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Abstract 

The single crystal superalloy Rene'N5 (with Or without V-doping and hydrogen annealing) was 

cyclically oxidized at 1 150°C for 1000 hours. After considerable scale growth (~500 hr.), even the 

adherent alumina scales formed on Y -doped samples exhibited delayed interfacial spallation during 

subsequent water immersion tests, performed up to 1 year after oxidation. Spallation was characterized 

by weight loss, the amount of spalled area, and acoustic emission response. Hydrogen annealing (prior to 

oxidation) reduced spallation both before and after immersion, but without measurably reducing the bulk 

sulfur content of the Y -doped alloys. The duration and frequency of sequential, co-located acoustic 

emission events implied an interfacial crack growth rate at least 10-3 mis, but possibly higher than 102 

mls. This is much greater than classic moisture-assisted slow crack growth rates in bulk alumina (10-6 

to 10-3 m!s), which may still have occurred undetected by acoustic emission. An alternative failure 

sequence is proposed: an incubation process for preferential moisture ingress leads to a local decrease in 

interfacial toughness, thus allowing fast fracture driven by stored strain energy. 

INTRODUCTION 

Alumina scale formation and spallation is a primary consideration for Ni-base alloys used in high 

temperature, oxidation resistant applications. Slow scale growth rates and thin scales are common 
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attributes of alumna scales, however the adhesion of alumina scales can be variable. Historically, reactive 

element dopants, such as Y, Hf, Zr, etc., have been added in small quantities to produce adhesion. In the 

case of single crystal superalloys, Y (and possibly La) have been found to be much more effective than 

Hf, Zr, or Ti . More recently, adhesion has been produced on dopant-free alloys by reducing the sulfur 

impurity content to below 0.5 ppmw. This was originally demonstrated by hydrogen annealing [I], but is 

now commercially produced by melt desulfurization . Both Y -doping and desulfulization require extra 

processing efforts and cost penalties. In the present study, the relative benefits of Y-doping and 

desulfurization on cyclic oxidation resistance were evaluated in order to determine critical Y/S ratios 

needed for adhesion. Some success in this area identified a I: 1 atomic ratio as an approximate figure of 

merit, at least when sulfur was present at or below about \0 ppma (6 ppmw) [2]. 

In the course of this and similar studies, it was found that scale spallation may occur hours or 

days after the initial cool-down and that moisture or water immersion promotes additional spallation [ 

3-7]. A recent comprehensi ve study of the effects of water vapor on the oxidation of PW A 1480, PW A 

1484, CMSX-4, aluminide coatings, and CoCrAIY showed that moisture had little effect on scale growth 

rate, but dramatically increased the rate of spallation in cyclic tests [7]. In general, alloys which did not 

form strongly adherent scales were adversely affected by moisture, whereas low sulfur (adherent) alloys 

were not affected, even when the adherent scales were intentionally damaged. For this reason, a specified 

procedure of water immersion was performed in the present study after 500 and 1000 hours of testing for 

Rene N5±Y alloys. The amount of additional spallation was monitored by weight measurement, surface 

appearance, and, in select cases, acoustic emission. It was observed during the course of this study that 

even Y-doped alloys exhibited spallation during immersion after a considerable amount of strain energy 

had been built up by oxidation for 500 hr. Immersion-induced spallation was accompanied by audible 

'pings' or high frequency reports, which began after a relatively short immersion time and continued 

noticeably for an hour or more. Therefore acoustic emission was incorporated into the test sequence 

toward the end of the program for a set of four Y -doped alloys which had not yet been immersed. 

Acoustic emission (AE) has been traditionally used to monitor alumina scale cracking during 

high temperature exposure and during cool down . Since oxidation temperatures are too high for the 

2 



actual AE sensors, waveguides were attached to the coated metal either in the form of rods [8-10] or 

wires [11,12]. In these studies a small amount of AE activity occurred at high temperature, but a more 

significant amount occurred on cooling. In fact, for the most part, the rate of AE activity increased as the 

sample temperature was cooled. This is consistent with the accepted view that the majority of scale 

spallation results from thermal expansion mismatch stress, which increases commensurately as the 

cooling temperature is decreased. While very informative in defining spallation events during cooling, 

AE has not been widely used to record spallation events after cool-down or dUling water immersion. The 

purpose of this paper is to present some initial results of moisture-induced alumina AE spallation 

responses for Rene'N5±Y, with and without hydrogen annealing. It is tangential to the earlier paper 

focussed on critical Y/S ratios required for scale adherence on Rene'NS and the effects of hydrogen 

annealing and water immersion on scale adhesion [2] . 

EXPERIMENTAL 

Coupons of Rene NS (0.3 x 1.3 x 2.S em) were obtained from General Electlic Aircraft Engines 

having 10 different yttrium levels, ranging from 0 to 100 ppmw. The Y-free alloy contained 2.6 ppmw 

sulfur and the 9 doped samples contained 3.6-6.S ppmw sulfur. The details of sample characterization 

and experimental procedure have been presented in the previous report [2 LesEmbiez]. Hydrogen 

annealing (5%H/Ar at I2S0°C for 100 h) duplicate samples reduced the sulfur content of the undoped 

alloy to below the 0.0 I ppmw detection Ii mit of glow discharge mass spectroscopy (GDMS). However 

the sulfur content of the Y-doped alloys was not reduced. Carbon was the only other element reduced 

during annea ling (typically from 400-600 ppmw initially, down to 100-ISO ppmw after annealing); 45 

other impurity elements, (P, Na, Ca, In, Pb, etc.), were not reduced substantially. 

