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Abstract 

The oxidation and porcelain fusion characteristics of 
noble alloys containing a variety of minor oxidizable ele
ments, including Cu, Sn, In, Ga, Mn, and Fe were in
vestigated. Four porcelain alloys systems: a Pd-base 
alloy (Naturelle}, two Pd-Ag-based alloys (Jelstar and 
Acclaim}, and a high Au-alloy (SMG-3) were examined 
by scanning electron microscopy and energy dispersive 
spectroscopy after being heat treated and after being 
fused with porcelain. Internal oxidation of minor alloy
ing elements occurred within several micrometers from 
the surface in all four alloys. Surface nodules as detect
ed by other investigators for a Pd-Ag alloy were also de
tected in this study. Evidence for occ111Tt2lce of such 
nodules in the high Au-content alloy were also noted. 
Naturelle, a high Ga and Cu containing alloy, was also 
characterized by the presence of a 0"203 010 layer 
beneath Pd-Cu nodules and at grain boundaries. A sur
face oxide layer, as thin as 100 nm, of F~~ -sno2 
was observed in the high Au-alloy. The morphologies 
for alloy /porcelain interfaces were similar. The pres
ence of minor alloying elements was observed within a 
distance of several micrometers in the porcelain from the 
alloy/porcelain interface. These results suggest a 
predominantly mechanical bond with Pd-Ag base alloys 
(Jelstar and Acclaim) while a significant contribution by 
a chemical bond in Pd-base (Naturelle) and high Au
alloy (SMG-3). 
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Introduction 

In recent years, a variety of new or modified dental 
alloy systems based upon palladium, nickel-cobalt, tita
nium and low gold content have become commercially 
available for ceramic veneering. Alloy development oc
curred either to find an alternative to the more expensive 
gold alloys and/or an esthetically favorable alloy system 
with improved alloy /porcelain interface bond. Several 
theories have been put forward to explain the bonding 
mechanisms between porcelain and the alloy substrate 
(Fairhurst, 1977; Pask, 1977; Mackert et al., 1984, 
1988; Anusavice, 1985; Baran, 1985; Fairhurst et al., 
1985; Tomsia and Pask, 1986; Pask and Tomsia, 1988; 
O'Connor et al., 1996). Earlier investigations have 
shown that the alloy surface oxidation during the initial 
heat treatment plays an important role in the bonding of 
porcelain to the alloy (King et al., 1959; Borom and 
Pask:, 1966; Lautenschalager et al., 1969; von Radnoth 
et al., 1969; Laub et al., 1978; Obno et al., 1981). The 
small amount of base metals such as Sn, In, Fe, Mn, 
Ga, etc. in the alloy oxidizes selectively during the heat 
treatment and contributes by one or a combination of the 
several mechanisms to the alloy-porcelain interface bond 
(Nally, 1968; Lautenschlager et al., 1969; Anusavice et 
al., 1977; Miyagawa, 1978; Stewart et al., 1978; Obno 
et al., 1982, 1983; Sarkar et al., 1985; Vrijhoef and van 
Der Zel, 1988; Hautaniemi et al., 1990). The enhanced 
wettability of porcelain on the oxidized alloy surface, the 
mechanical lock formation at an alloy-porcelain inter
face, and the chemical intelliCtion between the alloy sur
face oxides and the oxides in porcelain are processes 
considered for improved bond strength (Zacky et al., 
1953; King et al., 1959; Pask and Fulrath, 1962; Pask, 
1977; Mackert et al., 1983; Pask: and Tomsia, 1988). 
Because of the important role played by the surface 
oxide layer, its structure, composition and morphology 
have been studied in some detail for a number of alloy 
systems submitted to thermal treatments (Obno et al., 
1982, 1983; Mackert et al., 1983; Hautaniemi et al., 
1990; Brantley et al., 1993, 1995; Carr et al., 1993). 
Changes in structure, morphology, composition and dis-
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Table 1. Approximate composition (wt. %) of the alloys used in this investigation (provided by the manufacturers). 

Alloy and Manufacturer 

Naturelle (Jeneric/Pentron) 

Jelstar (J.P . Jelenko & Co.) 

Acclaim (J. M. Ney Co.) 

SMG-3 (J. M. Ney Co.) 

Au 

2 

81 

Pd 

79 

60 28 

48.9 40.6 

11 

tribution of minor alloying elements in the surface layer 
on fusing with porcelain are critical in understanding the 
nature of interaction between the outermost oxide layer 
of the substrate and the opaque porcelain, but are not 
sufficiently investigated for many alloy systems. A sat
isfactory qualitative and quantitative description, com
prising all aspects of the porcelain-alloy bond is still 
lacking. The purpose of this investigation was to char
acterize: (a) the morphology of the oxide layer on the 
metal substrate before firing of porcelain; (b) the mor
phology of the alloy /porcelain interface after the firing 
of porcelain; and (c) the distribution of oxidizable alloy
ing elements in the vicinity of the interface of Pd-based 
and Pd-Ag alloys, and to compare these observations 
with results obtained for a high Au-content porcelain 
alloy. Furthermore, this investigation considered the 
mechanism for porcelain adhesion to Pd-base alloys 
containing different oxidizable elements and whether one 
unified mechanism for porcelain adhesion was operating 
with noble metal alloys. 

Materials and Methods 

Four alloy systems were investigated: a Pd-base 
alloy (Naturelle, Jeneric/Pentron, Wellingford, CT), two 
Pd-Ag alloys {Jelstar (J.P. Jelenko & Co., Armonk, 
NY) and Acclaim (J.M. Ney Co., Bloomfield, CT)} and 
a high Au-containing alloy (SMG-3; J.M. Ney). The 
alloy selection for this study was based on the desire to 
incorporate the alloys of widely different Pd and Ag 
contents as well as alloys with different kinds of minor 
oxidizable base metals. The detailed chemical composi
tions of the alloys (as provided by their manufacturers) 
are given in Table 1. 

