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Effect of heating palladium-silver alloys on ceramic bond
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ABSTRACT
Statement of problem. The effects of different heat treatments on the internal oxidation and
metaleceramic bond in Pd-Ag alloys with different trace elements require further documentation.

Purpose. The purpose of this in vitro study was to determine whether heat treatment affects the
metaleceramic bond strength of 2 Pd-Ag alloys containing different trace elements.

Material and methods. Thirteen cast specimens (25×3×0.5 mm) from each of 2 Pd-Ag alloy groups
(W-1 and Argelite 61+3) were allocated to heat treatments before porcelain application: heating
under reduced atmospheric pressure of 0.0014 MPa and 0.0026 MPa and heating under normal
atmospheric pressure. Bond strengths were evaluated using a 3-point bending test according to
ISO9693. Results were analyzed using 2-way ANOVA and Tukey HSD test (a=.05). Visual
observation was used to determine the failure types of the fractured specimens. Scanning
electron microscopy and energy dispersive spectroscopy were used to study morphologies,
elemental compositions, and distributions in the specimens.

Results. The W-1 group had a mean bond strength significantly higher than that of Argelite 61+3
(P<.001). Heating under reduced atmospheric pressures of 0.0014 MPa and 0.0026 MPa resulted in
similar bond strengths (P=.331), and both pressures had significantly higher bond strengths than
that of heating under normal atmospheric pressure (P=.002, P<.001). Heating under different air
pressures resulted in Pd-Ag alloys that contained either Sn or In and Ga, with various degrees of
internal oxidation and different quantities of metallic nodules.

Conclusions. Heating under reduced atmospheric pressure effectively improved the bond strength
of the ceramic-to-Pd-Ag alloys. (J Prosthet Dent 2015;114:715-724)
Although many studies have
focused on developing and
improving ceramic systems,1

metal ceramic fixed prosthe-
ses are still important because
of their versatility, their rea-
sonable cost, and their lower
clinical failure compared with
ceramic fixed prostheses.2 Pd-
Ag alloys were introduced in
the 1970s and were considered
suitable for dental purposes.3

The problematic green discol-
oration of porcelain by these
alloys has been largely eli-
minated.4 The alloys were
developed to provide an al-
ternative to more expensive
Au-based alloys. Two types
of Pd-Ag alloys have been
marketed. One alloy contains
approximately 60% palladium,

28% to 30% silver, indium, and tin, and other trace el-
ements. The other alloy type has slightly less palladium
(50%-55%) and more silver (35%-40%), tin, and other
trace elements but little or no indium.5 Indium and tin
have also been helpful in improving the metaleceramic
bond.
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L OF PROSTHETIC DENTISTRY
The primary requirement for a successful metal
ceramic restoration is a lasting bond between the ceramic
and alloy. Four factors determine the success of a
metaleceramic bond: chemical bonding, mechanical
bonding, van der Waals forces, and compressive forces.6

Chemical bonding is considered the predominant factor
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Clinical Implications
Applying heat under reduced atmospheric pressure
before porcelain application improved the bond
strength between the ceramic and Pd-Ag alloys
containing either Sn or In and Ga.
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in the success of a metal-ceramic bond. However, con-
troversy exists regarding the bonding mechanism be-
tween Pd-Ag alloys and ceramic. Some scientists believe
that Pd-Ag alloys form internal rather than external ox-
ides and that the nodules on the external surface of the
metal alloy attributed to internal oxidation may provide
more mechanical retention than chemical retention for
the porcelain.7,8 Others believe that the oxide film on the
Pd-Ag alloy surface plays a leading role in porcelain
adherence.9,10

Investigation of the high-temperature behavior of Pd-
Ag-Sn-In alloy7 showed that, after heating under
reduced atmospheric pressures of 0.01 MPa, alloy surface
nodules were formed by a Nabarro-Herring creep
mechanism driven by the internal oxidation of tin and
indium. Additionally, the quantity of metallic nodules
increased as the temperatures increased. An internally
oxidized layer rich in Sn was found beneath the alloy
surfaces. No surface oxides were detected, and me-
chanical interlocking is considered the most important
factor for porcelain adherence. Li et al8 found that
different quantities of Pd-Ag metallic nodules formed on
the Sn-containing Pd-Ag alloy surface after 2 different
heat treatments. An internally oxidized structure rich in
Sn was observed at various depths beneath the surfaces.
Shimizu et al11 and Guo et al12 found that Pd-Ag alloys
with differing amounts of In, Ga, and Sn exhibited
different physical and mechanical properties.

