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ABSTRACT 
Objective. The purpose of this study was to use x-ray diffraction (XRD) 
to obtain new information about the oxide layers on four representative 
oxidized high-palladium alloys. 
Methods. Cast specimens of two Pd-Cu-Ga alloys and two Pd-Ga 
alloys, with both polished and etched surfaces and air-abraded surfaces, 
were subjected to oxidation procedures recommended by the 
manufacturers. The specimens were analyzed by x-ray diffraction using 
CuKa radiation, and the peaks were compared to appropriate Joint 
Committee on Powder Diffraction Standards (JCPDS). 
Results. The surface preparation procedure had a profound effect on 
the phases present in the oxide layers. For the specimens that had been 
polished and etched, CuGa,O, and j3-Ga,O, were detected on the 
79Pd-1 OCu-9Ga9Au alloy, whereas SnO, and CuGa,O, were detected 
on the 76Pd-IOCu-55Ga-6Sn-2Au alloy. The oxide layers on both 
Pd-Cu-Ga alloys contained Cu,O, and the oxide layer on the 
76Pd-iOCu-55Ga-6Sn-2Au alloy may contain S-Ga,O,. The principal 
phase in the oxide layers on both Pd-Ga alloys that had been polished 
and etched was In,O,, which exhibited extreme preferred orientation. 
No other phase was detected in the oxide layer on the 
85Pd-lOGa-2Au-IAg-1 In alloy, whereas S-Ga,O, was found in the oxide 
layer on the 75Pd-6Ga-6Au-6Ag-6.5In alloy. For the air-abraded 
specimens, j3-Ga,O, was not present in the oxide layers on the 
Pd-Cu-Ga alloys, and j3-Ga 0 was the major phase in the oxide layers 
on the Pd-Ga alloys. Palladium oxide(s) in varying amounts were 
detected for both surface preparations of the Pd-Cu-Ga alloys and for 
the air-abraded Pd-Ga alloys. Except for the 76Pd-1 OCu-5.5Ga-6Sn- 
2Au alloy, the oxide layer caused minimal change in the lattice 
parameter of the palladium solid solution compared to that for the 
as-cast alloy. 
Significance. Knowledge of the phases found in the oxide layers on 
these high-palladium alloys is of fundamental importance for interpret- 
ing differences in the adherence of dental porcelain to the metal 
substrates under static and dynamic conditions, and may provide 
guidance in the development of new high-palladium alloys with improved 
metal-ceramic bonding. 

INTRODUCTION 
It is well-known that adherence between dental porcelain and 
the alloy substrate generally depends upon development of 
strong chemical bonds across the interface through an oxide 
layer on the alloy as well as upon mechanical interlocking at 
microirregularities created on the alloy surface by air abrasion 
(Philips, 1991; Craig, 1993). While occasionally a dental alloy 
may not form an external oxide (Maker-t et al., 1983) and 
porcelain adherence must be achieved through mechanical 
retention, Mackert et al. (1988) have shown that there is a 
direct relationship between oxide adherence and metal-ceramic 
bonding for alloys forming external oxides. 

Although high-palladium dental alloys containing greater 
than about 75 wt% Pd have become popular for metal-ceramic 
restorations over the past decade because of their lower cost 
than gold alloys and their good mechanical properties (Carr 
and Brantley, 1991; Brantley et al., 1993), only limited 
information is available about their oxidationbehavior &scone 
(1933h-eIxs-tedthatbothCq,O,andCuO externaloxides,along 
with a CuO internal oxide, formed during simulated porcelain 
tiring heat treatment for model Pd-Cu-Ga alloys, and the two 
surface oxides reacted to form CuG%O, spmel. Using x-ray 
*action W), IIautaniemi et al. (1990) identified CL&&O, 
on the surface of an oxidized Pd-Cu-Ga alloy with a 
composition very similar to that of Option (J. M. Ney Company 
Blooded, CT, USA) and Spartan (WWuns Division, Ivoclar 
North America, Amherst, NY, USA). Bagby et al. (1990) also 
employed XBD to identify SnO, and CuG%O, on another 
oxidized Pd-Cu-Ga alloy (Deguplus 2, Degussa Dental, Inc., 
South Plaimield, NJ, USA). Using an indirect approach, van 
der Zel(1989) employed m easurements of alloy weight changes 
during oxidation and emission spectroscopic analyses of HCl 
leaching solutions to deduce the phases originally present in 
the oxide layers. The compositions of subsurface oxides were 
determined by x-ray energydispersive spectroscopic analyses 
withthes canning electron microscope (SElWEDS). 
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Fig. 1. X-ray diffraction pattern obtained with the Scintag PAD-V diffractometer for oxidized, polished and 
etched Pd-Cu-Ga alloy Spartan Plus. 
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Fig. 2. X-ray diffraction pattern obtained with the Philips diffractometer for oxidized air-abraded Pd-Cu-Ga 
alloy Spartan Plus. 