The coupons were cyclically oxidized (I-h heating to IISO°C and 10 min. cooling to 100°C) for 

1000 I-h cycles. Weights, visual observations, and behavior in water immersion tests were recorded after 

cool-down at various intervals, primarily at 500 and 1000 h. The relative amount of spalling to bare 
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metal was determined from image analyses of lOx macrographs, using the commercial program, PAX-it-. 

Acoustic emission was performed on alloys 53, 88, 103, and 105 (nominal ppmw Y) during 24 hr water 

immersion exposure after cool-down from the 1000lh test cycle. In order to monitor coating cracking, two 

AE sensors were clamped to the specimen prior to water immersion. Vacuum grease was used as a 

couplant between the sensor and the coupon. The sensors used were only 6.35 mm in diameter# and were 

sensitive to frequencies ranging from -100 to 700 kHz. Acoustic emission waveforms were digitially 

recorded using a 2-channel, Fracture Wave Detector (FWD)*. The FWD consisted of a Pentium 233 

MHz based computer with a 12-bit, 30 MHz acquisition AID board. Each sensor was connected to a 

preamplifier and filter trigger module that was fed into the computer. The preamplifier was set at 20 dB, 

the filter signal was amplified 18 dB and the filter trigger was amplified 21 dB. The capture rate was set 

so that the time length saved for each digitized waveform was 102.4 microseconds, including a 20.4 

microsecond pretrigger before the waveform, to clearly delineate the beginning of the waveform. 

The post-test analysis was performed using Wave Explorer™ software provided by the FWD 

manufacturer. First, some events (usually less than 5% of the total) were removed from the data set. 

They were deemed as not pertinent to scale spalling according to three critelia: 

(1) events that occun'ed during insertion of the specimen into the water due to rubbing of the 

coupon against the sides of the beaker - low frequency events. 

(2) electro-magnetic interference - high frequency events of short duration, having the same time 

of ani val on both sensors. 

(3) events that were the continuation of the previous event - no clear beginning to the waveform. 

The sorted data was then analyzed according to the number of events and cumulative AE energy 

(summation of the individual waveform energies) over the time of the immersion expeliments. 

- Midwest Information Systems, Franklin Park, IL. 
# Pico sensors, Physical Acoustics Corp., Princeton, NJ . 
• Digital Wave Corporation, Englewood CO. 
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RESULTS 

Weight change. The primary oxidation results were discussed in the previous report [2]. The as-

received, undoped alloy exhibited considerable spallation and a final weight loss of more than 40 mg/cm 2
• 

The as-received, Y-doped samples lost 0.7 to 1.4 mg/cm2, showing no trend with Y level. All the 

hydrogen-annealed samples produced a small weight gain of 0.6 to 1.0 mg/cm2
, again showing no trend 

with Y-Ievel. 

After 500 hr of exposure all the samples were immersed in water for 1-4 hr. The additional 

spalling due to immersion alone is shown in Fig. I. Here it can be seen that the as-received samples lost 

measurable amounts of scale, up to 1.5 mg/cm2, with no apparent correlation with Y content. That is to 

say, even Y-doping did not preclude moisture-induced spallation. In constrast, except for the undoped 

sample, the hydrogen-annealed samples exhibited minimal «0.05 mg/cm2) additional spallation. 

After 1000 hr oxidation, the situation is more complicated, as summarized in Fig. 2. First, only 

alloys 0-53 Y were immersed directly (within hours) after the oxidation test was completed. The other 

alloys (67-105 Y) remained at ambient conditions for 1 year before immersion, and the as-received 

samples of these did not exhibit as much massive immersion-induced spallation as at 500 hr. They 

appear to have been stabilized. Secondly, the hydrogen-annealed samples of these four alloys 

anomalously exhibited weight loss similar to the as-received samples, but did not visually exhibit much 

area of spalling to bare metal. This may have resulted from the ultrasonic cleaning performed to remove 

the AE coupling grease by dislodging loose scales in the few areas of accelerated attack (pits and 

comers). Third, (and conversely), the hydrogen-annealed samples from alloys 16-48 Y, immersed soon 

after oxidation, did visually exhibit considerable, albeit very localized, moisture-induced spallation as 

compared to immersion after 500 hr. Fourth, the as-received, undoped (0 Y) sample exhibited excessive 

weight loss due to accelerated attack at the specimen edges and loss of non-protective Ni, Cr-oxides. 

And, finally , the hydrogen-annealed, undoped sample exhibited much less moisture-induced spallation at 

1000 hr than at 500 hr. 
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The 1000 hr weight change data and the effect of immersion is summarized in Table I for each of 

the alloys (nominal Y-Ievel), oxidized in both the as-received and Hrannealed conditions. Since many of 

the results show a general equivalence regarding specific Y -level, the response for all the doped alloys is 

also shown as an overall average. 

Acoustic emission. The AE data was obtained only for V-doped alloys 53, 88, 103 and 105 after 

1000 hr of oxidation at 1150°e. The number of AE events and cumulative energy are shown in Figures 

3-6 and Table II for the four coupon-pairs monitored. The first pair (53 Y samples) was immersed in 

water within one day of oxidation, whereas the remaining pairs were immersed in water approximately 

one year later. The event labels on Figures 5 and 6 illustrate the time interval for a series of closely 

associated, consecutive individual spalling events. On average, the elapsed time interval corresponding to 

one event is most often a fraction of a second. Table II shows the total number of AE events and 

cumulative energy for each specimen tested. Three observations are clear from the all the AE data. First, 

the rate of AE activity decreased with immersion time. Second, for all the pairs of coupons evaluated, 

roughly an order of magnitude greater amount of AE activity occurred for the alloys without hydrogen 

annealing compared to the same alloys that had been annealed. Third, more AE activity occurred for the 

specimens immersed shortly after oxidation compared to those tested one year later. Some of the latter 

effect is real, but some is probably artifact caused by a higher clamping pressure of the sensors for the 53 

Y (immediately immersed) samples. 