Several methods exist for evaluating metal-ceramic
bond strength, including the shear,13,14 biaxial flexure,15

and 3-16 and 4-point bend tests.17 The 3-point bend
test has been standardized by the ISO969318 as a metal-
ceramic bond test.

To study the effect of heat treatment under various air
pressures and with different trace elements in the alloys
on the internal oxidation and metal-ceramic bond
strength of Pd-Ag alloys, this study compared the in-
ternal oxidation and metal-ceramic bond strength of 2
Pd-Ag alloys containing either Sn or In and Ga after 3
different heat treatments. The null hypothesis was that
the type of Pd-Ag alloy and heat treatment methods
would not affect bond strength.

MATERIAL AND METHODS

The Pd-Ag alloys used in this study were W-1 (Ivoclar
Vivadent AG) and Argelite 61+3 (Argen). Their elastic
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modulus values as provided by the manufacturer were
114 GPa and 120 GPa, respectively, and the composi-
tions (wt%) provided by the manufacturer were 53.3 Pd,
37.7 Ag, 8.5 Sn, and <1.0 In, Ru, and Li for W-1; and 61
Pd, 23.35 Ag, 3 Au, 10 In, and 2.5 Ga for Argelite 61+3.
The porcelain bonded to the alloys was Ceramco III
(Dentsply Intl).

A 3-dimensional modeler (Projet-DP 3000; 3D Sys-
tems) was used to obtain 80 acrylic resin metal
framework templates (VisiJet CP200; 3D Systems)
(25×3×0.5 mm) according to ISO9693.18 Each template
was mounted in a silicone ring (Ugin) and then poured in
investment material (Bellavest SH; Bego) according to the
manufacturer’s recommendations. W-1 and Argelite
61+3 Pd-Ag alloys (40 specimens each) were cast in an
electrical induction furnace (Nautilus; Bego). Sprues were
removed with silicon carbide disks at low speed, followed
by airborne-particle abrasion with 110-mm Al2O3 parti-
cles to remove investment material. Dimensions of the
cast specimens were measured with a digital caliper
(HengLiang).

The specimen surfaces selected to receive the ce-
ramics were airborne-particle abraded (S-605; Jialixing)
from 1 cm and at 45 degrees with 250-mm Al2O3 for 10
seconds at 0.2 MPa. Specimens were cleaned ultrasoni-
cally in a distilled water bath (CD-4820; Kelin). Then, 1
metal specimen from each alloy was used for surface
observation, using scanning electron microscopy (SEM;
JCX8100; JEOL). Then, to examine the cross-sections of
the metal layers, those specimens taken from each alloy
were embedded in autopolymerizing acrylic resin (Weiyi
Industrial Co, Ltd), and the section was ground and
polished. Specimens were then ultrasonically cleaned,
dried, and sprayed with carbon. SEM was used to
observe the morphologies in cross-section.

The remaining 39 specimens of each alloy were
divided by using a simple random method into 3 sub-
groups (n=13), according to the heat treatment type:
heating under reduced atmospheric pressure of 0.0014
MPa or 0.0026 MPa or under normal atmospheric pres-
sure. The specimens heated under normal atmospheric
pressure were placed in a dental porcelain furnace
(Programat P300; Ivoclar Vivadent AG) preheated to
600�C. The temperature was increased to 1010�C at
70�C/min and held for 5 minutes at the highest tem-
perature according to the manufacturer’s recommenda-
tions; the air pressure was maintained at standard
atmospheric pressure (0.1 MPa). Specimens heated un-
der reduced atmospheric pressure were heat treated us-
ing the same procedures, except that the air pressure in
the furnace was reduced to 0.0014 MPa or 0.0026 MPa.
After heat treatment, 1 metal specimen was taken from
each group so that its surface and cross-section could be
studied using SEM and energy dispersive spectroscopy
(EDS) (Oxford-7412; Oxford Instruments) in the same
Li et al



Table 1. Firing schedules of porcelains

Layer of
Porcelain

Start
Temperature

(�C)

Preheat
Time
(min)

Heat
Rate

(�C/min)

Final
Temperature

(�C)

Holding
Time
(min)

First opaque
layer

600 5 60 975 1

Second opaque
layer

600 3 60 970 0

Dentin 600 5 60 930 1

Glaze 600 3 55 920 0.5

Vacuum level was 0.0014 MPa.