Using experimental techniques developed by Ringle et al. 

(1983) and Mackert et al. (19881, Papazoglou et al. (1993) 
measured the adherence of VitaVMKdental porcelain (Vident, 
Baldwin Park, CA, USA) to four high-palladium alloys aRer 
debonding the porcelain in biaxial flexure. It was found that 
the porcelain adherence was signi&antly greater for the two 
Pd-Cu-Ga alloys (Spartan Plus, Williams/lvoclar; Liberty 
J.E Jelenko & Company, Armonk, NY, USA), compared to the 
two Pd-Ga alloys (protocol, Williams/Ivoclar; Legacy, Jelenko). 
The purpose of this investigation was to use XRD to obtain 

detailed information about the phases 
present in the oxidized layers on these four 
alloys. No studies of the oxidation behavior 
of the Pd-Ga alloys have previously been 
reported. XRD analyses of the four high- 
palladium alloys in the as-cast condition 
were recently published (Brantley et al., 
1995). 

MATERIALS AND METHODS 
The Pd-Cu-Ga alloys selected for study 
(Spartan Plus, Williams/Ivoclar and 
Liberty, Jelenko) had compositions of 
79Pd-lOCu-9Ga-2Au and 76Pd-lOCu- 
5.5Ga-6Sn-2Au, respectively, whereas the 
Pd-Ga alloys (Protocol, Willian&Ivoclar and 
Legacy, Jelenko) had compositions of 
75Pd-6Ga-6Au-6Ag-6.5In and 85Pd- 
lOGa&ZAu-IAg-lIn, respectively (Brantley 
et al., 1995). The composition of the 
Spartan Plus alloy is identical to that of the 
previously mentioned Option and Spartan 
alloys, except for the absence of a small 
amount of boron (Brantley et al, 1995). 

Two types of oxidized specimens were 
prepared for each alloy One cast specimen, 
20mmx20mmx1.5mm,usedinthe 
previous XRD investigation of the as-cast 
structure (Brantley et al., 19951, was 
metallographically polished through 
0.05 m alumina slurries, etched in aqua 
regia solutions (Mezger et al., 1988) and 
subjected to the initial oxidation procedure 
recommended by the manufacturer. These 
specimens were polished and etched prior 
to oxidation in order to have a reproducible 
level of surface roughness with minimal 
residual plastic deformation. Although 
recommended by the manufacturer, no 
subsequent air abrasion was performed on 
the two oxidized Jelenko (Liberty and 
Legacy) alloys. A second cast specimen of 
smaller dimensions, 10 mm x 10 mm x 
1 mm, was air-abraded, following standard 
dental laboratory practice, and subjected to 
the same recommended oxidation proce- 
dure. A smaller size was used for the oxi- 
dized air-abraded specimens so that they 
could be used for fi_u-ther study. 

The two Williams/Ivoclar alloys 
(Spartan Plus and Protocol) were oxidized 
by heating in vacuum in a conventional 

dental porcelain furnace f%om 650” to 1,Olo”C at a rate of 56°C 
per min with a 5 min hold at the peak temperature, whereas 
the two Jelenko alloys (Liberty and Legacy) were oxidized by 
heating in air f?om 704” to 1,Olo”C at 56°C per min with no 
hold at the peak temperature. 

