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The Complementary Nature of X-Ray Photoelectron
Spectroscopy and Angle-Resolved X-Ray Diffraction
Part Il: Analysis of Oxides on Dental Alloys
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X-ray photoelectron spectroscopy (XPS) and angle-resolved x-ray diffraction (ARXRD) were used to
analyze the oxide layer on three palladium-gallium-based dental casting alloys. The oxide layers were ap-
proximately 10 um thick. The use of the techniques helped to determine which mechanism was responsi-
ble for oxide formation—either (a) oxide layer growth via diffusion of oxygen through the scale to the
metal, causing the scale to grow at the metal-oxide interface, or (b) an oxide layer formed by metal ions
diffusing through the scale to the surface and reacting with oxygen, causing the scale to grow at the ox-
ide-air interface. The oxide growth mechanisms were correlated to previous layer adhesion results deter-
mined with biaxial flexure testing.

Keywords angle resolved, dental alloys, gallium, oxide, nanometers. In practice, the analysis of complex oxides with
palladium, review, x-ray diffraction, x-ray either of these techniques can be complicated. However, a com-
photoelectron spectroscopy bination of the two techniques can be used to minimize short-

comings of the individual methods if the backgrounds of the
procedures are fully understood and the merging of the data is
done with caution. A full discussion of the background and the-
ory of these techniques is included in Part | of this report (Ref
Both x-ray diffraction (XRD) and x-ray photoelectron spec- 14).
troscopy (XPS, also known as ESCA, electron spectroscopy for  The complex near-surface oxides and metals of three palla-
chemical analysis) are commonly used to analyze oxide layergdium-gallium-based dental alloys were studied. Although
(Ref 1-6). In theory, XRD identifies crystalline materials high-palladium dental alloys containing greater than ~75 wt%
within (approximately) the top 1Q0m of a surface. The ex- Pd have become popular for metal-ceramic restorations over
panded technique of angle-resolved x-ray diffraction the pastdecade because of their lower cost than gold alloys and
(ARXRD) utilizes a fixed x-ray source with a scanning detec- their good mechanical properties (Ref 15, 16), only limited in-
tor; in the scientific literature this technique is generally termed formation is available about their oxidation behavior (Ref 17,
grazing-angle x-ray diffraction (Ref 7-12). If the source is set at 18). After the initial oxidation reported here, dental porcelain is
a very shallow glancing angle, the x-rays detected are from aultimately bonded to the surfaces. The metal/oxide/dental por-
near surface region of a few tens of nanometers. As the incidentelain systems were previously subjected to biaxial flexure
angle increases and moves closer to normal to the surface, théests to determine the relative adhesion of the porcelain (Ref
signal is obtained from an increasing depth of the material. In 19). An analysis was conducted in an attempt to correlate the
this study, the x-ray source was varied from grazing values of previous porcelain adherence results for the various alloys to
<1°toincident angles of 20°, which can no longer be defined asthe surface oxides present before porcelain bonding. Addition-
grazing. The ARXRD terminology was chosen because of its ally, the determination of the surface chemistry of the oxide
correspondence to the use of angle-resolved XPS for depth protayers may provide guidance in the development of new high-
filing of surface layers (2 to 8 nm) (Ref 13). When XPS (which palladium alloys with improved metal-ceramic bonding. A de-
typically analyzes a depth of 5 nm) is combined with argon ion tailed study on the oxides was conducted, combining depth
depth profiling, chemical information as a function of depth is profile XPS and ARXRD. A preliminary account of this work
also obtained, typically to maximum depths of a few hundred for one alloy has been presented (Ref 20), and full analyses of
these alloys and their ramifications on the dental community
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Pd-Cu-Ga alloy. The Protocol alloy (Williams/lvoclar) and the air abraded, prior to oxidation, previous research (Ref 18) has
Legacy alloy (Jelenko, Armonk, NY) are classified as Pd-Ga shown that this surface treatment causes different oxides to
alloys (Ref 15). After casting, oxidating, and subsequent bond- form. The two Williams/lvoclar alloys (Spartan Plus and Proto-
ing of dental porcelain, metal ceramic samples were loaded tocol) were oxidized by heating in a mild vacuum (0.95 atm) in a
failure in biaxial flexure, and the adhesion of the porcelain was conventional dental porcelain furnace from 650 to 1,010 °C at
measured by a standardized x-ray spectrometric technique (Ref rateé of 56 °C/min with a 5 min hold at the peak temperature.
19). The Protocol system exhibited a combination of adhesive The Jelenko alloy, Legacy, was oxidized by heating in air from
fracture through the metal-metal oxide interface and cohesive 704 t0 1,010 °C at 56 °C/min with no hold at the peak tempera-
fracture in the porcelain, whereas the Legacy system exhibitedtUre: Scanning electron microscopy (SEM) and microstructural
substantial or complete fracture through the metal-oxide inter- €valuation of these materials has been previously published
face. In contrast, the Spartan Plus system displayed a combina(Ref 15, 16, 21).
tion of cohesive failure in the porcelain and adhesive failure

