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Abstract

Four high-palladium dental alloys were cast,
quenched following solidification, and heat treated at
temperatures ranging from 200° to 1,800°F. The
Vickers hardness of each alloy was measured, and mi-
crostructural changes were studied by scanning electron
microscopy (SEM). Phase transformations were investi-
gated by thermomechanical analysis (TMA). Heat treat-
ment at 1,600° and 1,800°F significantly decreased the
hardness of one Pd-Cu-Ga alloy, compared to the as-cast
condition, as did heat treatment at 1,800°F for the other
Pd-Cu-Ga alloy and one Pd-Ga alloy, and yielded fine-
grained microstructures of the palladium solid solution.
There were generally no significant changes in the hard-
ness of the other Pd-Ga alloy for heat treatments over
the entire temperature range, which was attributed to
persistence of the as-cast dendritic structure. For all
alloys, heat treatment at 1,200°F resulted in formation
of discontinuous precipitates, which had very similar
hardness to that of the palladium solid solution. Varia-
tions in the amount of a previously unidentified hard
phase with temperature were assumed to account for the
hardness variations in the harder Pd-Cu-Ga alloy. The
TMA results suggested that a second-order phase trans-
formation occurred around 1,050° to 1,400°F in all
alloys, which may be formation of an ordered tweed
structure observed by transmission electron microscopy
in another study.

Key Words: Palladium, dental alloy, heat treatment,
microstructure, discontinuous precipitate, eutectic,
scanning electron microscopy, microhardness, thermo-
mechanical analysis.
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Introduction

The high-palladium dental alloys contain more than
75 wt. % palladium and are derived from the Pd-Cu-Ga
or Pd-Ga systems, with small amounts of other elements
such as gold, silver, tin, indium and cobalt (Brantley et
al., 1993). The high-palladium alloys have lower unit
metal cost compared to gold alloys, good mechanical
properties and no problems with porcelain discoloration
(Carr and Brantley, 1991). The Pd-Cu-Ga dental alloys
containing approximately 10 wt. % copper and 6-9 wt. %
gallium date from the patent by Schaffer (1983) for the
Option alloy (J.M. Ney Company, Bloomfield, CT), and
have much higher hardness and yield strength than the
subsequently introduced copper-free alloys based on the
Pd-Ga system. There may be some concern (Carr and
Brantley, 1991) that the hardness of Pd-Cu-Ga alloys
often exceeds that for tooth enamel where the Knoop
hardness is approximately 340 (Craig, 1993), but the
high yield strength of these alloys is offset by their
lower elastic modulus compared to base metal and noble
metal dental alloys (Bertolotti, 1997). Asgar (1988) has
stated that the high-palladium alloys are the noble metals
of the future in dentistry, because of their excellent
properties and lower unit metal cost than the gold alloys.
The high-palladium alloys have also become important
for implant-supported prostheses because of their rela-
tively high values of strength and ductility (Stewart et
al., 1992).

The metallurgical starting point for the high-palladi-
um alloys is the Pd-Ga phase diagram. The revised
version of this phase diagram (Fig. 1), which has been
published by the American Society for Metals
(Massalski, 1990), is based upon research by Khalaff
and Schubert (1974). There have been considerable
changes in the high-Pd end of this diagram, compared to
the previous version published by the American Society
for Metals (Massalski, 1986), which was based upon
much earlier research by Schubert er al. (1959). The
peritectoid reaction at approximately 1,560°F on cooling
(Pd,Ga + Pd solid solution - Pd;Ga) is no longer
shown on the Pd-Ga phase diagram (Massalski, 1990).
Instead, Pd,Ga is indicated as congruently melting,
stable to room temperature, and with a single-phase field



Q. Wu, W.A. Brantley et al.

Atomic Percent Palladium

0 10 20 30 40 50 60 70 80 90 100
1600 N e & S— ey S
i : g : £1555°C
1 F
] I’I L
14004 a
] 1265°C H
b L '/ C
1200 4 0 / -
] E « 'l L
] 2 S i
o ) h
1045°C© 3 : s
&) ;
® - 1900 \(Pa) [
(] 1 \ r
= X o
3 b .é’ \‘ 1
© 8004 a vF
9 A & -
Q. ] 5
\ i
] 2 Y -
g 600 ® VR
& ] - r) vk
3 1] Ltk
] 460°C na_— ':E " || :
] o
= 7] 1 9 VB
400 g :
] <
(&)
2004 200°C -
] o 5 .
- tc -
Y _( B Tk ™% i
20.7741°c ez (G8) ] ° © :
0 2 | AR T IR L 1 | B [ i o 4 = T 1 T v
0 10 20 30 40 50 60 70 80 90 100
Ga Weight Percent Palladium Pd

Figure 1. Current version of the Pd-Ga phase diagram (Massalski, 1990). (Reproduced by permission of ASM

International).

extending to over 80 wt.% Pd at 1,800°F. Three new
phases exist over a relatively narrow composition range:
PdsGa, forms directly from Pd,Ga, whereas Pd;Ga; and
Pd;;Gag form by peritectoid reactions on cooling.

Because the high-palladium alloys contain several
other elements besides palladium, numerous phases
would be expected in their microstructures under equilib-
rium conditions (Darken and Gurry, 1953). However,
these alloys experience relatively rapid solidification
under normal dental casting conditions (Phillips, 1991),
and non-equilibrium microstructures and microsegrega-
tion occur. Although subsequent heat treatment simulat-
ing the dental porcelain firing cycles causes microstruc-
tural changes in representative as-cast high-palladium
alloys, large changes in Vickers hardness and presuma-
bly yield strength (Dieter, 1986) are not observed
(Brantley et al., 1993; Carr et al., 1993).