Four specimens for each alloy, measuring 20 mm 
long x 5 mm wide x 0.4 mm thick, were induction
melted, centrifugally-cast and prepared for porcelain 
bonding following manufacturers' recommendations. 
Following divesting, the specimens were air blasted with 
alumina (100 to 200 #Lm) and finished ground on 600 
grit SiC abrasive paper to eliminate all traces of invest
ment particles, surface oxides and other contaminants. 

Pt 

6 

2 

Alloying Elements 

Sn In Fe Ga Cu Mn 

9 10 

6 6 

6.9 3.2 

1.1 0.8 

Table 2. Oxidation heat treatment procedure for the 
alloys tested. 

Alloy 

Nature lie 

Jelstar 

Acclaim 

SMG-3 

Procedure 

650°C to 980°C at 55°C/min. ; 
no vacuum, no hold 

704° to 1038°C at 100°C/min.; 
no vacuum, no hold 

650° to 1010°C at 55°C/min. ; 
in vacuum, 5 min. hold 

650° to 980°C at 32°C/min.; 
no vacuum, 10 min. hold 

In order to prepare the surfaces for porcelain firing, the 
surfaces were air blasted with 50 I'm alumina, cleaned 
by immersion in boiling water, and submitted to oxida
tion heat treatment (Table 2). One face from each speci
men was overlaid with approximately a 0.2 mm thick 
opaque porcelain slurry and fired according to recom
mended temperature and time cycles as detailed in Table 
3. Either one or two layers of opaque and one layer of 
body porcelains were fired. 

A special specimen mounting technique was adopted 
to avoid a resin shrinkage gap and provide surface flat
ness with non-rounding of edges between the specimen 
and mounting resin. Two specimens with the oxide 
layer of one specimen facing the fused porcelain layer of 
other specimen were sandwiched under pressure with a 
c-clamp by a thin layer of special epoxy resin (Epo-Tek 
353ND, Epoxy Technology Inc., Billerica, MA). After 
the thin layer was heat cured, the joined specimens were 
mounted in a conventional epoxy resin and ground and 
polished to a 0.05 I'm diamond finish. 

Scanning electron microscopy (SEM) (Cambridge, 
model250 Mark II, Cambridge Instruments, Cambridge, 
UK), energy dispersive X-ray spectrometry (EDS) with
out light element detection capability, and digital EDS 
X -ray imaging techniques (IMIX -7, Princeton Gamma 
Tech, Princeton, NJ) were utilized to examine the cross-
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Figure 1 (at left). Near-surface microstructure of heat-treated Naturelle (N). No porcelain is present. Grain 
boundaries (a) and gray particles (b) contains mainly Ga and Cu. 

Figure 2 (at right). Photomicrograph of a region of porcelain (P) fused to Naturelle (N) substrate showing Pd-Cu 
nodules (c) over Ga-Cu layer (d). 

Table 3. Firing cycles for the opaque and body porcelains. 

System Low temp. Hi-temp. Rate Vacuum Remarks 

Naturelle/Synspar 
Opaque 540°C 990°C 50°C/min. yes Release vac. at 890°C 
Body 540°C 960°C 55°C/min. yes Release vac. at 890°C 

JelstarNita-VMK-68 
1st opaque 600°C 960°C l20°C/min. yes Release vac. at Hi-temp. and 
2nd opaque 600°C 940°C 113°C/min. yes hold for 1 min. 
Body 600°C 930°C 55°C/min. yes (for all firings) 

Acclaim/Ceramco-11 
Opaque 650°C 970°C 70°C/min. yes Release vac. at Hi-temp., no hold 
Body 650°C 940°C 70°C/min. yes Release vac. at 920°C, no hold 

SMG-3/Ceramco 
Opaque 650°C 970°C 70°C/min. yes Release vac. at Hi-temp., no hold 
Body 650°C 940°C 70°C/min. yes Release vac. at 920°C, no hold 

3 



M.S. Bapna and H.J. Mueller 

2.0 4.0 6.0 8.0 10.0 
keV 

Figure 3. Typical EDS spectra of outer light nodular 
areas c in Figures 1 and 2 and of gray layer d in Figure 
2. The AI peak is probably due to the embedded alumi
na particles from grit blasting of the alloy surface prior 
to oxidation heat treatment. 

sections after the specimens were coated with either gold 
or carbon. The SEM was operated at an accelerating 
voltage of 20 kV. Secondary electron images were re
corded and are presented here. Backscattered electron 
images were also investigated for detection of elemental 
distributions at the interface between porcelain and alloy. 
Further, digital X -ray maps of several elements were 
also generated simultaneously with EDS analysis. 

Results 

Naturelle (Pd-Cu-Ga) 

Figures 1 and 2 present the scanning electron micro
graphs in cross-section of thermally treated (oxidized) 
alloy and the opaque porcelain fused to thermally treated 
alloy substrate respectively. The microstructure of the 
oxidized surface is characterized by the formation of (i) 
gray precipitates at the grain boundaries (a in Fig. 1), 
(ii) the gray particles (b in Fig. 1), (iii) the outermost 
light nodular areas (c in Fig. 2), and (iv) the near-sur
face light gray layer (din Fig. 2). Within a depth of 
- 15 ttm below the surface of the sample, extensive pre
cipitation in the grain interiors occurred. There was no 
specific size distribution of precipitated particles with 
distance from the surface. EDS spot analyses revealed 
that the gray precipitates (a in Fig. 1) and the gray 
particles (b in Fig. 1) contained mainly Ga and Cu. 

EDS spectra for areas c (in Figs. 1 and 2) and d (in 
Fig. 2), presented in Figure 3, show that these areas 
contained mainly Pd and Cu, and Ga and Cu, respective
ly. These spot analyses were confirmed by digital X -ray 
maps for Pd, Cu and Ga in the thermally treated sub
strate (Fig. 4). These X-ray maps revealed that the 
external nodular areas were composed mainly of Pd with 
some Cu, and the underlying layer consisted of Ga and 

4 

Figure 4. Scanning electron micrograph of heat-treated 
Naturelle and characteristic digital X-ray elemental maps 
of the same area formed by Pd(La), Cu(Ka) and 
Ga(Ka). 

