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High temperature behaviour of yttrium implanted pure iron and extra low carbon steel
were analyzed at T =700°C and under oxygen partial pressure Py, =0.04 Pa for 24 h to
show the benefit of yttrium incorporation to the improvement of the implanted sample
corrosion resistance at high temperature. Compositions and structures of yttrium
implanted and unimplanted samples were investigated prior to high temperature oxidation
studies by several analytical and structural techniques (RBS, RHEED and XRD) to observe
the initial yttrium implantation depth profiles in the specimens. High temperature oxidation
tests performed by thermogravimetry and by in-situ high temperature X-ray diffraction
were carried out with the same experimental conditions on yttrium implanted and
unimplanted samples to have reference analyses. The aim of this paper is to show the
initial nucleation stage of the main compounds induced by oxidation at high temperature
according to the initial sample treatment. The results obtained by in-situ high temperature
X-ray diffraction will be compared to those by thermogravimetry to show the existing
correlation between weight gain curves and structural studies. Our results allow to
understand the improved corrosion resistance of yttrium implanted pure iron and extra
low carbon steel at high temperature. © 2000 Kluwer Academic Publishers

1. Introduction 2. Experimental details

The protection of high temperature pure iron and steel¥he compositions of pure iron and extra low car-
against oxidation is one of the most interesting techbon steel samples investigated in this study obtained
nological subjects investigated nowadays because afsing inductively-coupled plasma mass spectrometry
its potential industrial applications. Numerous methodgICPMS) are given in Table I. Rectangular specimens
based on protective coatings obtained by several tecl{surface area of around 3 énand 1 mm thick) are
nigues (CVD, PVD, sol-gel methods,...) were studiedabraded with up to 1200-grit SiC paper, polished with
to improve alloy corrosion resistance at high tempera0.3 um diamond paste, degreased with acetone and
ture. Another solution to obtain protective oxide scaledried. This surface preparation is followed by yttrium
is ion implantation which allows to incorporate a con- implantation performed using a 180 keV energy beam
trolled concentration of oxygen reactive elements sucticurrent : 30—35 mA) corresponding to a nomimal dose
as cerium, yttrium or hafnium into studied materials of 10'7 ions/cn? by sample surface scanning using a
[1-13]. However the adherence of the scale to these aB.5 mm ion beam diameter for 106 min. to obtain the
loys during service is necessary to maintain oxidationwhole surface implantation.

resistance at high temperature. The aim of this study The yttrium depth distributions before high temper-
is to characterize the main compound growths in yt-ature oxidation test in pure iron and extra low car-
trium implanted and unmiplanted pure iron and extrabon steel were investigated by Rutherford backscatter-
low carbon steel samples induced during oxidation tesing spectrometry (RBS) using an alpha beam energy
at high temperature. The experimental conditions usedf 1.8 MeV at normal incidence on the sample with
in thermogravimetry anih-situhigh temperature anal- a beam current in the 10-50 nA range. The alpha
yses (i.eT =700°C andPo, = 0.04 Pa for 24 h) were backscattered particles were detected at°18ith a
chosen on the one hand to avoid the transformation 025 mn¥ Si(Li) detector at a distance of 100 mm. We
the initial ferrite to austenite phase and on the othehave used this nuclear analytical technique because
hand to ensure formation of one of the most currentve had previously reported its successful contribu-
corrosions product namely wustite (FeO). tion in the case of sputtered thin film composition
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TABLE | Chemical compositions (wt%) of pure iron and extra low carbon steel obtained by ICPMS

Sample C Mn P S Si Al \% Fe
Fe 0.004 <0.001 <0.005 <0.002 <0.005 <0.005 <0.001 Bal
Fe-C 0.054 - <0.001 - - - Bal

determination [14-18]. These studies were completed
by structural techniques such as reflection high energy
electron diffraction (RHEED) using an incident elec- @
tron beam of 100 keV and X-ray diffraction (XRD)
using the Cu k;=1.5406A radiation. Analytical and Fe
structural techniques were also used on unimplantec
samples to have reference analyses before yttrium im- Fe
plantation.