At present, only limited scientific information is
available about the metallurgical structure of high-palla-
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dium alloys. Khabliyev et al. (1980) used X-ray diffrac-
tion (XRD) to investigate the heat-treatment response of
a non-dental Pd-Cu-Ga alloy. Using transmission elec-
tron microscopy (TEM), Odén and Herg (1986) conclud-
ed that a complex submicron network of face-centered
tetragonal (fct) Pd;Ga,Cu, _, precipitates was responsible
for the high hardness and strength of a commercial
79Pd-10Cu-9Ga-2Au dental alloy. They further suggest-
ed that the absence of this precipitate network in an
experimental Pd-Cu-Ga alloy of different composition
accounted for its lower strength and hardness. Mezger
et al. (1988) subsequently used XRD to study the metal-
lurgical structure of numerous commercial Pd-Cu-Ga
dental alloys in the as-cast condition and after simulated
porcelain firing heat treatment. While these investiga-
tors reported the presence of secondary phases, in addi-
tion to the palladium solid solution matrix, they were
generally unable to identify the other phases. Brantley
et al. (1995) similarly found that the limited amounts of
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Table 1. Nominal compositions (wt. %) of the four high-palladium alloys studied, as provided by the manufacturers.

Alloy Palladium Copper Gallium  Indium Tin Gold Silver
Liberty®* 76 10 5.5 — 6 2 —
Freedom Plus®* 78 8 5 6 — 2 —
Legacy XT%* 75.5 —_ 6 6 — 2 10
Is 85t 82 — 6 3.5 3.5 2.5 2.5

*These alloys also contain small amounts of ruthenium as a grain-refining element.

tWilliams Dental Co., Div. Ivoclar No. America, Amherst, NY.

#J.F. Jelenko & Co., Armonk, NY.

Table 2. Properties” of the four high-palladium alloys, as provided by the manufacturers.

Alloy Yield Vickers Elastic Percentage Melting
Strength (MPa) Hardness Modulus (GPa) Elongation (%) Range (°F)
Liberty 724 340 145 15 2,010-2,280
Freedom Plus 566 265 138 30 2,140-2,370
Legacy XT 550 245 128 30 2,175-2,370
IS 85 445 240 141 41 2,130-2,435
466 260 141 37

*For IS 85 the 0.1% offset yield strength is provided. The upper values of the mechanical properties correspond to
the alloy after porcelain firing, whereas the lower values are after the hardening heat treatment. For Liberty, Freedom
Plus and Legacy XT, 0.2% offset yield strength values are provided, and mechanical properties are for the alloys after

porcelain firing.

secondary microstructural phases failed to yield signifi-
cant peaks in the XRD patterns for representative as-cast
commercial Pd-Ga alloys.

In the written discussion to a previous article
(Brantley et al., 1993), Dr. H.J. Mueller noted that it
might be worthwhile to perform post-casting heat treat-
ments for high-palladium dental alloys to modify the
mechanical properties as needed for various clinical
applications, such as metal-ceramic restorations, implant-
supported prostheses, and perhaps all-metal restorations
or partial denture frameworks. Because of uncertainties
in the Pd-Ga phase diagram (Massalski, 1986, 1990) that
provides the foundation for the high-palladium dental
alloys, the lack of equilibrium conditions during dental
casting, and the typically brief porcelain firing cycles
(Papazoglou et al., 1993), it has not been possible to
establish precise mechanisms about the microstructural
changes following simulated porcelain-firing heat treat-
ment. Moreover, since the temperature is rapidly varied
from approximately 1,000° to 1,800° F during the por-
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celain firing cycles, it has not been possible in previous
research (Brantley et al., 1993; Carr et al., 1993) to
determine the effects of specific heat-treatment tempera-
tures on the Vickers hardness of high-palladium alloys.

The goal of the present study was to obtain detailed
experimental information about the changes in Vickers
hardness of four representative high-palladium alloys
over the heat-treatment temperature range from 200° to
1,800°F, in order to determine whether annealing heat
treatments at specific temperatures might yield signifi-
cant changes in mechanical properties. Such information
may permit use of these alloys with their optimum struc-
ture and properties for the treatment of dental patients.

Materials and Methods

Two Pd-Cu-Ga alloys (Freedom Plus and Liberty;
J.F. Jelenko and Company, Armonk, NY) and two Pd-
Ga alloys (IS 85, Williams Dental Company, Division of
Ivoclar North America, Amherst, NY; Legacy XT, J.F.
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Table 3. Vickers hardness of the four high-palladium alloys for different solidification conditions and heat-treatment

temperatures.'

Condition Liberty Freedom Plus Legacy XT IS 85

ACBC 326.0 + 8.6 ABC 266.1 +7.2 A 260.1 + 85 B 250.9 + 9.0 ABC
ACRQ 318.1 + 2.2 BCD 266.0 + 10.6 A 280.2 + 12.4 A 256.5 + 11.4 ABC
200°F 309.8 + 10.6 CD 260.3 + 8.7 ABC 2535+ 77 B 241.7 + 8.3 BC
400°F 322.4 + 10.4 ABC 253.0 + 4.5 ABC 256.9 + 69 B 247.5 + 8.2 ABC
600°F 330.8 + 11.8 ABC 253.8 + 3.6 ABC 2573 +5.1 B 250.7 £ 9.5 ABC
800°F 333.5 + 15.4 ABC 249.1 + 5.9 BC 2519 + 5.1 B 237.0 + 8.8 C
1,000°F 350.5 + 20.0 A 259.2 + 5.9 ABC 2547+ 74 B 255.0 + 7.3 ABC
1,200°F 343.4 + 12.2 AB 260.1 + 10.6 ABC 262.0 + 4.4 B 259.1 + 49 AB
1,400°F 309.5 + 11.1 CD 251.4 £+ 9.9 ABC 258.7 + 5.7 B 256.0 + 6.9 ABC
1,600°F 289.7 + 8.3 DE 262.2 + 9.7 AB 249.8 + 6.6 B 267.1 + 8.8 A
1,800°F 267.1 + 5.0 E 2455 +57 C 236.6 + 6.3 C 258.0 + 7.6 AB

*For each alloy, mean values (N = 10) with the same letter were not significantly different, using the REGW test (o
= 0.05). The as-cast conditions were bench cooled (ACBC) or rapidly quenched (ACRQ). Heat treatments were

performed on ACRQ specimens.

