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Highlights

* Two alloy surface treatments are compared.

» The kinetics of a Ni-based superalloy are comp&rguire chromia formation.

* The enhancement is described in terms of Ti-dopfrtge surface chromia scale.
» For the first time, a (Ta,Ti)ophase, formed at the oxide metal interface, istifled.

Abstract
The effect of shot-peening on the oxidation incdithe Ni-based superalloy RR1000 has
been investigated over the temperature range 70%80The surface oxide in both peened
and un-peened conditions consisted of isolatedhg@ii rutile on the outermost surface
beneath which was a protective Ti-doped chromitesdaternal oxidation of aluminium
occurred within the alloy with the formation of alina particles within & (nominally
Ni3(Al,Ti)) denuded zone but the morphology of the-surface oxides differed between the
two surface conditions examined. The kineticshafkening of the chromia layer were sub-
parabolic in most cases but closely approachedphlcabehaviour for the un-peened surface
condition at 808C. An enhancement in the rate of chromia growth feand for both
surface conditions compared with a Ti-free chrolayer. This enhancement has been
attributed to increased Cr ion diffusion as a reslTi-doping of the chromia layer but the
effect is reduced over time because of Ti-depletiathe alloy. At 808C, in the un-peened
condition, the reduction in growth rate with expastime is much less marked and this effect

seems to be associated with the formation of &8)©, phase beneath the chromia layer.

Introduction



High temperature oxidation resistance is becomiggeiasingly important as operating
temperatures increase, particularly in aero-engifidss is in response to the need to

improve fuel efficiency and reduce harmful emissioft has been established that shot-
peening can extend the service life of critical poments through inducing compressive
stresses in the surface and thereby improvinguatayack resistance [1, 2]. This process is
commonly used on rotor discs in service. Littlerkvbas previously been performed to
investigate the oxidation characteristics of Nidzhsuperalloys having undergone shot-
peening or similar surface modifications. Mosd#ts have been performed on material with
either as-machined or polished surfaces but mgortant that the oxidation damage is
evaluated on the actual surface condition thasélon the component in service. By
contrast, the oxidation behaviour of Ni-based salp®ys [3-8], and specifically RR1000 [9-
13] in the polished/machined condition, has beadistl extensively and has been the subject
of a number of recent publications. Typically dgrhigh temperature exposure of specimens
in laboratory tests, a continuous surface layahodémia is formed but with isolated particles
of TiO, on the outer surface. Internal oxidation of aloiomn also occurs and results in the
formation of sub-surface precipitates of alumina439, 12]. Ahead of this zone of internal
oxidation lies a region depletedyn(nominally N(Al, Ti)) precipitates and, after oxidation

in air at temperatures >88D, precipitates of TiN [9, 10]. A grain boundasriside (M3Cs)
depleted region underneath the surface oxide lsasbhalen reported in a similar Ni-based
superalloy, ME3, [4] and similar observations hbeen made in RR1000 [10]. Sigma phase

formation in such alloys is also possible [14].

Shot-peening is expected to enhance chromium @ffius the near surface region of the
alloy, through an increase in dislocation densityd result in the quicker formation of a
protective Cr-rich surface oxide layer. This hasmdemonstrated for boiler steels and for
the Fe-Ni based alloy 800H [15, 16]. However, ghextning has also been shown to increase
oxidation rates in alloys where protective oxidales are normally found. This is the case in
previous work investigating the weight gain kinstaf RR1000 where it was shown that
shot-peening had an adverse effect on oxidatigi®@iand 75%C [17].

The present work provides a more detailed comparngdhe oxidation response of the two
surface conditions through extensive measuremehisxide layer thickness. The work

complements an earlier study [11] on the un-pedRi@d000 alloy and detailed comparison



with these earlier data will be made in the presemk. The earlier work conducted on this
alloy by the same authors recorded the mass-gadation kinetics [9, 11, 17], sub-surface

oxidation kinetics [10]. As part of the detailew/éstigation performed the presence of Ti
within the chromia was noted [11]. The analysistloé kinetics of the external chromia

growth was performed using extensive metallographéasurements. The chromia growth
on this alloy was found to be significantly greatiean that observed previously on Ti-free
chromia. From this observation a mechanism for garabolic growth of this chromia scale

was produced and attributed to increased ionispart caused by the doping of the chromia
scale by Ti [18].