The weight losses for the samples of alloy 53 Y, immersed shortly after oxidation, are consistent 

with the AE results in showing more moisture-induced spallation for the as-received condition compared 

to hydrogen annealing. Unfortunately, no direct correlation between AE response and weight loss could 

be discerned for alloys 88-105 Y. These had been cleaned ultrasonically after the AE measurements, 

which apparently affected the weight loss even though the visual differentiation in spal\ed area was as 

expected. 

One interesting observation that pertained to all the specimens was that a number of associated 

events often occurred within a fraction of a second to a few seconds, and each individual event had a 

duration on the order of 300 microseconds. Examples of waveform signals from two AE events, less than 
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about 200 milliseconds apart, are shown in Figure 7. One waveform example (AI) shows the response at 

sensor I. Another waveform recorded 200 mi IIi seconds after the end of the previous event (B I) exhibits 

a similar pattern, although it is a temporally separate event. The related set of waveforms, (A2 and B2), 

recorded by sensor 2, also had nearly identical waveforms occurring over the same time interval as those 

at sensor 1. 

These characteristics can be understood from the general response of sound waves in a solid 

medium. An acoustic waveform of a thin plate (thickness much less than the acoustic wavelength) is a 

superposition of the initial extensional and flexural waves, plus reflections of these waves from the 

sample edges [13, 14]. Only the first few peaks of the waveform in figure 7 are the "pure" extensional 

and flexural waveform components of the fracture event, most are reflections. The first peak is known to 

be extensional, because it is the fastest wave. It can be used for accurate location analysis when multiple 

sensors are used [14]. 

The shape and time of arrival of an AE waveform is controlled by the source event, the distance 

traveled to the sensor, and the elastic properties and geometry of the medium [15]. The difference in the 

time of arrival at each sensor was the same short interval « I s) for two sequential events 'A' and 'B'. 

Also the shape and frequency content of the two successive events was similar at the same sensor, cf. Al 

with B I and A2 with B2. It is therefore reasonable to conclude that events A and B originated from the 

same location and indicate the same kind of fracture source event. They are therefore sequential and 

correlated as to location and type of fracture. The same reasoning holds for three successive events (C, 

D, and E) that occurred at a different time and location, as shown in figure 7b. Rapid and repetitive 

acoustic emission events from exactly the same sample location, exhibiting nearly identical waveform 

patterns, are consistent with the visual observations that spallation was composed of several discrete 

fracture events. 

Accordingly, the events in Figures 5 and 6 were examined for similar waveform patterns and 

correlated times of arrival (location), as discussed above. Those marked on the figures had been 

classified as sequential, correlated events coming from the same location and are labeled as to the total 

time and number for each event packet. Thus some spalled regions may have been made up of only 2 or 

7 



as high as 82 events. The total time for a given packet divided by the number of cOll'esponding events 

averaged out to be 0.1 s for the 103-2 Y sample (Figure 5) and 0.3 s for 105-2 Y sample (Figure 6). 

Spallin!: morphology. The spalling morphology and macrostructure of the AE specimens is 

shown in figures 8-1 I. Each figure presents about 1.0 cm2 of the specimen surface, before and after 

immersion, for both as-received and hydrogen annealed samples of the same alloy. After cooldown, the 

amount of spalling for the as-received samples is noticeably higher than the corresponding hydrogen 

annealed samples, and only small 'specs' of spalling to bare metal are visible on the hydrogen annealed 

samples. The amount of subsequent moisture-induced spallation is also much greater for the as-received 

samples compared to the hydrogen annealed samples. This effect was most noticeable for the as-received 

53 Y alloy that had been immersed soon after cool-down. 

These trends are in basic agreement with the AE results, even though the weight change data is 

not always in direct accord for the reasons discussed previously. A further attempt to quantify these 

immersion effects was made by counting the number of spall regions. The number of spall segments per 

cm 2 for the various coupons, before and after immersion, are summarized in Table I. The as-received 

samples generally exhibited more spalling due to immersion than did the hydrogen annealed samples. 

(The immersion effect for some alloys, e.g. 0 Y, is masked by the production of large spall regions, with a 

decrease in the apparent number of contiguous segments). 

Also shown in Table I are the relative amounts of spalled area determined from image analysis of 

macrographs such as those in Figures 7-10. Hydrogen annealing reduced the amount of spalling to bare 

metal after cooling to much less than that for the as-recei ved values, generally to levels below I % of the 

specimen area. Similarly, water immersion can dramatically increase the amount of spallation for the as

received samples (up to 25% of the area, 9% averaged overall), but only occasionally for the hydrogen 

annealed ones (as low as 0%, and 3 % on average). This area data is a more reliable and direct measure 

of moisture-induced spalling than is weight change or the number of spall segments. 

