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Abstract The goals of this study were to investigate the

fatigue limits of two Pd–Ag alloys (Ivoclar Vivadent) with

differing mechanical properties and varying proportions of

secondary alloying elements, examine the effect of casting

porosity on fatigue behavior, and determine the effect of

casting size on microstructures and Vickers hardness. The

alloys selected were: IPS d.SIGN 59 (59.2Pd–27.9Ag–

8.2Sn–2.7In–1.3Zn); and IS 64 (59.9Pd–26.0Ag–7.0Sn–

2.8Au–1.8 Ga–1.5In–1.0Pt). Tension test bars, heat-treated

to simulate dental porcelain application, were subjected to

cyclic loading at 10 Hz, with R-ratio of -1 for amplitudes

of compressive and tensile stress. Two replicate specimens

were tested at each stress amplitude. Fracture surfaces were

examined with a scanning electron microscope (SEM).

Sectioned fatigue specimens and additional cast specimens

simulating copings for a maxillary central incisor restoration

were also examined with the SEM, and Vickers hardness was

measured using 1 kg load. Casting porosity was evaluated in

sectioned fatigue fracture specimens, using an image anal-

ysis program. The fatigue limit (2 9 106 loading cycles) of

IS 64 was approximately 0.20 of its 0.2% yield strength,

while the fatigue limit of d.SIGN 59 was approximately 0.25

of its 0.2% yield strength. These relatively low ratios of

fatigue limit to 0.2% yield strength are similar to those found

previously for high-palladium dental alloys, and are attrib-

uted to their complex microstructures and casting porosity.

Complex fatigue fracture surfaces with striations were

observed for both alloys. Substantial further decrease in the

number of cycles for fatigue failure only occurred when the

pore size and volume percentage became excessive. While

the heat-treated alloys had equiaxed grains with precipitates,

the microstructural homogenization resulting from simu-

lated porcelain firing differed considerably for the coping

and fatigue test specimens; the latter specimens had signifi-

cantly higher values of Vickers hardness.

1 Introduction

Since their introduction in the early 1970s, Pd–Ag dental

casting alloys have been widely used for metal-ceramic

restorations and superstructures for implants [1–3]. The

properties of Pd–Ag alloys are comparable or superior to

gold-based and high-Pd ceramic alloys, and these alloys are

economically attractive alternatives for clinical selection.

They have acceptable yield strength, excellent ductility,

high elastic modulus, high distortion resistance during
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porcelain firing, excellent porcelain-metal bond strength,

favorable handling properties and solderability, and satis-

factory tarnish and corrosion resistance [4–14]. The clinical

selection of Pd–Ag alloys has increased because of the

alleviation or elimination of former porcelain discoloration

concerns by proper melting and casting techniques, selec-

tion of particular brands of porcelain, and the incorporation

of certain elements in the alloy compositions [1, 3, 15–20].

As almost all restorations are subjected to cyclic forces

from mastication, it is necessary to understand the fatigue

performance of dental casting alloys. At present, there is no

standard for fatigue testing of dental alloys. Using tensile

test specimens following ADA Specifications No. 5 [21]

and No. 38 [22], which were subjected to clinically rele-

vant heat treatment simulating the process for bonding

porcelain, the fatigue limits and fracture characteristics of

representative high-Pd [23] and Pd–Ag [24] dental casting

alloys were previously determined. The fatigue limits for

both types of palladium-based alloys were relatively low,

approximately 0.15–0.20 of the 0.2% yield strength in

tension. However, these fatigue test specimens were much

larger than clinical cast restorations, and it has been found

that the microstructures of these specimens may differ from

much smaller specimens having the dimensions of clinical

restorations [25, 26].

The question arises as to whether fatigue properties for

these larger fatigue test specimens are appropriate for clin-

ical restorations. Two purposes of this study were to (a)

compare the microstructures and Vickers hardness values of

fatigue test specimens and specimens simulating copings for

maxillary incisor restorations prepared from two Pd–Ag

alloys that had not previously been investigated and (b) study

the fatigue limits and fracture characteristics of these alloys.