between the porcelain and the oxide. Therefore, the initial ox-2.2 XPS Analysis
ide grown on the surface of the Spartan Plus alloys remained in-

tact, while the oxides on the Protocol and Legacy alloys pacyard Model 5950A (Palo Alto, CA) with monochromatic
delaminated. aluminumKa radiation. The area of analysis was approxi-
To determine the reason for the differences in these failuremately 5 mm by 1 mm. The samples were analyzed in their as-
mechanisms, oxidized specimens were prepared of each alloyreceived state and after 1, 3, 7, 15, 25, 100, 200, and 300 min of
Cast specimens of 10 mm by 10 mm by 1 mm were air abradedargon ion depth profiling. The argon ion (Aenergy was ap-
with alumina, following standard dental laboratory practice proximately 2500 eV. Under these conditions, the sputtering
and subjected to the oxidation procedures recommended by theate for the system was 0.7 nm/min, calibrated to 3 SpQtter-
alloy manufacturers. Although the cast alloy specimens coulding standard. Therefore, the depth profile provided detailed in-
have been metallographically polished and etched, rather tharformation about a surface layer approximately 210 nm in depth.

The XPS system used for the analysis was a Hewlett

Table 1 Nominal weight percent compositions (manufacturer supplied) of the high-palladium alloys studied

Alloy Palladium Copper Gallium Gold Silver Indium
Spartan Plus(a) 79 10 9 2
Protocol(a) 75 . 6 6 6.5 6
Legacy(b) 85 . 10 2 1 1

(a) Williams/Ivoclar, Amherst, NY. (b) J.F. Jelenko & Company, Armonk, NY

Table 2 Peak areas (arbitrary units) as a function of glancing angle for oxidized Spartan Plus alloy

ARXRD method, incident angle Standard XRD
ICDD file no. Peak location, B 0.75° 1.5° 5° 20° method
Pd 5-681 40.1 891 2082 8171 36 047 83049
Presumed nonequilibrium 34.6 265 528 1736 4218 8 253
form of hydrated
palladium oxide
PdOXH,O 9-254 34.1 57 254 504 1410 2523
CuGa0, 26-514 35.9 44 147 835 2784 5159
Cu,0 5-667 36.4 54 168 271 755 2775
BGa03 43-1012 35.2 0 12 18 72 124

Table 3 Elemental concentration (at.%) obtained by XPS as a function of sputtering time for oxidized Spartan Plus alloy

Argon ion C o Cu Ga Pd Au
sputtering time, min 1s 1s LMM 2p; 3ds), af;

