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SURFACE ANALYSIS
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Abstract: Passivation of 304 and 316 stainless steels in various acid solutions was

studied as a function of exposure time and acid concentration. Nitric acid, citric

acid, and the commercial Citrisurf (a commercial citric acid–based passivating

solution, Stellar Solutions, USA) were compared. The materials were studied by

low-angle PXRD (powder x-ray diffraction), XRF (x-ray fluorescence), SEM

(secondary electron microscopy), and XPS (x-ray photoelectron spectroscopy). As

might be expected, the measurements showed increased Cr:Fe ratios at the surface

following acid passivation. Using the combination of characterization methods, it

was possible to generate concentration-depth profiles, and these suggest that

chromium enrichment can penetrate several micrometers into the surface for nitric

acid treatment, and this is related to some surface damage. The low-angle PXRD

work illustrated that complex phases are formed at the passivated surface,

and these phases exhibit a rich structural chemistry. It is concluded that citric

Received 28 February 2006; accepted 20 March 2006

Address correspondence to M. A. Morris, Department of Chemistry, University

College Cork, Cork, Ireland. Tel.: 353 21 4902180; Fax: 353 21 427094; E-mail:

m.morris@ucc.ie

Analytical Letters, 39: 2255–2271, 2006

Copyright # Taylor & Francis Group, LLC

ISSN 0003-2719 print/1532-236X online

DOI: 10.1080/00032710600755363

2255



D
ow

nl
oa

de
d 

B
y:

 [C
on

ge
r, 

R
ob

er
t] 

A
t: 

21
:3

6 
18

 S
ep

te
m

be
r 2

00
7 

acid–based passivating agents result in more coherent oxide surfaces that are more

resistant to corrosion.

Keywords: Surface analysis, X-ray analysis, passivation, corrosion, surface oxidation

1. INTRODUCTION

Acid passivation of stainless steels is widely used in industry to improve the

corrosion resistance of the materials through the creation of coherent surface

oxide films. This technique has particular importance in the chemical, pharma-

ceutical, food, and medical implant sectors. The passivation process has been

discussed many times and authors such as Maller (1998) have summarized

most of the important aspects. The surfaces of the materials show enhanced

chromium content due to preferential dissolution of iron oxide (Olsson and

Landolt 2003). Surface Cr2O3 films are advantageous because of their

inherent corrosion resistance, low ion/electron diffusivities, and low electrical

conductivity (Maller 1998; Askeland 1985). Passivation of stainless steels by

nitric acid is common, but citric acid–based passivation is now an acknowl-

edged competitive process. Citric acid passivation is a well-established

technique in the beverage industry since it is more effective (than the

mineral acids) in reducing trace iron in contacting solutions (Hicks 1995).

In citric acid–based passivating solutions, it is thought that the additional

chelating power of the citrate anion selectively enhances iron removal (Roll

1996). Modern proprietary citric acid–based passivating solutions (such as

Citrisurf used here) also contain chelating agents and surfactants to enhance

the complexing and wetting properties of the solutions. The advantage of

these solutions is that because of their (in comparison to nitric acid) biodegr-

ability and low Ni, Cr, Mn, etc., content, they can be charged to a standard

sewer system.

However, despite the widespread use of citric acid passivating agents and

their proven efficacy, there are relatively few detailed quantitative studies of

the changes in the surface composition and structure as a function of

treatment. This paper uses a combination of several material analysis

methods to study changes in the surface of stainless steels on exposure to

three different passivating agents. In particular, we demonstrate that nondes-

tructive depth profiles can be generated using this combination of analytical

methods and believe this approach could be used in many areas of materials

analysis.