Jelenko and Company) were selected for study. The
alloy compositions are listed in Table 1, and some
important properties are given in Table 2. The Liberty,
Freedom Plus and Legacy XT alloys contain the grain-
refining element ruthenium (Brantley ez al., 1993) and
have equiaxed fine-grained as-cast microstructures,
whereas IS 85 does not contain a grain-refining element
and has a dendritic as-cast microstructure.

The alloys were centrifugally cast as 3 mm diameter
rods, using standard dental laboratory techniques (Carr
and Brantley, 1991). Wax patterns of this diameter and
20 mm length were sprued and invested in fine-grained,
carbon-free, phosphate-bonded investment (Cera-Fina,
Whip Mix Corp., Louisville, KY). Investment manipu-
lation and burnout procedures followed the recommenda-
tions of the manufacturers, and a dwell time of 30 min-
utes at the peak burnout temperature of 1,400°F was
used. Three wax patterns for each alloy were invested
in one casting ring to prepare the quenched specimens,
and a single wax pattern was invested in a separate ring
for the bench-cooled specimen. The alloys were melted
in individual ceramic crucibles and cast using a standard
broken-arm casting machine (Kerr Division, Sybron
Corp., Romulus, MI), as previously described (Carr and
Brantley, 1991). The castings were either rapidly
quenched in an ice-water mixture or bench cooled to
room temperature.

After devesting (without subsequent air abrasion),
the cast rods were sectioned into 3 mm diameter x 2-3
mm thick specimens, using a low-speed, water-cooled,
diamond-coated saw (Vari/Cut VC-50, Leco Corp., St.
Joseph, MI). Quenched specimens were subjected to
10 minute periods of heat treatment in a dental furnace
(Mark IV Digital, J.M. Ney Co.) at temperatures of
200°, 400°, 600°, 800°, 1,000°, 1,200°, 1,400°,
1,600° and 1,800°F, following by quenching in ice-
water again. Two specimens were used for each heat-
treatment temperature.

Specimens were mounted in transparent metallo-
graphic epoxy resin (Leco Corp.), subjected to metallo-
graphic wet grinding with 400 and 600 grit silicon car-
bide paper, and polished using gamma alumina slurries
with particle sizes of 5, 1, 0.3 and 0.05 um. The
polished specimens were etched in aqua regia solutions
(Mezger et al., 1988) for time periods that varied with
each alloy to yield the optimum microstructure and then
ultrasonically cleaned in distilled water. The Vickers
hardness of each alloy was measured for the as-cast
bench-cooled (ACBC), as-cast and rapidly quenched
(ACRQ) and heat-treated conditions. Ten indentations
were randomly located on two samples using a 1 kg load
and 30 second dwell time (M-400 hardness tester, Leco
Corp.). The hardness values of each alloy were com-
pared for the different conditions using one-way analysis
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of variance (ANOVA), followed by the Ryan-Einot-
Gabriel-Welsch (REGW) multiple range test. In addi-
tion, a light indentation load of 10 gm that yielded
Vickers indentations with diagonal lengths less than 10
um was used to measure the hardness of individual
microstructural phases or constituents for comparison
with the hardness of the overall alloy.

The polished and etched specimens were first
examined by a light microscope (Olympus PME, Tokyo,
Japan) to assure that optimum etching was achieved.
The resin-mounted specimens were then vacuum sputter-
coated with a gold-palladium layer for observation with
the scanning electron microscope (SEM) (JSM-820,
JEOL Ltd., Tokyo, Japan). Photomicrographs of repre-
sentative microstructures were made at various magnifi-
cations, using the secondary electron image (SEI) mode.
Some specimens were also polished and etched again,
and then coated with a carbon film for observation in the
backscattered electron image (BEI) mode. Quantitative
elemental composition information for selected micro-
structural phases was provided by X-ray energy-disper-
sive spectroscopic analyses (EDS), using a Link eXL
microanalysis system with a PentaFET detector and an
ultra-thin window (Oxford Instruments Group, High
Wycombe, U.K.) coupled to the SEM. Spot analyses
were performed on five different sites of carbon-coated
specimens for each phase of interest.

The thermal expansion characteristics of the four
high-palladium alloys from room temperature to 1,800°F
were measured by a thermomechanical analysis (TMA)
instrument (TM A7, Perkin-Elmer Corp., Norwalk, CT).
Five specimens of each alloy were used for the TMA
experiments, whose purpose was to provide complemen-
tary information about the possible occurrence of phase
transformations during the heat treatment. The two ends
of the 3 mm diameter disk specimens of the alloys were
polished through 0.05 um alumina slurries and lightly
etched in aqua regia solutions to maintain a flat and
stress-free condition. The TMA measurements were
performed at 9°F per minute from 25° to 1,832°F for
both the heating and cooling cycles. Argon at 30 psi
served as a protection gas to prevent alloy oxidation at
elevated temperatures, and the TMA probe pressure on
the specimen was approximately 0.5 N.