In this paper, particular attention will be paidhe influence of shot peening on the kinetics
of thickening of the chromia layer. The role ofdhi this process will also be considered.

Experimental Procedure

An advanced powder metallurgy Ni-based superaR#y1000, was used in this study and
was provided by Rolls-Royce plc. The nominal cosifan is given in Table I. The alloy
consists principally of a two-phase microstructoir@ay (nominally Ni, Co) matrix and

approximately a 45% volume fractionpfprecipitates.

The material was prepared with either a polisheshot-peened surface condition. For the
former, samples were cut (10 mm x 5 mm x 2 mm)ygdoand the edges chamfered before
being polished to a gm finish (Ra= 0.3um) using conventional preparation methods. For
the shot-peened condition, the same batch of alltg/again cut to provide samples (20 mm
x 10 mm x 2 mm), whose edges were chamfered anidripe surfaces ground to a 1200 grit
finish. These specimens were then shot-peened tis#following conditions: 110H steel

shot, 6-8 Almen and 200% coverage.

Oxidation testing was conducted over the tempezatamge of 700 to 800°C in laboratory air
for times up to 8000h in the polished condition 20A@0h in the shot-peened condition. Prior
to testing, the specimens were cleaned in etharmtbtided, before being placed in batches
into alumina boats and inserted into horizontaktfurnaces at temperature. The furnace was
previous calibrated using an N-type thermocoupkelf€. At selected time intervals, a
specimen was removed from the batch for examindtésare the high temperature exposure



continued for the remainder of the batch. Tabkhbws the time intervals chosen for

examination.

After oxidation testing, both surface and crosgisaal examination was performed. The
surfaces of the specimens were sputter coatedgeithand examined by scanning electron
microscopy (SEM) using both secondary (SE) and $zatkered electrons (BSE). Cross-
sectional analysis was performed by nickel-plathyspecimens before they were mounted
using vacuum impregnation in a low viscosity resline specimens were prepared for cross-
sectional analysis by grinding on SiC papers dawh200 grit using water as a lubricant
followed by polishing using progressively finer giand paste from gm down to 0.2%um.
The cross-sections were examined using a highuesoelJEOL 7000F FEGSEM. This
equipment is capable of wavelength dispersion spembpy (WDS), used here for the
identification of oxygen, nitrogen and carbon, ameérgy dispersion spectroscopy (EDS)
used for heavier element compositional identifmatimapping and line scans. X-ray
diffraction (XRD) analysis of the surface oxidesswzerformed on a Philips XPert system
using Cu K radiation, indexed between & @f 10-100°. Metallographic measurements of
chromia thicknesses were performed, as descrilsesvbere [11], using a total of 50
measurements taken from 10 micrographs of reprasemimages of each specimen as
shown in Figure 1. EDS analysis was used to cortivat the measurement conformed to
just the chromia part of the external scale.

Thin sections for transmission electron microscapye produced using focussed ion beam
sectioning on a Quanta 3D FEG FIB/SEM dual beartesys EDS compositional analysis
and selected area diffraction were then undertakery a field emission gun Tecnai F20
(S)TEM.

Results and Discussion

Oxide characterisation

The typical oxide morphology (both surface andrimé of both polished and shot-peened
RR1000 is shown in the cross-sections of Figur&DS analysis confirmed that the external
oxides were chromium and titanium rich and thatsuiface alumina was formed (Figure
2a). XRD analysis confirmed that the compositibthe surface oxide was the same in both
shot-peened and polished RR1000, being comprisedromia and rutile (Table Ill). XRD



analysis could not detect sub-surface oxides vatifidence because of their depth within the

alloy and their relatively small volume fraction.

