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Abstract 

Implantation of reactive elements into metals that form chromia layers upon exposure to high temperature 

oxidizing: environments has u very large effeel on the growth rate of the oxide and adhesion of the oxide lo the base alloy. 

We have investigated the effect of Y ion implantation on the high temperature oxidation of Fe-24Cr using Rutherford 

backscaitering spectroscopy, secondary ion mass spectroscopy, and electron microscopy. Analytical tools have been 

applied to determine the spatial distribution of Y. the microstructure of the oxide, and contribution of oxygen transport 

to the oxidation process. Results are compared with similar experiments in Fe-Cr alloys with Y additions and with 

results of catior and anion tracer diffusion experiments. 
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Introduction 

In this paper, we discuss ihe 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 effects often associated with the presence of reactive elements: stimulation of the early formation 

of a continuous single-phase protective oxide layer, reduction in growth rale of chrumia. and enhanced oxide adhesion 

compared to addition-free materials. Ion implantation is a particularly important technique for treatment of metal 

surfaces that are subjected lo high temperature oxidizing environments because (1) implantation of reactive elements 

can give rise 10 a larger reduction in oxide growth rale than observed in materials alloyed with reactive elements and 

(2) implantation provides an ideal technique to investigate the mechanisms thai give rise to the reaciive-elemenl effect. 

Becauseolourdesiretoeoneentrale in ibispaperon the impact of the inn implantation technique onelucidalion 

of the mechanisms of the reactive-eiemenl eJleci, we will not di.seus.s all of ihe important work that lias been carried 

out in the pasi on the effect of ion implantation on oxidation resistance of metals. Instead, we refer the reader lo other 

review articles on the subject (I -5). In addition, we refer specifically lo Ihe extensive work of lienneli and coworkers 

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 cile. for the readers reference, work thai has been carried 

out on complicated, commercial purity alloys( 12, 13). 

Previous workers 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 

in the near surface region can have a marked effect on the oxidation behavior of the base metals. However, the "chemical 

effects" of the reactive-element implantation were observed to be more important than the physical effects of the 

radiation damage. 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 applied Rutherford baekseattering spectroscopy, electron microscopy, and secondary ion mass 

speciroscopy to investigate the oxidation kinetics and elemental distributions that evolve during the oxidation of 

I-'e-24Cr implanted with 1 x l()"\3x 10"'. 1 x l() r Ycm :. In this paper we discuss microstruclural and mierochemical 

evidence of the location and chemical stale of ihe reactive element both in the oxide and in Ihe metal. We compare and 

contrast the effects of ion implantation of reactive elements with the effects of alloying wiih reactive elements and 

discuss ihe impact of ion implantation on the elucidation of the mechanisms of the reactive-element effect. 

Experimental 

An alloy of Fe (Johnson-Matlhey Chemicals Limited. Puratronic) 24 weight percent C'rtMRC" Mar/ grade) 

was prepared by arc melting in an Ar atmosphere. Solidified buttons were cold rolled to 2mm thickness, wrapped in 

Ta. heal treated for one hour at 8M)°C, and finally cold rolled to 1 mm thickness. Samples were annulled at 100(r(\ 

Surfaces of the annealed sample were final polished using O.OSfim AI.O,. The sample was given a short electropolish 

{f>c/< Perchloric acid in Glacial acetic acid, l.S-2()°C\ total of 2 minat()..S-0.d A-cm '). Analysis of the sample material 

revealed <40()ppm total impurities. A typical analysis is shown in fable I. 



N. 180. 
Na 0.04 
Ni 5. 
0 . 80. 
P 0.2 

Pb 0.1 
Pd Ini. 
P( 0.05 
S 3. 

Sb 0.2 
Sc ND(0.02> 
Si 8. 
Sn 3. 
Ta M(l.) 
Ti 0.2 
V 0.06 
W 0.2 
Zn ND(0.7) 
Zr 0.5 

Table I. Typical mass spcclrographic analysis of impurity levels of samples used in this experiment in atomic pans 
per million. 