An additional objective of this study was to (c) investigate

whether casting porosity in the Pd–Ag alloys had a note-

worthy effect on the fatigue limit. In the molten state, Pd–Ag

alloys readily absorb atmospheric gases, which can result in

substantial porosity in the dental castings since the solubility

of these gases is much lower in the solidified alloy [2].

2 Materials and methods

Two Pd–Ag alloys, IS 64 and IPS d.SIGN 59 (Ivoclar

Vivadent, Amherst, NY, USA), were selected. Nominal

compositions and mechanical properties (after simulated

heat treatment for porcelain application) of the alloys are

listed in Tables 1 and 2, respectively. The IS 64 alloy has

physical properties intended to match those for dental

implant superstructures. The IPS d.SIGN 59 alloy (here-

after d.SIGN 59) has mechanical and physical properties

that are coordinated with the IPS d.SIGN fluorapatite-leu-

cite glass-ceramic material (Ivoclar Vivadent).

A fine-grained, carbon-free, phosphate-bonded invest-

ment (Cera-Fina, Whip-Mix, Louisville, KY, USA) was

used to prepare two types of cast specimens. The first type

simulated a coping for a maxillary central incisor restora-

tion [26], and wax patterns were used. The second type met

the dimensional requirements of ADA Specification Nos. 5

[21] and 38 [22] for tensile test bars, with gauge diameter

of 3 mm and gauge length of 15 mm, and polystyrene

plastic patterns (Salco, Romeoville, IL, USA) were used.

The alloys were melted with a multi-orifice gas-oxygen

torch, centrifugally cast using a broken-arm casting

machine, and bench-cooled. After divesting, the sprues

were cut from the specimens using a carborundum disk,

and any visible nodules were removed. The specimens for

fatigue testing otherwise had the as-cast surface condition,

and were not subsequently air-abraded or polished.

Cast specimens that simulated copings were cross-sec-

tioned into halves, using a slow-speed water-cooled dia-

mond saw (Leco, St. Joseph, MI, USA). One half was used

to investigate the as-cast microstructure, and the other half

was subjected to the entire heating regimen for application

of dental porcelain (Ultra-Mat CDF, 3M Unitek, Monrovia,

CA, USA). The initial oxidation treatment followed the

instructions of the alloy manufacturer, and the subsequent

firing cycles followed the recommendations for IPS Classic

porcelain (Ivoclar Vivadent). All specimens for fatigue

testing received the full heat-treatment regimen for por-

celain application.

Table 1 Nominal compositions of alloys provided by manufacturera

Alloy Pd Ag Sn Zn In Au Pt Cu Ga Ru Ir Re Other

IS 64 59.9 26.0 7.0 – 1.5 2.8 1.0 – 1.8 \1.0 – \1.0 –

d.SIGN 59 59.2 27.9 8.2 1.3 2.7 – \1.0 – – \1.0 – \1.0 Li \ 1.0

a Ivoclar Vivadent, Amherst, NY, USA

Table 2 Mechanical properties reported by manufacturer (simulated

heat treatment for porcelain application)a

Alloy 0.2% Yield

strength (MPa)

Vickers

hardness

Elongation

(%)

IS 64 560 230 31.0

d.SIGN 59 490 230 14.0

a Ivoclar Vivadent, Amherst, NY, USA
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Fatigue tests were performed in air at room temperature,

using uniaxial sinusoidal tension–compression loading

with a servohydraulic mechanical testing machine (Model

1322, Instron Corp., Canton, MA, USA). The ratio (R)

between tensile and compressive stress amplitudes was -1,

and the frequency was 10 Hz. Starting stress amplitudes

were based on previous experience with high-Pd [23] and

Pd–Ag [24] alloys, which resulted in the need for consid-

erably fewer specimens than with conventional staircase

methods [27, 28]. Two replicate specimens were tested at

each stress amplitude, and the highest stress at which

fracture did not occur after a clinically relevant number

[29] of 2 9 106 cycles was designated as the fatigue limit.