High temperature studies were performed for 24 h & Jk F Fe

. e

at 700C and under controlled oxygen partial pressure g -
(0.04 Pa) using a Setaram TGDTA 92-1600 microther-"
mobalance for mass gain and a high temperature Antor
PAAR HTK 1200 chamber with integrated sample spin-
ner in a Philips X’pert MPD diffractometer for X-ray
diffraction studiesIn-situ X-ray diffraction agalyses
were performed, also using the Cy1.5406A radi-
ation, every hours to observe the behaviour of the main
compounds induced after yttrium implantation and the Fe Fe
initial nucleation stage of new compounds during high Fe Fe
temperature oxidation studies. Thermogravimetry and A JL J‘ hemopae A
X-ray diffraction techniques were also used onunim- 20 ' 40 ' &0 ' 80 100 120
planted samples to have reference analyses during hig Diffraction angle 2@ (Degrees)
temperature oxidation studies.
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Figure 1 X.R.D. experimental spectra of unimplanted pure iron (a) and

. . extra low carbon steel (b).
3. Results and discussion

3.1. Yttrium implantation effect on pure in Fig. 2 near channel 390 are due to the overlapping
iron and extra low carbon steel prior of the yttrium peak with the substrate plateau. We have
to high temperature oxidation test also tried to determine the oxygen depth profiles in the

3.1.1. Initial samples characterization sample but with greater errors than in the case of yt-

Fig. 1 gives the XRD reference spectra obtained onyjym pecause this light element has its characteristic
pure iron (Fig. 1a) and extra low carbon steel (Fig. 1b)-peak on the Fe substrate plateau in the RBS spectra.
The two XRD spectra correspond to the same alphaytirium and oxygen depth distributions were processed
iron structure (JCPDS 06-696). The relative intensitieg;sing a modeling software (RUMP: Rutherford Univer-
observed for both samples indicate some preferred origg) Modeling Program) allowing the simulation of el-

entations of the initial substrates. ement concentrations according to the analyzed depth.
The oxygen presence detected by RBS in yttrium im-

3.1.2. Yttrium implanted samples planted samples can be explained by the combination
characterization of three phenomena which are: the sputtering of the

For RBS analysis three acquisitions on different pointsaturally oxidized sample surfaces during implantation
of the surface were performed for each sample to verifyprocess, the low oxygen partial pressure (lower than
the homogeneity of yttrium implantation. Rutherford 10-2 Pa) existing in the implantation chamber and the
backscaterring spectrometry is one of the most powsample heating (below 20C) observed during yttrium
erful analytical techniques to determine yttrium depthimplantation treatment. For both pure iron and extra low
profiles in our study because the implanted particle (ytcarbon steel we have determined the resulting Y/Fe and
trium) has a mass heavier than that of the substrate (puf@/Fe ratios to show the yttrium and oxygen depth pro-
iron or extra low carbon steel). The number of countsfiles in the samples (ratios uncertainties are respectively
versus the energy of the backscattered particles giveA(Y/Fe)= £0.01 andA(O/Fe)= £0.03 and depth un-
us the yttrium distribution in the samples. certaintiesA(depth)=+2 nm obtained after calculat-
RBS experimental spectra obtained on pure iron anihg RBS experimental standard mean deviations).
extra low carbon steel are given in Fig. 2 (RBS experi- Fig. 3 gives the resulting Y/Fe and O/Fe ratios ob-
mental spectra (plots) with their corresponding simulatained by RBS concerning the yttrium and oxygen depth
tion (continuous line)). In both cases yttrium implanta- distributions in pure iron (Fig. 3a) and extra low car-
tion corresponds to the signal extending from channebon steel (Fig. 3b). The results obtained on pure iron
380 to 440 and the Fe substrate signal (bulk signaljFig. 3a) show that yttrium penetrates as deep as about
spreads from channel 100 to 380. The peaks observel20 nm and has its maximum concentration at a depth
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Figure 2 RBS spectrum enlargement showing implanted yttrium depth
profiles of pure iron (a) and extra low carbon steel (b) (experimentalto conclude that the formation of this compound limits
spectrum (plots) and corresponding simulation (continuous line)). substantially the oxygen diffusion in the substrate. For