The XRD patterns for all oxidized specimens were obtainfi 
at room temperature, using CLXCX radiation (h = 1.54060 A). 
The oxidized, polished and etched specimens were analyzed 
by an x-ray difEact.ometer (PAD-V, Scintag, Sunnyvale, CA, 
USA)withanickelflte~operatingovera2&angeGrom20”-1OO” 
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at a continuous s canning rate of 0.5” per min and a photon- 
counting interval of 0.03”. The oxidized air-abraded specimens 
were analyzed with two x-ray diffractometers. A high- 
precision wide-range goniometer (Philips Electronics PW 
1316/90, Philips, Eindhoven, The Netherlands) with XRG 
3100 x-ray generator, DMS-41 measuring system and 
graphite monochromator was operated over a 26 range from 
20”-100” at step intervals of 0.01” and a photon-counting time 
of 3 s per step. In addition, x-ray *action patterns were 
obtained over the narrower 28 range of 20”-70” to confirm the 
locations of the peaks fi-om the oxides, using a Scintag Model 
2000 m system with a solid state analysis flte~ These scans 
were performed at28 steps of 0.030” and photoncounting times 
of 0.36 s (Spartan Plus) or 0.45 s (Liberty, Legacy and Protocol) 
per step. The smaller oxidized air-abraded specimens were 
mounted on a silicon single crystal substrate having a special 
orientation which did not yield sign&ant -action peaks. 

The peaks for the oxide layers were indexed to the JCPDS 
(Joint Committee on Powder Diffraction Standards, 
Swarthmore, PA, USA) file of pure polycrystalline powder 
standards. The Nelson-Riley analysis (Cullity 1978) was 
employed with linear regression to determine the lattice 
parameter of the palladium solid solution in the four oxidized 

alloys corn the positions of the 111,200,220, 
311 and 222 peaks. Accuracy of the results 
obtainedwiththeScint.agPAD-VdifTractometer 
was validated by agreement of the lattice 
parameter of the palladium solid solution for 
one as-cast alloy (Legacy) serving as a control 
withinO.Ol~ofthevaluepreviouslydetermined 
(Brantley et al., 1995) with the Philips 
~~meter,whichwasperiodicalycalibrated 
with crystallographic standards. Accuracy of 
the results obtained with the Scintag Model 
2000 difl?actometer was validated by compari- 
son of the lattice parameter of the palladium 
solid solution in the oxidized alloys and the 
positions of the peaks from the oxides with 
values obtained with the Philips dif%actometer; 
these values generally agreed within 0.01 H, 

RESULTS 

The x-ray *action pattern for the oxidized, 
polished and etched 79Pd-lOCu-SGa-2Au 
alloy Spartan Plus is shown in Fig. 1. The 
diffracted x-ray intensity obtained during 
continuous scarming with the Scintag PAD-V 
*actometer is given in terms of counts per 
second (cps). Each peak has been labeled with 
thecorrespondingphase(s);therearefourpeaks 
that may correspond to overlapping peaks f?om 
two different phases. The phases detected in 
the oxide layer were Cu%04 (standard 265141, 
p-G%O, (standard 41-1103), C 0 (standard 
5-667), and possibly hydrated p &a dium oxide 
(PdO.qO) (standard 9-254). The matches of 
the peak positions with those predicted from 
the four JCPDS standards using CuKa 
radiation were excellent, as corresponding 
values for interplanar spa$ngs (d-spacings) 
were generally within 0.01 A for all peaks f?om 

each phase. Comparisons of predicted peak positions for a- 
G%O, (standard 41-11031, CuO (standard 41-524), and PdO 
(standard 41-1107) with peaks for the oxide layer indicated 
that these phases were not present. 

The x-ray aaction pattern in Fig. 2 shows that the oxide 
layer on air-abraded Spartan Plus consisted of CuG%O,, CyO, 
and perhaps both PdO.+O and PdO. The aacted x-ray 
intensity obtained with the Philips diffractometer is given in 
terms of counts per 3 s, the time interval for each step 
during s canning. The peak positions and their interpretation 
have been s ummarized inTable 1. In contrast to the oxidized, 
polished and etched specimen in Fig. 1, no !L%G%O, was present. 
There was similar excellent agreement for all of the CuG%O, 
and CI+O peaks with the d-spacings in the JCPDS standards, 
except for the CuGq20, peak at 30.77” where there was a 
discrepancy of 0.03 A, and the C&O peak at 43.07” where 
there was overlap with an adjacent CuGa,O, peak. 
Assignment of the strongest oxide peak at 34.78” to PdO.aO 
was based upon x-ray photoelectron spectroscopic (XPS) 
analysis of a nominally identical specimen, although the 
d-spacing for the two peaks indexed to this oxide were 0.03 A 
to 0.04 A less than those for the JCPDS standard. A ak 
corresponding to the strongest peak for PdO at d = 2.647 i!F was 