Fracture surfaces of fatigued specimens were examined

with a scanning electron microscope (SEM) (JSM-820,

JEOL Ltd, Tokyo, Japan) over a range of magnifications.

Before SEM examination, these specimens were ultrason-

ically cleaned in ethanol.

Microstructural observations were carried out with the

same SEM on the coping specimens in both the as-cast and

heat-treated conditions, and on specimens from the frac-

tured fatigue test bars (axial and longitudinal). Both types

of metallographic specimens were first obtained by sec-

tioning with the use of a slow-speed water-cooled diamond

saw. Specimens were mounted in transparent epoxy resin

(Leco, St. Joseph, MI, USA). After grinding with 320, 400,

and 600 grit silicon carbide papers, and polishing with a

series of gamma-alumina slurries ending with 0.05 lm

particles, specimens were etched in aqua regia solutions,

using appropriate times to obtain optimum microstructures.

Porosity evaluation was conducted on fatigue fracture

surfaces and on samples sectioned both axially (about

3 mm from fracture surface) and longitudinally from fati-

gue test specimens, using the SEM and an optical micro-

scope (Nikon Epiphot, Nippon Kogaku K.K., Japan). The

preparation method for the samples was the same as that of

specimens for microstructural observation, except that

these samples were not etched. Image analysis was com-

pleted using special software (ImageJ 1.34, National

Institutes of Health, Bethesda, MD, USA). An equivalent

pore diameter De [30, 31] was used to describe the size of

near-spherical or irregular shape pores, which is defined

here as De = 2[Ap/p]1/2 with Ap the pore area measured

directly from metallographic samples or fatigue fracture

surfaces.

Vickers hardness (M-400, Leco Corp, St. Joseph, MI,

USA) was measured on etched specimens, using a 1 kg

load and dwell time of 30 s. Mean hardness values were

obtained from 5 indentations. Analysis of variance

(ANOVA) at the a = 0.05 level was used to determine if

significant differences in hardness existed between (a)

as-cast and heat-treated specimens of the same alloy, (b)

the two alloys in the as-cast or heat-treated condition, and

(c) coping specimens and fatigue test specimens of the

same alloy in the heat-treated condition.

3 Results

3.1 Microstructures

Microstructures of as-cast and heat-treated coping speci-

mens are respectively shown in Fig. 1a and b for IS 64, and

in Fig. 1c and d for d.SIGN 59. The as-cast microstructures

of both alloys were inhomogeneous. After simulated por-

celain firing heat treatment, the microstructures of the

coping specimens were homogenized and contained

numerous precipitates, along with the palladium solid

solution matrix. Microstructures of heat-treated fatigue test

specimens are shown in Fig. 2a and b. Compared to the

heat-treated coping specimens for IS 64 and d.SIGN 59, the

much larger heat-treated fatigue test specimens still had

incompletely homogenized microstructures. Compositions

of the palladium solid solution and the Pd–Ag–Sn–In

precipitates in another Pd–Ag alloy have been obtained by

x-ray energy-dispersive spectroscopy (EDS) with the

transmission electron microscope [32]. The matrix and

precipitates in IS 64 and d.SIGN 59 are expected to have

similar compositions.

3.2 Vickers hardness

Table 3 summarizes the Vickers hardness measurements

for the as-cast and heat-treated coping specimens and the

heat-treated fatigue test specimens for the IS 64 and

d.SIGN 59 alloys. The results of statistical comparisons

using ANOVA are presented in Tables 4 and 5. There was

no significant difference in Vickers hardness of the coping

specimens for the two alloys in either the as-cast condition

or the simulated porcelain-firing heat-treated condition.