the largest depths (above some 80 nm) Fig. 3a shows
of 35 nm. The most interesting result concerns the facthat oxygen is not present at these depths, there is only
that the oxygen depth profile displays a similar curveimplanted yttrium in the pure iron structure.
to that of yttrium. The O/Fe and Y/Fe ratio evolutions The Y/Fe and O/Fe ratios obtained by RBS concern-
suggest the formation of several oxides in relation to yting the yttrium and oxygen depth profiles in extra low
trium implantation depth. For the lowest yttrium depth carbon steel (Fig. 3b) show that similar conclusions
implantations (as deep as 35 nm) O/Y resulting ra-may be drawn concerning extra low carbon steel com-
tios are in the range of 7 to 1.5. This ratio evolution pared to pure iron: yttrium is to be found as deep as
seems to suggest that the formation of new compounds20 nm; yttrium concentration reaches a maximum at
closely depends on the yttrium depth distribution in35 nm corresponding to the,®0; compound; oxygen
pureiron. Itis important to note that O/Y ratio obtained and yttrium distribution curves are similar. However,
at a depth of 35 nm corresponds to the composition oit is important to note that O/Fe and O/Y ratios near
a stable yttrium oxide : ¥O3. Some authors [19-21] the surface are lower than those observed in pure iron.
have reported that Y03 promotes the corrosion resis- These results seem to suggest that yttrium implantation
tance of CsO3 and ALOj3 protective coatings against promotes much more oxidized compounds in the case
corrosive environments. Our results seem to indicatef pure iron.
that yttrium implantation induces this,®¥3; compound Fig. 4a gives an XRD spectrum of the yttrium im-
formation inside the substrate before oxidation. Interplanted pure iron sample. XRD analysis shows the
estingly enough, Fig. 3a shows an important oxygerpresence of additional characteristic peaks correspond-
decrease after this 35 nm depth corresponding to thing to three structures which are,®; (JCPDS 41-
Y 203 maximum concentration. These results allow us1105), YsFes012 (JCPDS 43-507) and FeY;@IJCPDS
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TABLE 11l RHEED results on yttrium implanted extra low carbon
@ A:Y203 steel (100 keV incident electron beam)
Fe B:FeY03
C:Y3Fe5012 a-Fe FeO (wustite)
. (cubic - Im3m) (cubic - Fm3m)
ki (A) (JCPDS 6-696) (JCPDS 6-615)
1 Exp.
Fe values G (hkl) dhki (hki)
A fe 2.48 2.49 (111)
. 2.15 2.15 (200)
e 2.03 2.03 (110)
B B Fe
= L) Balp® cB J ) 1 152 152 (220)
= 1.42 1.43 (200)
< Fe 1.29 1.30 (311)
& @ 1.22 1.24 (222)
S 1.15 1.17 (211)
£ 1.08 1.08 (400)
g 1.00 1.01 (220) 0.99 (331)
7 E 0.94 0.92 (013) 0.96 (420)
© e 0.83 0.83 (222)
0.75 0.77-0.72 (123)- (004)
Fe
Fe Fe
A
AT A (JCPDS 41-1105). These structural analyses seem to
I(llerIT’llll[llll|l|lI|Ill‘]lllllllll]"\lll trLl

20 40 60 80 100 120  Suggest that the Y03 compound is present at various
amounts in the sample but appears to concentrate at
the greater depths whereas FeO compound is rather lo-
Figure 4 X.R.D. experimental spectra of yttrium implanted pure iron cated near the surface. These results can explain the
(a) and extra low carbon steel (b). OlY ratios higher than 1.5 obtained by RBS at the low-
est depths in both pure iron and extra low carbon steel.
39-1489). The comparison of the different XRD peaksHowever the high O/Y ratios observed by RBS may
indicates that YOs is the predominating yttrium ox- also be attributed to some amorphous yttrium and/or
ide promoted by yttrium implantation. RHEED, a more jron and/or yttrium-iron oxides not detectable by struc-
sensitive surface technique than XRD, identified twotural techniques.
compoundsii.e. ¥Fe;012 (JCPDS 43-507) and Fe¥O  RBS, RHEED and XRD results suggest that the most
(JCPDS 39-1489) (Table Il). The different structural highly oxidized compounds are mainly located near the
techniques used in our study do not show the formasurface whereasy0s prevails around 35 nm. Moreover
tion of iron oxides involved by yttrium implantation in the formation of these new compounds can be attributed
the case of pure iron which might be accounted for byto the higher oxygen affinity of yttrium compared to that
very low nanocrystalline phase concentrations and/oof iron and to the low oxygen partial pressure and tem-
possible presence of amorphous compounds. perature during the yttrium implantation process which
RHEED analysis performed on extra low carboncan limit the growth of iron oxides. However it is im-
steel identified mainly the-Fe (JCPDS 06-696) and portant to note that yttrium implanted pure iron clearly
FeO (JCPDS 06-615) structures (Table Ill) whereasshows a more important surface alteration than yttrium
XRD analyses (Fig. 4b) show only the®s structure  implanted extra low carbon steel which may explain
the very different features of the XRD spectra observed
in Fig. 4a and b. This phenomenon can be attributed
to the higher carbon content in extra low carbon steel
compared to pure iron which seems to contribute to a