Dental Materials/November 1996 335 



50 30 40 50 60 70 80 90 100 

28 
Fig. 3. X-ray diffraction pattern obtained with the Philips diffractometer for oxidized air-abraded 
Pd-Cu-Ga alloy Liberty. 
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Fig. 4. X-ray diffraction pattern obtained with the Philips diffractometer for oxidized air-abraded 
P&u-Ga allby Legacy. 

detected with the Scintag Model 2000 diffractometer, but was 
not evident in the detailed (26, Intensity) data for Fig. 2. 

Analysis of the x-ray *&ion pattern for the oxidized, 
polished and etched 76Pd-lOCu-5.5Ga-6Sn-2Au alloy Liberty 
indicatedthattheprincipalphasesintheoxidelayerwereSnO,, 
CL&&0, and C!$O; p--O, and PdO&&O also appeared to 
be present. Other than the strongest peak for SnO, (standard 
41-1445) where there was a Werence of 0.02 A, the calculated 
d-spacings of peaks observed for the oxide layer were within 
0.01 A of values given for the SnO,, CuGqO, and C&O 
standards. All peaks for the CuG+O, standard were detected, 
as were all peaks for the SnO, standard wjth relative 
intensities > 4 except for the peak at d = 1.154 A, which was 
obsured by the 311 peak for the palladium solid solution; the 
threestrongestpeaksfarthe~Ostandardwerealsodeteded. 
A peak at 34.85”, located between much stronger peaks for 
SnO, and Cu-O,, suggested the presence of pG%O, and 
PdO*aO although the matches of the d-spacings to the 
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JCPDS standards were poor (differences of 0.W 
A and O.O4A, respectively). Since the other 
strongpeaks for~G~O,wereobscuredbypeaks 
for CuGa,O, and SnO,, there was some 
uncertainty about the presence of P-Ga,O:, . 
Moreover, while six of the seven strongest peaks 
for a-Ga,O,, lie at nearly the same positions as 
peaks for SnO, and CuGa,O,, the absence of 
the d = 1.815 A peak for the JCPDS standard 
suggested that a-Ga@< was not present in the 
oxide layer. Comparison of observed peak 
positions with JCPDS 41-524 indicated that 
CuO was not present. 

The x-ray diffraction pattern for oxidized air- 
abraded Liberty (Fig. 3) and the analysis of the 
XRD peaks detected with the Philips 
dithactometer (Table 2) show that the major 
phase in the oxide layer was SnO,. The 
interplanar spacings agreed within 0.01 A of 
the JCPDS values, except for the strongest peak 
at 26.76” where the discrepancy was 0.02 A. 
Four ofthe five strongest peaks f?om the JCPDS 
for CuGa,O, were present, and there was 
excellent agreement of the d-spacings within 
0.01 A of the values from the JCPDS. However, 
there was poor agreement for the broad 
CuG%O, peak at 30.99”, where the d-spacing 
was 0.05 A less than that from the JCPDS. 
Palladium oxide(s) also appeared to be present 
in the oxide layer The match of the peak at 
34.82” to the strongest PdO.+O peak maybe 
poor because the peak position has been 
additionally sl-&ed by the adjacent SnO, peak, 
and another peak for PdO.xH,O may be a 
component of the SnO, peak at 54.92”; the 
PdO.%Opeakatd= 1.303Awasnotdetected. 
While the strongest peaks for C&O were not 
observed, the presence of PdO could not be ruled 
out because the strongest peaks nearly coincide 
with SnO, peaks. Defitive conclusions about 
the palladium oxide species in this oxide layer 
and the presence of Cu,O will require XPS 
analyses, which are in progress for this alloy 