0 35.9 49.3 4.3 7.4 3.1

1 16.5 52.8 14.8 12.6 3.3

3 11.6 52.5 16.5 14.5 4.9

7 9.4 49.7 16.5 17.4 7.0

15 6.7 51.7 15.3 17.2 8.9 0.1
25 7.4 51.4 13.6 17.7 9.8 0.1
100 6.3 57.4 9.5 13.0 13.4 0.3
200 10.4 45.3 9.9 11.9 22.1 0.4
300 14.7 44.4 8.6 9.7 221 0.5
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The XPS analysis included survey scans to determine theStandards, Swarthmore, PA) standards that are part of the com-
elemental composition at each depth as well as high-energyputer data handling system. For comparison to the angle-re-
resolution scans of each element detected at each depth. Theolved data, XRD in the traditional mode was also
high-energy resolution scans are performed to determine theaccomplished on each of the alloys; full results on the standard
binding energy of the species detected. From the binding enerXRD analysis of the oxidized alloys were published in Ref 18.
gies, inferences of the compounds present were made via com- Calculations for the 1/e analysis depth (Ref 14) were accom-
parison with literature standards (Ref 14). Because the analysiglished using the absorption coefficient for palladium metal
of insulating materials with XPS can cause peak charging (subsequent results show that the major component of the sur-
shifts, the binding energy values were calibrated to metallic face layer of the coatings is palladium metal). Attempts were
palladium (the clearest and most unambiguous peak in this sethen made to correlate the XPS results with the angle-resolved
ries) at 335.5 eV. With this palladium calibration, the adventi- XRD data. The XRD incident angle of 0.75° was calculated to
tious carbon peak occurred at 284.6 eV. The XPS binding correspond to a depth of approximately 50 nm. This correspon-
energies were compared to literature values (Ref 22-27). Quandence correlated to an argon sputtering time (during XPS
titative analysis of the data was accomplished with the use ofanalysis) of 75 min. The 1.5° incident angle corresponded to
sensitivity factors of Wagner (Ref 27). 100 nm and a sputtering time of approximately 150 min. The 5°
incident angle corresponded to 300 nm or an extrapolated sput-
tering time of 425 min. An XRD incident angle of 20° was cal-
culated to have a 1/e depth of 700 nm.

Rather than discrete depths, the ARXRD 1/e depths are vol-
ume depths and include information from the surface to that
depth, and even somewhat beyond. Surface roughness of these

. o - ) 9 : Pmeasurements obtained from XPS. However, despite their
size was 0.1° with step times of 3, 9, or 18 s/step. The x-ray an-

gles of incidence were set at 0.75° (18 s/step), 1.5° (18 S/Step)shortcomings, the two techniques, under these experimental
5° (9 s/step), and 20° (3 s/step). Because the source is fixed, th
geometry of the system constrains tteer@nge to 20 to 50 °.
The data were compared to International Center for Diffraction
Data (ICDD, formerly Joint Committee on Powder Diffraction

2.3 ARXRD Analysis

All data were collected with a Scintag Model 2000 XRD
system (Scintag, Inc., Cupertino, CA) using copfemradia-

tonditions, yielded dovetailed information about the surface
%nd near surface composition of the oxide layer (Ref 14).

To summarize, each oxidized alloy was analyzed with XPS.
The elemental concentration as a function of sputtering time
was obtained. Each element was studied in high-energy resolu-
tion mode at each depth to obtain the binding energy of the ele-
ments detected and make inferences as to the chemical species
present. The XPS experiments yielded information about the
outer approximately 210 nm. In parallel, each oxidized alloy
was studied with ARXRD and standard XRD. The diffraction
studies yielded information about crystalline species at depths
down to approximately 50 nm, 100 nm, 300 nm, 700 nm, and
10pm.

qazog'XHzo

3. Results

Intensity 3.1 The Pd-Cu-Ga Spartan Plus Alloy

Table 2 lists one major peak area for each species detected
with ARXRD as a function of glancing angle for the oxide of
the Spartan Plus material. Table 3 summarizes the atomic per-
cent concentration of elements as a function of depth obtained
with XPS. Figures 1 to 3 illustrate the high energy resolution
XPS spectra of gallium, copper, and palladium as a function of
sputtering time. Similar high resolution spectra were obtained
for the balance of the elements detected but are not included for
brevity.