Diffraction angle 2 © (degrees)

TABLE |l RHEED results on yttrium implanted pure iron (100 keV
incident electron beam)

Y3Fes012 FeYOs higher hardness than pure iron.
. (cubic - 1a3d) (orthorhombic - Pnma)
dua (A)  (JCPDS 43-507) (JCPDS 39-1489) L L .
Exp. 3.2. Oxidation kinetics at high temperature
values g (hkl) dhki (hkl) 3.2.1. Pure iron oxidation kinetics at high
temperature

g:gg 3.09 (400) 343 (111) Fig. 5 shows the _vveight gain versus t@me curves
278 277 (420) 2.80 (200) (Am/S= f(t)) of unimplanted and yttrium implanted
271 2.71 (121) pure iron samples oxidized for 24 h at 7@ un-
2.63 2.64-2.62 (002)-(210) der oxygen partial pressure of 0.04 Pa. This figure
252 253 (422) shows that in the case of unimplanted sample the ox-
227 226 (521) 2.28 (112) idation foll i ) i t tant-
191 1.92-1.90 (202)-(040) idation follows a |near4reg|me (ZII’IE?.I’ rate constant:
1.72 1.72 (640) 1.71 (311) k|(|:e)= (3.1:i: 0.2)X 10 mgcm “°-s ) all along the
163  1.65 (642) oxidation test whereas in the case of yttrium implanted
154 155 (800) 1.57-1.54-1.53 (240)-(042)-(123) sample a higher oxidation rate is observed during the
1.36  1.38-1.35 (840)-(842) 1.35 (242)

first 4 hours followed by a linear behaviour (linear rate

114 115 (864) constant kyrey= (1.5+ 0.1)x 104 mgecm=2.s71).
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(during the first 8 hours) an important linear weight
30 Pure Iron gain is observed corresponding to a linear rate con-
stank; = (2.840.2) x 10~*mg-cm~2.s~*followed by
o~ 25 \ a second low linear oxidation rate (after 8 hours) with
’g a smaller weight gain corresponding to a linear rate
g 20 Sttrium mplanted I constantk, = (0.444 0.05)x 10-*mgcm 2.5 1. The
> s tum implantec fron weight gain versus time curveA(n/S= f (t)) of yt-
g trium implanted extra low carbon steel oxidized for
< 10 24 h at 700C under oxygen partial pressure of 0.04 Pa
is also reported in Fig. 6 to have comparative analyses.
5 This figure clearly shows the benefit of incorporating
0 1 L yttrium into extra low carbon steel because the result-

0 s 10 15 20 t(h)  ingweightgain is lower than in the case of unimplanted

_ _ _ _ ‘ ~ sample. Moreover the weight gain curve exhibits in the
_F|gure 5 We|ght_ gain versus time curves of unimplanted and yttrium ea”y phase ofthe oxidation test a latent period of about
implanted pure ironT = 700°C; P =0.04 Pa). 45 minutes during which no weight gain is observed.

Comparison between implanted and unimplanted“fter this latent period the weight gain curve exhibits

sample weight gain curves indicates that a higher mas parabolic reglme3W|th a pzizab_olllc rate 60”3‘?‘*
gain is observed during the first 10 hours for the im-(0-51%0,04)x 107 mg?.cm™.s~* corresponding to

planted specimen, but after these first 10 hours th& lOWer weight gain than that observed in the case of

implanted sample exhibits a lower oxidation rate. TheUnimplanted extra low carbon steel. These results have

weight gain curve evolutions and the corresponding cal&/S© Prompted us to carry out high temperaiureitu

culated oxidation linear rates underline the benefit ofx-ray dlffracthn analyseslon the one hand to under-
implanting yttrium into pure iron stand the two linear behaviours observed in the case of