Ag ND(0.4) 
Al Int. 
As 0.05 
Au 0.6 
C 24. 
Ca 2. 
Cd ND(0.3) 
CI 0.2 
Co 2. 
Cr Major 
Cu 2. 
F Ini. 
Fe Major 
Ga 0.09 
H, X 
In 50. 
K 0.07 
Mg ND(0.2) 
Mn 0.5 
Mo 0.4 

ND( ) - Not detected and less than amount in brackets. 
hit. - Interference 
X - Not looked for. 
M - Contamination from instrument. 

The sample, of dimension -5x15 mm ;. was implanted with 150 ke V Y ions at the Naval Research Laboratory. 

During implantation, the vacuum in the implantation chamber was -1 x 10 K torr and the sample was cooled to -25°C. 

Three regions of the sample were implanted each with a different ion dose: i x I0"\ 3 x I0 l f t, and I x I0 1 7 cm-. We 

refcrlo these as the low. medium, and high doses respectively. Rutherford backscattcring experiments were carried out 

before any oxidation and after incremental oxidation times of 5, 10. and 45 min at IO00°C in flowing oxygen. The 

sample was later oxidized at 900°C in -10 ' torr '"O, after which secondary ion mass spectroscopy deplh profiling was 

carried out to investigate the "O and Y depth distributions. Rutherford backscallering spectroscopy was carried out at 

the tandem accelerator facility in the Materials Science Division of Argonnc National Laboratory using 1.770 MeV 

singly charged 4He ions. The ion beam diameter at the specimen was -1 mm. There were -5 x 107 oxide grains and ~ 1 

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

Results and Discussion 

Location of the implanted atomsin the as-implanted sample 

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 implantation dose and moves toward the surface of the sample. 

This latter behavior is a consequence of the competition between Implantation of Y into the sample and sputtering of 

Fe. Cr. and Y by the Y ions. As a result, not all of the implanted atoms are retained in the sample as shown in Fig. 2 



250 500 

Depth(A) 

Figure 1. Y depth distributions for implantation doses of 1 \ 10 l\ 3 x 10"\ and I x 10"'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 if 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 lohave limited solid solubility of Y in Found a stable phase 

Y.Fe r(I6. 17). M is expected thai during healing of the implanted samples to the oxidation temperature, formation of 

Y.Fe r is possible. 

A number of previous experiments have been carried out to determine the lattice location and chemical state 

of rare-earth ions implanted in elements like Fe using ion channeling and angular—resolved perturbed angular 

correlation* 18-2(1. Although the results of these studies are difficult to interpret, it appears that a strong interaction 

Y Dose ( 
Figure 2. Rc'.ained Y dose as a function of implanted dose. 



between reactive elements and oxygen occurs when O is present in the implanted region. When the reactive element 

is located near the sample surface, as in the case of low energy or high dose implantation.« strong interaction was also 

observed. This is most likefy 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 after 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 easily be seen. Figures 3 also shows marked roughening of the oxide/metal interface with oxidation time (see 

Ref. (15 ». A similar effect was reported by Dearnaleyt 21). Therefore we describe the oxide as a pure oxide region and 

an interface region that is a mix of oxide and metal. Discussion of the inlerpretation of RBS spectra from ox id i ml 

samples can be found elsewhere! 15). In Fig, 4 we show ihe oxide region thickness and interlace region thickness 

obtained from fitting spectra for the three doses plotted as a function of time. Note that Ihe 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 the thickness of the interface region, In Fig. 5 we plot the total oxide thickness as 

a function of time. An attempt was made to fit this data to parabolic diffusion controlled growth kinetics. Acceptable 

fils to parabolic growth could only be obtained if a very rapid formation of the initial oxide layer was assumed ic 

3 O 
c 

Energy 

Figure 3. Rutherford backscattering spectra from I x I0' f tcm -'samples oxidized for (a) * min., energy range 374 

to 1539 keV (b) 15 min.. energy range 388 to 1540 keV. and (e) I hour, energy range 385 to 1538 keV. 