Resuits and Discussion

Microhardness measurements

The mean values and standard deviations of Vickers
hardness for the four high-palladium alloys with differ-
ent solidification and heat-treatment conditions are listed
in Table 3. For each alloy, there was an overall signifi-
cant difference when all of the different conditions were
compared by one-way ANOVA (P < 0.05). Using the
REGW multiple range test, mean values for each alloy

5
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Figure 2. Vickers hardness of the overall Liberty alloy
(1 kg load) and the palladium solid solution (10 g load)
for two different solidification conditions (ACBC and
ACRQ), and for heat treatments (ACRQ specimens)
from 200°F to 1,800°F.

in this table with different letter codes were significantly
different (P < 0.05). For example, there was no signif-
icant difference in hardness for as-cast specimens of the
Liberty, Freedom Plus and IS 85 alloys experiencing the
two solidification conditions. There was also no practi-
cal difference in the hardness of the Legacy XT alloy for
the ACBC and ACRQ conditions, since differences in
mean hardness of no more than 10% probably cannot be
detected by dental laboratory personnel or dentists
performing adjustments on castings.

Table 3 shows that the Liberty Pd-Cu-Ga alloy had
the highest hardness for all conditions, while the hard-
ness values for the other three alloys were very similar.
Comparing the nominal compositions of the four alloys
in Table 1, it is evident that the high copper and tin
contents contributed to the greater hardness of Liberty.
While the highest mean hardness for this alloy occurred
after heat treatment at 1,000°F, there were no signifi-
cant differences in the mean hardness for the ACBC
condition and heat-treatment temperatures from 400° to
1,200°F. The lowest mean hardness occurred after heat
treatment at 1,800°F, but there was no significant differ-
ence in the hardness for the heat treatments at 1,600°
and 1,800°F. Use of a light load (10 g) yielding inden-
tations within grains of the palladium solid solution (Wu,
1996) indicated that the mean hardness of this phase
changed little with heat treatment and was approximately
equal to the mean hardness of the overall alloy after
1,800°F heat treatment (Fig. 2).

The mean hardness values for the other Pd-Cu-Ga
alloy studied, Freedom Plus, were much lower than
those of Liberty. Table 1 shows that Freedom Plus
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contains less copper (8 wt. %) than Liberty (10 wt. %),
and 6 wt. % indium has been substituted in place of the
6 wt. % tin found in Liberty. Both tin and indium can
form oxides during the porcelain firing cycles and con-
tribute to the metal-ceramic adherence (van der Zel,
1988; Brantley et al., 1996a). From Table 3, it can be
seen that there were essentially no significant differences
in Vickers hardness for any of the solidification and
heat-treatment conditions for this alloy, other than heat
treatment at 1,800°F. Even in this case, since the
decrease in hardness compared to the ACBC and ACRQ
conditions was less than 10%, the change would have no
clinical significance. The difference in the hardness
values of Liberty and Freedom Plus can be explained
from the microstructures of these alloys, as discussed in
the next section.

For the Pd-Ga alloy Legacy XT, there were no sig-
nificant differences in hardness for any of the conditions,
except for the ACRQ specimens and the heat treatment
at 1,800°F (Table 3). It might be conjectured that the
slight increase in hardness for the ACRQ specimens
compared to the ACBC condition was associated with
additional residual stress in the castings, although this
effect was not observed with the other three as-cast
alloys. The decrease in hardness after heat treatment at
1,800°F was attributed to dissolution of microstructural
precipitates, as discussed in the next section. For the
other Pd-Ga alloy IS 85, the small changes found in
mean hardness for the different conditions had little sta-
tistical or practical significance. Precipitation processes
may also account for these minor changes, as discussed
in the next section.

Table 3 indicates that the hardness values of Free-
dom Plus, Legacy XT and IS 85 were very similar to
that of Liberty after heat treatment at 1,800°F, whose
hardness is mainly attributed to the palladium solid solu-
tion. It thus appears that microstructural precipitates
have only minor contributions to the Vickers hardness
(and presumably yield strength) of Freedom Plus,
Legacy XT and IS 85.

Microstructural studies

The as-cast Pd-Cu-Ga alloy Liberty has a fine-
grained microstructure with a near-surface lamellar
eutectic constituent consisting of the palladium solid
solution and Pd,Ga (Brantley et al., 1993). The photo-
micrograph in Figure 3 for ACRQ Liberty shows a one-
grain-wide surface zone that is depleted of the eutectic
constituent, as well as a zone with a high prevalence of
the eutectic structure just beneath it. The microstructure
of ACRQ Liberty contains more rod-shaped eutectic
morphology compared to the ACBC condition (Brantley
et al., 1996b).

The presence of a near-surface eutectic structure in
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Figure 3. Secondary electron image of as-cast and
rapidly quenched (ACRQ) Pd-Cu-Ga alloy Liberty,
showing the distribution of the eutectic constituent over
the specimen cross-section. Bar = 100 ym.

Figure 4. Secondary electron image of the near-surface
region of ACRQ Liberty, where the hard and surround-
ing grain boundary phases are designated by (H) and
(G), respectively. Bar = 10 um.

Figure 5. Secondary electron image of the bulk micro-
structure of Liberty after heat treatment at 1,200°F,
showing discontinuous precipitates (D). Areas of the
hard phase (H) and surrounding phase (G) shown in
Figure 4 have also been designated. Bar = 10 ym.

Figure 6. Secondary electron image of Liberty after
heat treatment at 1,800°F, showing that the discontinu-
ous precipitates have dissolved in the palladium solid
solution. Some white-appearing Ru-rich precipitates
(Brantley er al., 1993) can be seen, and island-shaped
grain-boundary Pd,Ga precipitates have been revealed by
light etching. Bar = 10 ym.