Both analyses indicate that the primary component of the
oxide layer was actually palladium metal. XRD detected gal-
lium in two phase3Ga05; and CuGg0,, with BGa,O5 unde-
tectable at the most shallow glancing angle. With XPS, the
main gallium peak detected on the surface of the Spartan Plus
oxide occurred at 20.0 eV (Fig. 1). This was presumed to be due

25 23 21 19 17 15
Binding energy, eV
Fig. 1 Oxidized Spartan Plus alloy high resolution x-ray photo-

electron spectroscopy of gallium2peaks as a function of ar-
gon ion sputtering time (a) as-received surface, (b) 7 min, (c) 25

min, and (d) 200 min. The y-axis is relative intensity and can be
correlated to the concentrations given in Table 3.
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to hydrated oxides/hydroxides. With increasing depth, the gal-
lium peak occurred at approximately 20.5 eV, consistent with
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gallium oxide. Some gallium metal was also detected. Thereal, of approximately 5 nm, free-standing on substrates and insu-
was no strong peak shift to differentiate the gallium in lating matrices. Although other mechanisms cannot be pre-
CuGg0, spinel from the gallium iBGa,04. Additionally, in a cluded, an arguable reason for the shift is that gold, as well as
mixed component system such as this, XPS would probably beperhaps copper, is in an electrically isolated matrix, exhibiting
unable to differentiatBGa,O5 from aGa,05. XRD indicated a classic cluster shift (Ref 29). The lack of detection of Au and
copper was also present in two phasesGCand CuG3s0,. Cuw with XRD may be due to microcrystallinity of those spe-
Rather than the typical XPS peaks used for copper (from the 2pxcies.

transitions), Auger lines obtained during XPS were used forthe  The initial ARXRD analysis of the Spartan Plus sample was
analysis of the copper binding energy becaustabd CyO plagued by a large, unidentifiable peak@&t234.6°. As the an-
cannot be easily differentiated with the 2p peaks. Once againgle of incidence increased, the unknown peak decreased in
XPS high resolution peak structure (Fig. 2) showed mixtures of relative intensity. The XPS analysis of the Spartan Plus sample
Cuw?*, Cult, and C@ states, shifted slightly due to effects that indicated the surface was composed primarily of hydrated ox-
were presumed to be from the spinel structure. XPS analyses oides, chiefly hydrated palladium oxide (Fig. 3). ICDD states
both copper and palladium compounds are expected to be comthat the major peak for Pd,0 is at 34.18°. Conventional
plicated by differential sputtering effects. Figure 3 shows that XRD analyses of Pd®H,0 and Pd(OH) powders (Alfa Ae-

the major palladium surface compound is hydrated PdO. With sar, Ward Hill, MA) were conducted; the major peaks occurred
increased sputtering time, the hydrated oxide component de-at 34.19° and 34.13°, respectively, for those compounds. The
creases in intensity, replaced by increases in the peak for pallapeak at 34.6° may be associated with a nonequilibrium form of
dium metal. Because PdO is an unstable oxide (Ref 28), it ishydrated palladium oxide or palladium hydroxide, or with
likely that a fraction of the Ptletected is due to sputter reduc- stress due to an epitaxial relationship between the palladium
tion. ARXRD also shows an increase in palladium metal with oxides or hydroxide and the palladium solid solution matrix in
depth. the oxide layer.

