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Specimens of Co-25 wt. % Cr, C0-25 wt. % Cr-1 wt. % Y, and yttrium- 
implanted Co-25wt.% Cr alloy were oxidized at 1000~ in 1 atm 02. The 
implantation dosage ranged between 1016 to 10 t8 ions/em 2. The unimplanted 
binary alloy oxidized to a duplex Co-rich scale, but the Y-containing ternary 
alloy formed a continuous Cr203 layer. When the implantation dosages were 
lower than a nominal 10 t8 ions/cm 2, the alloy failed to develop a similar 
continuous Cr203 layer as that observed with the Y-containing alloy. A tem- 
porarily stable external Cr203 scale was formed on the most heavily implanted 
specimen (1 • 1018 Y§ This Cr203 scale consisted of very fine-grained 
oxide, which is permeable to the outward transport of  Cr and Co. Internal 
oxidation pretreatment of the ion-implanted specimens converting the Y metal 
to its oxide prior to the oxidation experiment, can enhance the development of 
an external Cr203 scale, but this scale is also unstable. Results suggest that 
the selective oxidation of  chromium in an ordinarily non-CreO3-forming alloy 
can be due to the reactive element oxides acting as preferential nucleation sites 
on the alloy surfaces, but the subsequent growth of  these scales may require 
a continuous supply of  reactive elements in the alloy. 
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I N T R O D U C T I O N  

One impor t an t  effect o f  mino r  a l loying add i t ions  of  react ive e lements  or  
thei r  oxides  on Cr203-forming alloys is the selective ox ida t ion  o f  c h r o m i u m J  
This effect is pa r t i cu la r ly  n o t i c e a b l e  on a l loy  systems,  which  n o r m a l l y  do  
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not have enough chromium to form a continuous external Cr203 scale. For 
this purpose, a dispersion of  the reactive metal oxide is more effective than 
the corresponding reactive metals, z In Co-Cr  alloy systems, protective Cr203 
can be formed on alloys containing as low as 10 wt.% Cr with 1 wt.% Hf, 
Ti, or Zr internally oxidized prior to the oxidation. 2 Stringer and Wright 3 
also observed the formation of a continuous Cr203 layer on Co-21 wt.% Cr 
with 3 vol.% Y203 addition, and Wright e t  aL 4 reported similar observations 
on a Co-13 wt.% Cr-3 vol.% Y203 alloy. In all cases, the dispersoid parti- 
cles, whether mechanically added or internally formed in the alloy, were 
responsible for the selective oxidation of Cr to form a continuous Cr203 
layer. This Cr203 layer developed across the entire specimen surface except 
at dispersion-free areas. Furthermore there was usually little overgrowth of 
the base metal oxides. In an alloy system that normally would develop the 
Cr203 protective scale upon oxidation, the reactive element addition reduces 
the time it takes to develop the continuous Cr203 layer, and there is again 
less base metal oxidation. 

The ability of reactive metals or their oxides present in Cr203-forming 
alloys to promote the protective Cr203 scale development was first attributed 
by Davis e t  al. 5 to an enhanced chromium diffusion in the alloy. Studies 6'7 
have shown that the diffusivity of chromium in a dispersion-containing 
(ThO2 or CeO2) Ni or Ni-Cr  alloy was an order of magnitude higher than 
that of a dispersion-free alloy. Since the transition between external scale 
development and internal oxidation is dependent upon the interdiffusivity 
of the scale-corming species, 8 an increase in the diffusivity of chromium in 

(l~all~ would naturally enhance the external Cr203 scale the alloy ~'-'Cr J 
development. 

Later diffusivity measurements carried out by Seltzer e t  aL 93~ on Y203 
and ThO2 containing Ni-Cr  and Co-Cr  alloys have shown that the presence 
of dispersoids alone does not enhance the diffusivity of chromium in the 

r~aHoy increases with decreased alloy grain sizes. When the alloy. However, ,--c~ 
alloy grain size of both the dispersion-containing and the dispersion-free 

r-~alloy alloys were the same, no enhanced ~-cr was observed. These results imply 
that any higher dislocation densities present in dispersion-containing alloys 
is not a major source for chromium diffusion in the alloy. Rather, grain- 
boundary diffusion dominates the overall chromium diffusivity. Their 
observations were in accord with those of Giggins and Pettit, 11 which showed 
that Cr203 developed on Ni -Cr  alloys more readily over alloy grain boun- 
daries than over the bulk of the grains, and on cold-worked surfaces, which 
recrystalize to form smaller grains, than on polished ones. Since both reactive 
metal and oxide dispersions tend to stabilize a fine alloy grain size, 12 the 

r~a.oy observed earlier by Fleetwood 6 and Wenderott 7 can be enhanced "-'Or 
explained as a result of the decreased grain sizes produced by the oxide 
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dispersions. Thus, it is possible that the presence of the reactive metals or 
I~all~ and aids in oxides decreases alloy grain size, which in turn increases ,-,cr 

the initial development of the Cr203 scale. Nevertheless, while Co-10 and 
15 wt.% Cr alloys containing 1 wt.% Ti, Zr, or Hf failed to form even a 
continuous Cr203-healing layer, a continuous external CrzO 3 scale was 
promoted after an internal oxidation pretreatment converting the Ti, Zr, or 
Hf  metal to its oxide. 2 There was no change in alloy grain size as a result 
of the internal oxidation, and it is equally unlikely that much substructure 
was generated by this treatment. This work indicates that the enhanced 
chromium diffusivity in the alloy caused by the decreased grain sizes cannot 
be a major factor in promoting the initial protective scale development. 
Rather, the evidence supports the mechanism suggested by Stringer et  al.  13 

that the oxide dispersions reduce spacings between the first formed nuclei 
on alloy surfaces and thus promote a continuous Cr203 scale. 