Figure 7. Secondary electron image of as-cast and
bench-cooled (ACBC) Pd-Cu-Ga alloy Freedom Plus,
showing a fine-grained microstructure with some areas
of a grain boundary eutectic structure (E), residual
interdendritic regions (I), a grain boundary phase (G)
and Ru-rich precipitates (R). Bar = 10 ym.

Figure 8. Secondary electron image of Freedom Plus
after heat treatment at 1,200°F, showing the formation
of lamellar discontinuous precipitates. A cluster of
Ru-rich precipitates can also be seen. Bar = 10 um.

Liberty arises (Carr and Brantley, 1991; Brantley e al.,
1993) from the shifting of the Pd-Ga binary eutectic
composition (Fig. 1) to higher palladium concentrations
with the addition of copper (Cascone, 1984) and the
effect of the rapid solidification conditions associated
with dental casting (Phillips, 1991) on the liquidus curve
(Reed-Hill and Abbaschian, 1994). During solidifica-
tion, the higher-melting palladium solid solution forms
first at the investment surface, leaving a Ga-rich liquid
Jjust below it that subsequently transforms to a structure
containing a high percentage of eutectic. Consequently,
the surface of the casting has a narrow palladium solid
solution zone devoid of the eutectic structure, followed
by a eutectic-rich zone. At greater distances from the
surface where the cooling rate is less, only small
amounts of the eutectic structure are found (Carr and
Brantley, 1991).
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In both ACBC and ACRQ Liberty, a previously un-
identified and irregular grain boundary phase, indicated
by the letter (H) in Figure 4, was the hardest constitu-
ent, with a Vickers hardness exceeding 400. This phase
was usually surrounded by another previously unidenti-
fied grain boundary phase (indicated by the letter G)
with a hardness of approximately 350. EDS analyses in-
dicated that the hard phase (H) had an approximate com-
position (wt. %) of 74% Pd, 11% Cu and 10% Ga, along
with 1-2% Sn, Au and Ru. The surrounding grain
boundary phase (G) had a similar composition, except
for a lower copper content (8%). There were minimal
changes in the microstructure after heat treatment at
temperatures from 200° to 800°F. A small increase in
the amount of the hard phase, compared to that in the
ACRQ condition, which was observed after heat treat-
ment at 1,000°F, might have contributed to the highest
mean hardness (Table 3). After the heat treatments at
1,200° and 1,400°F, discontinuous precipitates with a
lamellar morphology (Shewmon, 1969) were observed
near grain boundaries (Fig. 5). This figure shows that
at higher magnification, the hard phase (H) typically
appeared as narrow parallel bands in contact, perhaps
due to extensive twinning or slip which would contribute
to hardness.

The composition of the hard phase (H) approximate-
ly matches Pd;Ga,, and the surrounding grain boundary
phase (G) is assumed to be Pd,Ga. Both phases can
have a relatively wide variation in the Pd/Ga ratio at
elevated temperatures (Fig. 1); this suggests that sub-
stantial solid solution incorporation of other elements is
also possible. Further examination of the Pd-Ga phase
diagram (Fig. 1) also suggests that the discontinuous
precipitates (Fig. 5) are alternating lamellae of Pd;;Gas
and the palladium solid solution. (Discontinuous precip-
itates in the other three alloys are also assumed to con-
sist of these two phases, which contain small amounts of
other elements from the alloy composition in substitu-
tional solid solution.) However, planned X-ray diffrac-
tion studies of model alloys are necessary for unambigu-
ous phase identification. The extensive solute diffusion
and redistribution required for formation of the dis-
continuous precipitates is facilitated by the submicron
thickness of the lamellae.

When the heat-treatment temperature was increased
above 1,600°F, the discontinuous precipitates began to
dissolve into the palladium solid solution. After heat
treatment at 1,800°F, both the eutectic constituent and
the discontinuous precipitates were no longer present
(Fig. 6), and the hard phase morphology of Figure 4 had
largely disappeared. A remaining grain boundary phase
in the form of widely separated, globular particles had
a similar composition and hardness as the surrounding
grain boundary phase (G), suggesting that this phase was
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Figure 9. Secondary electron image of ACBC Pd-Ga
alloy Legacy XT, showing the embedded Ru-rich precip-
itates (R), as well as two types of grain boundary pre-
cipitates (P1 and P2). Bar = 10 um.

Figure 10. Secondary electron image of ACBC Legacy
XT, showing an embedded Ru-rich precipitate with a
dramatic morphology. Bar = 10 ym.

Figure 11. Secondary electron image of Legacy XT af-
ter heat treatment at 1,200°F, showing the formation of
lamellar discontinuous precipitates (D) and larger island-
shaped precipitates (P). Bar = 10 ym.

Figure 12. Secondary electron image of ACBC Pd-Ga
alloy IS 85, showing the dendritic structure. Bar = 100
pm.

Figure 13. Secondary electron image of IS 85 after heat
treatment at 1,200°F, showing the formation of discon-
tinuous precipitates. Bar = 10 um.

Figure 14. Secondary electron image of IS 85 after heat
treatment at 1,800°F, showing the disappearance of the
discontinuous precipitates. The persistence of a den-
dritic structure and a network of hot tears can be seen.
Bar = 100 pum.

also Pd,Ga. The presence of the palladium solid solu-
tion and Pd,Ga is consistent with the Pd-Ga phase dia-
gram at 1,800°F. A surface oxidation band about 30
pm thick was also observed after heat treatment at
1,800°F (Wu, 1996). Recent X-ray diffraction analyses
(Brantley et al., 1996a) of Liberty following oxidation
of a polished and etched surface indicated that the major
oxides were SnO,, CuGa,04 and Cu,0; ($-Ga,0; and
PdOxH,0 also appeared to be present in the complex
layer.