The EDS map of oxidised shot-peened RR1000 indidhe rutile exists as isolated particles
located on the outer surface of the chromia saatlét lalso shows that detectable quantities of
Ti are present throughout the chromia layer (Figae In the previous paper [11] on un-
peened material, Ti was also found within the cheollayer but it is known [18] that
appreciable solubility of Ti is possible withougsificant changes to the chromia lattice
spacing, as measured by XRD. Within this exteoxaée scale, for both initial surface
conditions, are entrapped particles rich in Ni @ud This protrusion formation has been
described previously [10, 11] and is either devetbpia undercutting by oxide formation

[19] or by outward alloy creep to accommodate thess caused by the increase in volume
resulting from internal oxide formation [20-24} &ddition, a few isolated voids were

present in the external oxide for both initial sid conditions.

Underneath the external oxide scale, at the aktgreal oxide interface, a (Ti,Ta)-rich phase
was identified (Figure 2b) but this was only obserin specimens oxidised at 80 In the
long-term test (2000 hours), this phase was neariyinuous in the polished (un-peened)
specimen but only fragmentary in the shot-peenedispen. EDS spot analyses (Figure 2b)
could not produce unambiguous identification beeaafshe small particle size and the
likelihood that signals were also being obtainenrfithe adjacent chromia layer.
Accordingly, further analyses were undertaken oMTamples produced by FIB sectioning
of this surface region. A FIB section through timdentified phase is shown in Figure 3a
together with the external chromia layer (right-tha@ide), internal alumina precipitates and
the alloy. The area EDS spectrum results obtdirmed the rectangular region shown in
Figure 3 provide a more accurate composition ferghase of 20.6 Ti, 12.0 Ta, 4.2 Cr, 63.2
O at.%, which corresponds approximately to the,M@ile stoichiometry. The higher
resolution capability of TEM gives a more precisenposition for the phase due to the small
interaction area than that provided using SEM.dfgaion the Ni-based superalloy ME3 [4]
have also reported the presence of a rutile-typaekinderlying the outer chromia layer but,
in that case, the major metallic constituents wepsrted to be Ti and Cr. To provide further
insight, Selective Area Diffraction (SAD) pattensre obtained from the unidentified phase
marked in Figure 3 and these are shown in Figuréhse confirm that the phase has a

tetragonal rutile-type structure with ‘a’=0.47 nmdac’=0.30 nm. For comparison, rutile



(TiO2) has ‘a’=0.46 nm and ‘c’=0.295 nm [24]. Tafas a similar crystallographic structure
with ‘a’=0.47 nm and ‘c’=0.31 nm [24]. These vadumgree closely with those measured

here and so it seems likely that the phase is §JO1 Whether or not Cr is actually present
is unclear because of the possibility of signaltaomnation from the adjacent chromia layer

during the EDS scan.

Sub-surface internal oxides precipitate in difféer@orphologies depending on the initial
surface condition and grain structure (Figurelh)the polished (un-peened) condition, the
alumina intrusions form both intergranularly anttagranularly, with the former being
deeper and more acicular in nature. In the shetp@ condition a more uniform depth of
internal oxidation exists as a result of aluminarfation predominantly at the grain
boundaries of small recrystallized grains that famrthe near-surface region. An example is
shown in Figure 5 from which it can be seen thatdize of these grains is approximately 1-
3 um. This compares with the 30-50 um grain sfzbebulk alloy. The maximum depth of
internal oxidation is similar for both initial sae conditions, however, indicating that shot
peening and subsequent recrystallization has fexttatl the rate of supply of the reacting
species (Al and O). The denuded zone lies ahead of the internal oxiddtmmt but tends

to follow the contours of the latter, Figure 1. elthepth of the'-denuded zone is more
uniform in the shot-peened specimens than in thishem (Figurel) but the maximum depth

of depletion is similar in both.