The nucleation of Cr203 on a Ni-20Cr based alloy with or without the 
dispersion of Y203 was recently studied by Braski et  al. 14 It was concluded 
that the earlier development of the protective Cr203 scale on dispersion- 
containing alloys could not be accounted for by the mechanism proposed 
by Stringer e t  al . ,  13 since no preferential nucleation of any oxide particle 
was observed at dispersoid particles intersecting the specimen surface. The 
slight enhancement of Cr203 scale formation on dispersoid containing 
specimens were explained to be due to an increased flux of chromium to 
the specimen surface. This idea was supported by the fact that the disloca- 
tions in the fully annealed samples tend to be pinned by dispersoid particles 
and thus form easy diffusion channel for chromium. However, Braski 
et  al. 14 also argued that this slight selective oxidation behavior in the very 
early stage could not have any significant overall effect on steady-state 
oxidation rates. Their results indicated that the major role of the dispersoids 
was not to cause the rapid formation of a continuous Cr203 film. Rather, 
it was to alter the microstructure of the scale which formed. The consequence 
of the modified microstructure was to make the scale less permeable to 
material transport. 

Recently, ion implantation has been a technique widely used for the 
study of the reactive element effects. The technique permits incorporation 
of reactive metals into only the surface region of alloys. Subsequent oxida- 
tion behavior of the implanted alloys can then be compared with the 
untreated alloy or with alloys containing the reactive metals in the bulk. 
Among the group of Cr203-forming alloys, Ni-30Cr, 15'16 Ni-33Cr, 17 Fe- 
43 Ni-43 Ni-27Cr,17 and a 20Cr-25 Ni-niobium-stabilized austenitic stainless 
steel 1s'19 have been used as the base alloys for the implantation studies. All 
these alloys are good Cr20 formers; i.e., the alloys can develop a protective 
Cr203 external scale even without the presence of the reactive elements. 
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Although the implanted reactive elements, particularly Y and Ce, have been 
shown to reduce the transient stage of oxidation of these good Cr203 formers, 
it remains to be determined whether the presence of reactive elements on 
specimen surfaces alone could promote a continuous Cr203 scale formation 
on ordinarily non-Cr203 formers. The purpose of this study is to carry out 
such an evaluation. 

The effect of  different dosages of yttrium implant on the oxidation 
behavior of  Co-25 wt.% Cr alloy has been studied at 1000~ in 1 atm 02. 
Co-25 wt.% Cr is a borderline Cr203-former. At 1000~ in air, it oxidizes 
to form a Co-rich duplex structure. 2~ But, with the reduction of the ambient 
Po2 to less than 100torr, 2~ or with the inclusion of minor amounts of  
impurities such as Si, 22 it can oxidize to form a continuous external Cr203 
layer. In order to compare the effect of  reactive elements as implanted 
species or as alloying additions, the oxidation of a Co-25 w t % - I  wt.% Y 
alloy was also studied. Some of the implanted and some of the alloyed 
yttrium-containing materials were internally oxidized prior to the oxidation 
experiment, since reactive metal oxide dispensations have been shown 2 to 
be more effective in promoting Cr203 scale formation than the reactive 
metals themselves. 

Experimental  Procedure 

Alloy Preparation 
The CoCr  binary alloy used in this study was prepared from high purity 

elements by induction melting and casting under an argon atmosphere. The 
alloy ingot was cleaned by machining off the outer surface layers and then 
was homogenized by annealing in evacuated, sealed quartz tubes for 24 hr 
at 1100~ The grain size of  the alloy ranged from 260 to 1040/xm, and the 
grains had an equiaxed structure free from inclusions. 

The ternary CoCrY alloy with the nominal composition Co-  
25 wt.% Cr-1 wt.% Y was made from the binary CoCr  alloy. A small portion 
of the homogenized Co-25Cr  ingot was cut and placed with 99.9% pure Y 
chips in an alumina crucible and melted in an arc furnace under a reduced 
Ar atmosphere.  The resulting ingot was a 25 x 25 x 19-ram block. After 
machining off the outer layer of the ingot, it was homogenized at 1100~ 
in vacuum for 24 hr. X-ray diffraction analysis of  this alloy did not show 
any Y-containing compounds  except near the edges of  the ingot, where 
Y203 was present due to some internal oxidation of the Y. Observation 
under the optical microscope showed that the Y concentrated at grain 
boundaries. The alloy grains were slightly elongated with a relatively uni- 
form grain size. The average grain width was 28/xm and the average grain 
length was 61/xm. These grains were much smaller than those of the 
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Co-25Cr alloy. Results from chemical analysis showed that the actual Y 
concentration was 0.98 wt.%. 

Ion Implantat ion 

Ion implantation was carried out in the injector portion of the heavy 
ion linear accelerator (superHILAC) at the Lawrence Berkeley Laboratory. 
The acceleration voltage of the ions was usually adjusted to 400 keV, and 
the average current density was 3 /xA/cm 2. Specimens used for the ion 
implantation were disc shaped, with a diameter of 15 mm and a thickness 
of 1 mm. Each specimen was polished to a 600-grit surface finish and 
carefully degreased immediately before the implantation. Individual speci- 
mens were held in an aluminum seat that covered 5 mm of the periphery 
of the specimen to give each specimen an implanted area next to an 
unimplanted area for later comparison of oxidation behaviors. 

Dosages used in this study varied from 1016 to  1018 ions/cm 2. The 
desired dosage is a known function of the total amount of beam current to 
which the specimen is exposed. The actual dosage on the implanted face 
should, however, be less than that indicated by the total current because 
emission of secondary electrons from the specimen surface is not suppressed 
nor accounted for. Later experimental measurement of the implanted dosage 
on selected specimens using the Rutherford backscattering (RBS) technique 
showed that the error was about 50%. In this paper, a dosage is always 
referred to the value obtained from the total current, unless stated otherwise. 
It should be I?orne in mind that the actual dosage is only approximately 
half of this value. From estimates based on the theory proposed by Lindhard 
et al., 23 the depth distribution of the ions can be calculated. The calculated 
maximum concentration and depth, together with the depth of the implanted 
zone are detailed in Table I. Results obtained from selected specimens 

Table I. Distribution of Implanted Ions Using 400-keV Voltage 

Calculated by the LSS 
procedure Experimental measurement by RBS 

Depth Depth Depth Depth 
Dosage Max. (/~) of (/~) of Dosage Max. (,~) of (,~) of 

Ion (atoms/ eonsn, max. implant- (atoms/ (concned m a x .  implant- 
Substrate implanted cm 2) (at.%) concn, at• cm 2) (at.%) concn, at• 

Co-25Cr Y+ 1 x 1016 1.73 679 1478 3 x 1015 0.45 605 • 60 1578 
5 • 1016 8.63 679 1 4 7 8  . . . .  
3 x 1017a - -  - -  - -  1016-1017 6.73 760• 1595 
1 x 1018 >100 679 1478 4x 1017 23.54 510• 1430 

almplanted with three different voltages: 400, 800, and 1800 keV, with 1 x 1017 cm 2 dosage per voltage. 



