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Abstract

Implantation of reactive elements into metals that form chromia layers upon exposore to high temperatore
oxidizing environments has a very large effect on the growth rate of the oxide and adhesion of the oxide 1o the base alloy.
We have investigated the effect of Y ion implantation on the kigh iemperature oxidation of Fe-24Cr using Rutherford
backscattering spectroscopy. secondary ion mass spectroscopy. and electron microscopy. Analytical tools ave been
applied to determine the spatial distribution of Y, the microstructure of the oxide. and contribution of oxygen transport
10 the oxidation process. Results are comparcd with similar experiments in Fe-Cr alloys with Y additions and with

results of catior and anion tracer diffusion experiments.
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Introguction

T this paper, we discuss the effect of reactive-element ion implantation on high temperature oxidation of high
purity metal alloys that form Cr,0, layers. The literature has reported that reactive-element implantation gives rise to
the three beneficial eftects often associated with the presence of reactive elements: stimulation of the carly formation
of a continuous single-phase protective oxide layer, reduction in growth rate of chromia, and enhanced oxide adhesion
compared  addition-free materiais. lon implantation is a particufarly important technique for treatment of metal
surfaces that are subjected o high temperature oxidizing environments because (1) implantation ol reactive clements
ciln give rise 10 a larger reduction in oxide growth rate than observed in materials aloyed with reactive efements and

(2) implantation provides an ideal technigque w investigate the mechanisms that give rise 10 the reactive-clement effect.

Because ofour desire ta concentrate in this paper on the impact of the ion inplantation technique on clucidation
of the mechunisms of the reactive-element etlect, we will not discuss all of the important work that has been carried
out i the past on the effect of fon implantation on oxidation resistance of metals, Instead, we refer the reader 1o other
review articles on the subject (1-5). In addition, we refer specitically 1 the extensive work of Bennelt and coworhers
in Nb stabilized stainless steels which provides valuable information on the influence of reactive element implantation
on the formation of multiphase oxide layers(6-11). We also cite. for the readers reference, work that has been carried

out on complicated, commercial purity alloys(i2, 13).

Previous warkers have also investigated the effect of radiation damage that results from ion implantation on
high temperature oxidation (eg see (3. 14)). These authors demonstrate that the presence of radiation induced defects
inthe near surface region can have a marked effect on the oxidation bebavior of the base metals. However. the "chemical
effects” of the reactive-clement implantation were observed 10 be more important than the physical effects of the
radiation dumage. Therefore, we refer the reader to previous work on radiation effects and concentrate here on the

chemical effects of the reactive element implant.

We have applicd Rutherford backscattering spectroscopy. electron microscopy. and secondary ion mass
speciroscopy o investigate the oxidation kinetics and etemental distributions that evolve during the oxidation of
Fe-24Crimplanted with 1 x 10'°. 3x 10", 1 x 10”7 Y cm 2, In this paper we discuss microstructural and microchemical
evidence of the location and chemical state of the reactive element both in the oxide and in the metal. We compare and
contrast the effects of ion implamation of reactive elements with the effects of alloying with reactive elements and

discuss the impact ol ion implantation on the elucidation of the mechanisms of the reactive-clement effect.

perimental

An alloy of Fe (Johnson-Matthey Chemicals Limited. Puratronic) 24 weight percent Cr (MRC Marz grade)
wis prepared by are melting in an Ar atmosphere. Soliditied buttons were cold rolled to 2mm thickness, wrapped in
Ta. heat treated for one hour at 850°C, and finully cold rolled to 1 mm thickness. Samples were anneaied at 1000°C.
Surfaces of the annealed sample were final polished using 0.05um AlLQO .. The sample was given a short electropolish
(8% Perchioric acid in Glacial acetic acid, 15-20°C. total of 2 min at 0.5-0.6 A-cm ). Analysis of the sample material

revealed <400ppm total impuritics. A typical analysis is shown in Table |



Ag ND(0.+) N, 180.
Al Int. Na 0.04
As 0.05 Ni S.
Au 0.6 0, 8.