It is nevertheless instructive to present a graphic overview of all the spalling data as summarized 

in Figure 12 for weight change, spall segments, and spall area. For each bar chart, the first pair of bars 

represent data for as-received samples, the other pair is for hydrogen annealed samples. The first bar of 

····l 
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each pair is for undoped samples, the second represents the average of all the Y-doped samples. Bar 

shading illustrates the difference between as-cooled and water immersed values. For the most part, 

consistent overall trends are observed for each measure of as-cooled or immersion-induced spalling: Y

doping reduces spalling greatly, but only for as-received samples; hydrogen annealing reduces spalling 

especially for undoped but also for Y-doped samples. 

Ideally, one would expect the AE data obtained during immersion to be somewhat correlated with 

all these measurements of moisture-induced spalling. For reasons discussed above, the AE response 

should most directly correspond to the moisture-induced increase in spall area, as shown in Figure 13. In 

general this was true, the lower responses (and areas) correlating with hydrogen annealed samples and the 

higher responses (and areas) with as-received samples. One sample, though, presents a notable exception. 

Upon immersion, the hydrogen annealed 53-Y sample shows a relatively high AE response in comparison 

to other annealed samples, but little weight change and no change in spall area (cf., Table II and Figure 

8). It is believed that a different procedure for attaching the detectors to the sample may be the cause of 

this anomaly. (i.e., a higher clamping pressure was used, which would have the effect of amplifying the 

AE signals). Also, more edge spalling was observed for this sample which was not recorded in the 

macrographs of the major surfaces. Increased thru-cracks, without spalling, are theoretically possible, but 

unlikely. 

The lack of any systematic trend with Y content (except as rel ated to the undoped 0 Y alloy) has 

been discussed in the accompanying paper [2]. Basically, even the lowest Y level was sufficient to 

provide a considerable amount of scale adhesion, as implied by the lack of desulfurization for all the Y 

levels during hydrogen annealing. There is also a possibility that decarburization played a secondary role 

in adhesion. The susceptibility of the sulfur-free undoped sample to immersion-induced spalling at 500 

hr. suggests that a second order adhesion factor may be now be operative. 

Table III summarizes the cyclic oxidation weight change (at 1000 hr) and cumulative weight 

losses due to immersion (at 500 and 1000 hr) for four groups of alloys with varying yttrium, sulfur, and 

carbon content. It can readily be seen that the vast improvement due to hydrogen annealing the undoped 

alloy was accompanied by sulfur removal to below the detectability limit (0.01 ppmw). The more modest 
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but signific<lnt improvement for hydrogen annealing the Y -doped samples (shown as averages of nine 

alloys) occurred without bulk sulfur removal. However both doped and undoped sample set exhibit 

considerable decarburization due to hydrogen annealing. The second order improvement seen for 

hydrogen annealing the Y -doped samples may thus be associated with carbon removal. The grouping of 

overall weight change behavior with either as-received or hydrogen annealed carbon levels can be seen in 

the scatter plot of Figure 14. However no trend in spallation with carbon content is discerned within each 

alloy group, for carbon contents ranging between 20-150 ppmw C for the annealed samples and between 

300-650 ppmw C for the as-received samples. 

DISCUSSION 

Moisture effects, bulk alumina, and alumina interfaces. The accelerating effect of moisture 

on crack velocity in bulk oxide ceramics is well established. It has been shown that moist environments 

increase the slow (subcritical) crack growth rate in bulk alumina in static or dynamic "fatigue" tests [16-

20]. In tests where a precracked double cantilever beam sample was loaded in air containing various 

moisture contents, the crack velocity first increased with both %H20 and load (region I), then was only 

%HP dependent and load independent (region II), and finally was only load dependent and H 20 

independent (region III) [16]. In the first two stress regimes, it was postulated that a chemical 

dissolution-type process was rate controlling for the advancement of the crack, i.e., stress-activated in 

region I and diffusion controlled in region II. In these regimes where the moisture content is important to 

the crack growth rate, the measured rates approach a maximum on the order of 4x 10-5 m/s for 50% 

relative humidity and 10-3 m/s in liquid water) [16, 20]_ The possible connection between these 

phenomena in bulk alumina and interfacial alumina scale spallation was originally pointed out for the 

effects of moisture and water immersion on delayed spallation for NiAI and NiCrAI oxidation [21,3]. 

There are also a number of published studies directed at slow crack growth at metal-alumina 

interfaces and which have determined values of interface toughness, r j [22-26]. There is also an implicit 

or explicit relationship between toughness and moisture (in air) or sulfur segregation. Some pertinent 
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aspects and results are summarized in Table IV for compari on to the present study. The first two studies 

measured the interfacial fracture toughness of Aul AI 20 3 and Nil AI 20 3 interfaces. The toughness 

decreased to IO J/m2 when tested in moist air, compared to 60 and ;?:IOO J/m2
, respectively, when tested in 

dry N2 [22,23]. A stress corrosion mechanism was operative. Carbon was identified as an interface 

contaminant. In simi lar Ni(Cr)/AI 20 3 samples, with a uniformly high level of sulfur segregation (3%), 

moisture actually allowed delamination to occur without an applied stress [24]. An interface toughness of 

2-7 J/m2 was estimated. For samples having only localized low sulfur segregation, the interface 

toughness was very high C~300 J/m 2
), interfacial debonding occurred only in these localized areas, 

forcing global fractu re mainly within the AI 20 3 layer [24]. 

