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Transmission electron microscopy, electron diffraction, and convergent beam diffraction have
been used to study strong metal-support interaction in the Pd/SiO, system. It has been shown that
heating of the palladium/silica system in a hydrogen atmosphere may lead to chemical (strong)
interaction between metal and support and growth of palladium silicide (Pd,Si). Microdiffraction
analysis shows an oriented growth of the Pd,Si precipitate with respect to the Pd matrix. The
magnitude of metal-support interaction, the agglomeration of metal particles, and the formation of
an intermetallic compound are strongly influenced by the thermal pretreatment of the SiO, sub-
strate. The presence of silanol groups (SiOH) on the silica surface seems to facilitate the metal
particle migration and growth by coalescence, in contrast to OH-depleted silica where the change
in the particle size proceeds by atomic diffusion. The presence of silanol groups may facilitate
chemical metal-support interaction and formation of an intermetallic compound. © 1990 Academic

Press, Inc.

INTRODUCTION

Silica, one of the most frequently used
supports in heterogeneous catalysis, is usu-
ally considered to be an inert substrate for
metal particles, although some results of
the investigations of noble metals sup-
ported on SiO, have demonstrated that
temperature and the nature of the gas atmo-
sphere may seriously influence the interac-
tion of deposited metals with this support.
The strong chemical interaction can be ob-
served as changes in the adsorptive and cat-
alytic properties of the catalysts and/or a
formation of an intermetallic compound.
Wilson and Hall (7) observed the apparent
decrease in H, chemisorption after treat-
ment of Pt/SiO, in H, at 1040 K with no
.accompanying change in average Pt particle
size. For the Pd/SiO, system, Moss ef al.
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(2) established that raising the reduction
temperature to 873 K caused formation of a
palladium-silicon intermetallic compound.
They assumed that some interaction of pal-
ladium and silicon occurred at tempera-
tures below 873 K and could be responsible
for the decrease in the specific activity for
benzene hydrogenation. Martin et al. (3-5)
reported that raising the temperature of the
reduction of Ni/SiO, and Pt/SiO, to 1120 K
results in a decrease in catalytic activity in
hydrogenation and hydrogenolysis. This
behavior is believed to be connected with
the formation of a metal silicide, which was
confirmed for the Ni/SiO, system by mag-
netic measurements (6). During examina-

tion of the purity of the surfaces of platinum

films evaporated on quartz, van Langeveld
et al. (7) established that the surface of the
platinum films is contaminated by silicon
and concluded that the formation of some
metal silicides on the metal surface during a
high-temperature catalyst reduction should
always be considered.

Romanowski and Lamber (8) have found
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that after thermal treatment of the Pt/SiO,
system under high vacuum at 823 K a new
phase appears, which has been tentatively
ascribed to platinum silicide. This finding
was confirmed in experiments carried out in
a hydrogen atmosphere, where platinum
silicide was identified (9, 10) by means of
electron diffraction.

The behavior of some silica-supported
catalysts with respect to adsorption and
catalytic activity seems to be similar to that
observed for TiO,-supported catalysts after
high-temperature reduction which was at-
tributed to a strong metal—support interac-
tion (SMSI) (11, 12), although the mecha-
nism of this phenomenon could be different
for different systems.

The present work was undertaken in or-
der to investigate in more detail the influ-
ence of the SiO, substrate pretreatment on
the metal-support interaction. Experi-
ments were carried out on model Pd/SiO,
catalysts composed of a thin layer of SiO,
and vacuum-evaporated palladium, en-
abling electron microscopic observation.

EXPERIMENTAL
Preparation of SiO, Substrates

SiO, substrates, as thin (25-30 nm) films,
were prepared by oxidation of SiO films.
The latter were obtained by sublimination
in a vacuum of a piece of SiO onto a fresh,
air-cleaved (100) face of a NaCl single crys-
tal. After sublimation the NaCl substrate
was immersed in a large amount of distilled
water and the floating SiO films were
picked up on gold or platinum electron mi-
croscope grids. In order to obtain SiO,, the
SiO films were oxidized by heating at 900 K
in an air atmosphere for 30 h. Electron dif-
fraction analysis of the SiO, substrate
showed only the presence of two diffuse
rings, indicating that the substrates were
amorphous. The EM grids with SiO, sub-
strates were mounted in a standard vacuum
apparatus with a base pressure of 2 x 1075
Pa, where deposition of palladium and ther-
mal treatment in a hydrogen atmosphere
were carried out.
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Deposition of Palladium

Palladium was deposited by vacuum
evaporation from a resistance-heated tung-
sten boat. The metal loading was varied by
controlling the amount of evaporated
metal. During evaporation the pressure was
kept below 2 x 1074 Pa.

