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Oxide films formed on aluminium-enriched
surfaces of 304 stainless steel in
high-temperature water containing Co ions

YOSHIKI OSHIDA

Department of Mechanical and Aerospace Engineering, Syracuse University, Syracuse,
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Aluminium-enriched surfaces of 18Cr-8Ni stainless steel were subjected to oxidation in 285° C
water containing 1 p.p.b. dissolved cobalt for 336 h. Microanalytical studies (scanning electron
microscope, X-ray dispersive energy analysis, ion mass spectroanalysis, and ion microprobe
mass analysis) were employed to examine the behaviour of cobalt in the oxides formed. It is
concluded that (1) the main oxide formed on aluminium-enriched surface is a diaspore,
(2) diffusion heat treatment improves the oxidation rate, and (3) the cobalt level decreases
constantly from the surface to the interface of the oxide formed on aluminium-enriched

samples.

1. Introduction

Metallic materials (mainly AISI Type 304 stainless
steel) used in water-cooled nuclear reactors show a
higher corrosion rate in high-temperature and high-
pressure water under radiation conditions than under
non-radiation conditions [1-3]. For example, Mizuno
et al. [2], studying the effects of y-ray radiation on iron
and cobalt dissolution of 18Cr-8Ni stainless steel,
observed that dissolution concentrations of cobalt and
iron particles in 250° C water increased as a function
of exposure time to radiation and that the dissolution
level was approximately three to five times higher than
that under non-radiation conditions.

Among radioactivated nuclides (including *Zr,
7Zr,%®Co, ®Co, ®Ni, *'Cr, ¥Fe, *Mn, *Mn, Mo and
"“'Mo), which commonly exist in cooling water, “Co,
®Ni, and “Fe show the highest y-energy levels. In
addition, “Co has exceptionally a high half-life
(5.26y), while the latter two nuclides have relatively
short half-lives (2.56h for “Ni and 45d for ¥Fe)
[1,4,5]. Consequently, the level of radioactivity due to
“Co in cooling water will continuously increase to
cause the so-called “Co build-up problems.

The level of radiation is an important determinant
of not only “Co build-up but also a susceptibility to
the stress corrosion cracking (SCC), as reported by
Kuribayashi ef al. [6]. They examined the SCC suscep-
tibility of sensitized 304 stainless steels in a boiling
12% NaCl solution. It was found that all specimens
sensitized between 550 and 800° C were failed due to
the intergranular type stress corrosion cracking
(IGSCC) wunder cobalt-radiation conditions after
162 h exposure.

Moreover, Fujita er al. [7], studying the effects of
y-ray exposure and dissolved oxygen on the IGSCC
susceptibility of the sensitized 304 stainless steel in
high-temperature water (250°C), concluded that
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IGSCC was accelerated by a radiation exposure when
the dissolved oxygen concentration is relatively low
(l.e. DO < 20p.p.b).

Mechanisms of a “Co build-up phenomenon have
been proposed, based on either an incorporation reac-
tion or an exchange reaction of “Co with oxide films
[8]. They are: (i) an incorporation of ®Co into oxide
crystal structures as the oxides are formed; (ii) a
chemical exchange of cobalt and “Co for other
elements such as nickel; or (iii) an isotopic exchange of
radioactive cobalt in reactive water for non-radioactive
cobalt in the oxide film. Clearly, reaction (i) is the
dominant during the initial exposure of a new or
decontaminated surface [8]. Because oxide films can
have a significant effect on the long-term Co build-up
(dose) rate, the long-term “Co build-up is determined
primarily by exchange of ®Co in reactor water with
the other element in the oxide film by the exchange
reactions (i) and (iil) [8]. Hence, soluble cobalt is
incorporated into the oxide films, so that it will be
recognized that the activity build-up rate is highly
dependent upon the oxidation rate of stainless steels.