Cu. Furthermore, the grain boundary precipitate was 
rich in Ga with some Cu. It was noted that after fusing 
the porcelain to the oxidized surface, the Pd-Cu nodules 
still existed (Fig. 2), but there were sections of the 
interface where such nodules were not present. EDS 
spot analyses at several locations in a region of porcelain 
lacking opaquing particles, showed the presence of Cu, 
Ga and Pd within 6 ttm of porcelain. Cu diffused far
thest, while Pd remained closer to the interface. Diffu
sion of Ga occurred only to short distances from the 
interface, but its concentration was highest. 

Jelstar (Pd-Ag-Sn-In) 

Figures 5 and 6 show scanning electron micrographs 
in cross-section of thermally treated (oxidized) alloy and 
of alloy/porcelain coupling. In many ways, the micro
structure of the heat treated surface is different than the 
one with Naturelle. As before, internally precipitated 
particles occurred up to a depth of - 12 ttm from the 
surface. Figure 7 shows spectra from EDS spot analy
ses of nodular areas a (in Fig. 6) and particles f (in 
Figs. 5 and 6). The spectrum for layer h (in Fig. 5) 
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Figure S. Detached outer layer (h) in Jelstar (J). The 
internally precipitated particles (f) are composed of 
mainly Sn with some In. 

was similar to that for nodules a (in Fig. 6) and is not 
being shown. The particles f (in Figs. 5 and 6) are rich 
in Sn and In, and their size tended to increase as the dis
tance from the interface increased. This observation is 
similar to that reported with an alloy of the same ele
ments (Mackert et al., 1983) but with lower In (6% ver
sus 1 %) content. There is only one surface layer com
posed of predominantly Ag and Pd ( -1.5 I'm; h in Fig. 
5), formed by the thermal treatment. The EDS spec
trum of this layer (not shown) failed to show the pres
ence of Sn. Elemental X-ray mapping for elements Pd, 
Ag and Sn (Fig. 8) also indicated that the external layer 
was composed of Ag and Pd and the internally precipi
tated particles contained mainly Sn. The layer h (in Fig. 
5) was often adherent to the surface, but occasionally a 
non-adherent layer, as shown in Figure 8, was also ob
served. The possibility existed that the surface layer 
was detached during specimen preparation. The conti
nuity in the surface layer should have developed by 
coalescence of Ag-Pd nodules and, on firing porcelain, 
many of these nodules remained. 

5 

Figure 6. Typical micrograph of porcelain (P) fused to 
Jelstar (J) interface region. Nodules (a) in the interface 
regions are mainly of Ag-Pd. 

1.0 2.0 3.0 4.0 

keV 

5.0 6.0 

Figure 7. EDS spectra of light nodules (a in Fig. 6) at 
the porcelain/Jelstar interface and the gray particles (fin 
Fig. 5) in the interior. The spectra of from areas a (in 
Fig. 6) and h (in Fig. 5) were similar. 

Acclaim (Pd-Ag-In-Mn) 

This alloy system is similar to J elstar, except that Sn 
in Jelstar is replaced by Mn and the percentage of Pd in 
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Figure 8. Characteristic digital X-ray elemental maps of heat-treated Jelstar surface formed by Pd(La), Ag(La), and 
Sn(La). 

Figure 9. Interfacial microstructure of porcelain (P) I 
Acclaim (A) coupling showing precipitated particles (i 
and j) containing base metals and Ag-Pd nodules (n) at 
the interface. 

Jelstar is reduced in Acclaim by an increase in Ag. The 
Acclaim alloy contains less than 50 wt. % Pd. The mi
crostructure of the heat-treated alloy surface was similar 
to that seen in Jelstar. The surface layer was always ad
herent to the metal and had the appearance of coalesced 

6 

2.0 

Si 

1.0 2.0 

3.0 

3.0 

4.0 

keV 

4.0 

keV 

5.0 6.0 7.0 

5.0 6.0 7.0 

Figure 10. Typical EDS spectra of nodular area (n in 
Fig. 9) at the interface, and the internally precipitated 
particles (i and j in Fig. 9). 

Figure 11. EDS spot spectra in a clearer matrix of por
celain as a function of distance from the porcelain/ Ac
claim interface. In was detected at a distance up to -4 
J.Lm from the interface. Locations (in porcelain from the 
interface): a at -1 J.Lm; bat -2 J.Lm; and cat -4 J.Lm. 

Ag-Pd nodules. An extensive internal precipitation of 
particles containing minor alloying elements, Mn and In, 
occurred within about -12 J.Lm from the surface (Fig. 
9). Unlike Jelstar, the average size of these particles did 
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Fagure U (at left). Photomicrograph of near-surface areas of heat treated SMG-3. The microstructure consists of 
internally precipitated particles (such as at k and I) and the thin surface layer of coalesced tiny nodules (at v). 
Fagure 13 (at right). Micrograph of the surface of heat-treated SMG-3, showing a very thin ( -100 nm) outermost 
layer containing Fe, Sn and Pd. 

Au 

1.0 2.0 3.0 4.0 

keV' 

5.0 6.0 7.0 

Figure 14. Typical EDS spot spectra of particles k and 
I (in Fig. 12). 

not change with distance from the interface. Further, 
these precipitated particles had different shades of gray. 
The darkest gray particles (j in Fig. 9) contained mostly 
Mn while the lightest gray particles (i in Fig. 9) con
tained mostly In (Figs. 9 and 10). The particles of 
in-between shades contained both Mn and In. The alloy I 

7 

Au 

2.0 3.0 4.0 

keY 

5.0 6.0 7.0 

Figure 15. EDS spot spectrum of thin surface layer m 
(in Fig. 13). It is richer in Fe and Sn than the bulk. 

porcelain interface microstructure was similar to the Jel
star/porcelain interface. After porcelain firing, several 
Ag-Pd nodules (n in Fig. 9) still remained at the inter
face. In addition, In and Mn were detected at a distance 
up to -4 I-'m in the porcelain from the oxide/porcelain 
interface (Fig. 11). Pd and Ag were also present in the 
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porcelain but always closer to the interface, and In dif
fused farther than Mn into the porcelain from the inter
face. 