Data arc shown as points, fit to data is shown as solid line. 
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Figure 4. Oxide region thickness and interface region thickness as u function of lime deduced from Rutherford 

backscatiering data of (a) l x I0 l ( ,cm : . (b) 3 x l()l"cm : , and (c) 1 x 10 | 7cm : . 



x : = k i + x„-', 

where x is the oxide thickness. x(, is the initial rapidly formed oxide thickness, k, is the parabolic rate constant, and t 

is lime. Acceptable fits were oblained for the low and medium dose cases and arc shown in Table II and Fig. 5. The 

high dose case could not be fit with such a simple model. Note that these values of \ correspond to complete 

consumption of Cr atoms from about the first 130<)A of the base alloy. This depth exceeds the Y implantation depth. 

We do not imply that the simple function of Eq. I describes the operative mechanism in the oxidation process. The actual 

mechanism in believed to be the sum of three terms: a parabolic term for oxidation of the implanted atoms (ie internal 

oxidation), a parabolic term for oxidation of the base metal, and a term that accounts for consumption of the limited 

quantity of implanted atoms. This model neglects the effect of interface roughening. Ik-cause we have data at only three 

oxidation times, it is not possible to fit such a complex model. Roughening of the interface further complicates analysis 

of the experimental data. As a result, the k f values that arc shown in Table 11 arc intended only to indicate that the steady-

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

Table Jl Values for k and x deduced from fits to the low and medium dose data for oxidation at lOtWC in 
flowing oxvgen 

Dose 
(cm : ) 

k 
p 

loirs' 1) 
std. error 
(cm;s ') 

x() 

(cm) 
std. error 
(cm) 

1 x 10" 
3 x 10'* 

5 .36x10" 
7.41 x 10 -" 

7.49 x 10" 
2.61 x 10 " 

5.69 x !(>-» 
7.97 x 10-» 

2.56 x 10" 
1.32 x 10-
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Figure 5. Total oxide thickness as a function of time deduced from Fig. 4 for doses of I x 1017. 3 x I0" \ and 

1 x I 0 l h cm ; . Fits to the data arc plotted as solid lines. 



Location of the implanted atoms in the oxidized sample 

Various techniques have been applied in the past to investigate the distribution of the reactive-element implant 

in the oxide layer and in the base metal. Two observations are generally reported: for sufficiently high implantation 

doses, the implanted atoms are primarily found near the oxide/gas interface and for lower doses, the implanted atoms 

are primarily found near the oxide/metal interfaced. 14. 15, 21-27). Similar observations have in the past generally 

been attributed to a change in the oxidation mechanism from predominantly cation diffusion at low doses to 

predominantly anion diffusion at high doses. However, we feel strongly thai conclusions from inert marker experiments 

and inferences based on the location of the reactive element in the oxides are subject to errors, as clearly demonstrated 

by Young and de\Vit(28.21)). Resolution of this problem awaits "0/ l s O SIMS or nuclear reaction analysis experiments 

on fully-dense oxide layers. 

Figure d shows the Y depth distribution for the three oxidation times for the three doses 1 x 10'". 3 x l()"\ and 

I x 10''cm •'. The horizontal bars define the thickness of the interlace region. All plots show a slight enhancement 

in Y concentration at the surface of the oxide. Below the surface of the oxide, the Y concentration drops to nearly zero 

before rising to a peak. For the highest dose implantation case, results indicate that additional Y was concentrated about 

2(HX)A below the oxide surface after 5 min and \5 min oxidations. However, this high dose result is suspect. The Y 

backscailering signal at this greater depth is buried under Fc and Cr signals which vary unevenly with energy, adding 

uncertainty to the lining results. These difficulties do not apply to the Y distribution for depths up lo about lOOOA of 

oxide, since the Y signal is free of Fe and Cr background signals up to that depth. 

