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High-temperature oxidation resistance
in yttrium implanted stainless steel
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Abstract. Austenitic AISI 304, 316L and ferritic 430 stainless steels were implanted with yttrium to fluences ranging
between 1 X 10" and 5 X 10" ions/cm?. The samples were subjected to oxidation in air at a temperature of 1000°C for
a period of 100 h and next examined by stereoscopic optical microscopy (OM), scanning electron microscopy (SEM),
energy dispersive X-ray spectrometry (EDX) and Rutherford back scattering spectrometry (RBS). The results obtained

with the use of ion implantation are discussed.
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Introduction

The addition of some amount of oxygen reactive ele-
ments like Y and rare earth elements (REE) Ce, La,
Er and others into stainless steels or iron chromium
alloys improves their oxidation resistance at high tem-
perature.

Although the question of yttrium doping has been
investigated since the 80s of the last century [11, 12, 16]
and there are numerous methods of incorporation of
REE into steel by surface treatment, e.g.: ion implanta-
tion, metal organic, chemical vapour deposition, sol-gel
coating, pack cementation, screen-printing, molten-salt
electrodeposition [1-4, 6-8, 13-15, 17, 18], many ques-
tions related to the problem of steel corrosion improve-
ment remain unresolved.

In the present work we intend to use yttrium as an
active element which will be incorporated into 304, 316
and 430 stainless steels using conventional ion implanta-
tion with a MEV VA type yttrium ion source.

Experimental
Samples

Samples were cut from AISI 304, 316L commercial
austenitic stainless steel and 430 ferritic stainless steel
in the form of plates of 20 X 10 X 1 mm? in size, with
roughness of about R,: 0.1 um, 0.06 pm and 0.04 um for
304, 316L and 430 stainless steel, respectively. Before
processing, the samples were washed in high purity
acetone in an ultrasonic bath.
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Processing

Yttrium ions were implanted into steel samples using a
MEV VA type implanter with direct beam without mass
separation, described in detail elsewhere [5].

To avoid overheating effects, the samples were
clamped onto a water-cooled stainless steel plate and
the ion current densities were kept below 10 pA/cm?,
so the substrate temperature did not exceed 200°C.
The base pressure in the vacuum chamber was about
2-5 x 10 Pa.

Ions were implanted at 65 kV acceleration voltage.
Nitrogen of 99.9% purity supplied by Air Liquide Polska
was used as the implanter working gas. The fluence
range was from 1 X 10 to 5 x 10" ions/cm?

Selected implanted samples were subsequently oxi-
dized at 1000°C for 100 h in air at 50% relative humidity.
The heating rate was about 25°C/min and the cooling
rate was about 10°C/min.

Characterization

The samples were characterized by stereoscopic opti-
cal microscopy (OM), scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDX),
and Rutherford back scattering (RBS) examination.
The quality of the surface of oxidized samples were
examined with the use of a stereoscopic optical mi-
croscope. Scanning electron microscopy was used to
examine the changes in the morphology of the processed
and oxidized sample at magnification X5000.

Energy dispersive X-ray spectrometry was used for
determination of the surface elemental composition.

In order to get insight into the composition of the
processed layer, the selected samples were subjected
to Rutherford back scattering examination. The en-
ergy spectra of back scattered 1.7 MeV He* particles,
incident perpendicularly to the sample surface were
recorded at a scattering angle of 160° using a Si(Li)
detector with a 15 keV energy resolution. The scatter of
the particle energy was sufficiently low to be ignored. The
measurement fluence integration was set at 10 pC.

The RBS spectra were modelled using SIMNRA
computer code [9]. The modelled surface layer composi-
tion was compared with the yttrium profiles generated
by SUSPRE code [10].

Results and discussion

Figure 1 presents the atomic concentration of yttrium
as a function of implanted fluence for all three kinds of
modified steels, as determined by EDX. The Y concen-
tration for 304 and 316L austenitic steels are very similar
for all implanted fluences. In both cases, the maximum
content of yttrium is about 5 at.% for 5 x 10" ions/cm?.
A different situation can be observed for 430 ferritic steel.
The Y concentration above 5 at.% is obtained already for
1 x 10'° ions/cm?, a 10 times lower fluence than those for
other steels. In 430 substrate, the Y content reaches a
maximum value above 6 at.% for the implanted fluence
of 1 x 10" ions/cm?. For higher implanted fluences, this
value saturates.
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Fig. 1. The Y concentration in 304, 316L and 430 steel after
ion implantation as a function of implanted fluence.