SMG-3 (Au-Pd-Pt-Sn-Fe) 

This is a high Au (- 80% )-Pd alloy. Figures 12 
and 13 present scanning electron micrographs in cross
section of heat-treated surfaces. The morphologies of 
the heat-treated substrate and the alloy/porcelain inter
face (micrograph not shown) were similar to Jelstar and 
Acclaim, even though the extent of changes differ from 
material to material. There was an internal precipitation 
of base metals Sn and Fe in the surface layer, which was 
usually less than - 8 JJ.m from the surface. The EDS 
spot analyses (Fig. 14) indicated that the dark-gray par
ticles (k in Fig. 12) are rich in Fe while the light-gray 
particles (1 in Fig. 12) are rich in Sn. The thickness 
( 100 nm - 2 J.Lm) of the outermost surface layer varied 
with location and in some other characteristics. In some 
regions, this layer gave the appearance of the coales
cence of very tiny surface nodules (v in Fig. 12). It was 
usually adherent to the surface as inJelstar and Acclaim. 
At some locations, this layer was extremely thin (100 
nm; min Fig. 13) and often disappeared on long expo
sure to the electron beam in the SEM. Furthermore, 
this outermost layer was found to contain Fe, Sn and Pd 
(Fig. 15). Occasionally, a thick detached layer, similar 
to the one seen in Jelstar, was also detected (micrograph 
not shown). The morphological characteristics at the 
alloy /porcelain interface were similar to those for the 
two Pd-Ag alloys examined. The projecting nodular 
areas in porcelain had a similar composition to the outer 
layer. In addition, Sn and Pd were detected within - 1 
JJ.m of the porcelain matrix from the oxide/ porcelain 
interface. 

Discussion 

A careful examination of the microstructures of the 
four alloys after the heat treatment and of the alloy I 
porcelain interfaces reveal many common features along 
with some differences. This suggests that the minor oxi
dizable alloying elements act similarly but to varying 
degrees. It is likely that the extent of their contribution 
in modifying the surface layer bonding depends upon al
loy composition and initial oxidation heat-treatment. 
Even though a light-element detector was not used (and 
therefore, the presence of oxygen could not be confirm
ed}, there are numerous studies indicating that these mi
nor elements form oxides on heat treatment. Based on 
these studies, it is summarized that there was internal 
oxidation of Ga and Cu in Naturelle, Sn and In in Jel
star, In and Mn in Acclaim, and Sn and Fe in SMG-3. 
The following oxide particles were formed: G~03 010 
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spinel (Kingery et al., 1976; Cascone, 1983; Suoninen 
and Hero, 1985; Hautaniemi et al., 1990; Brantley et 
al., 1996) in Naturelle; Sn02 and In20 3 (Ohno et al., 
1982, 1983; Mackert et al., 1983) in Jelstar; In20 3 
(Ohno et al., 1982, 1983) and MnO or Mn20 3 in Ac
claim; and Sn02 and F~03 in SMG-3 (Ohno et al., 
1982; Ohno and Kanzawa, 1983). Further, the obseiVa
tions on differently shaded particles in scanning electron 
micrographs of Jelstar, Acclaim and SMG-3, and the 
difference in their respective EDS spectra, reveal that, 
in these alloy systems, the ratio of the two oxides in the 
particles is not the same. A mixed (A,B)O oxide may 
precipitate as internal oxides in an A-B type alloy if 
oxides AO and BO have considerable mutual solubility, 
since such a process would lower the free energy of the 
system. 

In noble alloys containing base metals, the standard 
free energy of formation (~G0) of an oxide, the concen
tration (c) of the base metal in the alloy, and the metal/ 
oxygen atomic ratio (u/v) in the oxide are useful param
eters in determining the oxidation tendency of base metal 
constituents (Ohna and Kanzawa, 1983). A metal with 
higher -~Go, c and u/v has an increased driving force 
for oxidation and is preferentially oxidized. The Gibbs' 
standard free energy (-~G0 ·Kcal/mor1 0 2 at 1223K) of 
formation of the oxides (Klar, 1987}, in decreasing or
der, are listed below followed by their respective u/v 
ratio: MnO (137.3, 1) > G~03 (109.2, 0.67) > FeO 
(85, 1) > In20 3 (84.5, 0.67) > Sn02 (77.2, 0.5) > 
F~03 (76.7, 0.67) > ~0 (38.3, 2) > CuO (22.9, 1) 
> PdO (-2, 10) > Au20 3 (-41, 0.67). Both, the value 
of -~Go and the atomic ratio u/v, for MnO are higher 
than for In20 3. In Acclaim, the atomic concentrations 
of Mn (7.8%) and In (8.0%) are about the same. 
Hence, in the absence of opposing kinetic considera
tions, MnO would be expected to precipitate initially on 
oxidation followed by particles of ~03 . The micro
structure of the sub-surface layer of oxidized Acclaim 
consisted of three types of internally oxidized particles: 
those containing mostly Mn (darkest gray}, mostly In 
(lightest gray}, and those with Mn in the center and In 
at the periphery. Besides thermodynamic considerations, 
microstructures due to oxidation of base metals also de
pend on their heterogeneity and on the pathways for ~ 
diffusion. The grain boundaries are easier pathways for 
0 2 diffusion, and the base metals to be oxidized were 
preferentially distributed at the grain boundaries and the 
interdentritic areas. In the present alloys containing two 
or more base metals, a continuous change occurred in 
the ratio of atomic concentration of base metals in local
ized areas as the preferential base metal oxidized, thus, 
altering the parameters in favor for oxidation of the 
second base metals. 