Several processes have been proposed to eliminate
or reduce the “°Co build-up problems [1]. They include
a control of water chemistry and pre-filming. The
pre-filming, for example by chromium, will slow down
the initial Co build-up; however, in the later stage the
growing oxides will incorporate **Co. In an oxidizing
environment, such as a high level of dissolved oxygen
water, the protective Cr,O; oxide will be leached out
of the film [1]. Hence, the pre-surface treatment should
meet the following requirements; (i) the film formed
by the pre-surface treatment must be stable in a reactor
water environment, and (ii) the film must not be easy
to incorporate and/or exchange with “Co to form a
spinel-type oxide including “Co ions.

[t is well known that chromium and aluminium are
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effective alloying elements to improve the oxidation
resistance in ferrous alloys [9], due to the formation of
dense and protective sesquioxides such as Cr,0; and
AL O;. Moreover, these oxides do not contain divalent
ions in their crystal structures, so that they will not
exchange with the “Co. Therefore, Al,0; and Cr,0;
are oxides which satisfy the requirements mentioned
above. Instead of adding these effective alloying
elements, the coating of these elements on the metal
surface should provide the same results as far as an
oxidation resistance is concerned.

In the present studies, oxides formed on aluminium-
enriched surfaces of AISI Type 304 stainless steel were
investigated and the effects of aluminium-coating on
reducing the ®Co build-up problems will be discussed.

2. Experimental procedure

Three different samples were prepared. A mech-
anically polished 18Cr-8Ni stainless steel using a
metallogiaphic paper (grit 600) was prepared for a
control sample A. Sample B was aluminized on the
mechanically polished surface. The aluminizing was
done by a hot-dipping process (at 700°C for 30 min)
by using high-purity aluminium (99.999%). Although
it is believed that 3% to 5% of the silicon addition to
aluminium for the hot-dipping improves wettability
of a molten alloy to the substrate surface [10],
after long-term service about at 300 to 500° C, com-
plex intermetallic compounds such as Fe,Si,Al, or
Fe,SiAl, will precipitate at the interface between the
coated layer and the substrate, resulting in a poor
adherency and a continuous crack throughout the
coated layer [11). Hence, a high-purity aluminium
without any additive elements was used for an alu-
minizing. Sample C was a heat-treatment sample B, to
obtain a diffusion alloyed layer of iron and aJuminium
(at 900°C for 1h).

Samples A, B, and C were suspended within a
shroud in a titanium-made autoclave in the closed-
loop testing system in the following order: B (at the
top) - C — A. The water entered the shroud from the
bottom. This test system consists of a | litre autoclave

substrare

sample B

substrate

sample C
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with heat exchangers, a reservoir and conditioning tank
for controlling the water chemistry, and an analytical
loop for monitoring the pH, conductivity and dis-
solved oxygen concentration of the feed water. To fit
the available space of the shroud of 1.25 cm diameter
and 10.5cm long, both side-surfaces of each sample
(original dimensions: 29.5mm x 29.5mm x 4.5mm)
were machine-cut. Therefore, both side-surfaces of
samples B and C revealed their substrate stainless steel
layers. Both top and bottom ends of each sample were
linked together with stainless steel wire through 3 mm
diameter holes in the above sequence. Samples were
exposed for 336h to 285°C deionized water con-
taining 200 + 20 p.p.b. dissolved oxygen and 1 p.p.b.
dissolved cobalt at a flowrate of 200mlmin~"
Cobalt was introduced to the test system as nitrate,
(CoNO;), - 6H,0. The measured pH of the water at
285° C was between 5.65 and 5.70.

Samples after autoclave oxidation tests were exam-
ined under the scanning electron microscope (SEM),
X-ray dispersive energy analysis (XDDA), secondary
ion mass spectroanalysis (SIM), and ion microprobe
mass analyser (IMMMA) for depth profiles.

3. Results and discussion
Fig. 1 shows the cross-sectional microstructures of
samples B and C. The aluminized sample B has an
outer surface layer of -ALO; of 30 yum, and an Fe-Al
diffusion alloy layer of 70 um thick. An alloyed layer
of Fe-Al has a Vicker’s hardness number of approxi-
mately 500 on average, and is speculated to consist of
FeAl, plus a trace of Fe, Al; (the latter is believed to be
a very hard intermediate compound [12-14]). After
diffusion heat-treatment, it was observed that the
alloyed layer was thickened to 150 um. In order to
remove the surface «-Al,O; layer and an excess alu-
minium, a vibration, centrifugal, or compressed air
method is usually employed. In this study, the excess
aluminium and a-ALQ, layer of sample C was removed
by a compressed air method.