The peak in the Y distribution for the low and medium dose samples is located near the oxide/metal interlace 

for all oxidation times. The first peak in the Y distribution in the high-dose case was always located within the oxide, 

~8(K)A 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 relative lo the oxide surface as a function of oxide 

thickness. It is clear from this figure that after the initial rapid oxidation, the oxide thickens toward the surface side of 

the peak in the Y distribution lor the low and medium dose cases because the Y peak position relative to the ox ide surface 

increases as a function of oxide thickness. In the high dose case, the oxide thickens below the peak in the Y distribution 

as 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 to 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 linearly with retained dose. A point that 

is less clear is how much Y was left in the metal. Collins ct al.( 14.30) found in oxidation of Y implanted Crthat after 

oxidation, and removal of the oxide by polishing, the sample still persisted to exhibit reduced oxide growth rale possibly 

implying that some reaclive element was left in the metal after polishing. Although we cannot say with complete 

generality, we know that in some cases (particularly in the short oxidation limes) Y was still present in the metal after 

oxidation. 

Hondros has shown thai for a variety of segregants in a variety of matrices, the variation in concentration of 

soluie with distance from a grain boundary is nearly independent of.solule or matrix as shown in Fig. 8(31). One of the 

segregation curves in Fig. 8 is for Y segregation lo grain boundaries in Al.()l(32). Yttrium segregation to grain 
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Figure 6. Y depth distribution for the three oxidation times for the three doses (a) I x I0" \ (b) 3 x 10"\ and 

(c) l x 10" cm : . Horizontal bars define the interface region. 



1200 -p 
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Figure 7. Depth within oxide of peak in Y distribution relative to the oxide surface as a function of oxide thickness 

boundaries in 0,0,-0.09 weight percent Y.O, has been observed on fracture surfaces of polycrystalline samples 

fractured intergranularly at I200°C in compresxion(33h Based on this evidence, we expect that in the oxide layers, the 

implanted atoms are segregated to Ihe oxide grain boundaries. 

Pryzbylski et ul. have applied high spatial resolution x-ray energy dispersive spectroscopy to determine the 

location of implanted Y {70 keV, 2 x It)1" cm :) in the oxide layer formed on Co-15 weight percent Cr(23. 34-36). By 

using a very small electron probe on thin plan sections of the oxide layer, Pryzbylski el al. have been able to identify 

that Y is segregated al monolayer concentrations to the grain boundaries in the growing Cr,0, layer. Tb? measurement 

of detectable amounts of Y al oxide grain boundaries is in contrast lo observations in oxides grown on alloy.-, where Ihe 

reactive element has proved to be rather difficult to detect! 37). 

Pryzbylski ct al. have also reported that perovskite YCrO, precipitates form in (he growing oxide laycr(38). 

These precipitates were identified using convergent beam electron diffraction. While the present authors have been 

unable to confirm the indexing scheme reported by PryzbyJski el al., we itga'c that it is possible to index Ihe patterns 

as YCrO,. This conclusion is in agreement with what would be expected from the equilibrium phase diagram for the 

O\0,-Y,0, system. However, ihe existence of the perovskite particles is an interesting observation in light of ihe rather 

high probability that the implanted atoms internally oxidize lo Y,0, before incorporation in lo ihe growing oxide layer 

where it would then have to undergo a solid stale phase transformation to YCrO, at a rather low temperature. 

The above information leads us to hypothesize that reactive element ion implantation impacts oxidation 

behavior in two distinct 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 ihe oxide/metal interface following 

oxidation and (2) above ihis critical level, the majority of the implanted element will be found near the oxide/gas 

interface. The critical concentration is probably related to the formation of a second phase in Ihe scale, which may be 

related to the formation of a second phase in the alloy, either during implantation or upon healing ihe sample for 

oxidation. This is reasonable since only 10.53 al. c/r Y is necessary to completely form Y,M(. where M canbeFe. Ni. 

or Co. and the solubility limit of Y is expected to be less than I at. vk for chromia- scale forming alloys! 17. 39). 
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Figure 8. Grain boundary segregation measured in a number of systems (31). 