C 2. P 0.2
Ca 2. Pb .1
Cd ND0.3) Pd Int.
Cl 0.2 Pt .05
Co 2. S 3
Cr Major Sb 0.2
Cu 2 Sc ND(0.02}
F 1. Si 8.
Fe Major Sn K}
Ga .09 Ta M1
H, X Ti 0.2
In 50. v 0.06
K 0.07 w 0.2
Mg ND(().2) In ND(0.7)
Mn 0.5 Zr 0.5
Mo 0.4

ND( - Not detected and less than amount in brackets.

Int. - Interference

X - Not looked for.

M - Contamination from instrument.

The sample. of dimension ~5 x 15 mm?, was implanted with 150 ke V'Y ions at the Naval Rescarch Laboratory.
During implantation. the vacuum in the implaniation chamber was ~1 x 10 * 1orr and the sample was cooled 10 -25°C.
Three regions of the sample were implanted each with a different ion dose: i x [0, 3 x 10", and | x 10'7 cm-*. We
refer to these as the low. medium. and high doses respectively. Rutherford backscattering experiments were carried out
before any oxidation and after incremental oxidation times of 5, 10, and 45 min at 1000°C in flowing oxygen. The
sample was later oxidized at 900°C in ~t(r * torr "*O, after which secandary ion mass spectroscopy depth profiling was
carried out to investigate the *O and Y depth distributions. Ruthertord backscattering spectroscopy was carried out at
the tandem accelerator facility in the Materials Science Division of Argonne National Laboratory using 1.770 MeV
singly charged *He ions. The ion beam diameter at the specimen was ~imm, There were ~5 x 107 oxide grains and ~}

metal grain in the analyzed area. Details of the analysis of the Rutherford backscattering data is given elsewhere(15).

Resuits and Discussion

Lacation of the implanted atomsin the as-implanted sampie

The as-implanted Y depth distributions deduced from the RBS spectra arc shown in Fig. 1. The magnitude
of the peak in the Y depth distribution increases with implaniation dose and moves toward the surface of the sample.
This latter behavior is a consequence of the competition between ‘mplantation of Y into the sample and sputtering of

Fe, Cr.and Y by the Y ions. As a result. not ali of the implanted atoms ure retained in the sample as shown in Fig. 2
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Figure 1. Y depth distributions forimplantationdoses of 1 x 107, 3x 10", and | x (0" cm * determined from RBS.

where we plot the retained Y dose as a function of the implanted Y dose. The straight line represents the case it no
sputtering would occur. For the low, medium. and high dose implants, the surface composition is 2. 3, and 11 atomic
percent Y respectively, The Y-Fe phase diagram is known 10 have limited solid solubility of Y in Fe and a stable phase
Y.Fe .(16.17). I1is expected that during heating of the implanted samples to the oxidation temperature, formation of

Y.Fe . is possible.

A number of previous experiments have been carried out 1o determine the lattice Jocation and chemical state
of rare-carth jons implanted in elements like Fe using jon channeling and angular—resoived perturbed angular

correlationi [8-21). Although the results of these studies are ditficult to interpret, it appears that a strong interaction
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Figure 2. Retained Y dose as a function of implanted dose.



between reactive clements and oxygen occurs when Q is present in the implanted region. When the reactive clement
is located near the sample surface, as in the case of low energy or high dose implantation, i strong interaction was also
observed. This is most likely due to enhanced oxygen mobility in the highly defected implant region. We therefore

expect rapid oxidation of the implanted atoms upon exposure of the sample to high temperature.