However, after heat treatment, the Vickers hardness of the

coping specimens fabricated from each alloy decreased

significantly, compared to the as-cast condition. The

Vickers hardness of the heat-treated fatigue test specimens

was significantly higher than that of the heat-treated coping

specimens which had much smaller dimensions. The

Vickers hardness for the heat-treated fatigue test specimens

fabricated from both alloys were quite close to the value

(230) provided by the manufacturer for the porcelain-fired

heat-treated condition (Table 2).

3.3 Fatigue limits

Table 6 lists the number of cycles to failure at different

stress amplitudes for IS 64 and d.SIGN 59. Because the

fatigue limit of cast Pd-based dental alloys is sharply
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dependent upon stress amplitude [23, 24], the fatigue limit

of IS 64 is close to 0.20 of its 0.2% yield strength, while the

fatigue limit of d.SIGN 59 is close to 0.25 of its 0.2% yield

strength. The representative fracture surface of an IS 64

fatigue specimen in Fig. 3 shows the substantial casting

porosity that was observed on the fracture surfaces of all

fatigue specimens.

Fig. 1 SEM images showing

the microstructures of (a) as-

cast and (b) heat-treated IS 64

coping specimens, and

(c) as-cast and (d) heat-treated

d.SIGN 59 coping specimens.

Length of scale bar = 15 lm

for (a), and 10 lm for (b–d)

Fig. 2 SEM images showing

the incompletely homogenized

microstructures in fatigue test

specimens after simulated

porcelain-firing heat treatment

for (a) IS 64 and (b) d.SIGN 59.

Length of scale bar = 30 lm

for (a) and 20 lm for (b)

Table 3 Vickers hardness (VHN) for copings and fatigue test

specimens

Alloy As-cast

copings

Heat-treated

copings

Fatigue test specimens

(Heat-treated)

IS 64 237 (8.8) 201 (7.3) 224 (10.3)

d.SIGN 59 244 (7.3) 206 (9.9) 229 (3.6)

Data are mean values (standard deviations). Heat treatment simulated

application of dental porcelain

Table 4 Statistical comparisons of Vickers hardness between as-cast

and heat treated coping specimens, using two-way ANOVA

Source Degrees

of freedom

Sum of

squares

Mean

square

F-value P-value

Alloy 1 409.657 409.657 43.730 0.096

Condition 1 13752.528 13752.528 1468.065 0.017

Alloy

9 condition

1 9.368 9.368 0.132 0.718

Error 36 2546.482 70.736
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3.4 Casting porosity and fracture characteristics

Numerous unevenly distributed casting pores were

observed in all fatigue test specimens, with a tendency to

segregate along the fracture surface and cross-section of

the specimens, as shown in the series of optical microscope

photographs from a sectioned d.SIGN 59 fatigue test

specimen in Fig. 4. IS 64 specimens exhibited less porosity

than d.SIGN 59 specimens. The porosity in one d.SIGN 59

fatigue test specimen (Specimen 8 in Table 6) was partic-

ularly substantial with an overall pore area percentage of

12% and maximum equivalent pore diameter of 280 lm. In

this specimen, near-surface porosity was considered to be

the cause of fracture at a low number of 405,874 cycles

with 0.25 r0.2. Among all other specimens, the overall pore

area percentage was not more than 5% in IS 64 and 10% in

d.SIGN 59. The maximum equivalent pore diameter in IS

64 and d.SIGN 59 specimens was observed to be 85 lm

(Specimen 4 in Table 6, fractured at 1,651,575 cycles) and

150 lm (Specimen 7 in Table 6, survived 2 million

cycles), respectively. Figure 4 shows the casting pore dis-

tribution on the cross-sectioned and polished surface of this

latter d.SIGN 59 fatigue specimen. It is noteworthy that

such relatively large and widely separated casting pores

could be tolerated in the bulk regions of these relatively

large test specimens without serious degradation of the

fatigue properties.

On the complex fatigue fracture surfaces, fatigue crack

initiation sites were not uniformly determined, being

located either near the specimen surface or inside the

specimen, or with multiple locations. Fatigue striations [23,

24] were observed on the fracture surfaces of IS 64 and

d.SIGN 59. The local orientation of the striations changed

in IS 64, as shown in Fig. 5a, but this change was not

observed in the fracture surface of d.SIGN 59, as shown in

Fig. 5b.