2. EXPERIMENTAL

Powder X-ray Diffraction (PXRD) measurements were made using a PANa-

lytical X Pert PRO diffractometer equipped with a Cu anode (40 kV and

C. O’Laoire et al.2256
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30 mA power conditions) and nickel mask. Programmable divergent slits

coupled with anti-scatter slits were used together with incident and reflec-

tion Göbel mirrors. An X’Celerator detector was used in scanning mode

using an active length of 2.122 82u. Data were collected in standard u –

2u reflection mode (i.e., incident and scattered angles are u) and at fixed

angles of incidence (v) to enhance surface sensitivity (1, 5, and 10 8v to

the surface plane). X-ray fluorescence (XRF) data were collected on a

standard Philips MiniPal flushed continuously with helium. In all cases, a

Rh anode was used. Samples were generally mounted in a Teflon holder

to reduce the low energy background. A 458 angle was maintained

between the sample and the detector. For collection of K lines, the Rh

anode was used at 20 kV and 15mA. For L-edge data, the samples were

mounted in an aluminium holder. Low energy data were collected at

anode settings of 5 kV and 100mA and curve-fitting was required to

separate Cr and Fe contributions. XRF and XRD data were quantified

using software developed in-house. Very simply, it is a layer-by-layer

model that calculates the emerging intensity from the sample as a

function of depth. The fluorescence yields from the atoms nth atomic

layer are calculated according to estimated concentrations. The fluorescent

yields through the layers above it (n ¼ 0 is the outermost atomic layer)

are then estimated. Similar calculations are made for the nth–1, nth–2,

nth–3, . . . n ¼ 0 layer until the total intensities can be estimated by inte-

gration. The value of n is varied until the point where the signal

estimated at n atomic layers is within 0.1% of that at 2n. Fluorescence

yields are estimated from values given in Krause (1979) and mass absorp-

tion coefficients from the National Bureau of Standards (McMaster et al.

1969). The software also allows the addition of layers of differing compo-

sition to the outer surface so as to allow effects such as segregation to be

modelled. Secondary Electron Microscopy (SEM) data were collected

using JSM-5510 apparatus (JOEL) at a beam voltage of 25 kV. X-ray Photo-

electron Spectroscopy (XPS) data were collected on a Vacuum Generators

instrument using an Alka source and a pass energy of 50 eV.

X-ray Photoelectron Spectroscopy next, 2 cm2 (about 1.5 � 1.5-cm

pieces) metal coupons (2 mm thick) were machined from 316 and 304

stainless steel. The coupons were mechanically polished and precision

lapped to a mirror finish. The surfaces were then polished using progress-

ive 25, 10, and 5mm diamond pastes and cleaned ultrasonically at 50–

558C in acetone, water, and, finally, absolute alcohol to remove all

traces of contamination. Solutions of nitric acid (NA), citric acid (CA),

and Citrisurf 2250 (CS) passivating agents were prepared by dilution at

various weight concentrations (% w/w). Coupons were exposed to

varying solutions for different exposure times and concentrations. In all

cases, the temperature was maintained at 508C during passivation.

Citrisurf is a commercial chelating passivating agent available from

Stellar Solutions, Illinois.

Analysis of the Acid Passivation of Stainless Steel 2257
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3. RESULTS

3.1 XRF Measurements

No silicon or other low-concentration additives such as P and Na could be

observed; consequently, the measurements refer to metal content only. The

measured Cr:Fe K line peak area ratios in the 304 and 316 coupons are 0.38

and 0.42, respectively. The Cr:Fe L3 peak area ratios were measured at

about 0.21 and 0.19 for 316 and 304 steel coupons, respectively. The high

K line peak area ratio observed is not due to extensive segregation but

rather to a lower absorption coefficient for Cr Ka x-rays in iron compared

to Fe Ka x-rays in the same material. Using the quantifiable model

described above, the values of the Cr:Fe atomic ratio can be estimated as

19.5 and 17 atomic % for 304 and 316, respectively (the measured Cr:Fe

Ka peak area ratio is larger for 316 because of the higher content of Mn

and Ni in this alloy). These values are consistent with the values observed

by L line analysis, which can be used to estimate bulk concentrations of

19.2 and 16.5 atomic % (316 and 304, respectively). The estimated values

are fully consistent with ASTM standards for these steels. It is clear that

XRF largely reflects the bulk concentrations of the metals. From the known

absorption coefficients (Krause 1979; McMaster et al. 1969), an estimate of

the “escape depth”, or more correctly the mean free patch, can be made

(the depth when the signal emerging at the surface is 1/e of the total). For

Cr K x-rays in iron, this depth is around 3.95mm. The L lines originate

from much deeper in the sample since they cannot excite the K-edge

transitions.