Chromia growth kinetics

As previously described the mass gain kineticsR1800 with and without shot-peening

have shown that, at 780 and 756C, a significant detrimental effect of shot-peenixgsts

[17]. Since more than one element is oxidisinthencase of RR1000, it is unclear whether
this increased mass gain came from the enhancedfion of the external chromia scale or
whether it is related to the depth and volume efittternal oxides or to the formation of

rutile. It is for this reason that extensive meaments of chromia thickness were undertaken

in the present work.

Figure 6 shows the chromia thickness against expdsue at the three principal test
temperatures for both shot-peened and polished BR10he scatter shown represents a +1

standard deviation of the 50 measurements takem &ach specimen. The shot-peened data



at 750C have been published in an earlier paper [11]iadvertently described there as
being for the polished specimens. This regrettalyier has been corrected in the present

paper. The lines drawn through the RR1000 dakagure 6 represent best fits to Equation
(2):

&= (kt)"" (1)

wherekq,is an effective rate constaidtis oxide thicknessnis a numerical constant ahts
exposure time. The values fgf and m are given in Table IV from which it can be
appreciated that, in all cases, sub-parabolic kisetre obtainedf > 2) although for the
polished material tested at 8@parabolic behaviour is closely approached. Saradmwlic
kinetics have also recently been reported for timdar Ni-based superalloy, ME3 [14].
From Figure 6, it can be appreciated that thers do¢ seem to be a consistent trend in the
comparison between the initial surface conditiohBus, the trend of the means, and hence
the best-fit lines, at both 700 and 760s that the rate of chromia growth on the shereel
specimens is higher than on the polished equivalentnly marginally so at 760. At

80C°C a converse trend exists in that shot-peeningaappe provide benefit. A comparison
between the means at 2000-hours exposure at eaper&ture was made using the t-test
(with different variances between the data setshtk for significance. It was found that
the difference between the means at all three teahyres was significant (p<0.05): the
probability that the difference in means occurrgaiance was (to 3 decimal places) 0.041
at 700C and 0.000 at both 750 and 800

For both initial surface conditions, the rate atkiening of the chromia layer is enhanced
over that expected for growth of an adherent chadayer on pure chromium or on a simple
austenitic steel. The lower solid line in eachhaf plots in Figure 6 applies to parabolic

chromia growth on these materials and is givendpyations (2) and (3) [26]:

ik, =207 % 10 % axp [— 31:_20], m2st (2)

&= (ko)™ (3



whereT is absolute temperatuig, is the parabolic rate constadiis chromia layer thickness
andt is exposure time. The enhancement in chromia tiroate in the RR1000 superalloy
over that predicted by Equations (2) and (3) cagusmtified, as previously [11], from the
ratio, r, of the slopes, fldt, of the respective chromia-thickness/time curésu@tion (4)).
Note that the best-fit curves using the parameat@ngn Table IV were used in this

comparison.

r :[ (df/dt)sJ (@)
d¢/dt),, ),

Here, the subscript ‘s’ refers to the superallog @n’ to pure chromium or the simple
austenitic alloy. The comparison needs to be madegiven chromia thickness so that the
diffusion distance for the chromium defects tram8pg across the oxide layer is the same in
each case. The dependence of the ration’ oxide thickness and test temperature is shown

in Figure 7a for the polished and Figure 7b forghet-peened alloy.

Clearly it can be recognised that, at ®@nd 756C, the enhancement ratio shows a similar
trend for both initial surface conditions in that thin oxide scales (~0.1-0.2 um), a 2 orders
of magnitude increase in growth rate was found.th&sscale thickens, this reduces in both
cases to an enhancement ratio of ~10. AP@pSimilar enhancement factors (~10) for
thicker scales (>1 um) exist for both polished shdt-peened conditions but the large values
found for thin oxides at 700 and P&Dwere present only for the shot-peened condition a
80C°C. Close examination of the early stage kinefiagiire 6, at 80 shows little

difference with the two data sets following a sanifrend up to 200 hours and thus one
would expect this to be reflected in the enhancémsgivs. However, the oxidation kinetics
has been determined from the whole data set asdnitiudes data extending well beyond
200 hours, Figure 6. The constant enhancementat800C for the polished condition is a
reflection that parabolic kinetics are maintaingdrahe test period and an explanation,
involving the influence of the (Ti,Ta)hase, is incorporated into the doping mechanism,

and is given below.