Table 2.Mean ±SD of bond strength (MPa) of 6 groups (n=11)

Heat Treatment Methods

Alloy Types

W-1 Argelite 61+3

Reduced atmospheric pressure of 0.0014 MPa 54.17 ±3.82 49.72 ±2.54

Reduced atmospheric pressure of 0.0026 MPa 55.69 ±3.54 51.08 ±3.71

Normal atmospheric pressure 49.78 ±3.08 46.97 ±3.16

Table 3. Results of 2-way ANOVA for alloy types, heat treatment
methods, and their interactions

Effect df SS MS F P

Alloy types 1 258.07 258.07 23.13 <.001*

Heat treatment methods 2 293.12 146.56 13.14 <.001*

Interaction 2 10.76 5.38 0.48 .620

Residue 60 669.48 11.16

Total 66 174139.30

df, degrees of freedom; F, F-statistic; MS, mean square; SS, sum of squares.
*Significance, P<.05.
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way as that for the metal specimens before heat
treatment.

An 8.0×3.0×1.1-mm ceramic layer was applied to the
central portion of the surface of each remaining metal
specimen and fired in a furnace (Programat P300; Ivoclar
Vivadent AG), following the manufacturer’s recommen-
dations (Table 1). One metal ceramic specimen was taken
from each group so that the metaleceramic interface with
SEM and EDS could be studied in the same way as for
the metal specimen cross-section.

The bond strength of the metal-ceramic specimens of
each group (n=11) was determined from a 3-point bend
test in a universal testing machine (SANS), according to
the ISO9693 standard.18 The debonding load (Ffail) for
each specimen was recorded, and the metal-ceramic bond
strength (sb) was calculated by using the formula sb= k ×
Ffail (ISO9693).18 The coefficient k depends on the alloy
thickness and the elastic modulus of the metallic material.
The alloy surfaces that had debonded from the porcelain
were analyzed visually and with EDS to characterize the
failure types. Failure types were classified as adhesive,
along the interfacial region between the opaque ceramic
and metal; cohesive, inside the ceramic; or a mixture of
adhesive failure between the ceramic and metal with
cohesive fracturing of the ceramic.19

Data for bond strength (MPa) were analyzed using 2-
way ANOVA and Tukey HSD tests with the variables
being “heat-treatment methods” and “alloy types”
(a=.05).

RESULTS

Mean ±standard deviations of the bond strengths are
shown in Table 2. Results for 2-way ANOVA (Table 3)
showed that the mean bond strengths were affected
significantly by alloy type (P<.001) and heat treatment
method (P<.001). Interaction between the alloy type and
heat treatment factors was not statistically significant
(P=.620).

The Tukey test result demonstrated that, when the
main factor alloy type was analyzed, W-1 (53.21 ±4.23
MPa) showed a significantly higher bond strength than
Argelite 61+3 (49.26 ±3.53 MPa) (P<.001). When the
main factor heat treatment was analyzed, the specimens
that were heated under normal atmospheric pressure
Li et al
showed the lowest bond strength (48.37 ±3.37 MPa).
This result was significantly different from that obtained
by heating under reduced atmospheric pressures of
0.0026 MPa (53.39 ±4.25 MPa; P<.001) and 0.0014 MPa
(51.95 ±3.90 MPa; P=.002). The 2 groups produced under
reduced atmospheric pressures were not significantly
different from each other (P=.331).

Micrographs of the metal specimen surfaces are
shown in Figure 1. No differences in morphology existed
between the 2 alloys before heat treatment; both of the
treatments exhibited a concave-convex surface from
airborne-particle abrasion, and no metallic nodules were
observed (Figs. 1A, 1B). Metallic nodules appeared on the
specimen surfaces after various heat treatments. Heat
treatments under higher air pressure resulted in a larger
number of nodules on the Pd-Ag alloy surfaces. Nodules
in the reduced atmospheric pressure groups were small
and discrete and were dispersed randomly on the surface
(Figs. 1C-1F). Nodules in the normal atmospheric groups
were denser and coalesced into strips and blocks that
almost entirely covered the 2 Pd-Ag alloy surfaces and
weakened the original concave-convex surface appear-
ance (Figs. 1G, 1H). Figure 2 shows photomicrographs of
the metal specimen cross-section. The 2 alloys show
uniform profile morphologies before heat treatment, with
an irregular border at the top of the section created by
airborne-particle abrasion (Figs. 2A, 2B). The metal
specimens after heating show striped or banded struc-
tures beneath the surface. Higher air pressures resulted
in a deeper extension of striped or banded structures
beneath the surface (Figs. 2C-2H).