50 Hou and Stringer 

probed by backscattering with 2-MeV He ions are also presented in the 
same table. 

Spatial distribution of the ions on the implanted surface is not very 
uniform, since the ion beam could not be rastered across the specimen 
surface. Since the beam intensity was the highest at the center of the beam, 
the variation in implanted dosage from edge to center in each specimen 
was found to be a factor of - 4 .  Occasionally, implanted specimens were 
annealed to remove radiation damage. The annealing was carried out in 
quartz tubes sealed under - 1  x 10 6torr vacuum at 700~ for 5 hr. 

Internal Oxidation Pretreatment 

Internal oxidation of  some ion-implanted Co-25Cr specimens was 
carried out prior to the normal oxidation experiments in order to convert 
the Y present in the alloy to Y203. Specimens of the untreated Co-25Cr 
alloy and of  the Co-25-1Y alloy were always included during this pretreat- 
ment in order to make possible comparisons of  their subsequent oxidation 
behaviors. 

Equal weights of a Cr-Cr203 powder mixture were used to establish 
a Po2, which is high enough to oxidize the Y internally but not high enough 
to oxidize the Cr or Co in the alloy. The powder mixture and the specimens 
were put in separate arms of a dumbell-shaped quartz tube to avoid contact 
of the powders with the specimen surfaces. Since it is not desirable to clean 
the surfaces of the implanted specimens by subsequent polishing, precau- 
tions were made to minimize any possible contamination from the quartz 
by placing both the powder mixture and the specimens in separate alumina 
boats. Studies 24 had indicated that transition metals can react with vitreous 
quartz at high temperatures and liberate SiO gas, which can deposit on the 
specimen surfaces. The quartz tube containing the specimens and the pow- 
ders were sealed under - 1 0  -6 torr vacuum. All internal oxidation runs were 
carried out at 1000~ The ion-implanted specimens to be internally oxidized 
were pretreated for 2 hr. These specimens were only cleaned by washing in 
an ultrasonic bath of ethanol before the subsequent oxidation experiment. 

Characterization of  the specimens after the internal oxidation (IO) 
pretreatment was carried out using Auger analysis and secondary ion-mass 
spectrometry (SIMS). The IO treatment did not introduce a large amount 
of contaminants on the specimen surface, except some Si, which presumably 
came from the quartz tube the specimens were sealed in. The Si observed 
corresponded to Si associated with SiO2. Not only was this Si present on 
the surface, it was also found penetrated into the alloy during the IO 
pretreatment. Continuous SIMS depth profiles of Y+, YO +, and O- were 
determined on the implanted surfaces before and after IO pretreatment. 
The purpose of analyzing the YO + signal was to be sure that the implanted 
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yttrium had indeed been oxidized as a result of the IO process. Figure 1 
shows the SIMS for Y+, YO § and O-  on a 3 x 1017 Y§ specimen 
before and after IO pretreatment. It is seen that before the internal oxidation, 
both O- and YO § were only present on the very surface of the specimen 
most likely due to oxidation of the surface Y from the atmosphere. After 
the internal oxidation, both profiles extended into the alloy, with the YO § 
profile closely resembling that of Y§ 

Oxidation 

Oxidation tests were carried out in pure dry oxygen at 1 atm total 
pressure. A Cahn 2000 microbalance was used for kinetics measurements 
at 1000~ Specimens were loaded into the apparatus and equilibrated with 
oxygen before the furnace was turned on. The heating rate of the quartz 
lamp radiation furnace was high enough to achieve a stable specimen 
temperature of 1000~ in 10min. After the desired oxidation time, the 
furnace was turned off and specimens were cooled in 02 to room temperature 
in - 3 0  min, during which time the weight lost due to any spallation could 
be measured on the microbalance. 

Scale Characterization 

Analyses of the oxidized specimens involved initial observations of the 
oxide top surfaces under  a scanning electron microscope (SEM) equipped 
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Fig. 1. Continuous SIMS depth profiles of Y+, YO +, and O- on 1 x 
10 ~TY-implanted Co-25Cr before and after internal oxidation pretreatment. 
Sputtering was carried out using Ar with an approximate rate of 2500 nm/min. 
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with energy-dispersive X-ray analysis (EDX), while the oxides on selected 
specimens were examined by X-ray diffraction (XRD). Subsequently, these 
specimens were mounted and polished for cross-sectional observations using 
both an optical microscope and the EDX-equipped SEM. Some thin oxide 
scales were also studied using a Physical Electronics model 590 Scanning 
Auger Microprobe (SAM) and UTJ SIMS. 

Results 

Kinetics 

On all implanted specimens, there was an appreciable amount of surface 
area that was shielded from the ion beam and therefore was not implanted 
The oxidation kinetics of the implanted surface needs to be corrected from 
the knowledge of the implanted area (A~), the unimplanted area (A2) and 
the weight gain behavior of the unimplanted specimens oxidized under the 
same condition. Thus 

Aw - w'A1 
W 2 - -  

A2 

where w2 is the weight gain per unit area due to the implanted surface; 2xw 
is the total weight gain from the implanted specimen; and w' is the average 
weight gain per unit area from the unimplanted specimen. 