In the case of Jelstar, -~G0 and u/v are similar for 
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In20 3 and Sn~, and the atomic concentrations of In 
(5.6%) and Sn (5.4%) are about the same. Under these 
circumstances, both elements oxidized simultaneously. 
For SMG-3, both -AG 0 and the atomic ratio ulv for FeO 
are higher than for Sn02• The atomic concentration of 
Fe (2.5%) is greater than Sn (1.6%). For these reasons, 
Fe preferentially oxidized in the interior, but, as for Ac
claim, some particles here predominantly contained one 
base metal (Fe, darkest gray) while the others contained 
mostly the second base metal (Sn, lighter gray). For 
Naturelle, a more complicated situation exists. The 
atomic concentrations of both base metals, Ga (12.4%) 
and Cu (15.1 %), are large and about the same. The 
standard free energy change for G~03 formation is sig
uiflcantly larger than for ~0, hu~ the ulv ntio for 
G~03 is smaller than for ~0. The data do not pre
dict the specific oxide that forms preferentially. How
ever, examination of the microstructure of oxidized Na
turelle showed an externally oxidized layer of Ga-rich 
Ga-Cu beneath the outermost layer of Pd-Cu nodules, 
grain boundary oxides of Ga-rich Ga-Cu, and oxide par
ticles of Ga-poor Ga-Cu within grain interiors. This 
suggests that besides the free energy considerations, the 
microstructure of oxidized Naturelle was strongly in
fluenced by the heterogeneity of its cast structure. 

Pd-based and Pd-Ag alloy systems revealed an out
ermost layer of Pd-containing nodules which formed 
during the initial heat treatment. The nodules were pri
marily composed of Pd and Cu in Naturelle, and of Ag 
and Pd in Jelstar and Acclaim. To a lesser degree, Pd
containing nodules with Fe and Sn also formed in 
SMG-3. In areas where the oxidation was extensive, 
nodules coalesced and formed a continuous outermost 
layer which was generally adherent, although it is possi
ble that the surface layer occasionally became detached 
during the specimen preparation. However, when the 
porcelain is fired on the oxidized alloy surface, the fused 
porcelain makes contact with the continuous coalesced 
nodular layer or the alloy nodules and the alloy surface 
between the nodules. The presence of a nodular mor
phology at the alloy /porcelain interface in all of these 
alloy systems, and the EDS spectra of these nodules, 
suggest that the surface layer fuses and often partially 
survives the porcelain firing, and becomes part of an in
terface zone in the alloy/porcelain coupling. Ag in the 
outer layer should not be in the form of oxide as it has 
been shown that the Ag20 is thermodynamically unstable 
above 146°C in air (Wodniecki and Wodniecka, 1982). 
Further, PdO is considered to be unstable for the heat 
treatment cycle used in this investigation (Mackert et al., 
1983). However, Brantley et al. (1996) detected Pd ox
ide in varying amounts by X -ray diffraction and X -ray 
photoelectron spectroscopy in Pd-Cu-Ga alloys when 
subjected to oxidation heat treatment. 
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The characteristics of the oxide layer in Jelstar are 
basically similar to those seen in a study of Will-Ceram 
W1 (Mackert et al., 1983), which has a similar wt. % of 
Pd, Ag and Sn but very little In. In both alloy systems, 
there were internally oxidized particles, and their diame
ter tended to increase as the distance from the interface 
increased. However, no such change in size of internal
ly oxidized particles was noted in Naturelle, Acclaim 
and SMG-3. Mackert et al. (1983) were able to explain 
the formation of metallic binary Pd-Ag nodules on the 
surface of the Pd-Ag-Sn-In alloy by a Nabarro-Herring 
diffusion creep mechanism which was driven by the in
creased volume of oxide formed by the internal oxida
tion of Sn and In. The increased molar volume for Sn 
on oxidAtion w~ t;O% wlrile for In it was 48 %. Fur
ther, Mackert et al. (1983) showed that the volume in
crease of Sn and In due to internal oxidation was equal 
to the volume of nodules formed on the surface. A sim
ilar calculation shows that the internal oxidation of Cu 
to ~0, Ga to Ga20 3, Mn to MnO and Mn20 3, and Fe 
to FeO and F~03 also gives rise to a large increase in 
molar volume, of the order of 72%, 91 %, 172% and 
267%, and 85% and 127%, respectively. Thus, like Sn 
and In in Will-Ceram Wl and Jelstar, the internal oxida
tion of Cu, Ga, Mn and Fe will also generate hydrostatic 
stresses to operate a Nabarro-Herring diffusional creep 
mechanism in the alloy systems investigated here and 
form nodules on the surface during oxidation heat 
treatment. 

Other morphological features of the oxidized sur
faces in the other alloy systems do not coincide with oxi
dized features of Jelstar. For example, there is no size 
dependency of internally oxidized particles with distance 
from the surface. In Naturelle, there is an intermediate 
layer of mixed oxides of Ga and Cu sandwiched between 
the outermost nodular Pd-Cu and the internally oxidized 
region (Figs. 2 and 4) and massively thick grain bounda
ries containing oxides of Ga and Cu (Figs. 1 and 4). 
Naturelle, more so than the other alloys studied, con
tains a relatively higher base metal concentration. The 
formation of an intermediate layer and grain boundary 
precipitate may qualitatively be understood as follows. 
The cast structure of Pd-Cu-Ga alloys was observed to 
be heterogeneous with segregation of Cu and Ga into 
interdendritic and grain boundary areas (Oden and Hero, 
1986; Brantley et al., 1993). Oxygen diffused rapidly 
in the Pd lattice (solubility of 0 2 is greater in Pd). At 
relatively low temperatures, the internal oxidation may 
proceed faster along grain boundaries, as these are easi
er pathways for ~ diffusion. At higher temperatures, 
oxygen diffused more rapidly into the Pd lattice and in
ternally oxidized the interdendritic Ga-Cu rich areas into 
discrete particles of Ga-Cu mixed oxides. As mentioned 
earlier, this process formed a layer of Pd-Cu nodules on 
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the surface by the Nabarro-Herring diffusional creep 
mechanism. Further, it has been seen in some alloy sys
tems that when the mole fraction of the less noble metal 
is increased to exceed a certain critical value, the alloy 
no longer oxidizes internally but rather forms an oxide 
layer of the less noble metal on the outer surface (Rapp, 
1961). Wagner (1959) proposed a theory in which it 
was assumed that the transition from internal to external 
oxidation is caused by the blocking of the diffusion proc
esses upon the formation of a critical volume percent of 
the internal oxide in the matrix. The composition of Na
turelle is such that both internal and external oxidation 
take place. The formation of Pd-Cu nodules on the sur
face will increase the mole fraction of Ga in the interior. 
Sufficient 0 2 at the interface was still available because 
of the high permeability of ~ in the Pd-Cu nodules and 
open regions between nodules. Both of these conditions 
led to a transition from internal oxidation to external 
oxidation, thus, forming a Ga-Cu oxide layer beneath 
Pd-Cu nodules. 