The near-surface concentration of implanted atoms is a function of both ion dose and ion energy. By reviewing 

the literature( 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 each 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. "ft of the imermetallic 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 observed is not the reactive-element effect by its most strict definition. At these high doses, we 

believe that second phase formation in the oxide is likely, an occurancc that is not always observed in alloy systems (40) 

(except perhaps in the oxide located immediately over rare-earth yttride precipitates in the metal) and which is not 

required for the reactive-element effect to be operative. 

Composition of the oxide layer in implanted samples 

Analyses of the RBS spectra show that all of the oxide layers are composed of a thin (447± 138A) outer layer 

of Cr.O, containing 7.0 ± 3.5 atomic percent Fe near the surface. This is illustratei in Fig. 10 where we plot the Fcand 

Cr depth distribution corresponding to the high dose implant after I hour of c •, lation. The presence of Fe in the oxide 

is expected in alloys oxidized in oxygen partial pressures that are high er. ,;gh to oxidize Fe. In separate experiments, 

oxide compositions of Fe-13Cr oxidized in Ar-7%0, and in H,-H,C at 7O0°C have been studied by RBS. Iron-

containing oxides were observed for the oxidation in Ar-7%0, as shown in Fig. 1 la. However, in the H,-H.O case 

(very low oxygen partial pressure) almost no Fe was observed in the oxide (Fig. 1 lb). 
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Figure 10. Fe and Cr depth distribution as deduced from the high dose implant after I hour of oxidation. 

Composition of the oxide layer in alloyed samples 

We have used RBS and SIMS to investigate the composition of oxide layers formed on alloys of Fc-13Cr. Fc-

24Cr. Fe-13Cr-0.3Y, and Fe-24Cr-0,3 Y thai were oxidized in Ar-7%0, and in H,-H,0 at 700°C Figure 12 shows an 

ion-induced secondary-electron image of the surface of Fe-13Cr-0.3 Y oxidized in Ar-7%0, acquired using u 30 keV 

Ga* ion gun on a Vacuum Generators high spatial resolution analytical ion microscope. The surface contains a smooth 

surface oxide and nodules protruding from the surface. SIMS confirmed thai the smooth oxide was Cr,O v Figure 13 
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Figure II. (y)SIMS Fedcpll) profile thmughoxideJayeronFe-BCnilloy oxidized in Ar-7%0, m 7!X)°C. (b)SlMS 

Fe depth profile through oxide layer on same alloy oxidized in H,-H,0 at 700°C. Each symbol represents 

a different depth profile. 

shows a depth profile through one of the nodules in Fig. 12. These oxide nodules are high in Fe compared with the 

smooth oxide- Further, each nodule has Y at its center as can be seen in Fig. 13. We believe $hai these nodules lie on 

top of Y,(Fe,Cr)l7 precipitates in the base metal. During oxidation, these yttrides in this relatively low-Cr alloy 

apparently oxidize very rapidly compared to the surrounding alloy ihus forming Y-rich nodules. We believe that this 

behavior is similar to the transient oxidation behavior observed in the high dose implantation where the Y concentration 

at the sample surface is comparable to that of Y:(Fe,Cr)17. 

Nodule formation is not observed in Fe-24Cr-0.3Y alloys as shown in Fig. 14a, the ion-induced secondary-

electron image from the surface of an oxidized Fe-24Cr-0.3Y alloy. This image exhibits small areas of light contrast. 

In puraSlel with the acquisition of this secondary-electron image, a Y secondary-ion image was also acquired. Figure 

14b shows a representation of the Y distribution overlayed on Ihe secondary-electron 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 'a Fig. 