The elemental compositions of any nodular and non-
nodular structures on the alloy surfaces after heat treat-
ment were analyzed using EDS. Pd and Ag (Tables 4, 5)
concentrated at the metallic nodules (Fig. 3A, 3B, spots 1
and 2) of the 2 PdeAg alloys. Pd, Ag, Sn, and O (Table 4)
existed at the non-nodular region in the W-1 alloy
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 1. Surfaces of metal specimens (×1000). A, W-1 alloy before heat treatment. B, Argelite 61+3 alloy before heat treatment. C, W-1 alloy after
heating at 0.0014 MPa. D, Argelite 61+3 alloy after heating at 0.0014 MPa. E, W-1 alloy after heating at 0.0026 MPa. F, Argelite 61+3 alloy after heating at
0.0026 MPa. G, W-1 alloy after heating under normal atmospheric pressure. H, Argelite 61+3 alloy after heating under normal atmospheric pressure.
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Figure 2. Cross-sections of metal specimens (×3000). A, W-1 alloy before heat treatment. M, metal. B, Argelite 61+3 alloy before heat treatment. C, W-1 alloy
after heating at 0.0014 MPa. D, Argelite 61+3 alloy after heating at 0.0014 MPa. E, W-1 alloy after heating at 0.0026 MPa. F, Argelite 61+3 alloy after heating
at 0.0026 MPa. G, W-1 alloy after heating under normal atmospheric pressure. H, Argelite 61+3 alloy after heating under normal atmospheric pressure.
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Table 4. Elemental composition of W-1 alloy surface after heating at
0.0026 MPa by EDS analysis (wt%)

Spot* O Sn Pd Ag

1 d d 55 45

2 d d 50 50

3 24 27 28 21

4 19 27 29 25

EDS, energy dispersive spectroscopy.
*See Figure 3.

Table 5. Elemental composition of Argelite 61+3 alloy surface after
heating at 0.0026 MPa by EDS analysis (wt%)

Spot* O In Ga Pd Ag

1 d d d 56 44

2 d d d 56 44

3 18 23 10 26 23

4 15 33 8 24 20

EDS, energy dispersive spectroscopy.
*See Figure 3.

Figure 3. SEM imaging of metal specimen after heating at 0.0026 MPa. A, W-1 alloy surface. B, Argelite 61+3 alloy surface. C, W-1 alloy cross-section. D,
Argelite 61+3 alloy cross-section. M, metal; SEM, scanning electron microscopy.
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(Fig. 3A, spots 3 and 4), and the Sn and O amounts were
much greater than that in the batch composition of the
alloy. Pd, Ag, In, Ga, and O (Table 5) existed at the non-
nodular region in the Argelite 61+3 alloy (Fig. 3B, spots 3
and 4), and the In, Ga, and O amounts were much
greater than the batch composition of the alloy. EDS
analysis showed that the cross-sectional striped structure
was rich in Sn and O (Table 6) in the W-1 alloy (Fig. 3C,
spots 3, 4, and 5) and in In, Ga, and O (Table 7) in the
Argelite 61+3 alloy (Fig. 3D, spots 3, 4, and 5). These
were the internal oxides of Sn, In, and Ga in the alloys.

Similar microscopic features of the metal-ceramic
interface were observed in all groups. All interfaces were
intact (no holes or slits), with good contact and
THE JOURNAL OF PROSTHETIC DENTISTRY
wettability between the ceramic and the Pd-Ag alloy
surfaces. The internally oxidized striped structures were
similar to those of the cross-sections of the metal speci-
mens after heat treatment (Fig. 4). The interfacial
elemental compositions were studied using EDS. The
internally oxidized layer was rich in Sn and O in the W-1
alloy (Fig. 5A, spots 2 and 3) and in In, Ga, and O in the
Argelite 61+3 alloy (Fig. 5B, spots 2 and 3). The main
elements present at the metal-ceramic interface (Figs. 5A,
5B, spots 5 and 6) were O, Si, Sn, Al, Na, K, Ca, and Ti.
Sn and O concentrated at the grainy structure of the
interface (Figs. 5A, 5B, spot 4).