Figure 2 plots w2 as a function of time for various ion-implanted 
Co-25Cr alloys oxidized under 1 atm O2 at 1000~ Annealing of the 
implanted specimens generally did not alter the oxidation kinetics. Also 
presented in Fig. 2 are the oxidation kinetics of the unimplanted Co-25Cr 
alloy and the yttrium-containing Co-25Cr-1 Y alloy for comparisons. Perfect 
parabolic behavior was observed for the Co-25Cr-lY and the l x 
1018/cm2Y-implanted Co-25Cr specimens after the initial 5 hr of oxidation. 
The others only showed a near parabolic behavior after about 8 hr. Approxi- 
mate parabolic rate constants were determined using ( A m ~ A )  2 =f( t )  linear 
plots. The constants are given in Table II, where the spallation behavior of 
these specimens is also described. From these results, strong dosage depen- 
dence was obvious. When the implanted Y+ dosage was as high as 1 x 1018 
ions/cm 2 (experimentally measured peak concentration equals 20-25 at.% ), 
the growth rate became significantly reduced, and the scale was adherent. 
However, this slow growth behavior was only temporary. After longer 
oxidation times, the weight gain began to increase, as shown in Fig. 3, and 
the resulting scale again spalled upon cooling. Annealing this high dosage 
specimen had no effect on either the subsequent oxidation behavior or the 
adherence of the scale formed. Other implanted specimens showed progress- 
ively less effect in reducing the growth rate with less implanted dosages. 
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Fig. 2. Corrected weight gain-versus-time plot for 
various ion-implanted Co-25Cr alloys oxidized 
in 1 atm O 2 at 1000~ The kinetics of unimplan- 
ted Co-25Cr and the yttrium bulk alloyed Co-  
25Cr-1Y are included for comparison. The 
implantation dosage is expressed in ions/cm 1. 

Table II. Summary of Oxidation of Co-25Cr, Co-25Cr-1Y, and Co-25Cr (Ion-Implanted) 
Alloys after 24 hr in 02 at 1000~ 

k~ 
Alloy (mg 2 cm -4 hr -~) Spallation behavior 

Co-25Cr 1.34+0.21 
Co-25Cr - lY  0.08 
Co-25Cr(La 2+, 1 x 1016)  0.49 

Co-25Cr(La z+, 1 • 1016) annealed 0.51 

Co-25Cr(Y +, 1 x 1016) 0.44 

Co-25Cr(Y +, 5 x 1016) 0.34 

Co-25Cr(Y +, 3 x 1017) 0.26 

Co-25Cr(Y +, 1 • 10 is) 0.02 
Co-25Cr(Y +, 1 x 10 TM) annealed 0.02 

General spallation detected after cooling 
No spallation occurred. 
Implanted area showed higher degree of 

spallation. 
Implanted area spalled to the same 

degree as the unimplanted area. 
Implanted area showed higher degree of 

spallation. 
Implanted area showed higher degree of 

spaUation. 
Implanted area showed higher degree of 

spallation. 
Implanted area showed no spallation. 
Implanted area showed no spallation. 
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Fig. 3. Kinetics behavior of 1 x 1018/cm 2 Y-implanted Co- 
25Cr after a longer oxidation time (50 hr) at 1000~ 

Furthermore, the scales formed on these implanted surfaces spalled more 
easily than that formed on the unimplanted surface. Annealing of these 
specimens did not alter the oxide growth behavior but eliminated the excess 
spallation tendency associated with the implantation. 

Scale Morphology and Composition 

The scales formed on the unimplanted Co-25Cr  alloy under these 
oxidizing conditions are shown in Fig. 4. The oxidized Co-25Cr  alloy 
developed a duplex structure with a ragged scale-alloy interface (Fig. 4a). 
Along the interface, there is a thin (2-6-/.~m), discontinuous Cr203 layer, 
as shown in the magnified scale in Fig. 4b. This layer was usually more 
complete in thinner scale regions. These thinner scales are referred to as 
Cr-rich protective scale in the remainder of  this paper. They consisted 
mainly of  three layers: a CoO layer decorated with CoaO4 at the scale-gas 
interface, a Cr203-healing layer at the scale-alloy interface, and a CoCr204 
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Fig. 4. Optical micrographs of the scale developed on the untreated Co-25Cr alloy. 
(a) General scale appearance after 24 hr at 1000~ in 1 atm O2. (b) Magnified view 
from part of (a), showing areas with a more complete Cr203-healing layer at the 
scale/alloy interface. (c) Regions of protective thin scales. 

spinel layer in between. This kind of structure, shown in Fig. 4c, is similar 
to that observed by Wright and W o o d  21 o n  a Co-30Cr  alloy. The fraction 
of surface covered by these Cr-rich protective scales was low on specimens 
oxidized for longer times (i.e., 24 hr, as the scale shown in Fig. 4a) but was 
much higher on specimens oxidized for only 3 hr. 

Typical scale morphology developed on the C o - 2 5 C r - l Y  alloy after 
24 hr at 1000~ is shown in Fig. 5. The scale consisted of a continuous inner 
layer of  Cr203 and an outer layer of CoO mixed with Co304. Yttrium was 
internally oxidized at the front of  the scale-alloy interface. Small particles 
were found on alloy grain boundaries, where the added yttrium had segre- 
gated before oxidation. The penetration depth of the internal oxidation 
zone was in general five times larger than the scale thickness. 

With implantation dosages of less than 1018/cm 2, the scales formed 
showed little difference from that of an unimplanted specimen. There was 
generally a higher percentage of the Cr-rich protective scale on the implanted 
surfaces. This percentage increased with increasing implantation dosage. 
Figure 6 shows the scale formed on the 1 • 1016 Y-implanted Co-25Cr  
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Fig. 5. Optical micrograph of the scale developed on the Co-25Cr-lY alloy after 24 hr at 
IO00~ 

specimen. The thin protective scale as shown in Fig. 6a had a healing Cr203 
layer at the scale to alloy interface of 2-6-/zm thickness. This type of 
structure consisted of approximately 50% of the scale formed on the 
implanted surfaces. Other areas developed a Co-rich duplex scale, as shown 
in Fig. 6b,c. The thickness of  these duplex scales varied noticeably. Some 
had a thin Cr203 healing layer near the alloy, some did not. 

