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Yttrium implantation effect on 304L stainless
steel high temperature oxidation at 1000°C
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Scanning electron microscopy (SEM), energy dispersive X-ray spectrometry (EDXS) and

in situ X-ray diffraction techniques were carried out to observe the oxide scale evolutions of
yttrium implanted and unimplanted commercial 304L stainless steels during and after their
high temperature oxidation at 1000°C for 100 h. Our results clearly demonstrate that yttrium
implantation promotes a faster oxide scale growth and the formation of a more uniform
chromia layer due to a higher chromium selective oxidation compared to unimplanted 304L
stainless steel. Moreover, the presence of yttrium also leads to the formation of an enriched
silicon layer at the metal-oxide interface limiting the growth of iron-based oxides which
were not detected (even during cooling) in the case of yttrium implanted samples. These
results allow to understand the low weight gain of yttrium implanted 304L stainless steel
observed by thermogravimetry and underline the beneficial effect of yttrium implantation
on the 304L oxidation resistance at high temperature. © 2002 Kluwer Academic Publishers

1. Introduction

It is now well established that small additions (<1%)
of oxygen reactive elements such as cerium, yttrium or
hafnium into iron alloys allow improvement of their ox-
idation resistance at high temperature [1-15]. These
elements added to the bulk alloy or to the surface
are able, in particular, to dramatically improve the
oxide scale adherence and to decrease the iron alloy
oxidation rate at high temperature. However, the un-
derlying mechanisms of the reactive element effect are
still the subject of discussion. In fact, under high tem-
perature oxidizing conditions, the presence of oxygen
reactive elements promotes the formation of a protec-
tive and more compact thin layer near the iron alloy
surface. Moreover, this thin layer is very adherent to
the iron alloy even under thermal cycling oxidation.
In the case of chromia-forming alloys several authors
[2,4-6, 9, 13] have clearly demonstrated that the pres-
ence of yttrium induces an inversion of the predominant
diffusion process (inward anionic diffusion instead of
outward cationic diffusion generally observed in the
case of chromia-forming alloy) due to the blocking of
short circuit diffusion paths (e.g., grain boundaries) by
yttrium segregation into these grain boundaries. Some
authors [2, 3, 9] have also shown that yttrium incorpo-
ration into the bulk of chromia-forming alloy improves
the oxide scale adherence by limiting the growth of
pores at the metal-oxide interface. Moreover, the forma-
tion of a continuous protective oxide layer is obtained
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with very low yttrium concentrations. The other main
beneficial effects attributed to yttrium incorporation
into chromia-forming alloys are respectively: (a) the
reduction of the internal oxide layer stresses ; (b) an en-
hanced selective oxidation of chromium [2, 3, 9]; (c) the
formation of a fine-grain oxide layer [2, 4-10, 14].

The aim of this study is to observe the yttrium im-
plantation effect on the high temperature oxidation re-
sistance of a commercial chromia-forming alloy (i.e.,
304L stainless steel). This work constitutes in fact the
next stage of our study concerning the understanding
of the yttrium implantation effect on steel oxidation
resistance at high temperature [15].

2. Experimental procedure

Coupons of 304L grade steel specimens (Fe: 70.51%;
Cr: 17.9%; Ni: 9.05%; Mn: 1.52%; Si: 0.48%; Co:
0.22%; Mo: 0.15%; Cu: 0.1%; C: 0.05%; Ti: 0.01%;
S: 0.01% in weight obtained using inductively coupled
plasma mass spectrometry (ICPMS)) of 3 cm? total area
and thickness 2 mm were cut from cold-rolled plates.
These samples were abraded with up to 800-grit SiC
paper, degreased with ethanol and dried. This surface
preparation is followed by yttrium implantation (cor-
responding to a nominal dose of 10'7 ions/cm?) car-
ried out by sample surface scanning using a 0.5 mm
ion beam diameter (acceleration potential: 180 kV—
current: 30-35 mA) to obtain the whole surface im-
plantation on the two main coupon faces.
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Isothermal weight gain measurements were carried
out by thermogravimetry (TGA) using a TG-DTA 92-
1600 Setaram microthermobalance for 100 h at 1000°C
in air. The characterization of the sample oxidation was
performed by in situ X-ray diffraction, scanning elec-
tron microscopy (SEM) and energy dispersive X-ray
spectrometry (EDXS). In situ X-ray diffraction stud-
ies were performed every hour using a high tem-
perature Anton PAAR HTK 1200 chamber with an
integrated sample spinner in a Philips X pert MPD
diffractometer equipped with a curved Cu monochro-
mator (Cu K1 =0.1540560 nm radiation). The most
representative in situ X-ray spectra only will be pre-
sented in this paper.