The enhancement of the growth rate of the chrosadesas previously been explained by an
increase in chromium vacancies as a result ofrtberporation of the higher-valent*Tion

leading to an increase in the oxidation rate thhomgreased diffusion rates of chromium



ions across the oxide [11, 27-31]. This mechansaido expected to apply to the shot-
peened condition tested here. As the oxide thlker depletion of Ti underneath the
external oxide scale ensues, the flux of Ti in élxide scale is reduced and the average Ti
concentration in the chromia layer is also redudéas causes a corresponding reduction in

the rate-enhancement ratio as the oxide thickmessases (Figure 7a and 7b).

This alloy depletion of Ti at 75Q is illustrated by the SEM and EDS line scans shiow
Figures 8 (reproduced from [11] for completeness) @ for the polished and shot-peened
alloy, respectively. The locations of the extermélbes,y denuded zones and the alloy are
labelled in each EDS linescan. For the polishextispen after 100 hours exposure (Figure
8a), it can be seen that within tfielenuded zone there is some depletion of both diAdn
although, adjacent to the external oxide scaleetlsealso an enhancement of Al, probably
associated with alumina. The presence of Ti witheachromia scale is also evident but not
rutile on the outer surface of the chromia layertfi@ section examined. After 2000 hours
oxidation at 758C (Figure 8b), rutile is present as the outermasten Ti depletion of thg
denuded zone is more advanced than after 100 hadrghe rate of supply of Ti into the
chromia layer is also expected to be less sinamitsentration gradient into the oxide layer
is also reduced. These observations are consisimthe qualitative model described above
for the development of sub-parabolic chromia grokittetics in this alloy, at least at 700 and
750°C. Somewhat tentatively, an estimate of the Ti&io within the chromia layer can be
made by comparing the Ti and Cr counts at the pé#hke Cr counts. It is found for the
polished alloy (Figure 8) that after 100 hours%a°T, Ti/Cr ~ 0.22 but this is reduced to
~0.14 after 2000 hours. The same trend is founthBshot-peened alloy (Figure 9) where
Ti/Cr ~ 0.22 after 100 hours and 0.14 after 2000rs0 Note that the peaks in Ti and Al
within the depletion zone at these long exposumesiappear to be associated with nitride

and oxide particles.

Similar trends to those described above appeatalerist for the specimens oxidised at
80C°C although the formation of nitride and oxide plsaséthin the depletion zone and the
early formation of rutile on the outer surfaceloé thromia layer makes numerical
comparisons unreliable. A significant feature apeo be the presence of the (Ti, Ta)O
phase discussed earlier (e.g. Figures 3 and 4% ig bresent at this temperature for both
surface conditions but only in significant quasestin the polished specimens. Its formation



may limit Ti ingress into the chromia layer andjshreduce the doping effect at short times,
i.e. up to 200 hours, (Figure 7) but sustaining éfiect over longer time period leading to
near-parabolic kinetics in the polished specime@O&C to in excess of 2000 hours. Itis
postulated that the (Ta, TiX®hase forms at the oxide alloy interface but enfiblished
condition the phase forms a near continuous layereas the effect of the shot peening
results in a discontinuous distribution of thatgdaThe phase, located as it is immediately
beneath the external scale, will affect the ditfasof chromium to the surface and possibly
result in a slower release of Ti ions into the chiescale. In this way, the chromia scale
growing on the polished samples at 8D@re doped at a slower but continuous rate oer th

test periods used here and hence maintains pasavoivth kinetics.

