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The Effect of Atmosphere on the Interdiffision of Silver and Palladium
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Abstract

Conductor inks containing silver and palladi~ used in ceramic co-fired circuits,
sometimes undergo an anomalously large expansion during heating in the temperature
range where interdiffhsion occurs. Therefore, the interdffision of silver and palladium
was studied during heating in both air and argon using both powder and foil samples.
Measurements on a powder compact made of a mixture of Ag and Pd (80V0Ag) particles
indicated that a very rapid expansion occurred between 375° and 400°C when heated in
air but only a slight expansion occurred in Ar. A pre-alloyed powder with the same
composition did not expand during heating. In situ high temperature x-ray difliaction
studies indicated that both powders oxidized during heating in air, with the mixture
oxidizing more and that interdiffusion occurred between 300° and 500°C.
Microstructural examination indicated that larger particles with internal pores had formed
in the mixture heated in air to 375°C due to rearrangement during interdfision. A
porous region much thicker than the original silver film formed on a palladium foil
sample when it was heated in air, whereas in inert atmosphere pores formed only in the
silver fib indicating a Kirkendall effect occurs in both cases. Based on these results, it
was concluded that the expansion of the Ag-Pd powder mixture was due to interdiffusion
in the presence of oxyge~ not solely to the oxidation of the Pd.

Introduction

Silver-palladium inks are used as conductor materials in thick film and multilayer
ceramic applications. 1 They can consist of either a mixture of Ag and Pd particles,
usually made by coprecipitatio~ or as a pre-alloyed powder. These materials are
densified by heating in air at temperatures up to about 1000°C, depending on
composition. During heating, in addition to sintering, oxidation of Pd can occur and
interdiffusion will take place in powders that are mixtures, since Ag and forma complete
solid solution with no intermediate phases.2J

In previous work4, it was noted that when compacts of powders that are mixtures
were heated in air between 300° and 500”C, they underwent an abnormally large
expansion. Since it is known that Pd oxidiizes in air in this temperature range5 and that
the molar volume of PdO is 1.68 times that of Pd, the expansion of the Ag-Pd mixtures
has been attributed to the oxidation of Pd. However, there are several reasons to suspect
that something other than simple oxidation is occurring.

First, the magnitude of the expansion is much larger than could be produced by
simple oxidation. For example, complete oxidation of Pd would yield a 19°/0linear
expansion whereas Wang et a14measured a 30% expansion on a sample that was only
30% P& about 5 times more than would be expected if oxidation alone was the cause.
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They also measured weight gain and expansion of this material as a fiction of
temperature at two different heating rates. If the expansion were due to oxidatio~ it
would be expected that weight gain and expansion should track each other. However,
this is not what was found. The weight gain of the mixture was nearly independent of the
heating rate, beginning at 250”C with a maximum gain at around 450”C of about 3.2% at
10°C/rnin and about 3.7’XOat 3°C/rnin. However, the expansion behavior at the two
diiXerent rates was significantly different. At 3°C/min, the expansion begau at 300”C and
a maximum of 16°/0was reached at 420”C; whereas, at 10°C/rnirLthe expansion began at
350”C and a maximum of 29% was not reached until nearly 650”C. Thus at 10°C/~
the expansion did not start until about 100”C after the oxidation and it continued for
200”C after reduction had begun.

Because of these discrepancies, a series of experiments was periiormed to ascertain
the cause of the expansion in Ag-Pd mixtures. The dimensional changes of compacts of
Ag-Pd (20% Pd) mixture and alloy powders were measured during heating in air and
inert atmosphere. In situ x-ray diffraction was performed to determine when the
interdiffision occurred in the mixture powder. MicroStructures of the mixture powder
were examined in a scanning electron microscope before and after heating in either air of
argon. Finally, the SEM was used to examine samples consisting of sputtered films of
Ag on Pd foils that had been heated in either air or argon.