One interesting aspect of this study is the particu_unimplanted sample and on the other hand the 45 min-

lar initial implanted sample oxidation regime observed €S latent period _and 'the low weight gain observed

during the first 4 hours which seems to contribute toll' € case of yttrium implanted sample by thermo-

a resulting better oxidation resistance at high temperadravimetry.

ture at the end of the oxidation test (as suggested by the

corresponding linear oxidation rate). These resultshavg 3. jn-sjtu high temperature X-ray

p'rompt.ed us to carry our-situ high temperature X-ray diffraction characterization

diffraction studies to identify the main compounds pro-3 3 7. Unimplanted and yttrium implanted

mot_mgthe hlgheroxldat|on rate during thefl_rsté_l hours pure iron in-situ high temperature

on implanted specimens and the lower oxidation rate X-ray diffraction characterization

observed after these first 4 hours. In-situ high temperature X-ray characterizatioh &

700°C; Poz=0.04 Pa) was performed every hours for

3.2.2. Extra low carbon steel oxidation 24 hours on both yttrium implanted and unimplanted
kinetics at high temperature pure iron (as reference analyses) samples. Initial unim-

The weight gain versus time curvain/S= f(t)) of  planted sample and the first 7if-situ oxidation test

unimplanted and yttrium implanted extra low carbonX-ray analyses are given in Fig. 7. This figure shows

steels oxidized for 24 h at 700 under oxygen partial that the initial pure iron characteristic diffraction peaks

pressure of 0.04 Paare given in Fig. 6. This figure show§JCPDS 6-696) have completely disappeared during the

that unimplanted sample weight gain curve exhibits twdfirst hour oxidation test in which FeO (wustite : JCPDS

linear parts. In the early phase of the oxidation tes6-615) and FgO4 (magnetite : JCDPS 19-629) are the
two main compounds to be promoted. After the first

hour small amounts of R®3; (hematite: JCPDS 33-
12 664) were also detected.
Comparison between the FeOgBg and FeOs typ-

10 — ical characteristic peak intensities during the first 7 h
Fe-C oxidation test indicates the formation of a triple iron-
8 4 - oxide layer: FeO at the greatest depths;@eat the

lowest depths and E©3 near the oxide-gaz interface.
The FgO4 characteristic peak intensity increase is due
to the formation of this compound on FeO at typical

AmiS (mg.cm™)
[}
|
I

4 - ~  depths easily observable by X-ray diffraction. The char-
acteristic peak intensities of the last compound induced
24 Yttrium Implanted Fe-C - byoxidationtesti.e. Rz are very low which suggests
the presence of a thin layer of this compound near the
0 T L} LI I L} LOL L} I LI ) L} L} l LR Y LI I Ly L | T surface.
0 5 10 15 20 th 25 In-situ X-ray analyses performed between 6 h and
Figure 6 Weight gain versus time curves of unimplanted and yttrium ;|-3 h clearly ShO_Wthe !:3@4 layer growth during thIS 0X-
implanted extra low carbon stedl & 700°C; Po, = 0.04 Pa). idation test period (Fig. 8). Some representative X-ray
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Figure 7 Initial sample andh-situhigh temperature fit§ h XRD exper- Diffraction Angle 20 /degrees
imental spectra performed on unimplanted pure iron showing the main _ o _
structures induced during high temperature oxidation fest f00°C; Figure 9 In-situhigh temperature XRD experimental spectra performed
Po2=0.04 Pa). on unimplanted pure iron showing the main structures induced during
high temperature oxidation test between 12 h and 25 k {00°C;
Po2=0.04 Pa).
A: FeO
amim € v pure iron spectra obtained between 12h and 25h
c (Fig. 9) show that the wustite structure is present in the
€ | AC cBjAC CA B B depths of the scale because its characteristic diffraction
amam c peaks become pratically undetectable after 24 hours of
oxidation test.
e | ac CBC AB B, - Several theoretical models were suggested to explain
o ! the growth mechanism induced by diffusion during
{100-111) pure iron oxidation. In fact, wustite which can write as
c S5 Fe1-x)Oisclearly deficientinironand in early interpre-
_ C A cB|AC ca BAB tations the defect structure being mainly due to single-
S | ontom c iron vacancies [22—-24]. It is now well established that
&
b ¢ 5 on wustite defect structure is in majority defect clustersre-
-‘é € | AC cB)AC ca BAR sulting from iron vacancies and interstitials in a NaCl-
£ |enon c type structure [25]. Concerning the diffusion mecha-
= nism the Wagner oxidation theory [22] based only on
e c [ A% cn)ak Bu  map cationic vacancy movements in the case qf IO
i . - . A .
2 [ pa compounds is not sufficient when the oxidation in-
duces the formation of multilayers. In fact, the Wagner
c © 5B model and other theories based on iron self-diffusion
R ' ' idation limiti 26, 27] impl
acting as an iron oxidation limiting step [26, 27] imply
(61-7h) c a parabolic oxidation regime not observed in our case.
¢ Cop B The oxidation behaviour observed in our study rather
S 0 0T 1 o -~ S suggests that the scale-growth mechanism is limited by
20 40 60 80 100 the adsorption rate of &molecules on the oxide scale
Diffraction Angle 20 /degrees surface [13].