Exposure to passivating solutions resulted in significant increases in the

Cr:Fe K line peak area ratio within the x-ray – defined analyte for both 304

and 316 stainless coupons (there was no change in the L line ratios since

these represent a true bulk ratio and no enrichment was observable at this

depth). The results are summarized in Fig. 1 as Cr:Fe atomic ratio against

acid concentration for an exposure to acid time of 3 h. The accuracy of

the measured atomic ratio is around +0.025. It can be seen that concen-

tration is important; however, within the limits of experimental error, the

optimum concentration of acid is around 10–20%, with higher concen-

trations having relatively small effects and, in some cases, deleterious

effects (e.g., 316 stainless steel in nitric acid). It can also be seen that the

Citrisurf allows either the 304 or 316 samples to reach the optimum

Cr:Fe ratio at 5% dilutions. For both steels, the nitric acid shows a

tendency to produce the highest Cr:Fe ratio at the highest concentrations.

It is argued below that this is due to the formation of a deeper surface

chromium-enriched area.

Within this exposure regime, it can be seen that all acids produce

chromium-enriched materials. The amount of enrichment is relatively

small, and quantification suggests a value of 3 to 6% dependent on

C. O’Laoire et al.2258
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conditions. It is apparent that 316 stainless steel reaches a measurably greater

Cr:Fe ratio (as measured by XRF) than the 304 version. It should also be

pointed out that the citric acid and Citrisurf passivating agents tended to

reach a limiting value of chromium enrichment and that passivating time

and concentration (above 10% solution values) had little effect. This was

not true for nitric acid, where we found that extended exposures also

increased the Cr:Fe ratio determined by XRF. For example, it was found

that a 24-h exposure to 30% nitric acid resulted in a measured enrichment

of about 11%.

Figure 1. XRF determined Cr:Fe atomic ratios after 3 h exposure to passivating sol-

utions of various concentrations. (A) Data from passivation of 316 stainless, V ¼ nitric

acid; A ¼ citric acid, and 4 ¼ Citrisurf. (B) same as (A) except 304 stainless coupon.

Analysis of the Acid Passivation of Stainless Steel 2259
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3.2 PXRD Measurements

PXRD analysis provided very detailed analysis of the passivation process,

and, in particular, the fixed low angle of incidence data provided significant

advances in the study of these materials. In general, all the PXRD profiles

were dominated by the austenitic steel structure (g-phase), with the (111)

and (200) features at 43.69 and 50.63 82u being the most apparent (data refer-

enced to JCPDS file 31-0619). The 2u range of about 30 to 558 provides the

range most suitable for analysis of these materials. Typical data for an

untreated surface (304) are shown in Fig. 2(A). Traces of an iron-rich marten-

sitic phase (a-phase) can also be detected [(110) reflection at 44.6482u, as

referenced according to JCPDS file 44-1292]. On 316 stainless steel,

exposure to all of the passivating solutions, the intensity of the a-phase

decreased to a level that was barely detectable. This was not apparent for treat-

ments of 304 coupons in which the martensitic phase was much more

apparent. Also visible on the untreated surfaces was a Fe3O4 (37.4 82u,

JCPDS file 75-0449) phase, but this was variable depending on surface

pretreatment.

3.2.1 316 Coupon Analysis

Typical PXRD data for 316 materials exposed to the acid solutions (20%) for 6 h

at a 10 8v angle are shown in Fig. 2B and major phases are indicated. Obvious at

these incidence angles is a peak at 39.85 82u, indicative of the corundum phase

of chromium oxide, Cr2O3 (JCPDS file 74-0326). Enhanced surface sensitivity

at lower incidence angles can be achieved. Typical data are shown in Fig. 2(C)

for 58v angles for exposure to 20% Citrisurf solution as a function of time. It is