Neither copper metal, gold, nor gold alloys were detected The XPS survey scans of the Spartan Plus oxide summa-
with x-ray diffraction, but they were detected with XPS at rized in Table 3 indicate that the concentration of the layer was
depths of >70 nm. With XPS, gold metal produces a doublet not uniform. There are gradual changes in the surface composi-
that typically exhibited peaks at 88.0 and 84.0 eV from thg 4f  tion, and the data indicate some type of interface was present
and 4f,,peaks, respectively. TheAfgold peak detected here at the 100 min. sputtering time, corresponding to approxi-
was shifted to 85.4 eV, this is a relatively large shift for gold mately 70 nm. At this depth, the carbon and gold (microcrys-
(Ref 25). This shift has been correlated to small clusters of met-talline form) increased, while the oxygen, gallium, and

CuO-xH,0

PdO'XHQO

M,/\ Intensity
Intensity
ij\
575 570 565 560 350 345 340 335 330

Binding energy, eV

Fig. 2 Oxidized Spartan Plus alloy high resolution x-ray photo-
electron spectroscopy of copper LMM Auger transition peaks as
a function of argon ion sputtering time (a) as-received surface,
(b) 7 min, (c) 25 min, and (d) 200 min
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Fig. 3 Oxidized Spartan Plus alloy high resolution x-ray pho-
toelectron spectroscopy of palladiumg3gpeaks as a function

of argon ion sputtering time (a) as-received surface, (b) 7 min,
(c) 25 min, and (d) 200 min
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copperdecreased. Itisprobablethattheincreased carbonatthierotocol sample. Table 5 summarizes the atomic percent con-
70 nm level is trapped adventitious carbon and that this wascentration of the elements detected as a function of depth ob-
the site of an original surface. The copper oxide and spineltained with XPS. Figures 4 and 5 illustrate the high energy
grew over the old surface, leaving that original surface resolution XPS spectra of gallium and palladium as a function
somewhat intact. This is also the depth where gold and me-of sputtering time.
tallic copper appeared. The XRD results indicate that the surface again contains
substantial palladium metal. With XPS, surface palladium was
3.2 The Pd-Ga Protocol Alloy inthe forml oflPdO (Fig. 5), but the palladium bec.ame primarily
metallic within 5 nm of the surface. Strong evidence of hy-
Table 4 lists one major peak area for each species detectedrated palladium oxide was not detected with XPS, and the
with ARXRD as a function of glancing angle for the oxidized XRD peak at 34.6° was also not present. ARXRD verified an

Table 4 Peaks areas (arbitrary units) as a function of glancing angle for oxidized Protocol alloy

ARXRD method, incident angle Standard XRD
ICDD file no. Peak location, B 0.75° 1.5° 5° 20° method
Pd 5-681 40.1 848 2324 8 652 32379 31220
PdO 41-1107 33.9 50 129 309 483 437
In,Og3 6-416 30.6 34 79 316 622 431
BGa0Os 43-1012 31.7 67 146 451 809 898

Table 5 Elemental concentration (at.%) obtained by XPS as a function of sputtering time for oxidized Protocol alloy

Argon ion

sputtering C o S Ga Pd Ag In Au
time, min 1s 1s 2p 2ps 3ds), 3ds), 3ds2 4f,

0 27.3 50.2 1.0 10.7 6.0 1.3 3.2 0.2
1 17.5 55.6 12 14.4 6.9 11 3.0 0.4
3 16.5 53.8 14 15.5 9.0 0.9 25 0.3
7 11.7 56.3 15 16.9 10.4 0.7 2.1 0.4
15 11.4 53.8 1.7 18.3 11.3 1.1 1.7 0.7
25 8.6 55.6 1.8 18.1 12.2 1.2 1.8 0.7
100 7.9 53.2 1.6 18.4 14.7 1.7 1.4 11
200 6.7 54.6 1.5 195 14.2 1.4 11 1.0
300 5.1 55.6 15 21.7 12.7 1.4 11 0.9

Table 6 Peak areas (arbitrary units) as a function of glancing angle for oxidized Legacy alloy