14a. Images were acquired as a function of depth during sputtering with the 30 keV Gu* ion source. Continuous Y rich 

regions of oxide were observed throughout the scale thickness indicating thai Y is present in the scale in columns located 

atop the yttrides 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 heterogeneous distribution is in sharp contrast to that produced in ion 

implantation, at least for doses below me 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 scale. 

Oxygen transport in the oxide, 

SIMS depth profiling was carried out at NRC Canada after I hour further oxidation at 900°C in "O. One of 

these data sets is shown in Fig. 15 where we plot the concentration of mass 71 relative lo mass 69+71 as a function of 

sputtering time. The sputtering beam current was one half as large for the high dose sample as for the other two samples. 

A peak of'he Y"0 signal occurred after about 20 to 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 profiles 



Figure 12. Ion-induced secondary' electron image of surface of Fe-13Cr-().3Y alloy oxidized in Ar-7%0, al 7(KVC. 
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Figure 14. (a) Ion induced secondary electron image of surface of Fe-24Cr-0.3 Y oxidized in Ar-7%0, al 700°C. (b) 

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



indicate that the highest l s O concentration occurred at the surface, and was quite low in the bulk of the oxide. As the 

Y implantation dose increased, the l s O content in the oxide decreased. At the highest Y dose, a buildup of '"O was 

observed to coincide with the peak in the Y distribution. Thisdata suggests that Y reduces the inward transport of oxygen 

through a chromia scale, and at high enough concentrations can trap a significant portion of the inwardly migrating (). 

Without further experimentation, it is impossible to establish the growth mechanism of the oxide layers. 
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Figure 15. SIMS depth profiles for mass 71 ICVO) lor ihe (a)l x 10"'. (b)3 x K)1". and (c) 1 x 10" cm '. The 

sum of Cr'^O and Cr'"0 signals is 100%. 



Relation of the present results to transport in the oxide. 

If oxidation proceeds by diffusion along short circuit paths like grain boundaries in the oxide layer, the equation 

that describes the usual diffusion controlled oxidation kinetics. 

tf = kpt (2) 

where x is oxide thickness, t is time, and k( is the so-called parabolic rate constant, still holds, but Ihe expression lor 

k must be modified to reflect the fact that grain-boundary diffusion is the dominant mechanism of mass transport in 

theoxide{41): 

k^tainsilD'S/g. (3) 

i . , D' is the grain boundary diffusion coefficient. 5 is the effective grain boundary width, and g is the 

average grain diameter. If cation diffusion is the ra.e controlling mechanism, the constant in I:q. 3 is of the order 50. 

the exact value depends on the oxygen partial pressure dependence of D'S. The parabolic rate constant is a function 

of both grain-boundary diffusivity and oxide grain size. 

To compare the present results from Table II and literature data(22, 37,42-45 > on growth of Cr2i)3 122. 37. 

42,43) with cation and anion diffusion measurements (44,45), we convert the experimental values of k, lo values of 

D'S 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. In a recent study by King and Park.(44) anion diffusiviiies 

in me lattice and along grain boundaries were measured on sintered poIycrystaJs ot'Cr,Ol and Cr,O(-0.W weight percent 

Y.O. at 1100°C and at the oxygen partial pressure corresponding to that of the Cr/Cr,0, equilibrium at thai temperature. 

Results demonstrated thai under the same conditions, anion diffusion is significantly faster than cation diffusion. 