4 Discussion

4.1 Specimen size and microstructures

The speed of liquid metal solidification is very high during

conventional dental casting, and the microstructures of as-

cast high-Pd alloys can deviate substantially from their

equilibrium microstructures [33]. During the porcelain

firing process, the as-cast microstructures of the Pd–Ag

alloy generally become homogenized, as shown in Fig. 1.

For the relatively large tensile test specimens (identical to

those used in the fatigue tests) of one high-Pd alloy,

Spartan Plus (Ivoclar Vivadent, Amherst, NY, USA), the

as-cast dendritic microstructure was not completely elim-

inated by porcelain-firing heat treatment [25]. Moreover,

the near-surface eutectic constituent [33] in as-cast coping

specimens of the high-Pd alloy Liberty (Heraeus Kulzer,

Armonk, NY, USA) was not observed in the much larger

as-cast tensile test specimens [25]. These examples

Table 5 Statistical comparisons of Vickers hardness between heat-

treated coping specimens and fatigue test specimens, using two-way

ANOVA

Source Degrees of

freedom

Sum of

squares

Mean

square

F-value P-value

Alloy 1 266.779 372.798 2.798 0.033

Specimen type 1 5307.695 7417.015 7417.015 0.007

Alloy

9 specimen type

1 0.716 0.716 0.011 0.919

Error 36 2439.738 67.770

Table 6 Number of cycles to failure for IS 64 and d.SIGN 59

specimens tested at different stress amplitudes

Specimen

no.

Alloy Stress amplitude Cycles to failure

1 IS 64 0.15 r0.2 (84 MPa) [2,000,000

2 0.15 r0.2 (84 MPa) –a

3 0.20 r0.2 (112 MPa) 1,350,751

4 0.20 r0.2 (112 MPa) 1,651,575

5 d.SIGN 59 0.20 r0.2 (98 MPa) [2,000,000

6 0.20 r0.2 (98 MPa) [2,000,000

7 0.25 r0.2 (123 MPa) [2,000,000

8 0.25 r0.2 (123 MPa) 405,874b

a Specimen 2 was inadvertently damaged during the initial set-up

before the cyclic fatigue testing began
b The anomalously low number of cycles to failure for Specimen 8,

compared to Specimen 7, was attributed to excessive surface porosity

Fig. 3 SEM image showing fracture surface with unevenly distrib-

uted casting porosity in IS 64 specimen that failed at 1,651,575

cycles. Length of scale bar = 1 mm
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illustrate the great importance of casting thickness, which

controls the rate of heat flow from the solidifying alloy, on

as-cast microstructure of the high-Pd alloys.

Similar observations were made for the Pd–Ag alloys in

this study, in which the microstructures of the relatively large

fatigue test specimens for both alloys were not homogenized

after the porcelain firing heat treatment, as shown in Fig. 2.

Therefore, the effect of the test specimen dimensions for the

Pd–Ag alloy on the resulting as-cast and heat-treated

microstructures cannot be ignored. The incomplete homog-

enization of the heat-treated fatigue specimens is considered

to account for their higher Vickers hardness (Table 3)

compared to the heat-treated coping specimens where the

microstructures were homogenized. Consequently, the data

for mechanical properties obtained with relatively large test

specimens with dimensions meeting ADA specification

requirements [21, 22] may not accurately reflect the

mechanical properties of clinical restorations.

4.2 Comparison of fatigue properties for IS 64

and d.SIGN 59

The compositions of IS 64 and d.SIGN 59 are very similar,

with only small differences in the percentages of compo-

nent elements (Table 1). However, the microstructures of

the two alloys are quite different (Figs. 1 and 2). Moreover,

the 0.2% yield strength of IS 64 is over 10% higher than

that of d.SIGN 59, while the ductility (percentage elonga-

tion) of IS 64 is twice that of d.SIGN 59 (Table 2). These

general results are typical for the Pd–Ag dental alloys,

where compositions differing by only small percentages for

the component elements can have substantially different

mechanical properties [15].