Initial yttrium implanted sample and the first 7 h
Figure 8 In-situhigh temperature XRD experimental spectra performed in-situoxidation testX—ray analyses aregiven in Fig 10
on unimplanted pure iron showing the main structures induced dur-Th. fi h thei tant vitri diffusi .'[ f.
ing high temperature oxidation test betweh and 13 hT =700°C; IS igure shows the iImportant yinum drifusion out o

Poz = 0.04 Pa). pure iron. In fact two compounds i.e. F¢O, (JCPDS
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Figure 10 Initial sample andn-situ high temperature first 7 h XRD Figure 11 In-situhigh temperature XRD experimental spectra per-

experimental spectra performed on yttrium implanted pure iron show—formed on yttrium implanted pure iron showing the main structures

ing the main structures induced during high temperature oxidation test yuced during high temperature oxidation test betwgé and 13 h
(T =700°C; Poz=0.04 Pay). (T =700°C; Poz=0.04 Pa).

32-477) and FeYQ(JCPDS 39-1489) seem to be pro- o, 1\ 1 indicate that the formation of the yttrium-

moted along with the wustite, hematite and magnetltqron mixed oxides is mainly localized at the external

structures b_y the oxydafuo_n test. Itis interesting to O terface. Some representative XRD spectra between
that the main characteristic peaks of FeO structure del—2 h and 25 h are given in Fig. 12 to show that no

crease more rapidly n the case of yttrium Im'Olame‘jsignificant changes were observed during this period.
sample (Fig. 10) than in the case of unimplanted sam- These results indicate that the formation of main

ple (Fig. 7). ’ C - Ma
. compounds promoting the high temperature oxidation
In the same time F@s, F&0s, FeYQ;and FaY0s o qiciance s obtained after few hours (typically 2 or

seem to be the main structures involved by the oxida- : Y .
tion test. The initial nucleation of the Fe¥@tructure 8 hours) due to the high diffusion rate of yttrium. The

. . evolution of FeYQ and FeYO, characteristic peaks
may be explained by the transformation of thgO¢ : S
and FeOs phases info FeY@and the second yttrium- during the 24 h oxidation test seemsto suggest that these

iron oxide formation may be accounted for the trans_co_mpqund growths are mamly_ Iocal_|zeq at the gaz-
formation of the FgO, spinel-type structure combined oxide |.nterface by outward_ yttrium dn‘fus_lon through
with yttrium diffusion promoting the RO, structure the oxide Ia_yer. A_fter _the |n|fc|al nuc!eatlon stage of

: .. _the two main yttrium-iron mixed oxides during the
These first X-ray analyses may be related to the f|rs¥

4 hours weight gain curve behaviour observed by ther_irst 2 hours X-ray diffraction studies indicate the slow
mogravimetry (Fig. 5). The yttrium outward diffusion growth of these compounds which suggests the whole

promotes the formation of mixed yttrium-iron oxides consumption of the implanted yttrium in the sample.

along with iron oxides typically observed on unim-
planted sample which could lead to the high oxidation3.3.2. Unimplanted and yttrium implanted
rate observed during this period. extra low carbon steel in-situ high
In-situ high temperature XRD analyses performed temperature X-ray diffraction
betwea 6 h and 13 h are given in Fig. 11. This figure characterization
shows the formation of FeY£and Fe@YO, structures In-situ high temperature X-ray characterization analy-
whereas FeO characteristic peaks were not detected asds T = 700°C; Po, = 0.04 Pa) were performed every
Fe;O,4 characteristic peaks continue to decrease whiclmours for 24 hours on unimplanted extra low carbon
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LAARRRNARRRE RN '4'0' T r6|0I FTTTTT '8'0'” T '1'(')6' T Figure 13 Initial sample andn-situ high temperature first 7 h XRD

experimental spectra performed on unimplanted extra low carbon steel
showing the main structures induced during high temperature oxidation
test (T =700°C; Po2=0.04 Pa).