In pure gold, the solubility of ~ is very small 
(below 2 x 10-5 at.%; Eichenauer and Muller, 1992). 
Therefore, no extensive internal oxidation of alloys 
based on Au is expected, even tho1:1gh the presence of Pd 
and Ag in the gold alloy might increase the solubility of 
0 2. The SEM examination of oxidized SMG-3 showed 
discrete oxide particles of Fe and Sn in a narrow surface 
zone (- 8 J.tm; Fig. 15). This oxidized zone is compar
atively small, but most of its characteristics are similar 
to the internally oxidized regions of other alloy systems 
investigated. The occasional appearance of tiny nodules 
containing Pd, Sn and Fe on the surface may again be 
the result of a limited operation of the Nabarro-Herring 
creep mechanism due to limited internal oxidation in 
near-surface regions. However, the important feature 
here was the presence of a very thin oxide film rich in 
Fe and Sn. This alloy contained only a small amount of 
Fe and Sn, and the availability of these elements for 
surface oxidation is further reduced by internal oxida
tion. Therefore, only a very thin oxide film is to be 
expected. On an alloy of similar composition, Ohno et 
al. (1982) have identified, by X-ray diffraction and 
electron probe microanalysis, that the external oxide 
layer is composed of F~03 over an internal layer of 
Sn02• In our alloy system, we did not notice two dis
tinct layers of different oxides, but rather one layer 
containing both oxides. 

Sometimes, a thick non-adherent outer layer formed 
in Jelstar (Fig. 5) and SMG-3. The variability in film 
thickness and other morphological characteristics may be 
the result of uneven surface treatment such as alumina 
blasting before the oxidation heat treatment. In the case 
of Jelstar, the detached outer layer was solely composed 
of coalesced Pd-Ag nodules, while in SMG-3, this layer 
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contained all the alloying elements with increased Fe and 
Sn. The mechanism of detachment is not clear, but one 
can envision a process where vacancies annihilate at the 
interface, thus, creating voids and detachment of the 
film. The possibility of detachment during metallog
raphic preparation of specimen also existed. Further, 
the microstructure at the alloy /porcelain interface in all 
alloy systems studied appear similar. The outer oxidized 
surface layer of the alloy became non-uniform and 
rounded when contacted with fused porcelain. The EDS 
spectra of these projected rounded regions in porcelain 
are similar to the EDS spectra of the oxidized surface 
layer of the alloy. These suggested that when porcelain 
is fired onto the oxidized surface, partial softening/melt
ing of high energy regions, such as, comers of the out
ermost surface layer of the substrate, must occur. The 
surface tension and the viscosity of the fused material at 
the interface also were important in generating the ob
served interfacial microstructures. The partial melting 
of the surface layer and the presence of fused porcelain 
in the vicinity at the interface would create an intimate 
interaction between the two materials. The fused vis
cous porcelain must have infiltrated spaces at the par
tially melted substrate and between the surface nodules, 
and, at the same time, metal cations from the viscous 
outermost layer of the substrate diffused further into the 
fused porcelain matrix. 

If the interface morphology formed as described, 
then, several factors should contribute to the bond be
tween alloy and the porcelain. Mechanical bonding defi
nitely formed when fused porcelain occupied areas in-be
tween the surface nodules as suggested by Mackert et al. 
(1983) and areas in the partially melted outer layer of 
the substrate. This may be the predominant component 
of the bond in the case of the Jelstar and Acclaim alloy 
systems. But, since fused porcelain makes significant 
contact with gallium copper oxide spinel (G~03 CuO) 
in Naturelle, and with the F~OrSn02 layer in SMG-3, 
the chemical bonding as formulated in the "oxide inter
face theory" (King et al., 1959; Pask and Fulrath, 1962) 
must be an important contributing factor to the alloy I 
porcelain bond in these two alloy systems. 

Conclusions 

(1) The outer -15 J.tm layer of Naturelle was char
acterized by the presence of internally oxidized Ga-Cu 
particles, grain boundary precipitation of Ga-Cu oxides 
and a Ga-Cu rich layer beneath the Pd-Cu surface nod
ules. On firing porcelain, diffusion of Cu, Ga, and Pd 
occurred into the porcelain within a distance of - 6 J.tm. 

(2) Extensive internal oxidation of minor alloying 
elements, Sn and In, and In and Mn, also occurred with
in -12 J.tm of surface layer of Jelstar and Acclaim, 
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respectively. The averaee size of oxidized particles in 
Jelstar tended to increase as the distance from the sur
face was increased. However, such a relationship did 
not exist with Acclaim. Both of these alloys revealed a 
thin surface layer of coalesced Ag-Pd nodules. Further, 
Pd and Ag were detected in close proximity of the inter
face with fired porcelain, while In and Mn diffused to 
greater distances. 

(3) The thermal treatment of SMG-3 also revealed 
an internal oxidation of base metals Sn and Fe in a sur
face layer which was usually less than - 8 I'm wide. 
The surface oxide layer varied in thickness from 100 nm 
to 2 I'm and contained Fe, Sn and Pd. 

(4) The morpholoeical characteristics at the alloy/ 
porcelain interface appeared similar in all alloy systems. 