ARXRD method, incident angle Standard XRD
ICDD file no. Peak location, ® 0.75° 1.5° 5° 20° method
Pd 5-681 40.1 1298 2 848 9559 30773 28 799
PdO 41-1107 33.9 91 162 450 1030 995
BGa03 43-1012 31.7 25 45 156 300 326
Ga 27-0222 36.3 13 0 36 255 780

Table 7 Elemental concentration (at.%) obtained by XPS as a function of sputtering time for oxidized Legacy alloy

Argon ion

sputtering C o} Ga Pd Ag In Au
time, min 1s 1s 2p; 3ds, 3ds, 3dsp, 4f,,

0 41.3 42.8 4.8 9.7 0.4 0.7 0.3
1 26.5 43.6 8.8 19.8 0.3 0.5 0.5
3 24.3 42.7 8.5 23.3 0.3 0.4 0.5
7 19.5 44.2 8.9 26.0 0.4 0.4 0.6
15 21.2 425 9.4 25.6 0.3 0.4 0.5
25 18.2 42.8 9.9 27.8 0.3 0.4 0.6
100 16.6 41.0 9.7 31.3 0.2 0.4 0.7
200 15.2 41.7 9.8 319 0.3 0.4 0.7
300 145 42.0 10.3 31.7 0.3 0.4 0.7

3380 Volume 7(3) June 1998 Journal of Materials Engineering and Performance



increase in Ptwith depth. Sulfur, silver, indium, and gold were  the palladium became primarily metallic in form within 5 nm of
detected with XPS in the outer 200 nm, but the major compo-the surface (Fig. 7). Consistently, XRD analysis indicated
nents were consistent with elevated gallium and oxygen. Not inthat the peak at 34.6°, which is hypothesized to be nonequili-
the nominal alloy composition, sulfur was presumed to be a
contaminant. The XPS results indicate that the surface con-
tained hydrated gallium oxide, while the immediate subsurface PdO
depths contain anhydrous gallium oxide (Fig. 4). Both ARXRD
and conventional XRD established that this oxide was rela- ‘

tively uniform fGa03. Unless the processing conditions are 3 a
such that some internal hydration is induced (as in the case o 5

the Spartan Plus alloy), air-induced aquation occurs near the Pdr
outer surface and does not affect subsurface metallic species
Carbon was relatively high in concentration and slowly de-
creased throughout the thickness analyzed.

Intensity

3.3 The Pd-Ga Legacy Alloy

Table 6 lists one peak area for each species detected witt
ARXRD as a function of glancing angle for the oxidized sur-
face of the Legacy alloy. Table 7 summarizes the atomic per-
cent concentration of elements as a function of depth obtainec
with XPS. Figures 6 and 7 illustrate the high energy resolution
XPS spectra of gallium and palladium as a function of sputter-
ing time.

The results indicate that the coating on the Legacy sample is
primarily palladium metal, Pd@Ga,03, and perhaps metallic
gallium. According to the XPS results, gallium metal, gallium
oxide, and hydrated gallium oxide were present at the surface Binding energy, eV
(Fig. 6). In,O5, gold, and silver were also detected. Surface pal- Fig. 5 Oxidized Protocol alloy high resolution x-ray photo-
ladium was in the form of Pd metal and some hydrated PdO, but gjectron spectroscopy of palladiumsdsipeaks as a function

of argon ion sputtering time (a) as-received surface, (b) 7 min,
(c) 25 min, and (d) 200 min

350 345 340 335 330

Ga;05xH0

N
Intensity Intensity
\P\
,\/"\ _\’C\
/"“/\ d
25 23 21 19 17 15 25 23 21 19 17 15
Binding energy, eV Binding energy, eV
Fig. 4 Oxidized Protocol alloy high resolution x-ray photo- Fig. 6 Oxidized Legacy alloy high resolution x-ray photo-
electron spectroscopy of gallium2peaks as a function of electron spectroscopy of gallium2peaks as a function of
argon ion sputtering time (a) as-received surface, (b) 7 min, argon ion sputtering time (a) as-received surface, (b) 7 min,
(c) 25 min, and (d) 200 min (c) 25 min, and (d) 200 min
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brium PdQxH,0O or Pd(OH), was not present. Once again, 4. Discussion