The scale developed on the more highly implanted specimen (3 x 
10 ~7 Y+) is shown in Fig. 7. The scale was almost entirely the thin Cr-rich 
protective type with varying thickness (Fig. 7a). The Cr203-healing layer 
was found to be nearly continuous along the scale-alloy interface, except 
for a few locations, where the Co-rich duplex nodules were found. One of 
these large nodules is shown in Fig. 7b. Also shown in Fig. 7b are small 
fragments of  what appears  to be single-layered Cr203 scale. Indeed, SEM 
observation of scale top surfaces verified that on very rare and localized 
areas the oxide formed was only Cr203. 

The scale morphology on the most heavily implanted Co-25Cr  alloy 
(1 • 10 TM Y+) after 24 hr of  oxidation is shown in Fig. 8. The unimplanted 
area showed the usual Co-rich oxide grains and large areas of  spallation. 
The implanted side developed a fine-grained Cr203 scale, confirmed by 
XRD,  with an average grain size < 1 5 0 n m  containing - 1 2 a t . %  Y, as 
detected using EDX. Most of  the Y was present as Y203 after 4 hr of oxidation. 
Some had reacted to form YCrO3, but the amount  was comparatively small, 
as indicated by the relative intensities of YO + and YCrO + peaks in SIMS. 
With continued oxidation (after 24 hr), most of  the Y was probably present 
as the chromite, since XRD of the scale scraped off the implanted surface 
showed faint lines corresponding to YCrO3 only, not Y203. The Co content 
observed with EDX was primarily due to substrate contribution, since 
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Fig. 6. Different scale morphologies observed on the 1 • 1016 
Y-implanted Co-25Cr specimen after 24 hr at 1000~ (a) Thin 
protective scale with a healing Cr203 layer. (b,c) Large nodular 
Co-rich scales. 
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Fig. 7. Morphology of the scale formed on the 3 x 1017 Y-implanted Co-25Cr specimen after 
24 hr at 1000~ (a) Cr-rich protective type scale. (b) A large nodule growing through single- 
layer Cr203. 
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Fig. 8. Surface topography of 1 • 10 TM Y-implanted Co-25Cr after 24 hr at 1000~ (a) Inter- 
facial area between implanted and unimplanted regions (b) Magnified view of the implanted 
region. (c) EDX of the scale formed on the implanted region. 

only very little CoO phase was observed using XRD.  Numerous  individual 
Cr203 grains and Cr203 clusters can be seen growing out of  the fine-grained 
oxide. Cracks were often found  in these Cr~O3 clusters, and occasional  
spallation was observed. Examinat ion of  these spalled areas usually showed 
a number  o f  pores near the scale-al loy interface. 

Figure 9 shows a 40 ~ tapered cross section o f  the scale. Compar i son  
between scales formed near the un implan ted- implan ted  interface showed 
a dramatic  difference between the scale morphologies .  On the implanted 
side, the scale is seen to be single layered with occasional  small nodules.  
The thin oxide has an approximate  average thickness o f  1.5/zm. Many  
individual Cr203 grains extending from the scale can be seen delineated 
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Fig. 9. Tapered cross section (40 ~ ) of  the scale formed on the same specimen as that shown 
in Fig. 8. (a) Optical micrograph showing the implanted-unimplanted  interface. (b) SEM 
image of the scale formed on the implanted region using back-scattered electrons. 
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within the alloy matrix. Large internal oxides of Cr203 were also abundant 
ahead of the scale. 

In order to obtain a distribution profile of the Y in the scale, SIMS 
depth profiling was used and the result is shown in Fig. 10. The analysis 
was obtained from a 1 x 1-rastered area sputtered with high purity Ar. The 
sputtering rate was approximately 0.025 ~xm/min. Intensities of Cr, Y, and 
Co were measured at different intervals. Occasionally, the rastering mechan- 
ism was turned off for a very short period so that the intensities due to the 
center of the SIMS crater could be obtained. This method corrects for much 
of the cratering effect which leads to extended tailing. The curves drawn in 
Fig. 10 were corrected by this method. From the sputtering rate, the scale 
is calculated to be 1.4/xm thick. Y is no longer concentrated near the first 
0.1/xm from the surface as in the case of the as-implanted specimen, but 
peaked about 0.5 txm away from the scale-gas interface. The scale formed 
behind the Y peak contained mainly Cr but before the Y peak, an appreciable 
amount of Co was detected. 

W h e n  specimens with the highest dosage ( l x  1018 ions/cm 2) were 
oxidized for only 4 hr at 1000~ extremely fine-grained oxide could be 
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found on localized areas on the specimen surface. One of these areas is 
shown on the lower left-hand side of Fig. 1 la. Again, Cr203 grains can be 
seen growing out of areas of this fine-grained scale. Occasionally, large 
nodular growths were also detected, as indicated by the three nodules 
shown. Figure 1 lb is a BSE image using Auger electrons. Areas that appeared 
brighter were richer in Y and were closely associated with the extremely 
fine-grained areas. Scanning Auger mapping of O, Y, Cr, and Co of this 
area also shows that the Y-rich region is totally free of cobalt but is heavily 
associated with oxygen. Figure l lc ,  d shows Auger depth profiles of points 
1 and 2 marked on Fig. l lb respectively. The relatively high noise of the 
Auger peaks were due to charging of the oxide scale. It is seen that the 
very fine oxides were thin Cr203 layers with a Y profile unchanged from 
that of the as-implanted specimen indicating that the growth of this thin 
scale was totally due to oxygen inward diffusion. The scale thickness is 
0.3-0.4 txm, about three times that of the original implantation depth. By 
contrast, the profile at point 2 showed an inward shift of Y as a consequence 
of the outward transport of Cr and Co through the originally developed 
thin scale and a scale more than twice as thick as that found at point 1 was 
observed. The scale composition detected at point 2 is very similar to the 
SIMS profile reported on scales formed after 24 hr of oxidation. 