3. Results and discussion

3.1. Oxidation kinetics at high temperature
Fig. 1 shows the weight gain per cm? versus time curves
(Am/S = f(t)) of yttrium implanted and unimplanted
samples oxidized for 100 h at 1000°C in air (atmo-
spheric pressure). The weight gain curve of non-treated
304L steel oxidized sample exhibits two different parts:
A first 10-h transient linear regime corresponding to a
significant weight gain (0.5 mg/cm?) which is charac-
teristic of a layer not completely established followed
by a pseudo-parabolic behavior according to Wagner’s
law up to the end of the oxidation test. This latter be-
havior is characteristic of an oxidation rate limited by
the diffusion of one or more species through a compact
layer increasing in thickness (parabolic rate constant:
Kp(olank) = (2.9 £0.2)1072 g2 .cm™ - s7!). The result-
ing weight gain, after 100-h oxidation test, is about
1.26 mg/cm?.

By contrast, yttrium implanted specimen exhibits
directly a parabolic weight gain curve (parabolic
rate constant: kp(y—_implanred) = (0.32£0.02)10712 g%.
cm~*.s71) throughout the oxidation test (no initial
transient stage was observed). Moreover, after the 100-h
oxidation test, the resulting weight gain (0.35 mg/cm?)
is lower than in the case of unimplanted sample. These
results underline the beneficial effect of the yttrium im-
plantation which avoids the presence of the initial tran-

1,4

sient stage and allows enables reduction of the parabolic
rate constant (by a factor 9).

3.2. In situ high temperature X-ray
diffraction studies
3.2.1. Isothermal 304L stainless
steel oxidation

The initial 304L steel (austenitic steel (JCPDS 33-397))
and the in situ high temperature main XRD experimen-
tal spectra obtained during the first 24-h sample oxida-
tion are shown in Fig. 2 (no significant XRD spectra
changes are observed after the first 24 h). In situ high
temperature diffraction analyses reveal the initial nucle-
ation stage of (Cr,O3) chromia (JCPDS 38-1479) and
the formation of a spinel oxide Mn; 5Cr; sO4 (JCPDS
33-892) at the beginning of the oxidation test. The evo-
lution of the characteristic diffraction peak intensities
of the induced oxides and metallic substrate during the
first 8-h underlines the formation of a layer at the oxide-
gas interface by external diffusion of the Mn?>* and Cr3*
cations. After the first 8-h oxidation test, the oxide scale
becomes sufficiently thick to mask the substrate char-
acteristic diffraction peaks and two new compounds
(i.e., hematite: a-Fe,O3 (JCPDS 33-664) and another
spinel oxide FeCr,O4 (JCPDS 34-140)) are also ob-
served. However, it is interesting to note that some
characteristic diffraction peaks of Fe,O3; and Cr,O3
could also correspond to the compound Fe; ,CrygO3
(JCPDS 34-412) which is a solid solution of hematite
and chromia as indicated by the Fe,03-Cr,O3; phase
diagram [19]. These results suggest the formation of
an oxide scale in which the initial transient nucleation
stage corresponds to the nucleation of a protective chro-
mia scale with small amounts of spinel oxides. The lin-
ear rate law observed by thermogravimetry can be at-
tributed to the presence of the spinel oxide implying the
formation of an initial non-uniform protective chromia
scale. The evolution of the oxide characteristic X-ray
diffraction peak intensities seems to suggest the forma-
tion of a multi-layer structure constituted by an internal
chromia and Mn,Cr-spinel oxide scale and by an exter-
nal scale of iron oxides (i.e., @-Fe,O3 and FeCr,0Q4).
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Figure I Thermogravimetric studies of the reference and yttrium implanted 304L stainless steels (100 h at 7 = 1000°C in air).
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Figure 2 Initial sample and in situ high temperature XRD experimental s