Experimental Procedure

Two Ag-Pd conductor inks were studied, ESL 963 and DuPont 6139, both of which
were 20°APd. Initial XRD experiments indicated that the ESL material was pre-alloyed
and the DuPont material was a mixture of silver and palladium pzuticles. Samples were
prepared from the inks by using a micropen to write a square pattern on a mylar sheet.
After drying, the -100 pm thick fihns were removed from the mylar and cut with a razor “
to -1 mm size squares for in situ observation during heating in air. A video system was
used to record a magnified image of the samples during heating at 10°C/min. Image files
were then created from the video and analyzed with a computer. In addltiou pellets of
the mixed Ag and Pd material were pressed and heated at 10°C/mi.nin a push-rod
dilatometer in air and He. Thermal gravimetric analysis (TGA) was also petiormed on
this material. Both materials were studied using x-ray diffraction prior to and during
heating. A scanning electron microscope (SEM) was used to examine the microstructure
of the materials prior to heat treatment and that of the mixed Ag and Pd material after
heating to 375°C in either air or Ar. The materials were potted in epoxy and polished
prior to SEM examination.

One pm thick high purity silver films were deposited onto one side of pieces of
>$19.98°/0 pure pd foil using an N? sputtering system with an Ar atmosphere. Three
pieces of foil that had each been treated differently were used. For the first, the foil was
used as-received, for the second it was oxidized in air at 500”C and for the thir~ the
native oxide was removed by poliihing just prior to sputtering. In each case, a section of
the foil was covered during the film deposition so that it was uncoated on both sides.
Samples were cut from the foils and the edges were polished. They were then heated in
either air or Ar at 10°C/min to 550”C for 30 min for examination with the SEM.
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Results

The results of the video measurements of the dimensional changes during heating
of both materials in air are given in Figure 1. The pre-alloyed material did not expand
and it began to shrink due to sintering at 600”C. The mixed Ag and Pd material
expanded by 13°Abetween 325° and 400”C before beginning to shrink at 600”C. Most of
the expansion occurred between 350° and 375”C. A similar result was obtained when the
mixed Ag and Pd material was heated in the dilatometer in air while an expansion of
about lVOoccurred during heating in He (see Figure 2). The TGA results indicated a
gradual weight gain of lVObetween 350° and 550”C.

SEM micrographs of the initial microstructure of the two materials are shown in
Figure 3. The ESL material consisted of pre-alloyed Ag-Pd particles in the 1 to 10 pm
range. Some particles rich in Al, S~ Ca and Pb were also observed and were taken to be
a glassy phase. The DuPont material consisted of spherical sub-micron size particles of
Pd and Ag as well as some particles of a presumably glass-forming phase.

The results of the x-ray diffraction experiments are shown in Figure 4. The small
peaks at 40° are due to the presence of an in situ Pt heating element. The &f&action
results confirmed that the as-received ESL material was an alloy (a single (111) peak at
38.6°) and that the as-received DuPont material was a mixture(aAg(111) at 38.1° and a
Pd (1 11) at 40.20). They also show that by 400”C, the temperature by which the
expansion was complete, a large amount of alloy had formed in the mixed Ag and Pd
material without any detectable oxide formation (PdO primary peak is at 34.00). The
spectra of both materials at 500”C show that oxide forme~ although more formed in the
mixed Ag and Pd material.

Micrographs of the mixed Ag and Pd material after heating to 375°C in either AI or
air are shown are shown in Figures 5 and 6, respectively. For the sample heated in Ar the
particles appeared identical to the original unheated material (see figure). For the sample
heated in air, the particles were mostly in the 1 to 2 pm much larger than the original
particles, and contained pores around 0.1 ym in size. Also shown is an image of the
mixed Ag and Pd material after heating in air taken with a lower accelerating voltage.
The absence of pores in this image indicates that the pores are internal to the particles.
Analysis of the composition of the porous and dense particles in this sample using EDS
indicated that there was no correlation between composition and amount of porosity.
XRD analysis was then performed on the sample that had been heated in air and no
evidence of oxide was detected.

Images of the Pd foil samples after heating to 550”C in air are shown in Figure 7.
For all of these foils, the region near the surhces that originally had the silver films was
porous and rough. The thickness of this region ranged from 15 to 20 VQ with the pre-
oxidized foil having the most and the pre-polished having the least. No silver enrichment
was detected in this region using EDS. The pores in this region ranged from isolated
round pores around 0.2 pm in size to crack-like pores several microns long and about 0.3
pm wide. Even near to the surhces on the opposite side of the fo~ there were isolated
0.2 pm pores. However, the Pd was pore free in regions where there had been no coating
on either side. These regions also had a dense oxide layer several microns thick with
cracks in the Pd near and parallel to the interfiice between the metal and the oxide.
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Porosity was also present in the foil heated in Ar as shown in Figure 8. However, in this
case the pores were larger, 0.5 to 1.0 ~~ and were confined to a 2 pm thick region at the
surface.