Oxidation kinetics

Figure 3 shows the Rutherford backscattering spectra and fits to the data afier the three oxidation times for the
1 x 10" cm * implantation region. The effect on the spectra due to the increase of the oxide thickness with oxidation
time can casily be seen. Figures 3 also shows marked roughening of the oxide/metal intertace with oxidation time (see

Ref. (15)). A similareffect was reported by Deamaley(21). Therefore we deseribe the oxide as a pure oxide region and

an interface region that is a mix of oxide and metal. Discussion of the interpretation of RBS spectra from oxidized
samples can be found elsewhere(15). In Fig, 4 we show the oxide region thickness and interface region thickness
obtained from fitting spectra for the three doses plotted as a function of time. Note that the interface region thickness
is in some cases about the same as the oxide thickness. We therefore define the oxide thickness as the thickness of the
pure oxide region plus one half of 1he thickness of the interface region. In Fig. 5 we plot the total oxide thickness as
a function of titne. An attempt was made 10 fit this data to parabolic diffusion controlled growth kinetics. Acceptable

fits 1o parabolic growih could only be obtained if a very rapid formation of the initial oxide layer was ussumed ic

Counts

Energy

Figure 3. Rutherford backscattering spectra from 1 x 10 cm * samples oxidized for {a) < min., energy range 374
to 1539 keV (b) 15 min., energy range 388 to 1540 keV, and (¢} | hour, energy range 385 to 1538 keV.

Data are shown as points. fit 1o data is shown as solid line.
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X' =K+ S (4}

where x is the oxide thickness, x, is the initial rapidly formed oxide thickness, k_is the parabolic rate constant, and t
is time. Acceptable fits were obtained for the low and medium dose cases and are shown in Table I and Fig. 5. The
high dase case could not be fit with such a simple model. Note that these values of x, correspond 10 complete
consumption of Cr atoms from about the fiest 1300A af the buse alloy. This depth exceeds the Y implantation depth.
We donot imply that the simple function of Eq. 1 describes the operative mechanism in the oxidation process, The actual
mechanism is believed te be the sum of three terms: a parabolic tenn for oxidation of the implanted atoms (ie internal
oxidation). a parabolic term for oxidation of the base metal, and a temn that accounts for consumption of the limited
quantity of implarted atoms. This model neglects the effect of interfuce roughening. Because we have data atonly three
oxidation times, it is not possible to tit such a complex model. Roughening of the interface further complicates analysis
of the experimental data, Asa result, the k| values that are shown in Table 1l are intended only to indicate that the steady-

state axide growth is very slow compared with both addition-free alloys and alloys with Y additions.

Table 1), Values for k_upd x, deduced from fits to the low and medium doge data for oxidation at |(00°C in

flowing oxygen
Doxe k, sid. error X, std. crror
em %) (cms™) (cm’s ") (cm) (cm)
Fx 1o 5.36x 10" 7.49x 10 5.69x 10 2.56x 10°
Ix 10 741 x 10" 261 x 10 797 x 10 1.32% 10
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Figure 5. Total oxide thickness as a function of time deduced from Fig. 4 for doses of 1 x 10'7, 3 x 10", and

1 x 10" cm 2, Fits to the data are plotted as solid lines.



Laocation of the implanted atoms in the oxidized sample

Various techniques tave been applied in the past to investigate the distribution of the reactive-clement iniplunt
in the oxide layer and in the base metal. Two observations are generally reported: for suffiviently high implantation
doses, the implanted atoms are primarily tound near the oxide/gas interface and for lower doses. the implanted atoms
are primarily found near the oxide/metal interface(6, 14, 1S, 21-27). Similar observations have in the past generally
been attribated to a change in the oxidation mechanism from predominantly cation diftusion at low doses to

However. we feel strongly thatconclusions from inert marker experiments

predominantly anion diffusion at high dos
and inferences based on the location of the reactive clement in the oxides are subject to ermrors, as clearly demonstrated
by Young and de Wit 28, 29). Resolution of this problem awaits 'O/*0 SIMS or nuclear reaction analysis experiments

on fully-dense oxide layers,

Figure 6 shows the Y depth distribution for the three oxidition times Tor the three doses 1x 10, 3x 10" and
1'% 107 ¢m <. The horizontal bars define the thickness of the interface region. All plots show a slight enhiuncement
in Y cancentration ai the surface of the oxide, Below the surface of the oxide. the Y concentration drops to nicarly zero
before rising toa peak. For the highest dose implantation case, results indicate tha additional Y was concentrated about
2000A below the oxide surface after § min and 15 min oxidations. However, this high dose result is suspect, The Y
backscatiering signal at this greater depth is buried under Fe and Cr signals which vary uneveniy with energy. adding
uncertainty 10 the fitting results. These difficultics do not apply to the Y distribution for depths up to about 1000A of

oxide, since the Y signat is free of Fe and Cr backpround sipnals up to that depth.