The reason of different yttrium accumulations in
various steels remains unclear. It may be associated
with different crystallographic structures in different
steels and/or different yttrium solubilities.

The RBS spectra and the respective profiles of the
implanted yttrium are shown in Fig. 2 for all types of
substrates and for a fluence of 5 X 10" ions/cm?. The
upper part shows the virgin spectra of all investigated
steels with the appropriately marked positions of steel
components. The medium part shows the experimental
spectra of yttrium implanted samples with a marked
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Fig. 2. RBS spectra of different kinds of steel.
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Fig. 3. Microscopic images of 304, 316L and 430 samples for
different Y concentrations after high temperature oxidation
(1000°C, 100 h).

threshold positions of the implanted species. It may be
noticed that yttrium concentrations in all types of steel
are comparable.

The lower part shows SIMNRA modelling of the
surface layers with the superimposed SUSPRE profile
of yttrium in iron. The implantation energy value of
143 keV is the implanter voltage (65 kV) weighted by
the yttrium ion average charge (2.2). Due to unavoidable
substrate scattering during implantation, the SIMNRA
deduced profile is slightly shifted to the surface with
respect to the SUSPRE distribution.

The thickness of Y modified layers was similar for
all cases. The layers were located at the same depth.
The determined profiles were compatible with the Y pro-
file in Fe substrate calculated by the SUSPRE code.

The macroscopic surface images of specimens con-
taining different amounts of yttrium after oxidation in
air at 1000°C for 100 h are shown in Fig. 3. The whole
surface of the untreated samples were covered by pits
and areas of detached scales.

In the case of the modified samples, the visible
improvement of surface quality were obtained for im-
planted fluences 1 X 10,5 X 10'7and 5 x 10" ions/cm?
for 304, 316L and 430 steel, respectively. This situation
relates to the change of yttrium concentration shown
in Fig. 1. Our results are an example of the difference
between the behaviour of two types of the investigated
steels. It seems that in the case of ferritic steel, to obtain
a similar oxidation resistance, the yttrium concentra-
tion may be about 100 times lower as compared to the
modified austenitic steels. The optimum range of yttrium
content is from 5 x 10" to 1 x 10" ions/cm?. According
to Fig. 3, we can say that the optimum value of Y con-
centration in austenitic steels has not been reached.

Figure 4 presents the SEM images of the virgin,
yttrium implanted, and oxidized surfaces of different
steels for a fluence of 5 X 10" ions/cm?. Differences
in the nature of untreated surfaces of austenitic and
ferritic steels are related to the methods of surface
preparation. In the images of implanted surfaces we
can see the precipitations of an unknown phase, mainly
inside the grains. Changes in the surface nature were
the greatest for 430 steel. Nevertheless, the traces of
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Fig. 4. SEM images of the virgin, yttrium implanted, and
oxidized surfaces of different steels for a fluence of 5 x 10"
ions/cm?,

surface preparation of virgin material are still visible.
The results of the observation of all the oxidized mate-
rials are similar. The sharp-edged and rounded shape
grains are observed in each oxidized surface. Similar
situation was described in Ref. [19].

Conclusions

The paper confirms previous reports that the ion im-
plantation of yttrium leads to an improvement of high-
-temperature oxidation resistance of stainless steel. The
results of our investigations show that the effectiveness
of yttrium implantation for ferritic steel is higher by a
factor of about 100 in comparison with austenitic steels.
The optimum Y concentration in 430 steel ranges from
the implanted fluence of 5 X 10" to 1 X 10" ions/cm>
The optimum value of Y concentration in 304 and 316L
steels is unknown. The EDX measurement and results
of SEM observation results suggests that this concentra-
tion should exceed 5 at.%.

A closer interpretation of the role of yttrium
in oxidation processes would require a microscopic
study of the fate of yttrium atoms during high tem-
perature processes. In particular, a relation between
the implanted atom location and ground boundaries
(know a paths of rapid diffusion of metal and oxygen
atoms) should be established.
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