possible to observe in these data additional phases such as a Cr26C6 carbide

phase (36.8 82u, JCPDS file 03-1176) and a spinel phase (35.7 82u FeCr2O4,

JCPDS file 24-0512). Seen in other data are features at 41.4 82u and 47.0 82u
assigned to an Fe2O3 phase (JCPDS file 75-0449). A CrO2 phase can also be

observed at 36.8582u (JCPDS file 43-1040). The observation of a chromium

carbide phase is surprising. It is most easily observed in Citrisurf treatments

and may be due to reaction of some of the additives with exposed and, thus,

chemically active chromium during preferential dissolution of iron. The

formation of spinel phases was first suggested by McBee and Kruger (1972),

and this has been confirmed in more recent work (Lister et al. 1987). The

Fe2O3 might be expected as a corrosion product and FeMo phases could be

expected for 316 steels, and it is only observed in the study of this steel.

Data from Fig. 2C can be used to follow the development of the passive

film with time for each of the passivating agents (Fig. 3). The plots are drawn

as a normalized peak area intensity [to the austenitic (111) reflection] against

exposure time. For all of the passivating agents used, there was an increase in

the total PXRD signal as a function of exposure, presumably due to dissolution

of organic amorphous material such as contamination and processing

C. O’Laoire et al.2260
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Figure 2. Typical PXRD data for materials described here. (A) Data from an unpas-

sivated 304 surface. (B) The effects of passivation of 316 in each solution as indicated

(20%, 6 h). (C) Data from a Citrisurf passivated 316 coupon as a function of time

(as described in figure).

Analysis of the Acid Passivation of Stainless Steel 2261
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products. The development of the spinel FeCr2O4, Cr26C6, CrO2, Cr2O3, and

Fe2O3, phases can be easily observed. For Citrisurf (Fig. 3A), there is a rapid

decrease of a Fe2O3 signal to about 1/20 of the untreated value after 2 h. Peaks

of chromium oxide (Cr2O3 and CrO2) and spinel phases grow on acid

exposure, and all of these phases display a maximum intensity after 1 h,

which then decreases to an almost constant value after 2 h exposure. The

maximum intensity observed is consistent with accepted views of the nature

of passive films formed on stainless steels. It is generally accepted that the

outermost layer is an iron oxide/hydroxide – rich layer (Calinski and

Strehblow 1989; Kirchheim et al. 1990). In the center of the passive film,

strong enrichment of chromium is seen; before the base of the film closes to

bulk metal, the oxide has a cation stoichiometry close to that of the metal

(Calinski and Strehblow 1989; Kirchheim et al. 1990). Surface stoichiometry

measurements suggest the chromium-rich component may consist largely of

chromium spinel phases (Lister et al. 1987). It appears that the Citrisurf pas-

sivation (0–1 h) initially dissolves the iron-rich outermost surface, leading to

increased intensity in all the subsurface chromium phases. The PXRD data

presented here suggest these are complex sublayers consisting of spinel and

two different chromium oxide phases. We believe this is the clearest structural

observation of a spinel phase made to date. During the next part of the passiva-

tion process (1–2 h), it is clear that some of the chromium-rich oxide phases

are dissolved, exposing metal where selective iron dissolution yields free

chromium at the surface. The chromium metal possibly reacts with the passi-

vating agent/additives to form a chromium carbide phase. After 2 h, all of the

reactions become kinetically slow and the steels become stable in these

conditions.

The effects of citric acid and nitric acid on the 316 coupons are similar to

that recorded for Citrisurf. There are, however, some important differences.

The maximum in the chromium oxide and spinel phase development

appears to be at longer exposure times (3 h) compared to Citrisurf passivation

and suggests the Citrisurf is a kinetically faster passivating agent. This can

also be seen in the decrease in Fe2O3 signal. The citric acid passivation

does not appear to reach an “equilibrium” concentration of oxide film

products until exposure times of around 4 h. The nitric acid passivation

results contrast the citric acid passivators in that the system does not appear

to reach an equilibrium composition even after 6 h of treatment. In Fig. 3C,

the concentrations of the chromium oxides, spinel, and chromium carbide

increase throughout the exposure regime. The iron oxide shows the

expected decrease in concentration but then increases through the latter

stages of the acid exposure. The final composition (6 h exposure) of the

chromium oxides in the passive film is greater than for the citric acid passiva-

tors, suggesting thicker passive films are formed. However, the iron oxide

results suggest that passivation is not terminated by the process. The data

suggest that the nitric acid – produced films are not as effective as citric/
Citrisurf – produced films in preventing corrosion.