The peak in the Y distribution for the Jow and medium dose samples is located near the oxide/metal interiace
for all oxidation times. The first peak in the Y distribution in the high-dose case was always located within the oxide,
~800A below the oxide surface which was well removed from the oxide/metal interface for the longer oxidation times.
These points are illustrated in Fig. 7 where we plot the Y peak position refative 1o the oxide surface as a function of oxide
thickness, 1t is clear from this figure that after the initial rapid oxidation, the oxide thickens toward the surface side of
the peak inthe Y distribution for the low and medium dose cases hecause the Y peak position relative to the oxide surlace

function of oxide thickness. Inthe high dose case, the oxide thickens below the peak in the Y distribution

increases

ay evidenced by the invarience of the peak position with oxide thickness,

After oxidation most of the Y was found in the oxide and the interface region. Upon integration of the Y depth
distributions from the oxide/gas interface 1o the interface between the oxide and the interface region and through the
interface region. we found that the amount of Y in all the oxides increased tinearly with retuined dose. A paoint that
is less clear is how much Y was left in the metal. Collins et al.(14. 30) found in oxidation of Y implanted Cr that after
oxidation, and removal of the oxide by polishing, the sample still persisted to exhibit reduced oxide growth rate possibly
implying that some reaclive element was lefl in the metal after polishing.  Although we cannot say with complete
generality. we know that in some cases {panticularly in the short oxidation times) Y was still present in the metal after

oxidation.

Hondros has shown that for a variety of segregants in a variety of matrices, the variation in concentration ol
solute with distance from a grain boundary is nearly independent of solute or matrix as shown in Fig. 8(31). One of the

segregation curves in Fig. 8 is for Y segregation to grain boundaries in AlLO(32). Ytrium segregation to grain
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boundaries in Cr,0,-0.09 weight percent Y, 0, his been observed on fracture surfaces of polycrystalline sumples
fractured intergranularly at 1200°C in compression(33). Based on this evidence. we expect that in the oxide layers, the

implanted atoms are segregated to the oxide grain boandaries.

Pryzbylski et al. have applied high spatial resolution x-ray energy dispersive speciroscopy to determine the
location of implanted Y {70 keV, 2 x 10 em *} in the oxide layer formed on Co-45 weight percent Cr(23, 34-36). By
using a very small electron probe on thin plan sections of the oxide layer, Pryzbylski et al. have been able to ideniify
that Y is segregated a1 monolayer concentrations to the grain boundaries in the growing Cr,0, layer. The measurement
of detectable amounts of Y at oxide grain boundaries is in contrast ta abservations in oxides grown on allays where the

reactive element has proved to be rather difticult to detect(37).

Pryzbylski et al. have also reported that peravskite YCrQ), precipitates form in the growing exide layer(38).
Thesc precipitates were identified using convergent beam electron difiraction. While the present authors have heen
unable to confirm the indexing scheme reported by Peyzbylski et al.. we agree that it is passible to index the patierns
as YCrO,. This conclusion is in agreement with what would be expected from the equilibrium phase diagram for the
Cr,0,-Y,0, system. However, tbe existence of the perovskite particles is an interesting observation in light of the rather
high probability that the implanted atoms internaily axidize to Y O, before incarporation in 1o the growing oxide layer

where it would then have to undergo a solid state phase transtormation to YCrQ, at a ruther tow temperature.