However, because the oxygen partial pressure dependence of anion diffusion in Cr,()( isunknown.il is nol possible lo 

convert values of kp to D'S based on this new information. Therefore we calculate values of D"fi assuming that cation 

diffusion is the operative mechanism and compare the results with values of D'S measured from cation and anion 

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

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

Fig. 16 arc the D'S values from cation(45; and anivjn(44) tracer diffusion studio. I; j.i iiujjor.ar.i ;u uutc ;i:ai the vuluc:. 

for D'S deduced from kr measurements are spread over 2 orders of magnitude. Also, ail values for D'S, 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.O, and Cr.O, doped with Y ,0 4 at 11 (X)°C. This indicates Ihut cation 

grain boundary diffusion is far too slow to explain the observed oxide growth rales in unimplantcd samples. However, 

these data are consistent with the anion grain boundary diffusion data of King and Park(44). The oxidation rales of the 

implanted samples in this study and in that of Pivin et al.(22) are consistent with rate control by cation grain boundary 

diffusion. 

In the past, we have analyzed ihe results of oxidation experiments by Caplan and Sproule{46) in terms of caiion 

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 growth of these grains was controlled 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 

http://isunknown.il


Table 111. Values for D'S Determined from literature Jala. 

T P„,(i) p„.(ol k 1? D'5 Ret'. 
<°K) (Pa) (Pal (curs ') ()jni) (em's '1 

1173 1.92 x 10 " 1.00 x I0! 1.03 x 1 0 " 1.(1 4.92 x 10 '" 21 
1173 1.92 x 10" 1.00 x 10' 1.03 x 1 0 " 5.0 2.46.x 10 " 21 
1173 1.92 x 1 0 " 1.00 x 10' 2.21 x 1 0 " 0.1 1.05 x 10-'" 218 
1173 1.92 x 10" 1.00 x 10' 2.21 x 1 0 " 0.3 3.61 x 10-'" 215 
1173 1.92 x 10" 1.00 x 10' 7.37 x 1 0 " 0.1 3.52 x 10-'' 218 
1173 1.92 x 10" 1.00x10' 7.37 x 1 0 " 0.3 1.06 x 10-'" 218 
1173 1.92 x Id-'" 1.00 x 10' 4.00 x 1 0 " 0.1 5.48 x K ) 1 ' 37 
1173 1.92 x I0 ;" 1.00 xlO' 2.50 x 1 0 " 0.1 1.19x 10" 37' 
1273 8.23 x 1 0" 1.00 x 10' 5.36 x 1 0 " 0.11 1.88 x 10 ;" 88 
1273 8.23 x 1 0 " 1.00x10' 7.33 x 1 0 " 0.5 2.23 x 10 " 42 
1273 8.23 x 10" 1.00 x 10' 7.41 x 1 0 " 0.14 3.30 x 10'" 88 
1273 8.23 x 10" 1.00 x 10" 7.33 x 1 0 " 0.5 2.36 x 1 0 " 42 
1298 3.24 x 1(1 " 5.00 x 10' 1.00 x 10"' 0.15 1.91 x 1 0 " 37 
1298 3.24 \ Id1' 5.00 x 10' 1.80 x 1 0 " 0.15 «).«? x 10 " 37' 
1348 4.30 x 10'" 1 .(XI x 10' 2.90 x 111"1 1.5 8.99 x 10'" 43 
1373 - - 2.10 x 1 0 " 44' 
1373 - - - 2.25 x 10 "' 45"' 
1373 - - 7.20 x 1 0 " 44" 
1373 - 8.61 x l()-'» 45" 
1473 1.28 x 10" 7.00 x 10-' 6.50 x 1 0 " 3.0 8.68 x 10 '" 43 

Cr-Y alloys 
•"Cr diffusion in Cr,0, 
<Cr diffusion in Cr'.O.-Y.O, 
•>0 diffusion in Cr ;b,-Y,0, 
l sO diffusion in CrO, 

S Y ion implanted 
$Jj This Work 

is controlled by bulk diffusion of anions. This result along with other measured anion bulk diffusivities are plotted in 

Fig. 17(44 48.49). Note the result of Caplan and Sproule at I KX)°C is within the error bar of the anion traeer diffusion 

in pure Cr,0 ( result ol King and Park. This analysis assumes that anion diffusion has die same oxygen partial pressure 

dependence as calion diffusion. The cation diffusion results of Park et at(45) and Atkinson and Taylor(50) arc also 