As indicated by kinetics studies, after oxidation of longer than 24 hr, 
the protective scale formed on the 1 x 1018 Y+-implanted specimen started 
to break down. Figure 12a shows the implanted-unimplanted interface of 
the 1 x 1018 Y-implanted Co-25Cr specimen after 50 hr of oxidation. The 
scales formed on the implanted area now appeared similar to that on the 
unimplanted side and a great deal of spallation occurred. However, 
occasionally, small areas with the protective fine-grained Cr203 scale could 
still be found on the specimen surface mixed with large CoO grains, as 
shown in Fig. 12b. 

Effect of Internal Oxidation Pretreatment 

The effect of the internal oxidation treatment on the oxidation kinetics 
of Co-25Cr - lY  and 3 x 1017y-implanted Co-25Cr alloys is shown in Fig. 
13. The kinetics curves obtained for the implanted specimens were again 
corrected from weight gains contributed by the unimplanted areas. The 
unimplanted specimen used for this correction was one that had received 
a similar internal oxidation treatment. It is important to use a Co-25Cr 
alloy treated with the same IO process, because the IO pretreatment reduces 
the oxidation rate of the Co-25Cr, as seen from approximate parabolic rate 
constants presented in Table III. The reduction in growth rate is probably 
due to the incorporation of Si into the alloy during the IO process. This 
behavior is similar to results reported by Jones and Stringer 22 that indicated 
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Fig. 12. Surface topography of scales formed on 1 • 1018 Y- 
implanted Co-25Cr  after 50 hr of  oxidation at 1000~ (a) Inter- 
facial area between implanted and unimplanted  regions. (b) Mag- 
nified view of grains on the implanted region. 



Ion-Implanted Y and Oxidation of Cr in Co-25 wt.% Cr 65 

that the presence of Si associated with O in this alloy can significantly 
reduce its oxidation rate by promoting C r 2 0  3 scale formation. 

From the results presented in Fig. 13 and Table III, it is seen that the 
internal oxidation treatment did not affect the overall oxidation behavior 
of the implanted Co-25Cr alloy, regardless of the implantation dosage. The 
scales formed after 24 hr of oxidation showed no apparent morphological 
differences between the IO-treated and untreated alloys. However, speci- 
mens implanted with the higher dosage showed a reduced initial oxidation 
rate, as shown in Fig. 14. This reduction is only temporary. After approxi- 
mately 50min, fast growth began and subsequent kinetics behavior 
resembled that of the non-IO-treated specimen. The scale that formed during 
the first hour of reduced oxidation was an adherent, continuous layer of 
Cr203, as shown in Fig. 15. This Cr203 scale consisted of a fine-grained 
(<0.07/xm) layer on which larger-grained Cr203 clusters were scattered 
randomly. EDX analysis showed that yttrium is only detected with the 
fine-grained layer and some of the larger Cr203 clusters even contained 
cobalt. The thickness of this induced Cr203 layer was calculated to be 
0.2/xm, assuming the scale was fully dense Cr203 with a density of 
5.21 g/cm3. 25 This thickness is comparable to the measured implantation 
depth, which is -0 .17 /xm.  
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Fig. 13. Effect of  internal oxidation pretreatment 
on the oxidation kinetics of  Co-25Cr,  Co-25Cr-  
1Y, and 3 x 1 0 1 7  Y-implanted Co-25Cr.  Numbers  
in parentheses indicate the duration of  internal 
oxidation treatment in hours. 
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Table III. Parabolic Rate Constants of Internal Oxidation Treated Co-25Cr, Co-25Cr- lY,  
and Co-25Cr(Y§ Alloys after Oxidation at 1000~ in O z 

Duration of  internal 
oxidation treatment kp 

Alloy at 1000~ (hr) (mg 2 cm -4 hr -1) Spallation behavior 

Co-25Cr 0 1.34• 
Co-24Cr 2 0.49 
Co-25Cr 100 0.20 
Co-25Cr- 1Y 0 0.08 
Co-25Cr- 1Y 2 0.09 
Co-25Cr-1 Y 100 0.06 
Co-25Cr(1 x 1016 Y+/cm 2) 0 0.44 
Co-25Cr(1 x 1016 Y+/cm 2) 2 0.46 
Co-25Cr(3 x 1017 Y+/cm 2) 0 0.26 
Co-25Cr(3 x 1017 Y+/cm z) 2 0.23 

Amount of spallation 
decreased with decreasing 
weight gain. 
None of  tfiese showed 
measurable spallation. 

All the implanted surfaces 
showed slightly more 
spallation than did 
the untreated. Internal 
oxidation pretreatment 
renders no further effect. 

~'E 0.5 no~inte u 0.4 rnal O~ E / ~176 
e0 �9 0.3 

0,2 
/ 0.1 / ~ internal / ~  oxidation 

0 ~ 1 I I 1 0 20 40 60 80 
Time (mini 

Fig. 14. Weight gain-versus-time behavior for the 
first hour of oxidation of the 3 • 1017 Y-implanted 
Co-25Cr specimen before and after the internal 
oxidation pretreatment. 
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Fig. 15. Surface topography of the scale formed on the 3 • 1017 Y-implanted Co-25Cr after 
an internal oxidation pretreatrnent and 30 rain of oxidation at 1000~ 

The effect of the internal oxidation treatment on the Co-25Cr-1Y was 
to reduce the initial stage of oxidation (see Fig. 13). The growth rate of the 
scale after the initial oxidation stage was unaltered from that of  the untreated 
Co-25Cr-1Y alloy. Specimens treated with longer IO times which had a 
deeper IO zone did not show significant difference in the subsequent 
oxidation behavior from those treated with the shorter IO time. The scale 
that formed on IO-treated specimens contained mainly a continuous layer 
of Cr203, above which only a very thin layer of CoO is present at the 
scale/gas interface. These scales are also very adherent. 

D i s c u s s i o n  

The oxidation of the Co-25Cr-1Y alloy tested in this study showed the 
selective oxidation of Cr as expected. Initially, the oxidation rate was fast 
with the formation of a CoO-rich scale at the scale-gas interface. Sub- 
sequently, a continuous layer of Cr203 is developed under the Co-rich scale. 
Steady-state scale growth involves the thickening of this Cr203 layer, and 
the scale parabolic growth rate was nearly 17 times lower than that of the 
Co-25Cr alloy. After an internal oxidation pretreatment, the yttrium in the 
alloy is present as its oxide. These oxide particles were more effective in 
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reducing the transient stage of oxidation; giving rise to a much thinner 
outer CoO layer, and an earlier development of the continuous Cr203 scale. 