The above information teads us ta hypothesize that reactive element ion implantation inpacts oxidation
behavior in two distinet ways: (1) when the near-surface concentration of implanted reactive element in the alloy is
below a critical level. the majority of the implanted element will be found near the oxide/metal interface fotlowing
oxidation and (2) above this critical level, the majority of the implanted element will be found near the oxide/gas
interface. The critical coneentration is probubly refated to the fomation of a second phase in the scale, which may be
related to ihe formation of a second phase in ihe alloy. vither during implantaion or upon heating the sample for
oxidation. This is reasonable since only 10.53 at. % Y is necessary to completely form Y M, . where M can be Fe, Ni.

or Co. and the solubility limit of Y is expected to be less than | at. % for chromia- scale forming alloys(17. 39},
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The near-surface concentration of implanted atoms is a function of both ion dose and ion energy. By reviewing
the literawre( 14, 15, 21-27), we have established the ion dose required to produce the critical level of reactive clement
for a number of ion implantation energies. This relation is plotted in Fig. 9. Evaluation of Y composition profiles
calculated for cach of the experimental cases indicates that the critical concentration could be an Y concentration at the
surface of about 1 at. %. or a peak Y concentration of about 6 at. %. Curves for both of these criteria calculated for Y
implantation of Fe-24Cr are shown in Fig. 9. Beyond these concentrations it is likely that either precipitation at the
surface could begin, or nearly 50 vol. % of the intermetallic ytride could form beneath the surface. It would not be
surprising for such effects to influence secondary phase formation in the scale. Formation of these precipitates in the
alloy of course depends on the thermal history of the implanted samples and the opportunity for internal oxidation of
the Y. Some deviations from the guidelines in Fig. 9 should be expected. We propose that for doses above the critical
dose, the effect that is abserved is not the reactive-element effect by its most strict definition. At these high doses, we
believe thut second phase formation in the oxide is likely. an occurance that is nat always observed in alloy systems (40)
(except perhaps in the oxide located immediately aver rarc-carth yutride precipitates in the metal) and which is not

required for the reactive-element effect to be operative.

Analyses of the RBS spectra show that all of the oxide layers are composed of a thin (4471 1384) outer layer
of Cr,O, containing 7.0 £ 3.5 atomic percent Fe near the surface. This is illustrate: in Fig. 10 where we plot the Fe and
Cr depth distribution corresponding to the high dose implant after 1 hour of ¢ - ation. The presence of Fe in the oxide
is expected in alloys oxidized in oxygen partial pressures that are high er. .igh to oxidize Fe. In separate experiments.
oxide compositions of Fe-13Cr oxidized in Ar-7%0, and in H,-H,C at 700°C have been studied by RBS. Iron-
containing oxides were observed for the oxidation in Ar-7%0, as shown in Fig. 11a. However, in the H,-H,O case

(very low oxygen partial pressure) almost no Fe was observed in the oxide (Fig. 11b).
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Composition of the oxide layer in alioyed samples

We have used RBS and SIMS to investigate the composition of oxide layers formed on alloys of Fe-13Cr. Fe-
24Cr. Fe-13Cr-0.3Y, and Fe-24Cr-0.3Y thay were oxidized in Ar-7%0, and in H,-H,0 u1 70°C. Figure 12 shows an
ion-induced secondary-electron image of the surface of Fe-13Cr-0.3Y oxidized in Ar-7%0, ucquired using 4 30 keV
Ga* ion gun on a Vacuum Generators high spatial resolution analytical ion microscope. The surfiace contains a smoath

surface oxide and nodules protruding from the surface. SIMS confirmed that the smooth oxide was Cr,0,. Figure 13
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shows a depth profile through one of the nodules in Fig. 12. These oxide nadules arc high in Fe compared with the
smooth oxide. Further, each nodule has Y at its center as can be scen in Fig. (3. We believe that these nodules lic on
tap of Y (Fe.Cr),, precipitates in the base metal. During oxidution, these ytrides in this relatively low-Cr alloy
apparently oxidize very rapidly compared to the surrounding allay thus forming Y-rich nodules. We believe that this
behavior is similar to the transient oxidation behavior observed in the high dosc implantation where the Y concentration

at the sample surface is coraparable to that of Y (Fe,Cr) ,.