Thermal Treatment

The EM grids were placed in a resis-
tance-heated tantalum holder located in the
vacuum bell-jar. The tantalum holder al-
lowed the heating of the EM grids with the
Si0O, supports before and after Pd evapora-
tion. The temperature was measured using
a Pt—(Pt-Rh) thermocouple spot-welded di-
rectly to the Ta holder. After the Pd layer
had been evaporated, hydrogen was sup-
plied to the vacuum cell at a pressure of 6 X
1072 Pa and a constant flow rate, and the
thermal treatment of the Pd/SiO, system
was carried out.

Electron Microscopy

All specimens were examined in a Philips
EM 420 T transmission electron micro-
scope operated at 120 kV and equipped
with an energy dispersive X-ray analyzer
(EDX). In the EDX spectrum obtained
from the Pd/SiO, system only the peaks
due to Pd, Si, and Au (Au EM grids) were
visible. No extra peaks due to impurities
could be detected. The microscope was op-
erated with the lowest possible illumination
intensity in order to minimize any influence
of the radiation.

RESULTS
Growth of Palladium Particles

In order to detect the influence of the
state of SiO, surface on the growth of metal
particles and the metal-support interac-
tion, experiments with different thermal
pretreatment of the SiO, substrate were
carried out. The SiO, substrate of specimen
A had been heated at a temperature of 850
K in a vacuum for 10 h before the palladium
was evaporated. The substrate of specimen
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B was heated at 420 K for 1 h. It should be
noted that heating of silica at tempera-
tures around 370 K leads to the desorption
of physically adsorbed water (specimen B),
while thermal treatment at temperatures
about 670 K causes desorption of the
chemisorbed water, which is present on the
silica surface as silanol (SiOH) groups. If
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the sample is heated above 770 K, reloca-
tion of the surface ions occurs and a passive
surface results, on which readsorption of
water is slow (I3) (specimen A).

After the SiO, substrate had been cooled
to 300 K, palladium films about 0.4 nm in
thickness were prepared by evaporation.
After deposition of the films the vacuum

FiG. 1. Electron micrographs of the model Pd/SiO, specimen after heating in H;. (a) Specimen A,
820 K, 10 h; (b) specimen B, 820 K, 10 h; (c) specimen A, additional 845 K, 90 h; (d) specimen B,

additional 845 K, 90 h.
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F1G. 2. Particle size histograms for the model Pd/SiO, system at the stages a-d of Fig. 1. The fitted

curve (histogram b) represents a log-normal size distribution within D = 3.25 nm, o = 1.34.
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cell was flushed with hydrogen at the pres-
sure of 6 X 1072 Pa and the specimens were
heated at a rate of 10 K min~! to 820 K and
maintained for 10 h at this temperature. Pal-
ladium crystallites obtained after this ther-
mal treatment are shown in Figs. 1a (speci-
men A) and 1b (specimen B). In the case of
specimen A (Fig. 1a) most of the particles
have a round shape. The average particle
size is 4.4 nm and was calculated by the
formula

2”1"5?

2,711"512

where n; is the number of particles within
the diameter D;; D; + AD, and D; = D; +
AD/2. The size histogram shown in Fig. 2a
is narrow—Ii.e., over 80% of particles have
diameters in the range 3-5 nm—and has a
tail on the small-diameter side. Palladium
particles obtained in the case of specimen B
(Si0O, pretreatment at 420 K) are shown in
Fig. 1b. The shape of most particles is
rather complicated and seems to be caused
by interfusion of crystallites with each
other. The particle size histogram is shown
in Fig. 2b. This size histogram is broader
compared to that of sample A, has a tail on

5:

the large-diameter side, and agrees well
with a log-normal distribution predicted by
Granqvist and Buhrman (/4) for growth by
particle migration and coalescence.

The next stage of thermal treatment con-
sisted in heating specimens A and B in hy-
drogen at 845 K for 90 h. In the case of
specimen A this additional heat treatment
resulted in some increase in the average
particle size to 5.1 nm and an increase in
the width of the distribution (Fig. 2¢). The
electron micrograph of sample B after re-
duction at 845 K is shown in Fig. 1d. The
thermal treatment at 845 K results in dis-
tinct changes in the particle morphology
(Figs. 1b and 1d) and a considerable num-
ber of particles of sizes in the range 7-11
nm appears and can be seen as a large-parti-
cle mode on the corresponding size histo-
gram (Fig. 2d): the average size conse-
quently increases to 5.7 nm.

Electron Diffraction

Electron diffraction analysis of speci-
mens after heat treatment at 820 K showed
the presence of diffraction rings character-
istic for fcc crystallites in random orienta-
tions (Fig. 3). A lattice parameter a, =
0.390 *= 0.004 nm has been obtained, which
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F1G. 3. Selected area electron diffraction pattern ob-
tained for specimen A heated at 820 K, 10 h. The
diffraction rings (111), (200), (220), (311) and (222) of
the fcc Pd are visible.

corresponds to that of the bulk Pd metal
(ap = 0.389 nm).