The oxidation behavior of the Co-25Cr alloy after Y+ ion implantation 
showed a strong dosage dependence. With an implantation dosage of 
1016-1017 ions/cm 2, which corresponds to an actual peak concentration of 
2-7 at.%, the oxidation rate was reduced by a factor of 3-5. However, in 
no cases did the scale develop a continuous layer of protective Cr203 like 
that induced by the alloying addition of yttrium in Co-25Cr-1Y. With these 
lower dosages, the implanted specimens usually show a fast initial growth 
rate, sometimes even faster than that of the untreated alloy. Reduced 
steady-state growth is normally not observed until after about 2hr of 
oxidation, by which time the weight gain of the specimen is already 
-1.2 mg/cm 2, which corresponds to metal removal far beyond the initial 
implantation depth of <0.2 ~m. Therefore, the subsequent reduction in 
scale growth rate must be associated with the implanted species being 
present in the scale and is not due to any modification of the initial scale 
development of the specimen. Metallographic observation of the scales 
formed on these implanted specimens showed that the scales are usually 
thinner than those formed without implantation. There is also a more 
continuous CrzO 3 healing layer at the scale-alloy interface. The area fraction 
of this Cr203 layer increases with increasing implantation dosage. But the 
development of this Cr203 layer is different from the selective oxidation of 
Cr associated with alloying additions of reactive elements. The major 
differences are that the Cr203 scale formed on the Y-containing alloy 
developed earlier, grew continuously as a complete layer, and showed no 
spallation upon cooling. 

It is possible that in these cases, in which the scale formed is mainly 
cobalt oxides, the effect of implanted yttrium incorporated in the oxide 
scale is to retard Co 2+ outward transport. The resultant reduction in the 
rate of CoO formation would then facilitate the development of the slower- 
growing but thermodynamically more stable Cr203 layer at the scale-alloy 
interface. The mechanism by which the Y203 particles retard Co 2+ transport 
requires more detailed studies. Since all the implanted species in the scale 
are expected to concentrate in a relative narrow layer of about the thickness 
of the implantation depth, it is possible that this thin yttrium-modified layer 
may act as a barrier. This layer becomes more effective as the implantation 
dosage increases, thus showing the observed reduction in steady-state oxida- 
tion rate. Alternatively, Y203 particles may be concentrated at dislocations 
or grain boundaries in the scale and retard the transport of the diffusing 
species by these short-circuit diffusion paths. 

The minimum implantation dosage that caused the formation of a 
continuous external Cr203 layer was a nominal 3 x 1017 Y+/cm 2 after the 
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implanted Y had been converted to its oxide. If the implanted Y was present 
in its metallic form at the onset of oxidation, the amount of Y required to 
promote an external Cr203 layer is even higher: 1 x 1018 ions/cm 2. RBS 
analysis of the 3 • 1017 Y+/cm2-implanted specimen showed that the penetra- 
tion depth of Y was -0 .16  tzm, with a maximum concentration of 6.7 at.% 
at approximately 0.076/zm. The average concentration of Y within the 
implantation depth was therefore 3.5 at.%. 

The fact that implanted reactive elements can indeed promote an 
external Cr203 scale with a much reduced grain size, and that an oxide 
dispersion of Y203 was more effective in promoting the external Cr203 scale 
than the implanted yttrium metal itself, all support the model proposed by 
Stringer et  al. 13 that the reactive metal on the surface oxidizes to their oxide 
particles and act as preferential nucleation sites. Although the amount of 
implanted Y required for the selective oxidation of Cr is three to four times 
higher than with alloying additions, it is reasonable that a higher concentra- 
tion is needed to act as nucleation sites in this case. Since there is no oxide 
dispersion beyond the immediate surface region of the implantation affected 
zone, the initially formed Cr203 nuclei cannot tolerate any undermining 
growth of the base metal oxide nuclei. Therefore, a higher concentration 
and thus a higher density of Cr203 nuclei are necessary for the development 
of a continuous protective scale before these individual nuclei are lifted 
away from the alloy surface by the fast-growing cobalt oxide. 

Braski et  al. 14 recently suggested that the model proposed by Stringer 
et  aL 13 was not correct, as there was no observation of dispersoids acting 
as preferential nucleation sites. However, direct observation of Y203 acting 
as preferential nucleation sites may not be possible on a system in which 
the Y203 particles, with diameters of 5-100/xm, were uniformly distributed, 
while the earliest observation made was with a surface coverage of 40% or 
more of Cr203 with grain sizes ranging between 50-80/~m. The earlier 
development of a Cr203 scale on dispersion-containing alloys was explained 
to be a consequence of an increased chromium flux to the metal surface at 
the onset of oxidation. This increased chromium flux may be a result of a 
higher dislocation density beneath the alloy surface, as dislocations tend 
to be pinned to dispersoid particles. If this were indeed the case, one would 
expect any ion-implanted Cr203-forming alloy to show a selective oxidation 
of chromium, because the implantation process always causes enhanced 
diffusion through point defects or through an entangled dislocation 
network. 26 However, experimental results 15'17,19 have shown that none of 
the implanted inert gases (Ar 17 or IO "27) or implanted principal constituents 
of the alloys 15,19,27 was effective in reducing the transient stage of oxidation. 