pectra performed on unimplanted 304L stainless steel showing the main

structures induced during formed a high temperature oxidation test (7 = 1000°C in air).

In fact, the formation of the external FeCr,O4 com-
pound can be explained by the reaction between Cr, 03
and FeO induced by our high temperature experimental
conditions.

3.2.2. Isothermal yttrium implanted

304L stainless steel oxidation
Fig. 3 shows the initial yttrium implanted stainless steel
sample (before oxidation) and the most representative
in situ high temperature XRD spectra performed during
the first 24-h oxidation test (no significant XRD spectra
evolution is observed after the first 24 h as in the case
of unimplanted steel). The most interesting result is the

fact that Cr,O3 (JCPDS 38-1479) and Mn; 5Cr; 504
(JCPDS 33-892) are the only main compounds pro-
moted by the oxidation test. In fact, iron or yttrium
oxide characteristic diffraction peaks are not detected
during in situ high temperature X-ray diffraction anal-
yses and the resulting oxide scale was sufficiently thin
to observe the substrate characteristic diffraction peaks
(JCPDS 33-397) throughout the oxidation test. Yttrium
implantation seems to promote the rapid formation of
a compact oxide scale (as suggested by the parabolic
oxidation rate observed by thermogravimetry) consti-
tuted by Cr,03 and Mn; 5Cr; 504. Similar results are
obtained by some authors [16-22] showing that yttrium
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Figure 3 Initial sample and in situ high temperature XRD experimental spectra performed on yttrium implanted 304L stainless steel showing the
main structures induced during a high temperature oxidation test (7 = 1000°C in air).

implantation induces the formation of Cr,O3 fine grains
with yttrium segregation at the oxide grain boundaries.

3.3. In situ X-ray diffraction characterization
of the oxide scale during cooling
After the high temperature oxidation test, the samples
were cooled down to room temperature by stages
of 200°C inside the diffractometer high temperature
chamber. X-ray analyses performed on unimplanted
304L stainless steel (Fig. 4) clearly shows the ex-
ternal oxide scale constituted only by Fe;Os; and
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FeCr,04 compounds. By contrast, only the Cr,O3
and Mn; sCr; 504 compounds were detected during
the cooling of yttrium implanted 304L stainless steel
(Fig. 5).

3.4. Oxide scale characterization

after cooling
After cooling, the oxide scale was mainly charac-
terized by two techniques: scanning electron mi-
croscopy (SEM) and energy dispersive X-ray spec-
trometry (EDXS). In order to observe the oxide layers,
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Figure 4 In situ XRD experimental spectra performed during the cooling of the 304L reference stainless steel (after a 100-h high temperature oxidation

test at 1000°C in air).

their cross-sections were prepared after copper electro-
deposition to preserve the scale during polishing.
SEM micrographs of both sample cross-sections af-
ter 100-h oxidation tests (Fig. 6) allow determination
of the mean oxide scale thicknesses which are re-
spectively (6 £ 2) um for the unimplanted sample and
(2.5 £ 0.4) pm for the yttrium implanted sample. How-
ever, the estimation of the oxide layer mean thickness is
difficult, especially in the case of unimplanted sample,
because of non-regular oxide scale formations as shown
in Fig. 6. Comparison of SEM and thermogravimetric
results clearly shows significant differences for both
yttrium implanted and unimplanted samples which can
be explained by a surface layer spallation phenomenon

occurring during the sample cooling (vertical sample
disposition in the TGA microthermobalance).