An apparently consistent difference between thespetl and shot-peened specimens is in the
Cr depletion profiles. Those for the polished spen at 756C (Figure 8) show a monotonic
decrease in Cr concentration from the bulk allegtigh the depletion zone towards the
oxide/metal interface. By contrast, the shot-pday shows an enhanced Cr
concentration within th¢ denuded zone at both short (100 hours) and |od@J(Bours)
exposure times (Figure 9). This trend is alsordi@aoxidation at 80%C as shown in Figures
10 and 11 for the polished and shot-peened altegpectively. This difference between
shot-peened and peened regions has not previoestyreported in this or similar chromia-

forming Ni-based superalloys and merits furthedgtu

Conclusions

The oxidation damage of RR1000 with and withouttgfe®ning has been investigated over
the temperature range of 700-800For exposure times up to 2000 hours. A detailed
comparison has been drawn between the two consiéisnwell as with oxidation of pure

chromium. The main findings of the work are sumsed below.

1. The oxide formed in air at all test temperat{7@@, 750 and 80C) and in both
surface conditions consists of a surface scalémfoia with isolated particles of
rutile on the outer surface. Sub-surface alumiegiprtates in a different morphology
depending on the surface condition. For the petisspecimens, intergranular
oxidation penetrates to greater depths than theeesXiormed within the alloy grains.

For the shot-peened condition, the sub-surfaceeop@hetration occurs to a more



uniform depth and tends to be associated with thim dpoundaries of small
recrystallised grains. Recrystallisation is fourmdly in the shot-peened condition. A
Yy denuded zone is present ahead of the zone ohaittexidation for both alloy

conditions.

2. The growth rate of the chromia scale on shoipedRR1000 was sub-parabolic in all
cases as well as on the polished alloy aP@Qthd 758C. For these cases, there is a
large (two orders of magnitude) enhancement inrala@rowth rate for thin layers
(~0.1 um) over that expected for pure chromia.sBmhancement factor declines as
the oxide thickens. The increased oxidation ggtributed to increased ionic
transport caused by doping of the chromia layeithgium and the consequent
creation of vacancies on the chromium sub-lattitlee reduction in enhancement

with increasing thickness occurs due to Ti depfetibthe underlying alloy.

3. At 80C°C in the polished condition, the early-stage enbarent is much less (~ a
factor of 10) but does not reduce substantiallywitreasing oxide thickness. As a
consequence, the oxide growth kinetics are nearighmwlic for this one test
condition. At this test temperature of 8G0a (Ti, Ta)Qforms at the oxide/metal
interface and may reduce the transport of Ti iheodhromia layer extending the time
period over which doping occurs.

4. For the polished specimens oxidised at 750 &dC8(the two temperatures at which
detailed EDS analysis was undertaken), a Cr-deplgtiofile extends monotonically
beyond the/ denuded zone into the alloy. This is not the ¢asthe shot-peened
specimens where an enhancement of Cr concenteatists within this depleted

zone.
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Table captions:
Table I: Nominal composition of RR1000 in atomicdameight %.

Table II: Test matrix showing exposure times atchtspecimens were removed for

examination. All tests were performed in laboratairy

Table Ill: XRD results of specimens held at 7DO750C and 808C, with and without shot-

peening, illustrating which oxides form. Identifiican was performed over &2f 10-100.

Table IV: Growth kinetic rate constants and exparienthe external chromia layer on
RR21000 in both the polished and shot-peened conditand chromia growth on a high Cr

austenitic steel.

Figure Captions:

Figure 1: BSE images of a cross-section through@lished RR1000 sample and b) a shot-
peened RR1000 sample both oxidised af@dor 2000 hours. Both show a continuous
external scale of chromia, with sub-surface alunp@aetration into the alloy. The figure

also illustrates how the chromia measurements perfermed.

Figure 2: a) SEM image, with energy dispersive Xanalysis maps, of a section through a
shot-peened RR1000 sample held in laboratory &0&IC for 500 hours. b) SEM image,
EDS point analysis of Ta-Ti rich phase formed undath the external oxide scale oxidised
at 800C for 2000 hours.