After autoclave oxidation tests, all of samples gained
weight. Sample A showed a weight gain of 0.48mg

aluminium oxide layer (30um)

T diftusion alloy layer (70um)

diffusion alloy layer (150 um)

Figure 1 Cross-section microstructures of sample B
(aluminized) and sample C (diffusion heat-treated of
aluminized sample), substrate: AISI Type 304 stainless
steel, x'100.
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Figure 2 Scanning electron micrographs of sample A (untreated)
after the autoclave test (285°C, 336 h).

which is converted to 0.05mgcm 2 Samples B and C
showed weight gains of 23.5mg (i.e. 3.46mgcm %)
and 11.6mg (1.70 mgem ~?), respectively.

Fig. 2 shows the SEM of sample A after an auto-
clave test. It was observed that equi-size oxide crystals
were formed on untreated 304 stainless steel with a
somewhat greater density of these crystals along
scratch lines caused by mechanical polishing. Accord-
ing to Oshida et al. [15-18] and others [19], these oxide
crystals will be a mixture of sesqui-oxides and spinel-
type oxides. The upper part of Fig. 3 shows SIM
results obtained from sample A. The sputtered area
was 7.4 x 7.4 um. It was observed that these oxide
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Figure 3 Secondary ion mass spectra of samples A and C.
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Figure 4 Scanning electron micrographs of sample B (aluminized) after the autoclave test (285°C, 336h).

crystals contain the main cations of iron, chromium
and nickel of 304 stainless steel and also other
clements such as titanium, aluminium and cobalt.
Titanium may be contaminated from titanium ions
dissolved from the autoclave material. Aluminium
may be from the other samples, and cobalt comes
undoubtedly from a dosed chemical.

Fig. 4 shows SEM structures of sample B. The oxide
crystals were larger that those formed on sample A.
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The XDA results showed that the oxides on sample B
were mainly composed of aluminium.

Ty (penetration of aluminium due to oxidation)
and T, (thickness of oxide film) can be related to:
Ty = (MW /MWy oo/om)To, where MW, is the
molecular weight and g, the specific gravity of the
oxide, and M Wy, and gy, those of the metal [20, 21]. Tt
is generally said that rhombic ALO, - H,O is oxide
formed on aluminium-enriched surfaces. Therefore,
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Figure 5 X-ray dispersive analysis at area “*b”" of sample B shown in Fig. 4.

MW, = 53.96, MWy, = 119.97, oy = 2.702, and
0o = 3.014. Then T,; = 0.502T7,. This gives the
thickness ratio of metal (which is converted to oxide)
to oxide film. The measured total weight gain (AW:)
is a result of AW, (oxide weight gain) minus AWy,
(metal ion loss). It can be said that, from Fig. 4
(left-hand side), that the oxide film thickness is about
8 to 10 crystal layers deep; i.e. Ty = 16 to 20 um thick.
Hence, the total weight gain per unit surface area =
00To — omTv = 2.65 to 3.32 mgem™2 These
numbers are in reasonable agreement with the cal-
culated weight gain/unit surface area (3.46 mgcm ~?),
and agree fairly well with results reported by Greenblatt
and McMillan [22].

On the other hand, the dark area, B, in Fig. 4 shows
different oxide features than those formed in area A.
The oxides formed seem to consist of a uniform oxide
layer as in area A and whisker-type oxides. According
to XDA analysis (Fig. 5), area B contains mainly
aluminium plus a small amount of iron. These chunks
or whiskers of the oxide could be diaspore ncedles
[23]. These oxides seems to be a similar type of oxide
to that formed on sample C, as shown Fig. 6.

Fig. 7 shows scanning electron micrographs of the
oxidized side surface (which was machine-cut) and
oxidized surface of the diffusion heat-treated surface.
Referring to the XDA results shown in Fig. 8, spot “¢c”
indicates that the surface oxide formed on untreated
18Cr-8Ni stainless steel consists of iron, chromium
and nickel. The XDA results on spot “‘a” indicate that
the oxides are the same as those formed on sample B,
le. they consist of mainly aluminium cations. The
surface of sample C, prior to high-temperature water
oxidation, was a solid solution of iron and aluminium.