(S) The predominant mechanism of adherence for 
alloy/porcelain coupling in Jelstar and Acclaim alloy 
systems is a mechanical bond formation, while for 
Naturelle and SMG-3 alloy systems, a significant com
ponent of chemical bonding appeared to be present. 
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Discussion with Reviewers 

W .A. Brantley: Our research with two alloys of nomi
nally identical composition (Spartan and Spartan Plus, 
Williams/lvoclar) suggest that the Pd-Cu-Ga alloy Na
turelle has a dendritic as-cast microstructure. What dif
ferences would this type of microstructure contribute to 
the porcelain-metal interaction compared to a noble alloy 
with an equiaxed fine-grained microstructure? What 
type of as cast microstructure was found for Jelstar, 
Acclaim and SMG-3? What was the effect of the porce
lain-firing beat treatment on the four as-cast alloy micro
structures? 
Authors: Although our micrographs show the alloy sur
faces away from the porcelain/alloy interface, our stud
ies did not examine as-cast microstructures. It is not 
known if the alloy's degassing and porcelain firing beat 
treatments modified as-cast structures. It is expected the 
beat treatments, for short times and at temperatures sev
eral hundred degrees below the alloy's melting tempera
tures, for both dendritic and equiaxed fine-grained cast 
structures caused some microstructural homogenization, 
even if only on the surface by diffusion,. Intuitively, it 
is expected that as-cast dendritic structures are modified 
more than equiaxed structures due to the former's great
er departure from equilibrium conditions. Porcelain 
bonding should be more favorable with the cast dendritic 
structure, since: ( 1) this surface is at a higher energy; 
(2) it contains regions with greater compositional differ
ences and a better chance to chemically interact; and (3) 
it often contains enhanced microstructural features for 
mechanical bonding. 

Although microstructural considerations are impor
tant, it is the authors' contention that the techniques in 
preparing and altering an alloy's surface prior to, be
tween, and after heat treatments are more important in 
affecting porcelain fused to metal bond (Mueller, 1996). 
Surface preparation affects composition of the oxide and 
the rate of oxidation. Numerous variations in prepara
tion exist. Some of these include grit grinding and air 
abrasion with alumina and other particles. Alteration in 
surface properties is very convenient with air abrasion 
technology and offers numerous possibilities to enhance 
both chemical and mechanical porcelain fused to metal 
bonding. Since the surfaces are transformed into mate
rial different from that of the as-cast structure, emphasis 
should also be placed on surface modification techniques 
instead of totally on the cast microstructures and their 
modifications due to porcelain processing. Air abrasion 
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technoloiY offers the possibility of formina distinct 
surface films or layers on alloy surfaces which de
emphasizes base metal content of substrate and its 
microstructure. 

W.A. Brantley: The authors discUBS the oxidation ten
dencies of the base metal elements in these noble alloys 
in terms of the Gibbs standard free eoeri}' of formation 
for the oxide species, as well as the metal/oxyeen ratio 
for the oxides. The multicomponent alloy compositions 
and the reduced atmospheric pressure result in non
standard state conditions during oxidation, and there may 
be additional kinetic effects associated with the oxide 
formation. Can the authors comment on the potential 
CODSequences of these effects for their model? 
Authors: The free energy changes presented are stand
ard free energy changes for the pure metal oxides from 
the pure metals and oxygen at 1 atmosphere (atm.). An 
equation of the type M(s) + ~(g) = M~(s) is repre
sented by an equilibrium constant K = llp02. This re
veals that for many of the metals considered, oxidation 
at 1ooooc proceeds if p02 is greater than 10'"7 to 10·26 

atm. Hence, even if the partial pressure of oxygen in 
air during firing was lowered sufficiently, external oxi
dation still occurred spontaneously. A comparison of 
these data also has merit for the multicomponent alloys. 
Comparison of the magnitudes of the free energy 
changes for pure metals in contact reveals the metals to 
be oxidized (more negative free eneri}' change) and 
those metal oxides to be reduced. Alloy microstructure 
has an effect upon these tendencies. Localized concen
trations and distribution of the different metals can 
kinetically alter the oxidation tmdencies. Even if a 
metal is not directly in contact with a more oxidizable 
metal, oxidation of the least thermodynamically favora
ble metal is still likely to occur. To better reveal the 
oxidation behavior of solid solutions, free eneri}' expres
sions derived from thermodynamics of solutions need to 
be considered. 

W.A. Brantley: The authors suggest that regions on the 
alloy surfaces with substantial topography, such as sharp 
comers (and other sites with small radii of curvature), 
will undergo partial softening/melting during the porce
lain firing cycles and that this process will aid the devel
opment of intimate metal-ceramic interaction. Such a 
process would require melting or softening at tempera
tures that are several hundred degrees below the normal 
melting point of the casting alloy. Can the authors pro
vide supporting information for this hypothesis? Could 
sufficient surface diffusion without softening/melting 
occur at elevated temperatures to yield the same result? 
Authors: Our suggestion of partial softening/melting of 
sharp topographical features on heat treated alloy sur-

13 

faces is based mainly upon the appearance of micro
structural features after the porcelain firing cycle. Un
doubtedly, similar features, such as, rounding of sharp 
comers etc., can result by surface diffusion in a fuhion 
analogous to solid state sintering of porcelain powder 
(which occurs much below the firing temperature of the 
porcelain), and might have a role here in developing the 
observed features. However, instances with porcelain 
firing cycles which start at low temperature at a rapid 
heating rate to a high temperature, which is significantly 
below the melting point of the alloy, may not be high 
enough for this phenomena to occur. Considerations 
regarding surface preparation again need to be given 
here. Since the alloy surfaces were alumina air abraded 
prior to porcelain firing, a high strain energy was intro
duced in the surface layer along with some composition
al changes due to preferential abrasion of softer phases 
by impinging alumina particles and its retention on the 
surface. Such changes conceivably can cause localized 
melting at temperatures lower than the melting point of 
the alloy. 