The remaining three studies in Table IV a ll deal with some form of delayed failure in thermally 

grown alumina scales. The first characterized localized buckle growth in the scale for different residual 

stresses in scales of different thickness on samples of varying thickness [25]. The second monitored scale 

buckling as a function of applied stress [26]. And the third observed buckling of a thermal barrier coating 

as a result of localized alumina scale delamination over a period of days [5]. All three were performed at 

room temperature in ambient air after oxidation and cooldown, and all three yielded estimates of the 

interface toughness of -9 J/m2
• An effect of ambient humidity was implied, though not specifically 

tested. It is not clear why the same toughnes values were produced for Y- or Zr-doped systems as for 

the undoped system or why these values are much lower than those measured for bulk alumina interfaces 

(100-300 J/m 2
) without sulfur or under N2• The crack velocities were estimated from measurements of 

buckle size and observation time are also seen to be relatively small. However it is noted that in [26] the 

buckles often show a near instantaneous 'pop-in' or jump to a 10-20 /..I.m radius in 1130 s or less (the 

minimum detection time). And the slow growth observed in [5] is often followed by abrupt increases and 

physical spallation of the scale. 

Implications of spaIIing;, immersion, and AE data. The overall response of our four data sets is 

summarized in III. The as-received, un-doped sample exhibited poor adhesion, accelerated wearout, and 

susceptibility to water immersion in concert with the well-established sulfur effect on scale adhesion. 
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Hydrogen annealing produced an extremely low S content in the un-doped sample, but also reductions in 

the carbon content. Cyclic behavior was now excellent, but some immersion-induced spallation occurred 

at 500 hr. Y-doping was also very effective, due to gettering and immobi lizing S, but some spallation and 

weight loss persisted. Hydrogen annealing the doped samples improved this behavior without 

measurably reducing the bulk sulfur content. Assuming that S was already neutralized by Y, this second

order improvement may be associated with decarburization. There are thus some qualitative similarities 

and differences with the interfacial crack growth studies discussed above and listed in Table IV. 

However, it should be noted that low carbon content or decarburization is neither necessary or sufficient 

to provide optimum AI 20) scale adhesion in a global context [27]. 

For spallation of the relati vely adherent scales formed on these samples, visual, audible, and AE 

observations suggest that the spalling process consisted of a number of consecuti ve fast fracture events. 

There is no way to ascertain from the present data whether slow crack growth had not occurred before the 

observable spalling event and associated AE response. Higher moisture contents have been observed to 

dramatically increase the crack growth rates [16,20], making it difficult to discriminate between 

subcritical crack growth and fast fracture. Nevertheless, the AE response was not a constant stream of 

activity, but a series of individual events. This implies that spallation was a multi-step fracture process 

that lasted up to a number of seconds in a specific location. 

The spalling patterns in Figures 8-11 indicate in'egular segment boundaries and examples of both 

small isolated spall segments and larger regions of contiguous spall segments. The observed process 

never entailed a gradual delamination of one large segment attached to the sample. Either individual 

segments popped off or larger portions of metal were exposed by sequential spallation of adjacent 

segments. This process seems to differ from some elements of more well-controlled, slow crack or 

buckle growth described in the previous section. 

The spalling behavior due to immersion is not entirely different from that observed just on cool

down for moderately adherent scales in ambient air humidity . However it is noticeably different from the 

behavior of very non-adherent scales on NiAI or MCrAI alloys, where a high su lfur content, often 

coupled with a single isothermal oxidation interval, has been observed to produce a single large flake of 
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spalled oxide. The latter instances appear related to extremely weak interfaces that spall completely, with 

or without the presence of moisture. Thus a spectrum of moisture effects can be envisioned: complete 

spallation can result from very weak interfaces without moisture (sulfur segregation, no Y -doping); 

moisture-assisted partial spallation is most apparent for moderately strong interfaces (partially 

desulfurized); and very little moisture effects or spallation occur for very strong interfaces (hydrogen 

annealed or Y-doped alloys) [7]. 

Chemical considerations and model. The synergistic detrimental effect of moisture and sulfur 

is not well defined. While Si02 and AI 20 3 bond deterioration has been described for bulk ceramics in the 

presence of H20 by dissolution or bond separation at the crack tip, there are less detailed models of the 

effect of moisture on oxide-metal bonding. The following observations may be relevant here: (I) 

Quantum chemical models of S (and C) at Ag- or AI-MgO [28] and Ni-A1203 interfaces [29] usually 

indicate bond stretching and weakening. (However interfacial C is predicted to actually strengthen AI

MgO bonding [28]). (2) Surface science studies of Fe substrates have found that interfacial sulfur can 

produce S02 and bond disruption between Fe and an Fe-oxide monolayer [30). Water vapor resulted in 

S02 evolution from sulfur adsorbed on the outer surface of the Fe-oxide monolayer. In related studies of 

an Fe-S-AI 20 3 monolayer interface, destabilization of the oxide was found , implying S-induced attack of 

AI-O interface bonds [31]. (3) Aqueous electrochemical studies have shown that sulfur is detrimental to 

corrosion resistance, yielding higher corrosion currents and wider regimes of the active corrosion 

potential in the presence of adsorbed sulfur (32) . This de-passivating effect of sulfur has been described 

as site competition between sulfur and adsorbed (OHr radicals that are normally needed for passive oxide 

formation. 

Although the above phenomena are pertinent, none necessarily imply that moisture should always 

have a negative synergistic chemical effect with sulfur on oxide-metal bonding or scale spallation. A 

comprehensive chemical model by which moisture degrades the alumina-metal bond, particularly in the 

presence of sulfur segregation, is not available. However there does appear to be some basis that sulfur 

and carbon affect the interfacial bond strength and stability. Since stress corrosion in bulk alumina 

suggests AI-O bond breaking to form AI-(OHr and since models of S at alumina-metal interfaces indicate 
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bond stretching and weakening, the combined effect, under large 3-4 GPa thermal stresses [33], may be to 

allow more H20 ingress at sulfur-contaminated intelface regions. This, in tum, allows weak Al-(OHr 

bonds to form more readily, reducing the interfacial toughness which then allows spalling. 