Nedule formation is not observed in Fe-24Cr-0.3Y alloys as shown in Fig. (4, the ion-induced secondary-
¢lectron image from the surface of an oxidized Fe-24Cr-0.3Y alloy. This image exhibits small areas of light contrast.
In paratlel with the acquisition of this secondary-electron image, a Y secondary-ion image was also avquired. Figure
14b shows a representation of the Y distribution overlayed on the secondury-clectron image of Fig. 14a. Image points
where Y was detected are colored black. Note that the Y-rich regions correspond to the areas of light contrast 'n Fig.
14a, Images were acquired as a funetion of depth during sputtering with the 30 keV Ga® ion source. Continuous Y rich
regions of oxide were observed throughout the scale thickness indicating that Y is present in the scale in columns located
atop the ytirides in the base metal. If Y was present in other parts of the oxide film. it was at substantially lower
concentrations than over the yttrides. This heterogencous distribution is in sharp contrast to that produced in ion
implamtation, at least for doses below tne critical level as shown in Fig. 9. It should be pointed out that the oxide thickness

in the Y-rich regions appeared to be the same as in the other regions of the scate.

Oxygen transport in the oxide.

SIMS depth profiling was carried out at NRC Canada after 1 hour funher oxidation at 900°C in *O. Onc of
these data sets is shown in Fig. 15 where we plot 1he concentration of mass 71 relative 1o mass 69471 as a function of
sputtering time. The sputtering beam current was one half as large for the high dose sample as for the ather two samples,
A peak of the Y'*O signal occurred after about 20 ta 25 minutes of sputtering for the low and medium dose cases and

after about 45 minutes for the high dose case, indicating the position of the peak in the Y distribution. These profiies



Figure 12, Jon-induced secondary clectron image of surface of Fe-13Cr-0.3Y alloy oxidized in Ar-7%0, w 700°C.
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Figure 14.  (a) lon induced secondary electron image of surface of Fe-24Cr-0.3Y oxidized in Ar-7%0, a1 700°C. (b)

Same as (a) with Y secondary ion image in black.



indicate that the highest 'O coneentration occurred at the surface. and was quite fow in the bulk of the oxide. As the
Y implantziion dose increased, the O content in the oxide decreased. At the highest Y dose, @ buildup of O was
observed to coincide withthe peak inthe Y distribution. This datasuggests that Y reduces the inward transport of oxygen
through a chromia scale, and at high enough concentratians can trap a significant portion of the inwardly migrating 0.

Without further experimentation, it is impossible 10 establish the growth mechanisin of the oxide layers,
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Figure 15.  SIMS depth profiles for mass 71 (Crt*0) for the (a)] x 10", (0)3 x 10", and (¢)  x 107 cm *. The
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Relation of the present results to transport in the oxide.

If oxidation procceds by diffusion along shart circuit paths like grain boundaries in the oxide layer. the equation

that descnibes the usual diffusion controlled oxidation Kinetics.
x'=ht (@]

where x is oxide thickness, tis time, and Kk is the so-called pacabolic rate constant, still holds, but the expression for
k, must be modified 10 reflect the fact that grain-boundary dittusion is the dominant mechanism of mass transport in

the oxide(31):
k, =(const)D*8/g. [R)]

i .. D is the grain boundary diftusion coetficient. 8 is the effective grain boundary width, and g is the
average grain diameter. If cation diffusion is the re controlling mechanism, the constant in Eq. 3 is of the order 50,
the exact value depends on the oxygen partial pressure dependence of D'8. The parabolic rate constant 1s a function

of both grain-boundary diffusivity and oxide grain size.