Table 3 presents the x-ray diffraction 
pattern for the oxidized, polished and etched 85Pd-lOGa-Uu- 
lAg-1In alloy Legacy All peaks other than those for the alloy 
substrate have been indexed to body-centered cubic @cc) In,O, 
Wandard 6-416). All of the strongest peaks for pG%O, and 
a-&O, were missing, thea-G%O, peak at d z 2.491 Ais nearly 
coincident with the ho, peak at d = 2.433 A. Comparisons of 
the peak positions in Table 3 with the JCPDS indicated that 
none of the silver and palladium oxides were present, nor were 
any of the (Ga,In),O,, P-GaInO,, AgGaO,, AgInO, mixed 
oxides. Table 3 shows that the ho, phase had an extremely 
high degree of preferred orientation. TheOintensity of the 
strongest &O, peak at 22.04” (d = 4.030 A) was 1,947 cps 
(counts per second), which was greater than that of the 
200 peak for the palladium solid solution matrix of the 
substrate at 46.73” (1,190 cps); the maximum intensity for the 
111 peakofthepalladium solid solution at 40.16” was 6,870 cps. 
The strongest In,O, peak in Table 3 corresponds to the 
211 reflection, which is only the fifth-strongest peak for the 



I 212 26.76 3.329 SnO, (3.347 and 100) I 

I Indicates preferred orientation 

SnO, (1.593 and 6) I 

l&,0, standard at d = 4.130 A, with a relative intensity of 13% 
oftbatforthestrongest222peakThelatkqeakatd=2.921A 
was missing for the oxide layer as was the second-strongest 
440 peak for the IqO, standard at d = 1.788 A, which has a 
relative intensity of 36% of that for the 222 reflection. The 
d-spacings for the other peaks fi-om the ho, phase were 
generally lower than values from the JCPDS, and the peaks at 
45.06” and 72.92” were poor matches. 

The x-ray difbaction pattern for oxidized air-abraded Legacy 
in Fig. 4 was dramatically different from that for the oxidized, 
polished and etched alloy The oxide layer consisted of p-G%O, 
and PdO. The matches for all the peaks in Fig. 4 obtained with 
the Philips difEactometer to the d-spacings in the p-G%O, 
JCPDS standard were excellent, as shown in Ylhble 4, with 
diBerences not exceeding 0.01% except for the peak at 43.43 
where the discrepancy was 0.02 A. The peaks at 33.69O and 
33.91” matched the d-spacings for PdO within 0.01 A. The 
presence at 52.61” of the normally very weak peak from the 
JCPDS where d = 1.744 A indicated that P-Ga,O, has 
substantial preferred orientation in oxidized air-abraded Legacy 
and this was supported by comparing the relative intensities 
for other peaks in Fig. 4. 

Fig. 5 presents the x-ray diffraction pattern 
for the oxidized, polished and etched 75Pd-6Ga6Au- 
6Ag-6.5In alloy Protocol. All of the peaks for the 
oxide layer have been indexed to bee Iq03 and 
~~O,,otherthanthesmallpeakatapproximately 
36.4” which does not match peaks for PdO*aO 
and PdO. It was concluded that a-G%O, was not 
present,sincethefaurstrongestpeaksfortheJCPDS 
standard were not observed. Further comparisons 
of the peak positions in Fig. 5 with the JCPDS 
indicated that none of the silver and palladium 
oxides were present, nor were any of the (Ga,In),O,, 
PGaInO,, AgGaO,, and AgInO, mixed oxides. As 
with oxidized Legacy the &O, phase has extremely 
high preferred orientation, with the 211 peak at 
22.10” (d = 4.019 A) having a maximum intensity of 
2,370 cps. For comparison, the maximum intensi- 
ties of the 111 peak at 39.80” and the 200 peak at 
46.28” for the palladium solid solution of the alloy 
substrate were 4,664 cps and 1,873 cps, respectively 
Also as with oxidized Legacy, the d-spacings for the 
IqO, phase were generally leas than those Tom the 
JCPDS. There were poor matches for the 321 peak 
at 32.90”, the 332 peak at 41.47”, and the 622 peak 
at 60.29, which is nearly coincident with a peak for 
pG%O,. In all but one case, the d-spacings corre- 
sponding to the observed peaks for them0, phase 
in the oxide layer were within 0.01 A of the values 
for the JCPDS. The exception was the p-G+O, peak 
at 23.81” (d = 3.734 A), where the Mererice of 0.05 
A with the JCPDS is attributed to the overlapping 
shoulder of the 211$0, peak. The relatively high 
intensity of the peak at 23.81” indicates some 
preferred orientation for the pG%O, phase in the 
oxide layer, since this is a weak peak for the 
standard with a relative intensity of only 2% of that 
for the strongest peak at d = 2.823 A (31.67”). 
Further indication of preferred orientation is the 
strong~~0, peak at 72.16”, where the correspond- 
ing peak in the standard has a relative intensity of 