In the present study the fatigue limit of d.SIGN 59

appears to be 10% greater than that of IS 64 (Table 6),

which is inconsistent with previous observations that the

high-Pd or Pd–Ag alloy with higher yield strength exhibits

Fig. 4 Optical micrographs

showing casting porosity in

longitudinally cross-sectioned

d.SIGN 59 specimen that

survived 2 million cycles:

(a) and (c) are from regions near

two opposite surfaces; (b) is

from central region. Length of

scale bar = 400 lm

Fig. 5 SEM images showing

fatigue striations on the fracture

surfaces of (a) IS 64 specimen

that failed at 1,651,575 cycles

and (b) d.SIGN 59 specimen

that failed at 405,874 cycles.

Length of scale bar = 10 lm

for (a) and 15 lm for (b)
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higher fatigue limit [23, 24]. The difference in fatigue

performance for IS 64 and d.SIGN 59 can be attributed to

microstructural differences and the mechanisms for fatigue

fracture. For example, the variation of fatigue striation

orientation in IS 64, shown in Fig. 5a, suggests relative

ease of fatigue crack initiation at multiple sites and/or

relative ease of fatigue crack propagation in this alloy.

Determination of the detailed mechanisms for fatigue crack

initiation and propagation in these Pd–Ag alloys requires

further study.

4.3 Effects of specimen size and casting porosity

on fatigue performance

Experience in engineering has shown that in most cases a

specimen size effect on fatigue performance exists, and two

factors can result from change in fatigue specimen size: (a)

the change in surface area and (b) the variation of stress

gradient across the specimen diameter and the volume of

material that is highly stressed [34]. Since specimen size

effects on microstructures can occur for Pd-based dental

alloy castings, it is important to have a standardized pro-

tocol for fatigue testing that provides performance infor-

mation relevant to fatigue conditions for clinical

restorations. Such a standardized tensile test or fatigue test

for specimens having the dimensions of typical metal-

ceramic restorations remains to be developed.

During practical dental casting processes, casting

defects such as pores and microshrinkage, cannot be

completely eliminated [35, 36]. Casting porosity in steels,

engineering aluminum and magnesium alloys has been

reported to be preferential fatigue crack initiation sites and

constitute the main influence on fatigue properties [30, 31,

37–44]. A cast Ag–Pd–Cu–Au–Zn alloy for dental appli-

cations has been found to have considerably smaller fatigue

strength than the drawn Ag–Pd–Cu–Au–Zn alloy [36, 45].

Although quantitative approaches [30, 31, 36–40, 45] have

been made to predict the relation between fatigue life and

casting porosity, there is no well accepted method to pre-

dict the effects of porosity on fatigue life.

Important measures of casting porosity include mor-

phology, size, density and fraction of pores. Under cyclic

stresses, high stress concentration around sharp porosity

can be released by localized plastic deformation and thus

the shape effect of pores on fatigue performance can be

negligible [31]. The present results indicate that specimens

with many pores in both IS 64 and d.SIGN 59 survived 2

millions cycles, while only one d.SIGN 59 specimen with

severe casting porosity fractured after an expectedly low

number of cycles (specimen 8 in Table 6, with total pore

area percentage of 12% and a maximum equivalent pore

diameter of 280 lm). This suggests that in the present

Pd–Ag alloys there exists a critical pore size, below which

the alloys exhibit fatigue tolerance to the pores. Similar

pore size affects on fatigue have been reported in cast

aluminum and magnesium alloys [31, 38–41, 43, 44] and in

Ag-Pd alloys [36, 45]. The present microstructural analysis

shows that the critical pore size is approximately on the

order of 150 lm for d.SIGN 59 and 85 lm for IS 64. The

corresponding critical stress intensity amplitude Kcr can be

roughly calculated using the following equation [39]:

Kcr ¼ rcra½pA1=2
p �

1=2 ð1Þ

where rcr is the critical stress amplitude and here can be

correlated to fatigue limit [38]; Ap is the area of the pore

with maximum equivalent pore diameter, which was

measured on the metallographic or fatigue fracture surface;

a = 0.65 for surface cracks and a = 0.50 if the cracks

originate from internal porosity. As both experimental

observation and finite element analysis indicated that large

pores close to or at the specimen surface induce higher

stress/strain concentration than other pores [30, 31], pores

at or near the surface were considered to simplify calcu-

lation. The critical stress intensity amplitude was calculated

to be approximately 1.12 and 1.63 MPa m1/2 for IS 64 and

d.SIGN 59, respectively, which are quite close to the crit-

ical stress intensity amplitude values [39] in casting mag-

nesium alloys. When the size of casting pores is less than

the critical pore size, the critical stress intensity amplitude

is below long crack threshold stress intensity. In such case,

even though fatigue cracks may initiate at porosity, they

will not propagate to cause fatigue failure. Therefore, these

pores are in non-propagating conditions [38] and thus tol-

erable for fatigue performance. It should be noted that the

effective cross-section reduction due to the existence of

one pore with critical pore size and the resulting rise in

overall mean stress inside the specimen is considerably

small. However, if many pores with comparable size

aggregate in the same cross-section, the rise in overall

mean stress in the specimen will be significant. Charac-

terization of the locations and distribution of casting pores

and an investigation of the effects of casting porosity on

fatigue properties of Pd–Ag alloys are strongly recom-

mended for future research. The casting porosity in these

alloys, along with their complex microstructures, should be

directly related to their relatively low ratios of fatigue limit

to yield strength.

5 Conclusions

This was the first investigation to consider in detail the

effect of casting porosity on fatigue behavior of dental

alloys. Two Pd–Ag alloys (IS 64 and d.SIGN 59) of similar

compositions, but differing microstructures and mechanical

properties, were selected for study. The Pd–Ag alloys are
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particularly susceptible to the development of casting

porosity. Under the conditions of the present study, the

following conclusions can be drawn:

1. While the microstructures of as-cast IS 64 and

d.SIGN 59 coping specimens representative of dental

restorations were inhomogeneous, after simulated

porcelain-firing heat treatment these microstructures

were substantially homogenized with the formation of

numerous precipitates.

2. In comparison with the heat-treated coping specimens,

the much larger heat-treated fatigue test specimens of

the two alloys had incompletely homogenized

microstructures.

3. There was no significant difference in Vickers

hardness between the IS 64 and d.SIGN 59 coping

specimens for the as-cast condition and for the heat-

treated condition. After the simulated porcelain-firing

heat treatment, significant decreases occurred in the

Vickers hardness of the coping specimens prepared

from the two alloys. The Vickers hardness of the

heat-treated fatigue test specimens was signifi-

cantly higher than that of the heat-treated coping

specimens.

4. The fatigue limit of IS 64 is close to 0.20 of its 0.2%

yield strength, while the fatigue limit of d.SIGN 59 is

close to 0.25 of its 0.2% yield strength. The relative

values of fatigue limit for these two alloys are reversed

from the relative values of yield strength, suggesting

differences in fatigue crack initiation and propagation

at the microstructural level. The relatively low ratio of

fatigue limit and yield strength for the Pd–Ag alloys is

attributed to their complex microstructures as well as

to casting porosity.

5. While casting porosity was observed in all fatigue test

specimens, the fatigue limit was not further reduced

from the range of 0.20–0.25 of the 0.2% yield strength

until a critical pore size was reached in the alloys,

approximately 85 lm for IS 64 and 150 lm for

d.SIGN 59.

6. Further extensive study of the fine-scale microstruc-

tures and precipitate compositions in the coping and

fatigue test specimens with the transmission electron

microscope is recommended to complement the pres-

ent SEM observations.
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