To compare the present results from Tuble [1and literature data(22, 37, 42-45) on growth of CrZu3 (22,37,
42, 43) with cation and anijon diffusion measurements (44, 45), we convert the experimental values of K to values of
D’3 using the procedure described by Park et al.(45) In that work, the assumption was made that the contribution of
anion diffusion to the growth of Cr,O, films was negligible. Inarecent study by King and Park.(44) anion diffusivities
in the [attice and along grain bondaries were measured on sintered polycrystals of Cr,0, and Cr,0 -0.09 weight percent
Y .0, at 1100°C and at the oxygen panial pressurecorresponding to that of the Cr/Cr,0, »quilibrium at that temperature,
Resulis demonstrated that under the same conditions, anion diffusion is significanily Faster than cation diffusion.
However, because the oxygen partial pressure dependence of anion diffusion in Cr,0), is unknown. it is not possible to
convert values of k_to D8 based on this new information. Therelore we calvulate vidues of D8 assuming that cation
diffusion is the operative mechanism and compare the results with values of D'8 measured from cation and anion

diffusion experiments. The results of these calculations are given in Table 111

Figure 15 shows u plot of D'3 versus inverse temperature for the available literature data. Also included in

Fig. 16 are thc D*8 valugs from cation{45} and anion(44) tracer diffusion studics. il
for D'8 deduced from k_ measurements arc spread aver 2 orders of magnitude. Also. atl values for D'8, except those
deduced from the current implantation experiment and the experiments of Pivin et al.(22), are higher than the values
measured for cation grain boundary transport in Cr,Q, and Cr,O, doped with Y 0, at LIXIPC. This indicates that cation
grain boundary diffusion is far too slow 1o explain the observed oxide growth rates in unimplanted samples. However.
these data are consistent with the anion grain boundary diffusion data of King and Park(44). The oxidation rates of the
implanted samples in this study and in that of Pivin et al.(22) arc consistent with rate control hy cation grain boundary

diffusion.

Inthe past. we have analyzed the results of oxidation experiments by Caplan and Sproule(46) in terms of cation
grain boundary diffusion(15,44.45,47). Because Caplan and Sproule measured the growth rate of the slowest growing
oxide grains on their samples, they speculated that growtb of these grains was controlied by bulk diffusion. In light of

the results of King and Park(44). we have reanalyzed the Caplan and Sproule data assuming that growth of these grains
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Table 1. Values for D'8 Determined from literature data,

T Py i) Pa-l0) k, g D' Ref.
°K) (Pa) (Pa) (cm*s 1) Hm)  (em's ")

1173 1.92x 10 ™ LO0 x 10° 1.03x 10" 1.0 492x 10 21
173 1.92x 10+ 10 x 10 Lo3x o 5.0 246510 21
1173 192 x 10+ 1.00 x 107 221 x 100 0.1 1LOSx 10 MN
1173 1.92x (0 100 x 16 231 x 10 0.3 361 x 10 208
1173 1.92x 10 LOOx 100 7.37x 100 .1 352x 10 218
1173 102 x 10 1,00 x 10 7.37x 10" 0.3 1.06 x 10 21§
1173 192 x 10 100 x 10 400x 10" Q.1 548 x 10 37
1173 192 x 10 100 x10* 2.50x 10 0.1 119 x 1= 7
1273 R23x 10 1.00 x 100 S36xi0n 001 1.88x 10 8§
1273 R23x 10 1LO0x 10 73310 058 223x 10 42
1273 8.23ix 10" 100 x 10° T4 x 10" 14 330x 100 §8
1273 8.23x 10" 100X 10 7.33x 10" 0.5  236x10" 42
1298  324x (07 500 x 17 1.00x 10 015 191 x 10 37
1298 32410 500 x 100 1.80x 10" 015 947 x 10 7
1348 430x 10" 1.00 x 108 290 % 100 1.5 899 x 10+ 43
1373 - - - - 210x 10" 44
1373 - - - - 225x 10 45"
1373 - - - - 720x 10" 44
1373 - - - - g6l x 10 45
1473 1.28x 10" 7.00 x 10° 6.50x 10" 30 8.68 x 10 43

Cr-Y alloys

*Cr diffusion in Cr,0,

“Cr diffusion in Cr,0,-Y 0,
*Q diffusion in Cr,0,-Y,0,
'*Q diffusion in Cr,0,

Y ion implanted

This Work

wr v
“r

is controlled by bulk diffusion of anions. This result along with other measured anion bulk ditfusivities are plotted in
Fig. 17(44. 48.49). Notc the result of Caplan and Sproule at [ 100°C is within the error bar of the anion tracer diffusion
in pure Cr,O, resultof King and Park. This analysis assumes that anion diffusion has the same oxygen partial pressure
depencence as cation diffusion. The cation diffusion results of Park et al.(45) and Atkinson and Taylor(50) are also

shown in Fig. 17. These results show that cations in chromia diffuse orders of magnitude slower than anions in the bulk.