Although the initial development of external Cr203 scales on the 
Y-implanted surfaces may well be caused by the Y203 particles acting as 
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preferential nucleation sites, the inability of  these scales to grow con- 
tinuously is surprising. Normal oxide growth associated with the unimplan- 
ted binary alloy always starts after a short period of time. The length of 
this period is directly related to the implantation dosage. This breakdown 
behavior of  the Cr203 scale is in contrast to the Cr203 scales formed on 
reactive element-containing alloys or even to the Cr203 scales developed 
on ion-implanted Cr203 formers, such as Ni-20Cr, 15 Ni-33Cr, 17 Fe-43Ni-  
27Cr, a7 and a 20Cr-25Ni-niobium-stabilized austenitic stainless steel. 18'w 
For example, Bennett et  aL as demonstrated that the Cr203 scales formed 
on Y- and Ce-implanted specimens were protective under cyclic oxidation 
conditions for up to 7000 hr. The highest implantation dosage used in their 
studies were 1 x 1017 ions/cm 2 which is comparable to the actual dosages 
used in this study. Therefore, the breakdown of  the Cr203 scales found here 
could not have been caused by the incorporation of large amounts of Y203 
or YCrO3 particles in the oxide scales. The presence of these particles in 
the oxide scale, particularly at grain boundaries, has been suggested to 
reduce the oxide scale plasticity, 28 which may lead to easier oxide cracking. 
Furthermore, of  all the Cr203 scales formed on reactive element-implanted 
Cr203-forming alloys, the implanted species were incorporated within the 
Cr203 scales, a5-19 This incorporation often occurs at the very early stage of 
oxidation. 16'19 In other words, in the systems in which the Cr203 scale is 
continuously protective, there is also a lack of  yttrium supply in the alloy 
soon after a continuous Cr203 external layer is development. Thus, the 
breakdown of  the Cr203 scale formed on the Y-implanted, non-Cr203- 
forming alloy in this study could not be accounted for by either (1) a lack 
of yttrium in the alloy to act as vacancy sinks, 29"3~ or (2) a lack of yttrium 
in the alloy to trap impurities from diffusing to the scale-alloy interface. 31'32 

Examination of the initially formed CraO 3 scale indicated that the scale 
first grew by inward transport of oxygen, giving rise to an extremely fine- 
grained Cr203 layer, which was very adherent. However, subsequent growth 
involved outward transport of Cr as well as Co through localized areas on 
the initially formed Cr203 layer. This process produced clusters of larger- 
grained oxides which were less adherent, and a number of interracial voids 
could be found at the base of these clusters. The loss of scale adhesion at 
this point seems to be associated with the change in scale growth direction. 
This continued outward growth process leads to the final breakdown of the 
initially promoted Cr203 layer. It is not clear why there should be a change 
in the scale growth mechanism; i.e., scale growth shifted from predominantly 
oxygen inward transport to predominantly cation outward transport. 
However, it is known that this shift occurs at a very early stage: soon after 
the oxide thickness exceeded the initial implantation depth. As suggested 
by the study of Braski et  aL,  14 the major role of reactive metal oxides in 



Ion-Implanted Y and Oxidation of Cr in Co-25 wt.% Cr 71 

the alloy is to alter the microstructure of the Cr203 scale formed, making 
it less permeable to material transport. It is possible that the Cr203 scale 
developed on the Y+-implanted surfaces may have a different microstructure 
than that formed on a Y-containing alloy, making the scale more permeable 
to the outward transport of Cr and Co. If  this were indeed the case, the 
difference in microstructures could not have been caused by any radiation 
effects associated with the implantation process. This is because annealed 
or internal oxidation pretreated specimens also develop unstable scales that 
broke down in a similar manner as those grown on as-implanted specimens. 
Further investigation is needed to elucidate the reason for the instability of 
these Cr203 scales, and thus the cause for their breakdown at temperatures. 

CONCLUSIONS 

The Y-containing Co-25 wt.% Cr-1 wt.% Y alloy oxidized to form a 
continuous and adherent Cr203 layer after an initial stage, during which 
time fast-growing cobalt oxide developed. After an internal oxidation pre- 
treatment, converting the Y metal to its oxide, the transient stage of oxidation 
was reduced, resulting in an earlier development of the Cr203 scale with 
little cobalt oxide formation. 

The influence of ion-implanted yttrium on the oxidation behavior of 
Co-25 wt.% Cr alloy can be summarized as follows: 

1, With the actual implantation dosage of 3 x 10 ~5 to 1016 ions/cm 2, 
the initial stage of oxidation was not affected. The oxide scale 
developed after 24hr  of oxidation at 1000 ~ showed a duplex 
structure with a noncontinuous Cr203 healing layer at the scale-alloy 
interface. This structure is similar to the oxide developed on the 
unimplanted alloy, except that the area fraction of the Cr203-healing 
layer is higher. This area fraction increased with increasing implanta- 
tion dosage. Scales formed on these implanted surfaces showed a 
higher degree of spallation than those formed on the unimplanted 
surfaces. However, this excessive spallation behavior could be elimi- 
nated if the implanted specimen had been thermally annealed prior 
to the oxidation tests. 

2. The concentration of implanted yttrium needed to induce selective 
chromium oxidation was higher than if the yttrium were present as 
alloying additions. In this study, the minimum implantation dosage 
required for the development of a continuous external Cr203 scale 
was found to be 4x  1017 ions/cm 2, as measured by RBS. 

3. Oxide dispersions of the reactive element are more effective in 
promoting the Cr203 scale than the reactive metal itself. This was 



72 Hou and Stringer 

4. 

. 

demonstrated on a Y~--implanted specimen after an internal oxida- 
tion pretreatment converting the yttrium metal to its oxide. The 
minimum implantation dosage needed for the selective chromium 
oxidation in this case dropped to 1016-1017 ions/cm 2. 
The Cr203 scale promoted by the presence of the implanted species 
had a very small grain size and was very adherent. It initially grew 
by oxygen inward transport, but subsequent growth involved out- 
ward transport of Cr and Co through localized areas. This outward 
growth process produced clusters of larger-grained oxides that were 
less adherent, and a number of interfacial voids were present at the 
base of these clusters. 
The external Cr203 scales formed on the implanted surfaces failed 
to remain protective under oxidizing conditions. Normal oxide 
growth associated with the unimplanted Co-25 wt.% Cr alloy began 
after a short period of time. The length of this period is related to 
the implantation dosage. The higher the dose, the longer was the 
period before normal growth was observed. The thickest Cr203 scale 
found in this study was only about 1.5 ~m before its breakdown. 
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