only 5% of that for the strongest peak. 
The x-ray diffraction pattern for oxidized air-abraded 

Protocol in Fig. 6 indicates that the oxide layer consisted of 
p-G%O, and PdO; no peaks for IqO, were detected. The peak 
positions obtained with the Philips difb-actometer and their 
interpretation have been summarized in Table 5. While the 
general compositions of the oxide layers appeared to be very 
similar for both Pd-Ga alloys, comparison of Figs. 4 and 6 
indicated the relative intensities of the oxide peaks were 
stronger for Protocol. The agreement between the d-spacings 
of the peaks for p-G%O, in the oxide layer and the correspond- 
ing JCPDS peaks was within 0.01 A, except for the peaks at 
31.88” and 43.46” where the agreement was within 0.02 A; 
a similar result was found with the latter peak for Legacy The 
presence at 52.64” of the normally very weak peak for the 
standard indicated (as for Legacy) that the p-Ga,O, has 
preferred orientation, which is again supported by compari- 
sons of the relative intensities of other peaks. The d-spacings 
for the peaks assigned to PdO in Fig. 6 matched the values in 
the standard to within 0.015 A. 

The average lattice parameters of the palladium solid 
solution matrix obtained by the Nelson-Riley analysis of the 
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identified CuG%O, on an oxidized Pd-Cu-Ga alloy 
with a composition nearly identical to that of 
Spartan Plus, whereas Bagbyet al. ( 1990) identified 
both SnO, and CuGa,O, in the oxidized layer on a 
Pd-Cu-Ga-Sn alloy with a composition somewhat 
similar to Liberty. In this study, comparison of the 
XRD peak positions with the JCPDS indicated that 
perhaps four phases were present in the oxide layer 
on oxidized, polished and etched Spartan Plus 
(CuG%O,, p-Ga,O,, C&O, and PdO+&I,O), whereas 
five phases may be present in the oxide layer on 
oxidized, polished and etched Liberty (SnO,, 

30 40 50 60 70 80 90 100 

20 
Fig. 5. X-ray diffraction pattern obtained with the Scintag PAD-V diffractometer for oxidized, 
nolished and etched Pd-Ga allov Protocol. 
250 

I 
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Fig. 6. X-ray diffraction pattern obtained with the Philips diffractometer for oxidized air-abraded 
PbGa alloy Protocol. 

data from the three diffractometers for the oxidized alloy 
substrates (two surface conditions) are given in Table 6 and 
compared to values obtained for the as-cast alloys (Brantley 
et al., 1995). The agreement within 0.01 Hi of the values of 
lattice parameter for the as-cast and oxidized conditions of 
three alloys is the same as that found in the previous study for 
repeated measurements and duplicate specimens of each 
as-cast alloy Hence, within the precision of the present XRD 
measurements, the lattice parameter of the palladium solid 
solution for these alloys was minimally changed by oxidation 
and the surf&e preparation prucedure. The difference of 0.03 A 
between lattice parameters of the palladium solid solution for 
as-cast and oxidized Liberty is attributed to the relatively thick 
oxide layer on this alloy 

DISCUSSION 
The complexity of the oxide layers on representative 
Pd-Cu-Ga alloys subjected to each manufacturer’s 
recommended oxidation procedure is much greater than 
previously reported. Using XRD, Hautaniemi et al. (1990) 
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CuGa,O,, Cu,O, and perhaps P-Ga,O,, and 
PdOxH,O). When air-abraded specimens of these 
Pd-Cu-Ga alloys were oxidized, p-Ga,O, was not 
present in the oxide lay$K The excellent agreement 
within generally 0.01 A of the d-spacings for the 
peaks f?om the two oxidized Pd-Cu-Ga alloys with 
corresponding positions for the pure oxide JCPDS 
standards not only validated the accuracy of the 
present XRD analyses, but suggested that the oxide 
phases in the oxide layers on the two Pd-Cu-Ga 
alloys had relatively little substitutional solid 
solution incorporation of other cation species. 