Visual inspection showed that the failure type was
mixed for all specimens and that the amount of ceramic
Li et al



Table 7. Elemental composition of Argelite 61+3 alloy section after
heating at 0.0026 MPa by EDS analysis (wt%)

Spot* O In Ga Pd Ag

1 d 13 4 45 38

2 5 10 2 44 39

3 26 40 13 12 9

4 33 39 12 9 7

5 29 35 10 14 12

6 d 9 3 62 26

EDS, energy dispersive spectroscopy.
*See Figure 3.

Table 6. Elemental composition of W-1 alloy section after heating at
0.0026 MPa by EDS analysis (wt%)

Spot* O Sn Pd Ag

1 d d 49 51

2 4 10 42 44

3 32 45 12 11

4 29 35 18 18

5 25 36 20 19

6 d 9 63 28

EDS, energy dispersive spectroscopy.
*See Figure 3.

Figure 4. Interfaces of metal ceramic specimens (×500). A, W-1 alloy after heating at 0.0014 MPa. M, metal; P, porcelain. B, Argelite 61+3 alloy after
heating at 0.0014 MPa. C, W-1 alloy after heating at 0.0026 MPa. D, Argelite 61+3 alloy after heating at 0.0026 MPa. E, W-1 alloy after heating under
normal atmospheric pressure. F, Argelite 61+3 alloy after heating under normal atmospheric pressure.
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Figure 5. SEM imaging of metaleceramic interfaces heat treated under normal atmospheric pressure. A, W-1 alloy. B, Argelite 61+3 alloy. M, metal; P,
porcelain; SEM, scanning electron microscopy.

Figure 6. Macroscopic views of fractured specimens. A, W-1 alloy after
heating under normal atmospheric pressure. B, Argelite 61+3 alloy after
heating under normal atmospheric. C, W-1 alloy after heating at 0.0014
MPa. D, Argelite 61+3 alloy after heating at 0.0014 MPa. E, W-1 alloy after
heating at 0.0026 MPa. F, Argelite 61+3 alloy after heating at 0.0026 MPa.
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remaining on the porcelain-debonded metal surface
differed among specimens. As Figure 6 shows, the
porcelain-debonded metal surface in the 2 reduced atmo-
spheric pressure groups had the largest residual ceramic
area. Residual ceramic was thick and massive, with an
irregular surface, whereas the ceramic layer of the speci-
mens in the normal atmospheric groups mostly blocked
exfoliation, and the residual ceramic was small and point-
like, with a relatively smooth surface. The gray areas on
the porcelain-debonded metal surface indicated that the
Pd-Ag substrate, in which the main elemental Pd and Ag
compositions were detected by EDS, represented an ad-
hesive failure along the metaleceramic interface. The light
yellow areas on the porcelain-debonded metal surface
(Fig. 6) show the remaining porcelain, in which the main
elements O, Na, Al, Si, K, Ti, and Snwere detected by EDS,
implying the existence of a cohesive fracture within the
porcelain.

DISCUSSION

This study evaluated the metal-ceramic bond strength of
2 Pd-Ag alloys after 3 different heat treatments and
found that both the type of Pd-Ag alloy and the heat
treatment method significantly affected bond strength.
Thus, the null hypothesis was rejected.

Metaleceramic thermal compatibility is important in
fabricating metaleceramic restorations. Usually, the co-
efficient of thermal expansion (CTE) of the alloy is higher
than that of the ceramic, and a variation from 0.5
to 1.0×10-6/�C is considered adequate.20 The CTE of
Ceramco III used in this study has a wide application
range, and the CTEs were 15.2×10-6/�C for W-1 and
14.5×10-6/�C for Argelite 61+3 alloys. Both of the metals
used in this study were considered thermally compatible
with porcelain and are commonly matched in clinical use.
The bond strength values of all groups from our study
(ranging from 46.97 ±3.16 MPa to 55.69 ±3.54 MPa)
THE JOURNAL OF PROSTHETIC DENTISTRY
matched those from a study conducted by Li et al8

(a range from 45.00 ±3.63 MPa to 51.61 ±5.91 MPa).
However, the metaleceramic bond strength was just one
of the factors for the strength of a metal ceramic resto-
ration; the strength of the metal framework and differ-
ences in CTE between metal and porcelain may also be
factors. Differences in bond strength, therefore, are not
entirely representative of clinical performance.