XPS indicated that carbon was relatively high in concentration

at the surface and slowly decreased throughout the thickness £, ihese dental alloys, sputtering with*Aturing XPS

analyzed. depth profiling may induce, to some degree, the following reac-
Figure 8 presents a narro eange of the ARXRD plots as  jgns:

a function of the angle of incidence. Itillustrates the increased

presence of gallium oxides as a function of depth, consistent PO 2Pd + O

with the XPS results. Additionally, the presence of metallic gal- - Q

lium (ICDD standard 27-222) is suggested by the peak at 36.2° 2CuO - Cu,0 +¥%20,1

on the 5° and 20° incident angle scans; very small peaks may CuGa0, - 2CuO (further reduces to @D as shown

exist on the 0.75° and 1.5° scans. The other strong peaks for above) + GgO, (stable)

metallic gallium may be obscured by more intense overlapping 3

peaks from PdO aniGa,0 or diminished in intensity due to In,O3 - Stable

preferred orientation. Moreover, this peak at 36.2° does not

match the ICDD standard (43-1012) #8a,0; and was not  ajthough it is often possible to interpret data based upon these
reported previously (Ref 18) on the conventional x-ray diffrac- gniicipated reactions, the combined use of XPS and XRD was
tion analyses of these high-palladium alloys. While it seems eyiremely beneficial in the identification of near-surface spe-
that the oxide layer on this alloy should not contain substantial sjes. The terminology of angle-resolved x-ray diffraction,
quantities of metallic gallium, an alternative interpretation has (ather than the conventional grazing-angle x-ray diffraction
not been found. Figure 6 also shows consistent metallic gallium(GxRD), has been adopted because some of the incident angles
with sputtering time. It is not believed that the gallium metal ysed were much greater than that typically called grazing. The
detected with XPS is due to sputter reduction of gallium oxide present terminology was chosen because of its correspondence
because it is present on the before-sputtered surface and bgp the familiar use of angle-resolved XPS for the depth profil-
cause gallium oxide is a relatively stable oxide. ing of thin surface layers (Ref 13).

The Legacy alloy also exhibits a slightly different palladium Oxide scales can grow by two mechanisms. The oxygen (or
metal XRD profile compared to the other two alloys in that the oxygen ion) can diffuse through the scale to the metal, causing
10 um depth appears to have somewhat less Pd metal (relativehe scale to grow at the metal-oxide interface. The second pos-
to the other alloys) than the 700 nm depth. In the other alloys,sibility is that the metal (or metal ion) can diffuse through the
the relative palladium metal concentration always increasedscale to the surface and react with oxygen, causing the scale to
with increasing depth. grow at the oxide-air interface (Ref 30). The data indicate that

Pd 1
- ANV
2 ; \
. /v \/ Intensity
%\ \\ - o " |
30.49,30.1°. 317
b 30.3° /\
d /,V\/\ 0
i ‘ E— ‘
350 345 340 335 330 29 30 31 32 33 34 35 36 37
Binding energy, eV 20
Fig. 7 Oxidized Legacy alloy high resolution x-ray photoelec- Fig. 8 Angle-resolved x-ray diffraction of oxidized Legacy
tron spectroscopy of palladium as a function of argon ion sput- alloy. Scarais incident anglen = 0.75°; scam is incident an-
tering time (a) as-received surface, (b) 7 min, (c) 25 min, and glea = l-5°;°scaru: is incident angler = 5°; scard is incident
(d) 200 min anglea = 20°.
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