E. Papazoglou: For the Pd-Cu-Ga alloy Naturelle, you 
show a diffusion distance of 6 J.tm in the porcelain for 
the elements Cu, Ga, and Pd, suggesting chemical 
bonding. Do you have any evidence that for this alloy 
mechanical bonding is not important? 
Authors: It was not our intent to reduce the role of 
mechanical bonding. If Pd-Cu nodules are not present 
in large numbers after porcelain firing to anchor the 
porcelain, interaction between alloy and porcelain still 
occurred by diffusion of Pd, Cu and Ga. This interac
tion by diffusion, however, does not automatically mean 
strong bonding between alloy and porcelain. Studies 
relating elemental diffusion to bond strength are in 
order. 

E. Papazoglou: For the Pd-Ag alloy Jelstar, you do not 
mention if you observed interdiffusion of elements and 
to what depth. Mackert et al (1983) described a me
chanical adherence mechanism for Will-Ceram W-1, an 
alloy with similar composition to Jelstar. They studied 
metallographically polished specimens that were oxidized 
and the formation of nodules was shown. Note that W -1 
has 1 wt.% In in contrast to Jelstar which contains 6 
wt. % In. Additionally, after mechanical testing they 
found that porcelain tags remained between the nodules. 
Employing X -ray diffraction and Auger electron spec
troscopy, they proved that the nodular material did not 
contain oxides. Given the fact that your specimens were 
air abraded, and the existence of evidence (Brantley et 
al., 1996) that air abrasion versus metallographic polish
ing might induce the formation of different oxide species 
for the high-palladium alloys, can you support your con-
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jecture about the mechanical bonding with the evidence 
presented in your study? 
Authors: The reason for not mentioning the depth of 
interdiffusion of elements in porcelain in this system was 
uncertainty due to the peak interferences from K in por
celain and Sn and In in alloy. Though, it was revealed 
that Pd and Ag diffusion occurred to about 1 11-m in por
celain and Sn and In diffusion to about 2 J~.m. We agree 
that metallographic polishing and air abrasion produce 
surfaces with different compositions. Different oxides 
are likely to be produced depending upon the air abra
sion techniques used. Evidence relating oxide-free sur
faces to mechanical bonding and oxide-containing sur
faces to chemical bonding is not established. Therefore, 
it is not unusual to speculate here that porcelain bonding 
occurred to Jelstar by mainly mechanical bonding, since 
the nodules appear to be favorable sites for mechanical 
anchoring and interlocking porcelain. Even if the 
nodular material became oxidized by the air abrasion, 
mechanical bonding may still have occurred. 

E. Papazoglou: Given the inability to provide accurate 
elemental analyses for areas smaller than 1 11-m with the 
EDS due to the existence of the interaction volume, can 
you conclude that submicron particles found in Acclaim 
near the surface after oxidation (Fig. 9) are Mn rich in 
the center and In rich in the periphery? For the same 
alloy, you found that In and Mn were diffused into the 
porcelain up to a distance of 4 11-m. From these find
ings, can you make a conclusion about the mechanical 
nature of the bond for Acclaim? 
Authors: It is true that the detailed elemental analyses 
cannot be accurately performed when the particles in 
question have small dimensions (1 11-m). Yet, a qualita
tive statement can be made whether a particular area is 
rich, poor or devoid of a particular element when com
pared with the matrix. The darker shade particles were 
Mn-rich and lighter gray particles were In-rich, and 
some particles were Mn-rich in the center and In-rich at 
the periphery. Still, we feel that the latter part of the 
statement can be deduced from the observation that if 
separate dark gray and light gray areas are Mn-rich and 
In-rich, respectively, than the single area of darker cen
ter and lighter periphery should be Mn-rich and In-rich, 
respectively. There may be porcelain/alloy systems 
where the bonding can exclusively be of mechanical na
ture, but never exclusively of chemical nature as there 
will always be a mechanical component present at the 
interface. In the absence of a suitable technique for 
determining the bo~ding component, one can only reason 
based upon observation about the predominant compo
nent. Since the surface structure of heat treated Acclaim 
was largely similar to Jelstar, and to which porcelain ad
hered by forming interlocks, we suggested a predomi-
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nant mechanical nature of bond between Acclaim/Porce
lain even though Mn and In diffused to 4 J~.m. Al
though, diffusion of alloy elements into porcelain oc
curred, inference of strong chemical bonding does not 
automatically follow. Very likely, there is a chemical 
component (maybe significant) of bonding associated 
with the mechanical component. 

E. Papazoglou: For the Au-Pd alloy SMG-3, you refer 
to 1 ~tm diffusion of Sn and Pd in the porcelain. Again, 
given the inability to provide accurate elemental analyses 
for areas smaller than 1 11-m with the EDS, can you say 
that SMG-3 bonds basically due to chemical interaction? 
Authors: The surface of heat treated SMG-3 was not 
similar to the surfaces seen in Jelstar and Acclaim. The 
oxidized surface of the former was largely smooth while 
the oxidized surfaces of the latter alloys were largely 
covered with nodules. Based on this observation, diffu
sion of alloying elements in the porcelain was taken as 
the main component of bonding, in this case chemical. 

E. Papazoglou: Could you make predictions for the 
bond strength or porcelain adherence for the alloys in 
this investigation from the findings presented? 
Authors: Bond strength is directly related to bonding 
forces developed by both mechanical interlocking and 
chemical interactions. While one or both bonding mech
anisms may be detected or observed, such as, in this 
investigation with the use of SEM and EDS, assurances 
cannot be put forth regarding the strength of the bonds 
formed. The strength of mechanical interlocks can be 
affected by not only how well the fused porcelain has 
undermined the oxide or nodule interlocks, but also by 
the attachment of the oxide or nodule interlocks to the 
substrate alloy. With weak oxide or nodule attachment, 
a low bond strength may still occur even though the por
celain is firmly anchored to the outer oxides or nodules. 
Similarly, with chemical interactions, diffusion of alloy 
constituents may have occurred well within the porce
lain, but presents no assurances that strong chemical 
bonding exists. Studies relating the modes of bonding, 
such as observed in this investigation, to bond strengths 
are in order. 
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