The significant decrease in the hardness of Liberty
as the heat-treatment temperature was increased from
1,200° to 1,800°F (Table 3) was attributed to an ob-
served decrease in the amount of the hard phase (H).
Measurements with a 10 g load indicated that the values
of hardness for the eutectic structure and the discontinu-
ous precipitates were nearly identical to that for the
palladium solid solution matrix in Liberty. Conse-
quently, these fine-scale lamellar constituents provide no
additional strengthening for this alloy.

The other Pd-Cu-Ga alloy, Freedom Plus, had a
fine-grained microstructure that also contained a residual
dendritic structure which was particularly evident at low
magnification. The complex microstructure of ACBC
Freedom Plus in Figure 7 contains residual interdendritic




Heat treatment of palladium dental alloys




Q. Wu, W.A. Brantley ez al.

Table 4. Approximate phase transformation temperatures (°F) of the four high-palladium alloys determined from TMA

. *
experiments.

Alloy ------ > Liberty Freedom Plus Legacy XT IS 85
Transformation Temperature 1,417 + 51 1,357 + 52 1,413 + 38 1,425 + 45
(Heating cycle)

Transformation Temperature 1,087 + 24 1,047 + 27 1,049 + 18 1,049 + 24

(Cooling cycle)

*N = 5 for each alloy other than Legacy XT (N = 4).

regions (I), a grain boundary eutectic structure (E), a
relatively wide grain boundary phase (G) with hardness
very similar to that for the surrounding grain boundary
phase (G) in Figure 4, and white-appearing Ru-rich
precipitates (R) that have been previously discussed
(Brantley et al., 1993). The microstructure of ACRQ
Freedom Plus contained less grain boundary eutectic
structure, a greater width for the wide grain boundary
phase (particularly in the near-surface region) and less
Ru-rich precipitates. The higher melting range (Table
2) and lower prevalence of the eutectic microstructural
constituent for Freedom Plus compared to Liberty sug-
gests that the composition of Freedom Plus is closer to
the limit of the range where a eutectic constituent forms
in the solidifying alloy.

Heat treatments at temperatures from 200° to
1,000°F caused little change in the microstructure of
Freedom Plus. Discontinuous precipitates, which were
no harder than the palladium solid solution, appeared at
the grain boundaries after heat treatments at 1,200°
(Fig. 8) and 1,400°F. There was some disappearance
of the discontinuous precipitates after heat treatment at
1,600°F, and they were no longer present after heat
treatment at 1,800°F, where the microstructure consisted
only of the palladium solid solution and some Ru-rich
precipitates (Wu, 1996). Because Freedom Plus con-
tained much smaller amounts of the hard phase found in
Liberty, the hardness was nearly independent of solidi-
fication condition and heat-treatment temperature (Table
3).

The fine-grained microstructure of the Pd-Ga alloy
Legacy XT in the ACBC condition contained large em-
bedded precipitates, identified by EDS as Ru-rich, and
two different types of grain-boundary precipitates (Fig.
9); there was little difference in the microstructure for
the ACRQ condition. Some of the Ru-rich precipitates
in this alloy had a striking morphology (Fig. 10). Itis
conjectured that many Ru-rich seed crystallites for grain
refinement (Brantley er al., 1993) were too small for
observation with the SEM. The first type of grain-
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boundary precipitate (P1) consisted of isolated particles
with dimensions of 5-10 um, whereas the second type
(P2) consisted of numerous particles less than 0.5 ym in
dimensions. Because of the high contents of silver (10
wt. %) and indium (6 wt.%) in Legacy XT (Table 1),
consideration of the binary diagrams (Massalski, 1986;
Brantley et al., 1993) suggests that Ag-In phases may
form in this alloy, and Pd-Ga, Pd-In and Ga-In phases
are also possible, particularly if microsegregation alters
the local ratio of the elemental components.

Heat treatment of Legacy XT at temperatures be-
tween 200° and 1,000°F resulted in minimal microstruc-
tural changes. Heat treatment at 1,200°F caused the
formation of numerous discontinuous precipitates, which
again had a very similar hardness to that of the palladi-
um solid solution, along with another type of relatively
large precipitate (Fig. 11). While there was little micro-
structural change after heat treatment at 1,400°F, the
discontinuous precipitates began to disappear after heat
treatment at 1,600°F, and only the palladium solid solu-
tion and Ru-rich precipitates remained after heat treat-
ment at 1,800°F (Wu, 1996). The absence of a hard
microstructural phase similar to that found in Liberty is
considered to account for the minor dependence of the
hardness of Legacy XT on solidification condition and
heat-treatment temperature (Table 3).

The dendritic structure of the Pd-Ga alloy IS 85 in
the ACBC condition is shown in Figure 12, where sev-
eral colonies of dendrites with different orientations are
evident. The width of the dendrites and the size of the
interdendritic regions (bright areas in Fig. 12, confirmed
by observations at higher magnifications) were smaller
for the ACRQ condition because the higher rate of solid-
ification allowed less time for growth. When examined
at the same magnification (Wu, 1996), the complex
interdendritic regions in IS 85 contained constituents that
resembled the grain boundary precipitates in ACBC
Freedom Plus (Fig. 7) and the grain boundary precipi-
tates in ACBC Legacy XT (Fig. 9).

There was minimal change in the dendritic micro-
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structure of IS 85 until the heat-treatment temperature
reached 1,200°F, where a substantial amount of discon-
tinuous precipitates formed at the sites of the former in-
terdendritic regions (Fig. 13). The discontinuous precip-
itates began to disappear with heat treatment at 1,600°F
(Wu, 1996) and were no longer present after heat treat-
ment at 1,800°F (Fig. 14). There was some persistence
of the original dendritic structure, unlike the effect of
heat treatment at 1,800°F on the 79Pd-10Cu-9Ga-2Au
alloys, Spartan, Spartan Plus (Williams/Ivoclar) and
Option (Brantley er al., 1996c). The type of microstruc-
ture in Figure 14 has been termed a dendrite grain
structure (Skolianos er al., 1983).