Discussion

The anomalously large expansion of the mixed Ag and Pd material was consistent
with the results of previous work on similar mktures of silver’and palladium powders.
For a variety of reasons, it is clear that the expansion is not due simply to oxidation of the
Pd. Firstly, the magnitude of the expansion is much larger than would occur ifall of the
Pd present oxidized and the TGA results indicated that only about a third of the Pd ever
oxidized. Secondly, the expansion began at a lower temperature than the oxidation as
determined by the high temperature XRD and the TGA.. Finally, the pre-alloyed material
oxidized somewhat without any expansion. On the other han& since minimal expansion
of the Mixed Ag and Pd material occurred during heating in an oxygen-free environment,
it is clear that oxygen plays an important role in the mechanism causing the expansion.

The SEM images of the mixed Ag and Pd material that was heated in air to 375°C
show that the particle size had greatly increased and that the particles appeared to have
isolated internal pores. The larger, porous particles formed appear to be the result of
rearrangement and partial coalescence of the original metal particles. The fhct that no
microstructural changes were noted for the inert atmosphere heated sample again
indicates that the presence of oxygen greatly affects the behavior of the material even at
temperatures below where significant oxidation occurs.

In addition to oxidatiou interdiffbsion of the Ag and the Pd occurs during heating
of the mixed Ag and Pd materiaL The high temperature x-ray difhction results
indicated that substantial interdiflbsion had occurred by 400°C, the temperature at which
the expansion is nearly complete. Therefore, the expansion takes place during the
process of interdifhsion but only in the presence of o~gen.

As Figures 5 and 6 show, the morphology formed during the interdfision of silver
and palladium is radically different when it occurred in air as opposed to argon. In argo~
a region roughly the thickness of the original Ag layer becomes porous whereas in air, the
porous region formed is much thicker than the original layer and the pores are much
smaller than in argon case. The pores in the Ag layer heated in argon are formed by the
more rapid diffbsion of Ag into Pd than vice versa (i.e. the Kirkendall effect). This is
consistent with the reportedb self-diffusion data for the two metals that indicate that the
diffusion coefilcient of silver is about 5 x 106times greater than that of palladium.

An expansion during interdi.fkion of metals in other systems has been reported
and has been attributed to the Kirkendall effect.7-*0However, the amount of expansion in
other systems has been much less than in the Ag/Pd system. Also, in this system as
opposed to those in the other reports, it appears that oxygen plays a role that in some way
greatly magnifies the effect. Possibly, this is due to the relative dtiion rates of Ag and
Pd in PdO. More research is needed to clarifi the mechanism.

Conclusions
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The anomalous expansion that occurs during the heating of mixtures of silver and
palladium powders in& is caused by interdifl?Mion in the presence of oxygen. During
interdiffhsion in air, particle rearrangement and coalescence occur causing the formation
of large, porous particles. This process produces the measured increase in size.
Therefore, to avoid the expansion during cofiring, either a pre-alloyed powder should be
used or, ifa mixture is use~ a low oWgen partial pressure should be used until
interdiflbsion takes place. More study is needed to determine the exact mechanism of the
expansion process and the role played by oxygen.
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Figure Captions

1.

2.

3.

4.

5.

6.

7.

8.

The change in length of Ag-Pd materials heated at 10°Chnin in air.

The change in length of the Ag-Pd mixture heated at 10°C/min in air and in He.

SEM micrographs of the initial microstructure of the a) mixture (DuPont 6139) and
b) the pre-a.lloyed material (ESL 963).

SEM micrograph of the microstructure of the mkture (DuPont 6139) after heating to
375°c in argon.

SEM micrographs of the microstructure of the mixture (DuPont 6139) after heating to
375°C in air using a) back-scattered electron and b) secondary electron detectors.

The high temperature x-ray diffraction patterns for a) the mixture and b) the pre-
alloyed material.

SEM rnicrograph of the Ag film on Pd sample after heating to 550”C in air at two
magnifications showing the formation of a porous region.

SEM micrograph of the Ag film on Pd sample after heating to 550°C in showing the
formation of a porous region.