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

Conclusions 

Ion implantation of rcaciive elemenls into metafs that form ehromia upon high temperature oxidalion gives 

rise lo a reduction of oxide growth rate, enhanced oxide adhesion, and early formation of a coniinuous, single-phase 

chromia layer. A transient oxidation behavior is observed ihat appears to he associated with rapid oxidation through 

the implanted region. There appears to be a critical implantation dose above which a change in the oxidation behavior 

of the alloy is observed. Below the critical dose, the implanted atoms are located near to the oxide/metal interface. In 

this regime, the reactive-element effect due to implantation of energetic ions seems lo be similar to the effects observed 

due to alii ng with reactive elemenls except thai in alloys the reactive element is not found in such high concentrations 

in the oxide layers (except over yttrides) as in implanted samples and implantation gives rise to a larger reduction in 

growth rate compared to alloying. Below the critical dose, ion implantation produces a laterally uniform distribulion 
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Figure 16. D'S values deduced from previous experiments plotted as a function of inverse temperature. 
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Figure 17. Anion bulk diffusion values deduced from previous experiments plotted as a function of inverse 

temperature. 



of reactive element whereas alloying often results in second phase formation in the base metal. Above the critical dose, 

the implanted atoms are tound near to the gas/oxide interface. Additionally, second phase formation in the scale 

probably occurs. This is most likely due to the very rapid oxidation of the high implant concentration region as observed 

in nodule formation in Fe-l3Cr-(OY alloys. Chromia formed on unimplanted alloys grows at rates consistent with 

anion grain boundary diffusion. Whereas, chromia on implanted alloys grows at rates consistent with cation grain 

boundary diffusion. SIMS data suggesl that Y reduces the inward transport of o\ygen through a chromia scale, and at 

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

Ion implantation is certain to continue to have a large impact in elucidation ofthe mechanisms of the reactive-

element effect. This is primarily because implantation allows the reactive element to be in jeetedina measurable amount 

at a measurable location. The uniform implant distribution in the plane of the sample surface greatly simplifies the 

problem. However, we must keep in mind ihai in alloys the effect is present with very Jow concentrations of reactive 

element in the oxide layer. Many investigators suggesl that implantation alters the oxidation mechanism between 

control by anion and cation transport. Implantation experiments will play a key role in determining the operative 

mechanisms. 

Does ion implantation give rise to the reactive-element effect as defined by Whittle and Stringer(51)? The key 

10 answering this may be in the rather large amount of reactive element that is observed in scales. If the large amount 

of reactive element in the scale gives rise to a secondary mechanism, then this is not the classical reactive-element effect. 

However in the dose ranges below the critical dose, ihe effects are too similar to that observed in alloys to conclude that 

this is not the reactive-element effect. But it could be thai the mechanisms are not the exactly the same. If the 

mechanisms for the reactive-element effect in alloys is the same as in implanted metals, then we must find reactive 

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

We have investigated the effect ot Y implantation on the high lemperalurc oxidation of Fe-24Cr. In the case 

ofthe low and medium dose samples. Y was observed to be located near the metal/oxide interface even though the metal/ 

oxide interface has passed through the original implanted depth. In the high dose case, an Y rich layer was observed 

within the oxide layer. A critical dose vs implantation energy relation was proposed to better define this change in 

behavior. All samples were observed to form a CrX), layer very quickly, followed by very slow growth. Recent 

e: oerimenls motivate us to look to cation diffusion as the operative mechanism for growth of these ox (descales. The 

growth rale on the low and medium dose regions was nearly as slow as that predicted from recent cation grain boundary 

diffusion measurements on polycrystalline Cr,0,. However, the absolute value of the parabolic rate constant is 

uncertain due to operation of more than one mechanism and roughening of the metal oxide interface. However the 

growth rales were consistent with previous studies. 
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