C. O’Laoire et al.2262
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Figure 3. Variation in the reflection intensity (relative to the g(111) reflection) of

various phases formed during passivation of 316 steel coupons as a function of

exposure time (hours). Data for each passivating agent is shown. V is the spinel

phase, S the CrO2 phase, O the chromium carbide phase, B the Fe2O3 phase and A

the Cr2O3 phase.

Analysis of the Acid Passivation of Stainless Steel 2263
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3.2.2 304 Coupon Analysis

More obvious for an unpassivated 304 stainless steel (Fig. 2A) is the presence

of the spinel phase and a-phase at significantly more concentrations compared

to 316 stainless. A previously unobserved Fe3O4 (37.4 82u, JCPDS file 75-

0449) phase can also be seen along with a weak signal from a-ferrite (FeC)

at 42.2 82u (JCPDS file 03-0411). The Fe3O4 at the surface of stainless

steels has been seen before, although mixtures of hematite and magnetite

are usually seen (Somers and Mittemeijer 1990). The presence of a strong

a-phase signal may relate to the initial processing of the coupons, because

mechanically developed strain has been shown to promote the formation of

this phase (Peterson and Mataya 1997). The 316 is more corrosion resistant

than 304 and the data provided here suggest that there are much higher con-

centrations of nonaustenitic material at the surface of the 304 alloy.

Figure 4 summarizes the PXRD analysis of 304 coupons in the three pas-

sivating agents (20%) as a function of time. Citrisurf passivation results in the

immediate decrease of the spinel, a-, and Fe3O4 phases, confirming these are

surface materials. The passivation also results in an increase of the Cr2O3

phase. This phase and the spinel phase show a broad maximum, suggesting

(as above) that these are subsurface layers exposed by passivation. Impor-

tantly, the chromium and iron carbide phases increase in concentration on pas-

sivation. The formation of iron carbide might result from reaction with the

a-phase and therefore is much more easily observed in the 304 experiments.

It is clear in the exposure regime that 3 h exposures result in complete passiva-

tion of the surface because no further changes in concentrations are observed.

Citric acid shows some differences. The first is that the decrease in the a-phase

content is not as great as for Citrisurf. This may explain when some of the

oxidation products are not seen at as high concentrations as the proprietary

passivating agent. Further, it can be seen that many of the passivation

products (the oxides, carbides, and spinel) are still increasing after 6 h

exposure. This suggests that Citrisurf attains a truly passive layer much

more quickly. Nitric acid behaves similarly to citric acid and there is

continued increase in the passivation products through the exposures made

here. The chromium oxide produced by nitric acid passivation is at a higher

concentration than for Citrisurf or citric acid treatments. This suggests that

nitric acid results in thicker passive films but also that passivation continues

at high exposures. This implies that the passive film is not as effective in pre-

venting further reaction with the acid.

3.3 Surface Analysis

Analysis of the outermost layers of the coupons was made using XPS. Iron 2p

3/2 photoelectron features were observed at 709.8 eV; this is consistent with

iron oxides rather than iron metal. The Cr 2p 3/2 signal at 575.7 eV is

C. O’Laoire et al.2264
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typical of Cr2O3. The Cr:Fe ratio is derived directly from the 2p 3/2 peak area

ratio corrected by the Schofield cross-section (Schofield 1976). In all cases, data

were background subtracted using a Shirley-type background (Shirley 1972). A

summary of the results is given in Table 1. Similar to the PXRD analysis, the

surface analysis suggests that the untreated surface has an iron-rich compo-

sition. The chromium content in both 304 and 316 steel coupons is significantly

greater in the surface region than might be expected from the bulk composition.