Figure 12 In-situ high temperature XRD experimental spectra per-
formed on yttrium implanted pure iron showing the main structures in-
duced during high temperature oxidation test between 12 h and 25 h
(T =700°C; Po2=0.04 Pa).

steel to observe the initial nucleation stage of the main
compounds involved by oxidation test and to have refer-
ence analyses before examining yttrium implanted sam-
ple oxidation behaviour. Fig. 13 shows X-ray diffrac-
tion spectra of the initial sample (before oxidation) and
the first 7 hin-situ high temperature oxidation test. This
figure shows the important sample oxidation because
iron characteristic diffraction peaks (JCPDS 6-696)
have completely disappeared during the first hour oxi-
dation test in which FeO (wustite : JCPDS 6-615) ini-
tial nucleation stage is observed. After the first hour the
Fe;O4 structure (magnetite : JCDPS 19-629) is also de-
tected whereas the @3 structure (hematite : JCPDS
33-664) is detected after 5 h.

In-situ X-ray analyses performed betweé h and
13 hclearly show the R®,layer growth during this ox-
idation test period (Fig. 14). X-ray analyses performed
betwe@ 6 h and 13 h also that the &3 characteristic
peak intensities are very low which suggests the pres-
ence of this compound in the form of a thin layer near
the surface as in the case of pure iron.

Comparison of the FeO, @4 and FeOj3 typical
characteristic peak intensities in Fig. 13 and Fig. 14

Fi

Relative Intensity (a.u.)

A: FeO
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c
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€ € _BJAC cam c
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(;_J C BIA,C CAB C
(7h-8h) c
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C C B AC cap c
(6h-Th) ¢
C Cac €
C T B ) AC AB C
T T T R R T T TR e T e
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Diffraction Angle 20 /degrees

igure 14 In-situ high temperature XRD experimental spectra per-

also seems to indicate the formation of a triple iron-tormed on unimplanted extra low carbon steel showing the main struc-

oxide layer: FeO at the greatest depthg;(eat the

tures induced during high temperature oxidation test batvéeh and

lowest depths and @3 near the oxide-gas interface. 13 h (T =700°C; Po;=0.04 Pa).
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Figure 15 In-situ high temperature XRD experimental spectra per-
formed on unimplanted extra low carbon steel showing the main strucFigure 16 Initial sample andn-situ high temperature first 7 h XRD ex-
tures induced during high temperature oxidation test between 12 h angierimental spectra performed on yttriumimplanted extra low carbon steel
25h (T =700°C; Po,=0.04 Pa). showing the main structures induced during high temperature oxidation
test (T =700°C; Po,=0.04 Pa).