Figure 3: STEM image with EDS elemental analysia @EM foil taken from a specimen
oxidised at 80%C for 2000 hours, identifying the unknown phaséeiag rich in Ti, Ta and
0.

Figure 4: Selected area electron diffraction pattdéor the [1QL], [100] and [311]

orientations for the Ta, Ti rich oxide.



Figure 5: Secondary electron (SE) images produset)a focussed ion beam (FIB) of a
cross-section of a shot-peened RR1000 sample exidis 200 hours at 800 illustrating

recrystallised grains in thé denuded zone.

Figure 6: Plot of chromia thickness measured on@®R1with and without shot-peening, at
700°C, 750C and 808C compared with Ti-free austenitic steel/pure chieonOxide
measurements for both conditions were normallyibisted and error bars are shown as = 1
standard deviation. Hollow squares are measuremanssot-peened RR1000, filled circles
are polished RR1000.

Figure 7: The variation of the enhancement ratith wkide thickness for 76Q, 75¢C and
80C°C, in a) polished RR1000 and b) shot-peened RR1000.

Figure 8: EDS linescan (and BSE images) of poligRBRA000 oxidised isothermally at
750°C for a) 100 hours and b) 2000 hours showing titanand aluminium depletion

underlying the external oxide scale.

Figure 9: EDS linescan (and BSE images) of shoigeé@&R1000 oxidised isothermally at
750°C for a) 100 hours and b) 2000 hours showing titanand aluminium depletion

underlying the external oxide scale.

Figure 10: EDS linescan (and BSE images) of potldRB1000 oxidised isothermally at
800°C for a) 100 hours and b) 2000 hours showing titanand aluminium depletion

underlying the external oxide scale.

Figure 11: EDS linescan (and BSE images) of shetxpeé RR1000 oxidised isothermally at
800°C for a) 100 hours and b) 2000 hours showing titanand aluminium depletion
underlying the external oxide scale.

Please include colour images for the online versioonly — greyscale images will be
provided for the print version.

Table |



Table Il

Ni Co Cr Mo Ti Al Ta Hf B
Weight % Bal_18.5 a0 0 -100r100M5=500=—0%500n0tF=552002000h
Shot-peenedned 700°@ 179X 155 3.0%X43 5.3 062 1192& €0z 1,7102& Cr20;
777500@777X7-777X'Ti02 & Cr203777Ti02 & CrzogfiiTiOz & Cr203
8005CC  TiO, & Cr,05 XTi0, & Cr0;  Ti0, & Cr,05  1102&Cr0s
: & NiCr,04 (tr)
Polished—700°C X X X X %
Polished 700:(().\;\ - - T|02 & Cr203 T|02 & CI’203
75:030: " "Ti0,&Cr,0;  TiO,&Cr,0;  TiO,& Cr,0s
ez 7 2 T TiO, & Cr,0r——TiO, & Cr,0s
(o]
800°C TiO, & Cr,0; TiO, & Cr,0 & NICr,0, (I & NICr,0, (I1)
Table Il
Table IV
Shot-peened RR1000 Polished RR1000 Pure chromia formation
Temperature
1/m K (umY™.s%) 1m Ky (pmY™sh 1m Ky (pmY™sh
700°C 0.311 8.48x10’ 0.340 5.63x10’ 0.5 2.94x10°
750°C 0.299 2.71x10° 0.327 9.16x10’ 0.5 1.40x10’
80C°C 0.343 1.68x10° 0.477 8.81x10° 0.5 5.75x10’
Figure 1

External oxide

\

Alumina




Figure 2

| Total 100

10pm Electron Image 1

Figure 3

Unidentified phase

Element | Atomic%
(@) 63.2
Ti 20.6
Cr 4.2
Ta 12.0
Total 100

Entrapped alloy

<iirface ovid

100
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Polished RR1000
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Figure 10

Polished RR1000
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Figure 11

Shot-peened RR1000
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