As previously noted, the presence of cl-Ga,,O, in 
the oxide layer on oxidized, polished and etched 
Liberty cannot be ruled out in principle, because the 
strongest peaks for this phase coincide with peaks 
for CuG%O, and SnO,. Kohn et al. (1957) pointed 
out that striking analogies occur between the 
oxides of aluminum and gallium, and referred to 
P-G%O, as the high-temperature form of gallium 
oxide (gallia). Geller (1960) subsequently 
emphasized that P_G%O, is actually the thermody- 
namically stable form of gallium oxide at room 
temperature; earlier research by Foster and Stumpf 
(1951) showed that, while a-Ga,O, forms at lower 
temperatures than does p-G%O,, the a-phase is 
me&stable. Hence, the absence of a-Ga,O, in the 
oxide layer on Liberty is plausible. 

The crystal structures of the oxide phases on the 
oxidized Pd-Cu-Ga alloys are as follows: CuG%O, 

(cubic spine1 structure); p-G%O, (monoclinic, which thereby 
has a very large number of XRD peaks); SnO, (tetragonal); 
Cu,O (cubic); possibly PdO.xH,O (tetragonal) and PdO 
(tetragonal) are also present. The lattice parameters f?om the 
JCPDS for the pure oxides are provided inTable 7. The crystal 
structure of the rhombohedral (hexagonal) a-G%O, phase, 
which is isostructural with a-A&O,, has been discussed by 
Mar&o and Remeika (1967). 

The much simpler compositions of the oxide layers on the 
Pd-Ga alloys, Legacy and Protocol, result from the fewer 
elements in these alloys that form stable room-temperature 
oxides compared to the two Pd-Cu-Ga alloys studied. Only&O, 
was detected on oxidized, polished and etched Legacy, whereas 
both &O, and p-G%O, were detected on oxidized, polished 
and etched Protocol. In contrast, when both as-cast Pd-Ga 
alloys were air-abraded (instead of being polished and etched) 
and oxidized, the oxide layers contained P-Ga,O, and 
palladium oxide(s); no ho, was detected in the oxide layer on 
either alloy The matches of the d-spacings to the JCPDS 
standard were generally within 0.01 A for PdO, and XPS 



JCPDS standard, which may be due to substitution of smaller 
Ga+3 ions (Kingery et al., 1976) for some In+3 ions. The normal 
mom-temperature form of Iq03 has a bee @hallium oxide-type) 
structure with a lattice parameter of 10.117 A (Roth, 1957) 
and 16 molecules per unit cell (Marezio, 1966). It is likely that 
some special orientation relationship (favored by the 
relatively smooth and low-stress surface condition of the 
polished and etched alloys) exists between the crystal 
structure of IqO, and the face-centered cubic structure of the 
palladium solid solution matrix for the Pd-Ga alloys, yielding a 
low-energy interface with preferred orientation of the oxide. 
Because of the roughened microtopography and substantial 
internal stresses, this orientation relationship does not exist 
for the oxidized air-abraded specimens, where the principal 
phase in the oxide layer was p@O,. 