3.4.1. EDXS analyses of cooled
unimplanted 304L stainless steel

EDXS analyses of the unimplanted sample cross-
section (Fig. 7) reveal the presence of silicon in small
amounts near the metal-oxide interface in addition to
chromium oxide. Iron and manganese enrichments
near the oxide-gas interface are also detected indicat-
ing important manganese and iron external diffusion
which confirms the presence of Mn; 5Cr; 504, Fe,03
and FeCr,O4 compounds identified by in situ X-ray
diffraction.
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Figure 5 In situ XRD experimental spectra performed during the cooling of the 304L yttrium implanted stainless steel (after a 100-h high temperature

oxidation test at 1000°C in air).

3.4.2. EDXS analyses of cooled yttrium
implanted 304L stainless steel

EDXS analyses (Fig. 8) clearly show that yttrium is
mainly localized at the metal-oxide interface even if no
yttrium compounds were detected by X-ray diffraction
(probably because of yttria nanocrystalline phase con-
centrations below the detection limit of our XRD equip-
ment). However, some authors [5, 6, 14, 16-22] have
demonstrated that yttrium segregates at the oxide grain
boundaries in form of YCrOs; nanocrystalline phases
promoting a selective chromium oxidation and con-
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sequently the rapid formation of the protective chro-
mia layer. Interestingly enough, some studies [5, 6, 14]
clearly indicate that the presence of YCrO3; compound
at the oxide grain boundaries induces an inversion of the
predominant diffusion mechanism (anionic internal dif-
fusion instead of external cationic diffusion). Fig. 8 also
underlines a more important silicon enrichment (mainly
localized at the oxide-metal interface and inside the
metal substrate) than in the case of unimplanted sam-
ple. This phenomenon was also observed by some au-
thors [8] in the case of the AISI 304L chromia-forming



Micrograph 1 : unimplanted sample Micrograph 2 : Y-implanted sample

Figure 6 SEM micrographs of the cross-sections of the reference and yttrium implanted 304L stainless steel oxide scales induced after a 100-h high
temperature oxidation test at 1000°C in air.

C < metal-oxide interface |
Fe

Figure 7 EDX spectra performed on the 304L reference stainless steel after a 100-h high temperature oxidation test at 1000°C in air.
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Figure 8 EDX spectra performed on the yttrium implanted 304L stainless steel after 100-h high temperature oxidation test at 1000°C in air.

stainless steel. In fact, these authors have clearly estab-
lished that this silicon enrichment induces the forma-
tion of a more uniform SiO; layer than in the case of
unimplanted AISI 304 stainless steel limiting particu-
larly the growth of the oxide scale and the formation
of iron-based oxides as observed in our study. Conse-
quently, this oxide layer silicon enrichment induced by
yttrium implantation allows also improvement of the
chromia-forming stainless steel oxidation resistance at
high temperature.
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4. Conclusion

This study allows a better understanding of the main ef-
fects of yttrium implantation on oxidation resistance of
304L stainless steel at high temperature. In fact, yttrium
implantation allows elimination of transient oxidation
period observed by thermogravimetry at the beginning
of unimplanted sample oxidation test and reduction of
the corresponding parabolic oxidation rate. Three phe-
nomena seem to be mainly responsible for this behav-
ior: (a) the limitation of the iron-based oxide growths



(observed by in situ X-ray diffraction) in the case of
unimplanted samples; (b) the yttrium localization at the
metal-oxide interface (observed by EDXS) with proba-
ble segregation at the Cr,O3 grain boundaries inducing
an inversion of the predominant diffusion mechanism
and a selective chromium oxidation as observed by sev-
eral authors; (c) a silicon enrichment at the metal-oxide
interface (observed by EDXS) which limits the oxide
scale growth and the formation of iron-based oxides.
These results underline the beneficial effect of yttrium
implantation which allows improvement of the oxida-
tion resistance of commercial 304L stainless steel at
high temperature.
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