A somewhat modified picture of interfacial corrosion fatigue is therefore offered in the simple 

schematic of Figure IS. Here selective paths for the ingress of water molecules are enabled. These paths 

may be regions of preferential segregation of sulfur, resulting in stretched and weakened oxide-metal 

bonds. Some limited residual free sulfur may be available in the near-surface of even the Y-doped as

received samples. In many cases the spalled regions are aligned with the direction of crystal growth and 

follow microstructural features (dendrite boundaries) that may serve as preferential diffusion paths for 

sulfur. The primary disruptive process is thus established during an incubation period, ahead of any 

planar crack growth front. It is not necessary that a discreet interfacial subcritical crack be growing, but 

only that local weakening occurs due to the synergistic effect of moisture and sulfur. 

The weakening can be defined as a reduction in interface toughness or surface energy of the 

parted surfaces. When enough of the region is weakened and can no longer support the stored strain 

energy of that volume of oxide, the affected area spalls off instantaneously. Thus, moisture-assisted 

delamination here may really just be a fast crack propagation phenomenon, where the decrease in the 

stored compressive strain energy (thermal expansion mismatch) is greater than the increase in surface 

energy created by delamination, as described by Clarke et al. and lanakiraman et al. [5, 7]. That is to say, 

fast fracture and spalling is triggered by a reduction in C Whether or not spalling is preceded by the 

growth of a subcritical crack, undetected by AB, cannot be unequivocally concluded by the present 

study. However the rapid succession of numerous AE events from the same location suggests that 

conventional slow crack growth is not operative. 

SUMMARY 

It has been shown that water immersion causes additional spallation at the oxide-metal interface 

for both Y-doped and undoped Rene 'NS, oxidized at 11500 e for 500 and 1000 hr. Weight change, the 
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number and areas of spalled segments, and acoustic emission has been used to demonstrate this result. In 

most instances, the amount of interfacial spallation, either in the as-cooled condition or after water 

immersion, was considerably lower for samples that had been hydrogen annealed. While desulfurization 

is the obvious explanation for the undoped alloy, no conclusive explanation could be claimed for Y

doped alloys because here the bulk sulfur content had not been reduced. Decarburization due to hydrogen 

anneal ing may partially explain this benefit, as a detri mental synergy between moisture and carbon 

segregation had been suggested in previous metal-oxide interfacial toughness studies. 

It was also demonstrated that a considerable stabilization effect occurred by retaining samples for 

I year before immersion, which decreased the effect of immersion considerably. After incubation times 

ranging from seconds to many hours, spalling by immersion was observed to be a succession of near

instantaneous events accompanied by the release of considerable acoustic energy. The crack growth rate 

of a spalled segment was estimated from the acoustic emission response and segment size to be at least 

10-3 m/s and possibly as high as 20 m/s. This is considerably higher than slow crack growth rates usually 

reported for static corrosion fatigue processes in bulk ceramics_ A detrimental synergy between moisture 

and sulfur (plus possibly carbon) and moisture is implied by the results. It is proposed that, 

simplistically, impurity segregation sensitizes the interface by increasing the interfacial bond distance, 

thus allowing greater access by molecular H20, decreased toughness, and spalling. 

************ 
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Table I. Summary of immersion effects on spall weight, number of spall segments, and relative spall 

areas for Rene 'N5 oxidized at I 150°C for 1000 I-hr cycle . (average of all Y -doped samples shown at 

the bottom of each column). A) as-received samples; B) hydrogen annealed samples. 

Table II. Comparison of moisture-induced AE response (number and energy of events) with moisture-

induced weight loss, increase in number of spall segments, and increase in % of spalled area. Samples 53 

Y tested immediately after oxidation; all others immersed approximately I yr. later. 

Table III. Correlation between Rene'N5 sample chemistry and spallation behavior. (Dopant and 

impurity analyses from GDMS; weight change f)" W ICXXJ after oxidation for 1000 I-hr cycles at I 150°C; 

summed (Lf)"WH 0) weight losses from 500 and 1000 hr immersions). 
2 

Table IV. Some effects of moisture or contaminants on interface toughness measured for artificial and 

thermally grown alumina-metal interfaces. (see text for explanation). 
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Figure Captions 

1. Additional weight loss due to water immersion for Rene'N5 oxidized at I 150°C for 500 l-hr 

cycles. (note large beneficial effect of hydrogen annealing). 

2. Additional weight loss due to water immersion for Rene'N5 oxidized at I 150°C for 1000 l-hr 

cycles. (note occasional beneficial effect of hydrogen annealing). 

3. Acoustic emission response dUling water immersion for alloy 53 Y; Rene'NS oxidized at Ilsooe 

for 1000 I-hr cycles; squares=as-received, circles=Hrannealed. (note major beneficial effect of 

hydrogen annealing). 

4. Acoustic emission response during water immersion for alloy 88 Y; Rene'NS oxidized at II sooe 

for 1000 I-hr cycles; squares=as-received, circles=H2-annealed. (note moderate beneficial effect 

of hydrogen annealing). 

5. Acoustic emission response during water immersion for alloy 103 Y; Rene'N5 oxidized at 

1 150°C for 1000 I-hr cycles; squares=as-received, circ1es=H2-annealed. (note significant 

beneficial effect of hydrogen annealing). 