The same preferred orientation of the IqO, phase appeared 
to~tintheo~delayersonbotho~~ed,polishedandetched 
Pd-Ga alloys, where three of the strongest six peaks for the 
In,O, JCPDS standard were missing: the strongest 222 
re&&ion and the 440 and 431 reflections. However, despite 

the extremely high degree of preferred orientation 
for the Iq03 phase on oxidized, polished and etched 
Legacyandprotocol,therewasessent;iallynochange 
in the lattice parameter of the underlying palladium 
solid solution matrix (Table l),whichonlyhas a small 
amount of preferred orientation for these two 
as-cast alloys (Brantley et cd., 1995). This suggests 
that any strong metal-oxide interfacial bonds that 
would create substantial elastic strain in the 
oxidized layer must have a largely random 
orientation for the IqO, phase. 

studies are in progress to comkm the oxide species identified 
by XRD. Wbile the strongest peak for PdO, W1ndard34-1101) 
nearly coincides with a peak for PdO, information provided by 
the JCPDS indicates that PdO, is unstable and decomposes at 
room temperature. The lattice parameter for the bee IqO, 
JCPDS standard is also provided in Table 7. 

For both oxidized, polished and etched Pd-Ga alloys, the 
lattice parameter of the ho, phase was less than that for the 

For oxidized air-abraded Legacy and Protocol, the 
resence of the normaIly very weak peak (d = 1.744 

1 ) at approximately 52.6” in Figs. 4 and 6, 
respectively, indicated that the pG%O, phase in the 
oxide layer had preferred orientation. Similarly 
for oxidized air-abraded Liberty, the presence of the 
normally very weak peak (d = 2.309 A) at approxi- 
mately 39.2” in Fig. 3 indicated that the SnO, phase 
in the oxide layer had preferred orientation. (Since 
none of the x-ray difEkactometers used in this study 
were equipped with a O-compensating slit, only the 
foregoing comments about preferred orientation of 
oxide species were deemed appropriate.) Because 
of the preferred orientation of these oxide phases, 
the average crystal sizes cannot be determined f?om 
the Scherrer formula (Cullity, 1978), using the 
breadth of the strongest peaks at ha.Kmaximum 
intensity. Nonetheless, from the strongest peaks for 
the oxide species in Figs. 1 - 6, it is estimated that 
the crystal sizes were smaller than approximately 
0.5 /.l.nl. 

It should be noted that the present XRD 
identifications of phases in the oxide layers on the 

four high-palladium alloys are consistent with previous SEW 
EDS analyses of the near-surface regions of the cast and air- 
abraded alloys after heat treatment simulating the full firing 
cycles forVitaVMKporcelain (Brantleyet al., 1993). For heat- 
treated Spartan (with a composition very similar to Spartan 
Plus), submicron oxide particles with dimensions too small for 
EDS analyses were embedded in the palladium solid solution 
matrix, and there were increased concentrations of Ga and Cu 
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Spartan Plus 3.85 3.86 

Liberty 3.89 3.86 

Legacy 3.89 3.89 

Protocol 3.93 3.92 

compared to the bulk matrix. For heat-treated Liberty, 
submicron particles were also embedded in the palladium solid 
solution grains, and there were increased concentrations of 
near-surface Ga, Cu and Sn compared to the bulk matrix, 
massive gram boundary deposits were tentatively identified 
as -0,. After heat treatment, both Protocol and Legacy also 
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exhibited grain boundary deposits that were 
tentatively identified as Ga,O,. 

The role of the decomposition of PdO at elevated 
temperatures for bubble formation at the interface 
between dental porcelain and high-palladium alloys 
has been discussed (Volpe and Cadoff, 1993; 
Papazoglou et al., 1996). It is conjectured that the 
time period in the present study for oxidation of the 
high-palladium alloys was ins&icient for complete 
decomposition of PdO, compared to the longer time 
periods required for the complete porcelain firing 
cycles. The conditions for the formation and decom- 
position of both PdO and PdO+xl&O are important 
areas for further investigation. It should also be noted 
that, in contrast to XRD, XI’S analyses are not 
hindered by the effects of preferred orientation and 
crystal size (Barr, 1994). 

Future research will employ XRD to determine 
changes in the oxide layers on these high-palladium 
alloys afler complete porcelain firing cycles. Ideally 
the changes in the composition of the oxide layer 
should be investigated with a series of model high- 
palladium alloys (and perhaps also with variations 
of the surface preparation techniques) in the 
manner that Ohno et al. (1983) did for gold alloys 
containing varying amounts of In and Sn. Moreover, 
direct measurement ofthe oxide adherence (Mackert 
et al., 1988) for model high-palladium alloys may 
provide insight into the development of new 
compositions with improved metal-ceramic bonding. 
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