As indicated by EDS analysis, Pd and Ag, rather
than oxides, accumulated at the surface metallic
nodular structures of the 2 Pd-Ag alloys after heat
treatment, but the non-nodular structures showed
large amounts of Sn and O in the W-1 alloy and Ga,
In, and O in the Argelite 61+3 alloy; oxides therefore
formed on the non-nodular structure. The surfaces of
the 2 alloys were covered almost entirely with coa-
lesced nodules in the normal atmospheric pressure
groups. The area of the non-nodular structure was
small, which suggests that little or no oxide formed on
Li et al
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the surface. However, in the 2 reduced atmospheric
pressure groups, the area of the non-nodular structure
on the surface of the 2 alloys was much larger, and a
large amount of oxides formed on the surface. Limkool
and Sumii21 also found that In2O3 and Ga2O3 formed
on the Pd-Ag alloy surface after heating under reduced
atmospheric pressure. The surface oxides in the
reduced atmospheric pressure groups provide the basis
for the chemical bond. The surface-coalesced nodule in
the normal atmospheric pressure groups reduced the
surface oxide significantly and weakened the original
concave-convex surface appearance, resulting in a
simultaneously adverse impact on the chemical and
mechanical bonds. Li et al8 confirmed that the Pd-Ag
alloy has a rougher surface appearance after heating
under reduced atmospheric pressure than that after
heating under normal atmospheric pressure, under the
same airborne-particle abrasion conditions. This study
also found that a larger amount of residual ceramic
remained on the surface of the porcelain-debonded
metal in the 2 reduced atmospheric pressure groups.
These findings may explain why the bond strengths of
the reduced atmospheric pressure groups were higher
than those of the normal atmospheric pressure groups.

According to internal oxidation theory,7 Pd-Ag alloys
dissolve substantial quantities of oxygen at elevated
temperature. The volume of nodular material on the alloy
surface is equal to the volume increase because of the
internal oxidation of Sn and In. The formation of nodules
relieves the dilational stresses developed when the dis-
solved tin and indium in the Pd-Ag solid solution was
converted to oxide. The molar volume of SnO2 is 60%
greater than that of Sn in solid solution, and the formation
of In2O3 results in a 48% increase in volume over In. The
movement of internal oxidation may be accelerated,
slowed, halted, or reversed by altering the temperature or
air pressure. In this study, similar internal oxidation after
heat treatment was observed on the Pd-Ag alloys con-
taining either Sn or Ga and In. The degree of internal
oxidation depends on the air pressure in heat treatment.
A higher air pressure results in a higher number of
metallic nodules on the surface, internal Sn or In oxides
beneath the surface, and less oxide on the surface. The
internally oxidized structures of the metal ceramic speci-
mens remained similar to those of the metal specimens
after heat treating, though multiple sintering of porcelain
occurred. The composition of Ga in Argelite 61+3 is 2.5
(wt%). A few internal Ga oxides were detected beneath
the surface in this study. However, in the Pd-Cu-Ga and
Pd-Ga alloys, which contain more Ga, an internally
oxidized layer showed large amounts of gallium oxide.22

We compared the quantity of nodules on the Pd-Ag
alloy surface after heating at the same temperature but
with different air pressures. Fewer nodules existed on the
surface after heat treatment at 0.0014 MPa than at 0.0026
Li et al
MPa, and the quantity of nodules after heat treatment at
0.0026 MPa was similar to that at 0.0036 MPa in a study
conducted by Li et al.8 However, Mackert et al7 found
that approximately 95% of the Pd-Ag alloy surface was
covered with coalesced nodules after heat treatment at
0.01 MPa. This result is similar to that after heat treat-
ment under normal atmospheric pressure (0.1 MPa) in
this study. It is reasonable for the Pd-Ag alloy to be heat
treated at a lower atmospheric pressure (less than 0.0036
MPa). The atmospheric pressure and nodular coverage
for obtaining the highest bond strength requires further
research.

One limitation of this study was the use of visual
examination to assess the failure types, and a future
study using the Si line of EDS to provide more desirable
information about the amount of residual ceramic is
needed.

CONCLUSIONS

Within the limitations of this study, it can be concluded
that heating under reduced atmospheric pressure before
ceramic application improved the bond strength be-
tween the ceramic and the Pd-Ag alloys. The degree of
internal oxidation of the Pd-Ag alloys containing either
Sn, or In and Ga is related to the air pressure in heat
treatment.
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