Figure 4. (A) Illustrative PXRD data from a Citrisurf passivated 304 coupon as a

function of exposure time. Indicates the presence of the Fe a-phase. (B), (C) and

(D) Variation in the reflection intensity (relative to the g(111) reflection) of various

phases formed during the passivation as a function of exposure time (hours). Data

for each passivating agent are shown (20% solutions). V is the spinel phase, S the

iron carbide phase, O the chromium carbide phase, B the Fe3O4 phase, 4 the

a-phase of the steel, and A the Cr2O3 phase.

(Continued)

Analysis of the Acid Passivation of Stainless Steel 2265
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Under Al Ka radiation, the kinetic energy of outgoing Cr 2p 3/2 electron is

about 911 eV and the inelastic mean free path (i.e., the depth when the signal

from the material is 1/e of the signal at zero depth) is 2.35 nm, as calculated

from Seah and Dench formulism (Shea and Dench 1979). For a passive film

formed by mechanical cutting and cleaning, the chromium-rich layer is

expected to be somewhere between 1 and 3 nm into the sample (Olsson and

Landolt 2003). Consideration of these facts suggests that on the untreated

surface, XPS provides information largely relating to the outermost iron-rich

layer with some sensitivity to the Cr-rich sublayer.

Passivation in all of the solutions results in an immediate increase in the

surface Cr:Fe ratio. After 2 h the passivation results in Cr:Fe ratios of greater

Figure 4. Continued.

C. O’Laoire et al.2266
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than 2 on both 316 and 304 coupons. For both 304 and 316 samples after 2 h of

passivation, nitric acid results in the lowest Cr:Fe ratios, contradicting the

XRF and XRD results. However, following 6 h treatments, the nitric acid

exhibits the highest Cr/Fe ratios. It is also clear from the data that passivation

using Citrisurf is close to completion after 2 h of treatment. However, this

cannot be said of the acid passivators as Cr/Fe ratios rise considerable

between 2 and 6 h. We believe that the data show that passivation using the

simple acid solutions (in particular, nitric) develop thicker passive films and

penetrate deeper into the bulk than for Citrisurf passivation.

3.4 Quantification

The XRF data can be relatively easily quantified, as described above. The

intensity of signal is given by a combination of known cross-sections and

absorption coefficients. The depth of the analysis is determined by the mass

absorption coefficients, which has been detailed above. XRD is somewhat

more difficult to quantify. The depth of the analyte within the sample is

given by the mass absorption coefficient of Cu Ka radiation and the angular

terms. Using a Cr20%Fe80% matrix and a linear absorption coefficient of

1750 cm21, the analyte depths evaluate to about 50, 250, and 500 nm for 1,

5, and 108 incidence angles. However, compared to XRF, calculation of a

cross-section is very difficult theoretically. This is because there is a

complex structural term that results in several peaks of differing intensity

partly determined by geometrical terms. Rather than use a complex matrix

of theoretical values, we simply used a relative sensitivity based on physical

mixtures. The steels were milled and ground into fine powders and mixed

with 10% w/w each of the phases observed. The relative peak intensities are

then converted into metal mol % ratio. XPS quantification is outline above.

The depth of the analyte is taken as the inelastic mean free path, described

above. It should be noted that it is assumed that the entire XPS signal arises

from the passive layer and not the bulk metal, thus the chromium enrichment

Table 1. Cr/Fe as measured by XPS ratio as a function of passivation treatment for

304 and 316 stainless steel in different conditions

316 stainless steel 304 stainless steel

CS CA NA CS CA NA

Untreated  0.36!  0.32!

2 hours 2.55 2.52 2.3 2.38 2.34 2.16

6 hours 2.63 2.74 3.02 2.42 2.48 2.86

CS, Citrisurf; CA, citric acid; and NA, nitric acid. All passivating agents as 20%

solutions.
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is calculated directly from the ratios provided in Table 1. This also implies that

the iron signal seen arises from the presence of the spinel phase.