Under an autoclave test, aluminium was selectivity
oxidized. SIM analysis on oxides formed on sample C
is shown in the lower part of Fig. 3. A strong intensity
of aluminium was observed. In addition, the initial
stage of the surface oxide film such as (Fe, ADO as well
as the substrate material (Fe, Al) and cobalt, were
observed.

Fig. 9 shows IMMA depth profiles of the main
elements of interest (iron, chromium, nickel, cobalt,
aluminium, titanium and oxygen), which comprise the
oxides formed on sample A. Fig. 9a shows the inten-
sities of ecach element in terms of counts per second
and Fig. 9b shows the intensity ratio of each element
to that of iron. Both are plotted as a function of
sputter time as well as distance from the surface. The
sputtered area was 65um x 65um and the sputter
rate was 0.110 nm sec™". Although, due to the uneven
nature of the oxide, “islands” of oxide undoubtedly
remain in the crater region, the metal substrate had
been reached after 0.2 um depth sputtering. It should
be noted that the ratio of iron to cobalt inside the
oxides seems to be constant. Cobalt build-up for the
(Fe, Ni)O - (Fe, Cr),0,/Co system for sample A can be
explained by either incorporation with iron cations or
cation exchange of cobalt ions with metal ions in the
already formed oxides, as mentioned previously [8].

Fig. 10 shows IMMA depth profiles of oxides
formed on sample C. Note that analysis conditions
were changed before and after the depth from the
surface was about 0.25um. Of interest is that the
Fe/Co intensity ratio seems to decrease continuously
as a function of distance from the surface. Making the
same argument as before, Ty, = 0.5027, and the
observed weight gain/unit area = 1.70mgem 2, then
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AW = 3.014T, — 2.702T, = 1.6587,. Hence the
estimated surface oxide thickness, T, will be of the
order of 1 to 2 um. By comparison of the intensity ratios
of Fe/Co for both samples A and C, it indicates that the
aluminium-enriched layer seems to reduce the cobalt
level inside the surface layer rather than the untreated
surface substrate.

Although there are extensive data available on the
stability of aluminium oxides, the results are not con-
sistent. For example, the transition temperature from
bayerite (Al,O, - 3H,0) to diaspore (ALO; - H,0) is
reported at 80 to 85°C [24, 25], 55 to 110°C [26],
150° C [27], or 200° C [28]. Moreover, the dehydration
temperature from diaspore to alumina is reported at
100 to 300°C [29], or 380°C [28]. As discussed
previously, the results of weight change suggested that
the oxide films formed on an aluminium-enriched
surface after 285° C water oxidation for 336 h will be
identified as a diaspore. For an Al,O, - H,0/Co
system, because a divalent cobalt ion is hardly incor-
porated with a diaspore or is difficult to exchange with
the AI’* ion, it is speculated that cobalt may be a
contamination between each diaspore crystal. A further
investigation is needed to understand this point fully.

4. Conclusions
Aluminium-enrichments were employed on AISI type
stainless steel prior to oxidation in 285°C water

666

Figure 6 Scanning electron micrographs of sample C (diffusion
heat-treated) after the autoclave test (285°C, 336h).

containing 1p.p.b. dissolved cobalt for 336h. The
main conclusions drawn from a limited number of
experimental data are as follows.

1. The main oxide formed on aluminium-enriched
surfaces is suggested to be a diaspore, according to
weight change calculations.

2. The oxidation rate of a diffusion heat-treated
aluminium-coated surface was approximately half
that observed from the aluminized surface.

3. The Fe/Co ratio within the oxide formed on
untreated surfaces is constant, while it decreases con-
tinuously from the surface to the interface of the oxide
formed on aluminium-enriched samples.

4. Although the state of the cobalt ion found in the
diaspore is not clearly understood, surface coating
with aluminium on stainless steel will reduce the
cobalt dose level.
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