There was still evidence of the dendritic structure
even after IS 85 was subjected to the complete firing cy-
cles (Papazoglou et al., 1993) for a dental porcelain.
Previously, it was found that this more extensive heat
treatment eliminated the as-cast dendritic structure in
Spartan (Brantley ez al., 1993; Carr et al., 1993), and
the same heat-treatment response is expected for Option
and Spartan Plus (Brantley et al., 1996¢c). It is pre-
sumed that the diffusion rates for one or more of the
elements tin, indium and silver in IS 85 (Table 1), which
were not present in the three 79Pd-10Cu-9Ga-2Au al-
loys, were too low for microstructural homogenization
during the simulated porcelain-firing heat treatment.

In the present study, IS 85 was the only alloy that
exhibited hot tears (Fig. 14), i.e., microscopic cracks
that are a consequence of the dendritic structure (Carr et
al., 1993). The hot tears were observed near the speci-
men surface and occur because the interdendritic re-
gions, which undergo solidification last, may not have
sufficient strength to withstand the stresses imposed by
the palladium solid solution dendrites and the investment
during cooling of the casting. The hot tears are expect-
ed to occur in thin sections of castings where the cooling
rate is greater and there is inadequate metal support.
These microstructural defects are potential sources of
crack propagation that may result in failure of the cast-
ing under in vivo loading. These microscopic fractures
were previously observed in dendritic Pd-Cu-Ga alloys
(Carr et al., 1993; Brantley er al., 1996¢c). Since IS 85
was designed for implant-supported prosthetic applica-
tions (Stewart et al., 1992), castings of this alloy should
normally have a thickness that is adequate to minimize
the occurrence of hot tears.

Thermomechanical analysis (TMA) experiments

Figure 15 is a TMA plot of the dimensional changes
for a Liberty specimen between room temperature and
1,800°F, at heating and cooling rates of 9°F per minute.
For each alloy, the TMA plots for all five specimens
were very similar. Each heating and cooling curve
consisted of two relatively straight segments of constant
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Figure 15. Heating and cooling thermomechanical

analysis (TMA) curves for the Liberty alloy.

slope (linear coefficient of thermal expansion, «) sepa-
rated by a transition region. Extrapolation of these line-
ar segments, as shown in Figure 15, yields a point of in-
flection that is conventionally set as the phase transfor-
mation temperature (Wendlandt, 1986), even though the
transformation takes place over a range of temperatures.
Using this procedure, the phase transformation tempera-
ture of the high-palladium alloys during heating ranged
from 1,357° to 1,425°F, while the transformation tem-
perature on cooling ranged from 1,047° to 1,087°F
(Table 4). Because of the somewhat irregular appear-
ance of the TMA plot for one Legacy XT specimen, the
means and standard deviations for this alloy are based
upon four rather than five specimens as for the other
three alloys.

Figure 15 shows that the high-palladium alloys un-
dergo second-order phase transformations on heating and
cooling, where the specimen length (I) is continuous
with temperature but the rate of change in specimen
length with temperature (dl/dT = «) is discontinuous
(Rosen, 1993). The hysteresis between the heating and
cooling transformation temperatures (Table 4) is due to
the dynamic nature of the TMA experiments. Additional
thermal energy must be supplied to initiate the heating
transformation, and subsequently removed to initiate the
cooling transformation, compared to equilibrium condi-
tions. Consequently, the transformation temperature for
the TMA heating cycle exceeds the equilibrium transfor-
mation temperature while the transformation temperature
for the cooling cycle is less than the equilibrium trans-
formation temperature. Recent transmission electron mi-
croscopy studies have shown that a submicron ordered
tweed structure is present in the ultrastructures of sever-
al representative high-palladium dental alloys for both
the as-cast and heat-treated conditions (Cai, 1996). This
tweed structure has a very similar appearance to the sub-
micron precipitate network in a Pd-Cu-Ga alloy that was
previously reported by Odén and Here (1986). Since
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discontinuous precipitation is a first-order transformation
and ordering can be a second-order phase transformation
where there is compositional uniformity across the inter-
face (Christian, 1975), it is conjectured that an ordering
reaction accounts for the present TMA observations.

Conclusions

Based on the results of this investigation, the
following conclusions can be drawn:

(1). Of the four high-palladium dental alloys stud-
ied in the as-cast condition, only the Liberty Pd-Cu-Ga
alloy had a clinically significant response to heat treat-
ment, which occurred only for heat-treatment tempera-
tures of 1,600° and 1,800°F. The Freedom Plus Pd-
Cu-Ga alloy and the Legacy XT and IS 85 Pd-Ga alloys
were relatively unresponsive to heat treatment over the
temperature range from 200° to 1,800°F. Measure-
ments of Vickers hardness, which should correlate with
alloy yield strength, were used to judge the responsive-
ness to heat treatment.

(2). The higher hardness of Liberty was due to a
previously unidentified, hard phase (Vickers hardness
exceeding 400) having an approximate composition
(wt. %) of 74% Pd, 11% Cu and 10% Ga, along with
minor amounts of Sn, Au and Ru. This hard phase,
assumed to be PdsGa,, appeared to be present in small
amounts in the microstructure of Freedom Plus, and was
absent in the microstructures of Legacy XT and IS 85.
The eutectic constituent in Liberty was found to have
nearly the same hardness as the palladium solid solution.