lon implantation of reaciive elements into metals that form chromia upon high temperature oxidation gives
rise 10 a reduction of oxide growth rate, enhanced oxide adhesion, and carly turmation of a continuous, single-phase
chromia layer. A transient oxidation behavior is observed that appears to be associated with rapid oxidation thraugh
the implanted region. There appears to be a critical implantation dose above which a chinge in the oxidation behavior
of the alloy is observed. Below the critical dose, the implanted atoms are located near to the oxide/metal interlace. in
this regime. the reactive-clement effect due to implantation of energetic ions seems 10 be similar to the effects ohserved
duetaalle  ng withreactive elements except that in alloys the reactive clement is not found in such high concentrations
in the oxide layers (except over yitrides) as in implanted samples and implantation gives rise to a targer reduction in

growth rate compared to alloying. Below the critical dose, ion implantation produces a laterally uniform distribution
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afreactive element whereas alloying often results in second phase formation in the base metal. - Abave the critical dose.
the implanted atonis are tound near to the gasfoxide interface. Additionally. second phase formation in the scale
probably accurs. This is most likely due to the very rapid oxidation of the high implant concentration region as observed
in nodule formation in Fe-13Cr-0.3Y atloys, Chromia formed on unimplanted alloys grows at rates consistent with
anion grain boundary diffusion. Whereas, chromia on imnplanted alloys grows at rates consistent with cation grain
boundary diffusion. SIMS data suggest that Y reduces the inward transport of oxygen through a chrosmia scale, and at

high enough concentrations can trap a significant portion of the inwardly migrating O.

lon implantation is certain o continue to have a large impact in elucidation ol the mechanisms of the reactive-
clement effect. This is primarily because implantation allows the reactive element to be injected in it measurable amount
at a measurable location. The unitorm implant distribution in the plane of the sample surface greatly simplifies the
problem. However, we must keep in mind that in alloys the effect is present with very Jow concentrations of reactive
clement in the oxide layer. Many investigators suggest that implamation alters the oxidation mechanism between
control by anion and cation transport.  Imiplantation experiments will play a key role in determining the operative

mechanisms.

Doex ion implantation give rise tothe reactive-element effect as defined by Whitile and Stringer(51)? The key
10 answering this may be in the rmher large amount of reactive element that is observed in scales. 1 the large amount
of reactive element in the scale gives rise to asecondary mechanism, then this is not the classical reactive-clement effect.
However in the dose ranges below the critical dose, 1be effects are too siinilar to that observed in alloys to conclude that
this is not the reactive-clement effect. But it could be that the mechanisms are not the exactly the same. If the
mechanisms for the reactive-clement effect in alloys is the same as in implanied nclals. then we 1nust find reactive

element at grain boundaries in oxides scales grown on alloys with reactive eleinent additions

We have investigated the effect ot Y implantation on the high iemperature oxidation of Fe-24Cr. In the case
of the low and medium dose samples, Y was observed to be located near the metal/oxide interface even though the metai/
axide interfice has passed through the original implanted depth. In the high dose casc, an Y rich layer was observed
within the oxide layer. A critical dose vs implantation energy relation was propased to better define this change in
behavior.  All samples were observed to form a Cr,Q, layer very quickly, followed by very slow growth. Recent
eroeriments motivate us to look to cation diffusion as the operative mechanism for grawth of these oxide scales. The
growth rate on the low and medium dose regions was nearly as slow as thut predicted from recent cation grain boundary
diffusion measurements on polycrystalline Cr,0,. However, the absolute value of the parabolic rate constant is

h,

uncertain due 10 operation of more than ane mechanism and roughening of the metal oxide interface. However the

growth raies were cansistent with previous studies.
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