6. Acoustic emission response during water immersion for alloy 105 Y; Rene'N5 oxidized at 

I 150°C for 1000 I-hr cycles; squares=as-received, circles=H2-annealed. (note significant 

beneficial effect of hydrogen annealing). 

7. Acoustic emission waveforms corresponding to consecutive individual events, A and B, as 

received by two sensors at different ends of the sample. For immersion of alloy 103 Y, Rene'N5 
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oxidized at II SO°C for 1000 I -hr cyc les, as-recei ved sample. 

8. Surface spallation appearance of a lloy 53 Y before and after water immersion; Rene'N5 oxidized 

at I I SO°C for 1000 I-hr cycles; (A,B) as-received; (C,D) H2-annealed. (note considerable 

immersion effect for as-received sample and minimal spallation for H2-annealed sample). 

9. Surface spallation appearance of a lloy 88 Y before and after water immersion; Rene'N5 oxidized 

at I I SO°C for 1000 I -hr cycles; (A,B) as-received; (C,D) HTannealed. (note slight immersion 

effect for as-received sample and reduced spallation for H2-annealed sample). 

10. Surface spallation appearance of alloy 103 Y before and after water immersion; Rene'NS 

oxidized at II SO°C for 1000 I -hr cycles; (A,B) as-received; (C,D) HTannealed. (note moderate 

immersion effect for as-received sample and reduced spall ation for H2-annealed sample). 

II. Surface spallation appearance of alloy lOS Y before and after water immersion; Rene'NS 

oxidized at II SO°C for 1000 I-hr cycles; (A,B) as-received; (C,D) HTanneaIed. (note moderate 

immersion effect for as-received samp le and reduced spall ation for H2-annealed sample). 

12. Increase in scale spallation due to water immersion for Rene'NS oxidized at II SO°C for 1000 I-hr 

cycles, showing effects of Y-doping (average data from Table I) and hydrogen annealing. A) 

specific weight changes; B) number of spall segments; C) relative spall areas. 

13. Increasing trends in immersion-induced AE response with measured immersion-induced spall 

area for Y-doped Rene'NS al loys, S3- lOS, after 1000 hr oxidation at II SO°C. 
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J 4. Correlation scatter plot of final weight change with carbon content for as-recei ved and hydrogen 

annealed Rene'N5, oxidized at 1 150°C for 1000 I-hr cycles. 

15. Schematic sequence of moisture-induced spallation events. Rapid spallation (~1:sp) preceded by a 

finite incubation time (~1:inc) of bond-weakening near exposed interfaces. 

21 ! 

_J 



I 

Table I 

A) As-Received 

weight change, mg/cm2 no. of spall segments/cm2 reI. spall area, % 
Alloy oxidized immersed II H20 oxidized immersed II H20 oxidized immersed II H20 

o -40.642 -42.098 1.456 104 76 -28 5.2 22.9 17.8 
16 -0 .913 -1 .135 0.222 70 76 6 2.4 6.8 4.4 

.-- 24 -0 .719 -.. -0 .835 0.115 54 80 26 1.7 4 .0 2.3 
- - -. .---f- -.--- .------ ---- .. - ... - - -- . - --.---

31 -1.359 ;1 ___ .:!.:?91 4-.-. __ 0.333 60 60 0 1.8 26 .9 25.1' 
48 -0.972 -1 .387 0.415 80 82 2 2.2 8.5 6.3 

-. .---,--1- - -- -- ----::-c---.--I---..,.....-,.-/----:-:--:+--:_::_=_ 
53 -0.742 , -1 .106 0.364 28 89 61 0.4 16.0 15.6 

.. - -. 67 -1.162 ! .-. -1 .284 - 0.122 31 118 87 0.4 3.1 2.7' 
_. --- -- --

88 -1 .054 -1 .175 0.121 56 130 74 1.3 6.4 5.1 
---1-0-31-----1-.0~4~0+---~1.~12~9~-~0.~0~89~-----1---~4~1+--~11~9+-----7~8~----1r--~1 .~0~-~4~.5+--~3~.6 ' 
-- - - -- - .---

105 -0 .971 -1 .086 1 0.115 50 107 57 1.3 7.5 6.1 
Y Avg: -0.992 -1.203 0.211 52.2 95.7 43.4 1.4 9.3 7.9 

YIa: 0.198 0.237 0.127 17.1 23.7 35.1 0.7 7.6 7.6 --
B) H2-Annealed 

o 0.797 0.710 0.087 16 29 13 0.12 0.3 0.1 
16 0.821 0.599 0.222 13 23 10 0.18 10.5 10.3 
24 0.703 0.463 0.24 13 30 17 0.31 2.7 2.3 
31 0.711 0.096 0.616 17 27 10 0.26 12.2 11.9 
48 0.638 0.531 0.107 53 72 19 0.82 4.1 3.3 
53 1.014 0.987 0.027 1 1 0 0.01 0.0 0.0 
67 0.932 0.864 0.069 2 7 5 0.01 0.4 0.4 
88 0.684 0.578 0.107 11 50 39 0.12 0.9 0.7 

103 0.895 0.813 0.082 3 12 9 0.07 0.3 0.2 
105 0.799 0.676 0.123 7 24 17 0.11 0.4 0.3 

Y Avg: 0.800 0.623 0.177 13.3 27.3 14.0 0.21 3.5 3.3 
Y la: 0 .127 0.261 0.178 15.9 22.0 11 .2 0.25 4.7 4.6 