(3). Discontinuous precipitates formed in all four
high-palladium alloys during heat treatment at 1,200° to
1,400°F. While these fine-scale lamellar phases are
assumed to consist of the palladium solid solution and
Pd;;Gag resulting from decomposition of the supersatu-
rated palladium solid solution, X-ray diffraction is re-
quired to confirm this hypothesis. The discontinuous
precipitates always had the same hardness as the palladi-
um solid solution in each alloy. These precipitates were
not present in the four alloys after heat treatment at
1,800°F, which yielded a microstructure containing only
the palladium solid solution and ruthenium-rich precipi-
tates for Freedom Plus and Legacy XT, and a micro-
structure containing the palladium solid solution, a
Pd,Ga grain boundary phase and ruthenium-rich precipi-
tates for Liberty.

(4). The IS 85 alloy, which did not contain the
grain-refining element ruthenium, had a dendritic micro-
structure that persisted after heat treatment at 1,800°F.
The residual dendrite structure is attributed to the
relatively slow diffusion rates of one or more of the
elements tin, indium and silver, which did not permit
microstructural homogenization during heat treatment.
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(5). The TMA experiments indicated that all four
high-palladium alloys underwent a second-order phase
transformation that may be associated with the formation
of an ordered tweed structure observed by transmission
electron microscopy in another study.
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Discussion with Reviewers

H.J. Mueller: While results from this study have dem-
onstrated that heat treatment-property relationships are
limited for commercially available high-palladium dental
alloys, should future alloy development strive to design
compositions amenable to heat treatment, so that proper-
ties useful for clinical applications can be varied over a
wider range?

Authors: Our research has indicated that the Pd-Cu-Ga
alloys, such as Liberty, that contain relatively higher
amounts of Cu and Ga, and form the hard phase (H),
are the most responsive to such heat treatment. Studies
are presently underway in our laboratory to determine
whether the values of Vickers hardness for representa-
tive high-palladium alloys correlate with yield strength,
as expected from principles of mechanical metallurgy
(Dieter, 1986). However, we have noted that there is
some concern about the biocompatibility of Pd-Cu-Ga
alloys that have lamellar eutectic microstructural
constituents (Cai et al., 1995).

H.J. Mueller: Is there any benefit for retaining a den-
dritic microstructure, such as that shown in Figure 14?
Should the differences in percentage elongation and yield
strength for the alloys presented in Table 2 be attributed
to microstructural or compositional effects?

Authors: Because of the potential for forming "hot
tears” in the microstructure during cooling (Carr ez al.,
1993), some caution should be exercised about the selec-
tion of high-palladium alloys that have dendritic as-cast
microstructures where there is insufficient supporting
metal, such as in thin marginal areas of castings. For
the alloys in Table 2, the differences in yield strength
and percentage elongation appear to arise from varia-
tions in microstructures that are closely linked to the
alloy compositions.

M.D. Bagby: Is the proposed mechanism for hot tear-
ing related to the absence of grain refiners?
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Authors: Yes. The high-palladium dental alloys that
contain sufficient amounts of ruthenium as a grain-
refining element form equiaxed fine-grained micro-
structures (Brantley ez al., 1993). We have only ob-
served hot tears in high-palladium alloys with dendritic
microstructures, where the weaker interdendritic regions
provide facile paths for crack propagation as the in-
vestment imposes stresses on the cooling alloy after
solidification (Carr et al., 1993). The principal factors
for the formation of hot tears are investment mold
temperature, cooling rate during solidification (bench
cooled or quenched) and thickness of supporting metal
in the casting.

M.D. Bagby: Does this work support the proposition
that Ga diffuses faster in high-palladium alloys and
therefore might be better at forming an oxide layer for
porcelain bonding, as compared to Sn and In?
Authors: We are unable to draw this conclusion from
the present study. We are currently comparing the roles
of these elements in forming oxide layers on Pd-Ga al-
loys and contributing to porcelain adherence (Papazoglou
et al., 1997).

R.A. Fournelle: Where did the discontinuous precipi-
tates form in the Liberty alloy: in the region containing
the large amount of eutectic or well in the interior where
there appeared to be little eutectic?

Authors: The discontinuous precipitates appeared to
form around grain boundaries in both the surface and
bulk regions. Since the appearances of the discontinuous
precipitates and the eutectic are very similar, it is
difficult to distinguish between the two constituents.

R.A. Fournelle: Could the narrow bands in the hard
phase (H) in Figure 5 also be due to a martensitic phase
transformation occurring on cooling to room tempera-
ture? How else would one get slip and twinning to
occur if not by a shear-type phase transformation?
Authors: A martensitic phase transformation may be
occurring. In his recent transmission electron micros-
copy study of high-palladium dental alloys, Cai (1996)
concluded that the submicron ordered tweed structure
formed by a martensitic transformation. At the much
coarser microstructural scale in Figures 4 and 5, we
considered that differences in the thermal contraction
when the G and H phases formed during solidification
might create sufficient local stress to cause slip or twin-
ning. Since the Pd;Ga, phase might have relatively few
active slip systems, we considered that twinning of the
H phase would be plausible.

O. Johari: Since the international scientific community
commonly uses the Celsius temperature scale, why have
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Table 5. Temperatures in °F and °C.

Temperature (°F) Temperature )

200 90
400 200
600 320
800 430
1000 540
1200 650
1400 760
1600 870
1800 980

*Rounded to nearest ten degrees.

the authors used the Fahrenheit temperature scale
throughout their article?

Authors: We have adopted this style, which is common
in the dental literature, because the dental laboratory
furnaces, the instructions from dental manufacturers for
the heating of dental casting investment and the firing
cycles for dental porcelain use the Fahrenheit tempera-
ture scale. Because the reprinted Pd-Ga phase diagram
in Figure 1 uses the Celsius scale, we are providing a
conversion table (Table 5) to facilitate comparisons of
the heat-treatment temperatures to important phase
fields.
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