
A3.3 Experimental method

A3.3.1 Specimens

JSS 650-13, JSS8651-13, J58652-13, J§5653-13, JSS654-13 and JSS655-13
are standard stainless steels used. Chemical compositions of them are tabled in Table
1. They were cut to be the cross section of 10mm x 10mm. The ultrasound cleaning

and degreasing by acetone was applied before analysis.

Table A3.1 Mass percent of standard stainless steels used

: ' Mass%
Steel(JS C Si Mn p R Ni Cr Mo Cu Co Nb
S)
650-13 0.053 03 0.48 0.024 - 0.18 16.7 | 0.013 0.02 0.017 -

651-13 0.018 0.42 [.81 0.026 | 0.003 102 | 1842 { 0.24 0.16 0.13 -

652-13 | 0.044 | 042 1.73 | 0.031 | 0.003 | 1138 ¢ 1656 | 2.13 0.2 0.18 -

653-13 0.044 04 1.8 0.033 | 0.0006 | 1396 | 22.43 0.2 0.16 0.2 -

[

654-13 0.04 04 1.69 | 0.026 | 0.0006 t 1942 | 2479 | 0.23 0.15 0.15

[ 655-13 | 0.036 | 0.62 | 181 | 0.028 | 0.004 | 952 | 1734 | 022 | 02 | 0.17 | 0.55

A3.3.2 XPS analysis

The instrument was performed with XRATOS AXIS HS. AlKa
monochromatic x-ray contained the photon energy of 1486.6 ¢V was applied with the
x-ray power of 153 kVx5mA. The incident angle of X-ray was 55° to the surface
normal, whereas the take-of angle was 90°. The pass energy of 40 ¢V was used. The
energy axis was horizontal shifted to set the binding energy of Cls at 284.6 eV.
Linear base line was drawn in order to quantify integrated peak intensity.

A3.4 Results

Raw area of photoelectron intensity of Fe, Cr and Ni was tabled in Table A3.2,
And according to the derivation of relative sensitivity factors (RSFs) and accuracy of
measurement explained in appendix 2, those values were calculated and tabled in
Table A3.3.
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Table A3.2 Raw area obtained from standard stainless steels

Steel(JSS) - Fe Cr Ni
650-13 B 13463 ' 2571 0
651-13 18436 4585 2962
652-13 -~ | 13529 2971 2413
653-13 R 17858 6238 4333
654-13 14731 6649 - | 5676
655-13 20914 4670 3246

Table A3.3 RSFs and % accuracy of a measurement

. Fe | i Ni
RSF 1 0.86 1.13
%accuracy ’ 2.5 0.85 0.52

A3.5 Conclusicn

In XPS experiment for standard stainless steels, photoelectron emitted from
the bulk parts was detected in order to find out the relative sensitivity factors

accompanied by the accuracy of the experiments. The following conclusion can be
drawn;

1. Relative sensitivity factors of Cr and Ni nermalized by Fe are 0.86 and 1.13
respectively.

2. Accuracy of XPS measurement of Fe, Cr and Ni in bulk stainless steels are 2.5%,
0.85% and 0.52% respectively.
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