--- -----



--------------------------------- -- "I 

Table II 

alloy, AE, AE, weight loss, no. spall spall area, 

(ppm Y) (no. events) (energy) (mg/cm 2
) segments (%) 

A) as-received samples 
53 3291 17630 0.364 61 15.56 
88 193 697 0.121 74 5.09 

103 74 389 0.089 78 3.55 
105 161 1798 0.115 57 6.13 

B) hydrogen annealed samples 
53 211 695 0.027 0 0 
88 32 406 0.107 39 0.74 

103 8 4 0.082 9 0.21 
105 13 25 0.115 17 0.31 

----- ----------- -- -- --- - --- -- ---- --- ------------------ - .--.----



Table III 

Y S C ~W1000 r,~WH20 Conclusion 

ppmw ppmw ppmw mg/cm2 mg/cm2 

undoped, as-received 0 .3 2.6 375 -40 .64 -2 .15 poor adhesion due to S segregation 

undoped, H2-annealed 0.3 <0.01 95 0.80 -OAO excellent adhesion due to S removal 

V-doped, as received 20-110 5.0 430 -0 .93 -0.86 v . good adhesion due to S-gettering . 
Y -doped, H2-annealed 20-110 5.3 110 0 .82 -0.2 1 excellent adhesion due to S-gettering, . 

'----(avg. of 9 Y -doped alloys) (and C removal?) 
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Table IV 

System Test Pre-exposure Segregant! r l ve Buckle or Reference 

Moisture (J/m2) (m/s) spall dia, ( 11m) 

Au-AI 20 3 plates DC DC ?/N 2 60 Mao, Evans 
" I I II II " ?fair 10 

Ni-AI 20 3 plates 4-pt. bend 1277°C vac. hot press C/N2 >100 Gaudette et al. (1 997) 
tI .. It II II 1277°C vac. hot press Clair 10 

NiCr-AI2 0 3 plates DC DC 1277°C vac. hot press ?/air >300 Gaudette et al. (2000) 

" II " II " 1377°C vac. hot press S,C/air 2-7 

AI20 3 scale on buckle growth vs Ores. 0.5-100 hr at 12000 C ?/air 8.6 3x 1 0.7 (slow) 150-200 Tolpygo, Clarke (2000) 

-FeCrAIZr 

AI20 3 scale on buckle growth vs oapp. 1-100 hr at 11 OOoC ?/ai r 9 5x10,4 Uump) 10-30 VVang , Evans (1 998) 

-NiAI-superalloy 

YSZ - AI2 0 3 scale TBC buckle growth 12 hr at 1121°C ?/air 9 4.6x10,12 (est.) 10-150 Sergo, Clarke (1998) 

-NiCoCrAIY-1484 

AI20 3 scale on AE response from spall 1000 hr at 1150°C ?fH2O *.*. * 1x1O,3, 20 200-5000 present study 

-Rene'N5 (est. min" max.) 
--
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Figure 1.-Additional weight loss due to water immersion 
for Rene'N5 oxidized at 1150 °C for 500 1-hr cycles. 
(Note large beneficial effect of hydrogen annealing). 
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Figure 2.-Additional weight loss due to water immersion 
for Rene'N5 oxidized at 1150 °C for 1000 1-hr cycles. 
(Note occasional beneficial effect of hydrogen 
annealing). 
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Figure 3.-Acoustic emission response during water 
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1150 °C for 1000 1-hr cycles; squares = as-received, 
circles = H2-annealed. (Note major beneficial effect 
of hydrogen annealing). 
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Figure 7.-Acoustic emission waveforms corresponding to consecutive individual events, A and B, as received by 
two sensors at different ends of the sample. For immersion of alloy 103 V, Rene'N5 oxidized at 1150 °C for 1000 

1-hr cycles, as-received sample. 
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Figure B.-Surface spallation appearance of alloy 53 Y before and after water immersion; 
Rene'N5 oxidized at 1150 °C for 1000 1-hr cycles; (a, b) as-received; (c, d) H2-annealed. 
(Note considerable immersion effect for as-received sample and minimal spallation for 
H2-annealed sample). 
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Figure 9.-Surface spallation appearance of alloy 88 Y before and after water immersion; 
Rene'N5 oxidized at 1150 °C for 1000 1-hr cycles; (a, b) as-received; (c, d) H2-annealed. 
(Note slight immersion effect for as-received sample and reduced spallation for 
H2-annealed sample). 
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Figure 10.-Surface spallation appearance of alloy 103 Y before and after water immersion; 
Rene'N5 oxidized at 1150 °C for 1000 1-hr cycles; (a, b) as-received; (c, d) H2-annealed. 
(Note moderate immersion effect for as-received sample and reduced spallation for 
H2-annealed sample). 
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Figure 11.-Surface spallation appearance of alloy 105 Y before and after water immersion; 
Rene'N5 oxidized at 1150 °C for 1000 1-hr cycles; (a, b) as-received; (c, d) H2-annealed. 
(Note moderate immersion effect for as-received sample and reduced spallation for 
H2-annealed sample). 
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Figure 14.-Correlation scatter plot of final weight 
change with carbon content for as-received and 
hydrogen annealed Rene'N5, oxidized at 1150 °C 
for 1 000 1-hr cycles. 



r-
I 

Incubation: 
H20 (+ S) weakened 

Intact 

Substrate 

I 'Tsp «'Tinc. «< 'Tint. I 
Figure 15.-Schematic sequence of moisture-induced 

spallation events. Rapid spallation (A1'sp) preceded 
by a finite incubation time (A1'ind of bond-weakening 
near exposed interfaces. 
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