The main representative X-ray analyses carried out
between 12 h and 25 h are reported in Fig. 15. Thaus to use this technique to observe the main compounds
results obtained in this figure confirm the previous ob-involved by oxidation in yttrium implanted extra low
servations : the FeO characteristic peaks become undearbon steel.
tectable which clearly demonstrates the presence of this X-ray diffraction spectra of the initial yttrium im-
compound in the depths of extra low carbon steel. Thelanted sample (before oxidation) and the first in-h
Fe;04 characteristic peaks clearly show the presencsituhigh temperature oxidation test are given in Fig. 16.
of this compound on the FeO layer and the®glow  This figure suggests an important yttrium diffusion out
characteristic intensity peaks suggesting the presenad extra low carbon steel because thgd§ compound
of this compound in the form of a thin layer on the promoted by yttrium implantation has completely dis-
surface of the sample. appeared after the first hour of the oxidation test. The
The oxidation behaviour observed in our study alsomost interesting result is the fact that one iron charac-
suggests that the scale-growth mechanism is mainlyeristic peak was still observable after 1-hour oxidation
limited by the adsorption rate of molecules on the whereas they were not observable after the first hour ox-
oxide scale surface as in the case of pure iron. Moreovedation testin the case of unimplanted sample. Thesere-
it is important to note that carbon may also form somesults could explain the 45-minute latent period observed
iron carbides which could limit the oxygen diffusion in in Fig. 6 during which no weight gain was detected for
steel as suggested by the variation in the linear oxidaimplanted sample and confirm the benefit of incorpo-
tion rate observed in Fig. 6 but our X-ray analyses darating yttrium into extra low carbon steel to improve
not allow us to confirm this fact. However the concen-oxidation resistance at high temperature. Fig. 16 also
trations of the iron carbide nanocrystalline phases maghows that two main compounds i.e. FeY@QCPDS
be below the detection limit of our XRD equipement. 39-1489) and FerO4 (JCPDS 32-477) seem to be
High temperaturén-situ X-ray diffraction analyses promoted along with the wustite, hematite and mag-
allow to observe and to understand the initial nucle-netite structures by the oxydation test. The formation
ation stages of the main compounds (i.e. FeQCze of the two yttrium-iron oxides can be attributed to the
and FeO3) induced during the oxidation of extra low high oxygen reactivity of yttrium which may promote
carbon steel. This first batch of results have promptedhese compounds as previously explained. Th'Bg
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Figure 17 In-situ high temperature XRD experimental spectra per- Figure 18 In-situ high temperature XRD experimental spectra per-
formed on yttrium implanted extra low carbon steel showing the mainformed on yttrium implanted extra low carbon steel showing the main
structures induced during high temperature oxidation test between 6 Btructures induced during high temperature oxidation test between 12 h
and 13 h T =700°C; Po2=0.04 Pa). and 25 h T =700°C; Po, =0.04 Pa).

formation is of some importance because several auhe sample has been used up as in the case of yttrium
thors have previously reported the anticorrosion propimplanted pure iron.
erties of this compound at high temperature [19, 20].

In-situ high temperature XRD analyses performed
betwea 6 h and 13 h are given in Fig. 17. This figure 4. Conclusion
shows the formation of FeYfand FeYO, structures  This study shows the different yttrium implantation ef-
whereas FeO and E®, characteristic peaks continue fects on pure iron and extra low carbon steel. In both
to decrease which seems to indicate that the formatiotested materials, yttrium implantations spread to the
of yttrium-iron mixed oxides is also located at the ex- same depth (120 nm) and exhibit concentration maxima
ternal interface as in the case of yttrium implanted purenear 35 nm with oxygen depth profile curves simi-
iron. lar to those of yttrium. However, extra low carbon

Some representative XRD spectra between 12 h ansteel seems to be less sensitive to yttrium implanta-
25 h are given in Fig. 18 to show that no significanttion than pure iron on which the formation of sev-
changes were observed during this period. These reeral yttrium iron mixed oxides is observed. On pure
sults indicate that the formation of the main compoundsron, YsFes012 and FeYQ@ compounds seem to pre-
promoting high temperature oxidation resistance is als@ail near the iron surface whereagsQs appears to be
obtained quite rapidly due to the high diffusion rate of prevalent at the greater depths. Yttrium implantation
yttrium as observed for yttrium implanted pure iron. on extra low carbon steels seems mainly to promote the
The protective character of the two main yttrium-iron formation of Y,O3 (over the whole yttrium implanted
oxides is underlined by the 45-minute latent period ob-depth range) and FeO (near the surface). The most in-
served by thermogravimetry and the corresponding Xteresting result is the fact that in both samplefY
ray spectra with iron characteristic peak still observeds the main compound formed using yttrium implan-
during the first hour of oxidation test. After the initial tation. This study also shows the successful contribu-
nucleation stage of the two main yttrium-iron mixed ox- tion of in-situ high temperature X-ray diffraction tech-
ides, X-ray diffraction studies indicate the slow growth nique to the observation and understanding of the initial
of these compounds until all the yttrium implanted into oxidation stage of unimplanted and yttrium implanted
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samples observed by thermogravimetry. The most ini3

teresting high temperature X- ray diffraction result lies

in that yttrium implantation promotes the formation of 4

protective yttrium-iron mixed oxides at the external in-

15

terface by outward yttrium diffusion through over the g
whole scale. These results underline that yttrium im-17
plantation offers a new possibility of increasing pure18
iron and extra low carbon steel corrosion resistances altg
high temperature.
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