The results of the quantification are a depth profile from the combination of

nondestructive analysis techniques. Authors have used many techniques to

generate depth profiles (Olsson and Landolt 2003). However, these can be

limited to the surface region (e.g., angle resolved XPS studies [Lakatos-

Varsányi et al. 1998]) or be prone to technique-related mixing of the ions

(e.g., secondary ion mass spectroscopy [Calinski and Strehblow 1989]). Thus,

it is very difficult to understand the enrichment process. Data are provided in

Fig. 5A, which shows the derived depth profiles for 316 stainless steel after

Figure 5. Variation of chromium enrichment (as % above nominal untreated concen-

tration) with depth. See text for details. The data are shown in nonlogarithmic (A) and

logarithmic (B) form.

C. O’Laoire et al.2268
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6 h of passivation in a 20% solution of the three passivating agents investigated

here. The data are very similar to those obtained for 304 stainless steel, which is

not shown for clarity. In the figures, the % chromium is the amount above the

composition measured using the XRF L lines, as described above. The L line

derived – values are taken as the nominal bulk composition. What are not

shown on these plots are the data measured by XPS, which show the surface

to be made up of 72.5, 75.5, and 83.2% chromium for the Citrisurf, citric acid,

and nitric acid passivations, respectively. The data seem to show an exponential

decrease in chromium concentration. However, this form of decay could result in

a real trend in the concentration profile or from the exponential nature of the x-ray

attenuation process. Figure 5B shows the same data as in logarithmic form. It is

clear that the data do not indicate an exponential decay in concentration with

depth into the surface, because all points would be related and the y-axis

intercept would be close to the value recorded by XPS. The data strongly

suggest that, to a large extent, only the surface region is enriched in chromium

and that below this enriched layer the alloy has close to the nominal bulk com-

position. Using the simple model described above, the XRF and XRD data for

Citrisurf and citric acid treatment are fully consistent with all of the segregation

occurring in the outermost 50 nm of the sample. This is not true for nitric acid

passivation because the XRF and XRD suggest significantly higher enrichment

values through the whole composition range. This suggests thicker oxide films

and some deeper penetration of enrichment into the bulk.

One explanation for the additional penetrative effects of nitric acid

compared to the citric acid – based preparations is provided by SEM analysis,

shown in Fig. 6. Direct comparison of the effect of 35% solutions of nitric

and Citrisurf suggest that nitric acid passivation results in extensive pitting of

the surface. For all passivated surfaces, the treatment does lead to grain

boundary erosion, and this can be seen in the SEM data shown. However, for

nitric acid treatment, large pits and cracks (2–5mm) can be observed

(Fig. 6A), but in higher magnification, smaller pits around 1mm can be seen

in all grains. For Citrisurf passivation, the large pits cannot be observed in

any samples, and even under the higher magnification, relatively few pits can

be seen and these are all sub-micrometer in size. Pits can extend several

micrometer into the surface (Caroll et al. 1989) and would allow preferential

iron dissolution through the outer surface passive film. The obvious conclusion

to draw is that “over-passivation” is detrimental to the surface and much more

likely for nitric acid compared to the citric acid–based passivating agents.

4. CONCLUSIONS

Using several different materials analysis methods, it is shown that highly

informative nondestructive depth profiles can be generated by careful quanti-

fication procedures. XPS is the simplest method to quantify, since signal

intensity is always directly proportional to the amount of material within
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the analyte and matrix effects play only a minor role in determining the com-

position. Cross-sections and attenuation lengths are easily obtained. XRF is a

more complex analysis method because of strong matrix effects arising from

the long penetration of x-rays and absorption within the analyte. However,

modelling and established x-ray parameters do allow reasonable “semi-quan-

titative” estimations to be made. The hardest technique to quantify for simple

analysis is PXRD because of the difficulty in estimating diffraction reflection

intensities without suitable standards. It should be noted this is possible via

techniques such as Rietveld fitting, but this is a highly specialized method

and probably not yet appropriate for routine analysis procedures (Bergmann

et al. 1997).

Figure 6. Indicative SEM data from passivated surfaces (35%, 6 h). A and B are from

a nitric acid – treated surface and C from a Citrisurf passivated surface.

C. O’Laoire et al.2270
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