The electron diffractograms of specimens
A and B after thermal treatment of 845 K
are shown in Figs. 4a and 4b. Careful analy-
sis of these diffractograms revealed that in
the vicinity of the (111) ring of fcc phase
(dg1y = 0.2246 nm) two additional diffrac-
tion rings are visible (Figs. 4a,b). These ad-
ditional diffraction rings correspond to in-
terplanar spacings d = 0.237 nm and d =
0.211 nm. They cannot be explained by the
presence of twinned crystallites or double
diffraction effects. The formation of a new
Pd-Si phase can be expected after pro-
longed heat treatment of the Pd/SiO, sys-
tem at 845 K in a hydrogen atmosphere (2).
The observed lines in the diffractograms
are not sufficient to identify any of the
known Pd-Si compounds PdsSi, PdySi,
Pd;Si, and Pd,Si (15-17).

Microdiffraction Analysis

For further characterization of the Pd/
Si0, system heated at 845 K the method of
convergent beam diffraction has been em-
ployed. In some cases it was possible to
obtain microdiffraction patterns, which al-

Fi1G. 4. Selected area diffraction patterns obtained
after heating at 845 K, 90 h. (a) Specimen A; (b) speci-
men B.

lowed the recognition of the new phase and
their structural relationship with the basal
palladium particles. In Figs. 5-7 three con-
vergent beam diffraction patterns are
shown together with the analysis of the dif-
fractograms. These patterns are examples
for the superposition of the diffraction pat-
terns due to Pd single crystals and the Pd,Si
phase. Pd,Si has a hexagonal structure with
a = 1.3055 nm and ¢ = 2.749 nm (/6).
The pattern shown in Fig. 5a can be in-
dexed as the superposition of the diffrac-
tion patterns of the Pd crystal in the [111];



SMSI IN THE Pd/SiO, SYSTEM

291

b 220 022

® ® [ ] [ [ J Q [ ] ®
2240 4042

[ [ ] [ ] [ L ] [} [ ] L ] ®
000 2202 202

€ ¢ o o @ o o e O»

[ 4 [ ] b [ ] [ ] L J d [ ] [ ]

FIG. 5. (a) Microdiffraction pattern, due to Pd single crystal-[111]. zone and Pd,Si-[112], zone. (b)
Interpretation of Fig. 5a: Open spots represent palladium reflections, [111], zone; dark spots Pd,Si

reflections, [T12]h zone.

orientation and Pd,Si in the [112]; orienta-
tion. The subscripts ‘‘¢’” and “‘h’’ are used
to indicate the cubic and hexagonal phases,
respectively. Detailed analysis of Fig. 5a is
given in Fig. 5b. An example of another
microdiffraction pattern is shown in Fig.
6a. The interpretation of the diffraction pat-

tern is given in Fig. 6b. The spots belong to
the Pd [001]. and the Pd,Si [1212];,, zones.

The diffraction pattern shown in Fig. 7a
reveals the presence of the metal fcc phase
in the [123]; orientation and Pd,Si in the
[1261], orientation. Detailed analysis of
Fig. 7a is given in Fig. 7b.
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_FIG. 6. (a) Microdiffraction pattern due to Pd single crystal in the [001], orientation and Pd,Si in the
[1212], orientation. (b) Interpretation of Fig. 6a: open spots, [001]. Pd zone; dark spots, [1212], Pd,Si
zone. Small open spots represent double diffraction spots due to (200) Pd as secondary source.
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FiG. 7. (a) Microdiffraction pattern due to Pd in the [123]; orientation and Pd,Si in the [1261],
orientation. (b) Interpretation of Fig. 7a: Open spots, [123]. Pd zone; dark spots, [1261}; Pd,Si zone.
The encircled diffracted beams were used in obtaining the dark field image shown in Fig. 8a.

High-Resolution Observations

When two crystals with different lattice
parameters or orientations overlap, an indi-
rect lattice image (moiré pattern) may be
produced. As a result of the overlap of the
Pd crystallites with palladium silicide,
many particles revealed the presence of
moiré fringes. In some cases it was possible
to obtain a direct image of Pd,Si lattice
fringes. In Fig. 8a one can see the dark field
image of the arrowed particle in Fig. 1d.
Microdiffraction analysis of this particle re-
vealed the presence of the Pd,Si phase in
the [1261], orientation (see Figs. 7a and 7b).
For imaging the diffraction vectors g =
{2536}, {3746}, (2420), (3630), (4840) of
Pd,Si and g = (111) of Pd were used. Two

sets of lattice fringes with spacings of about
0.4 nm and one set of lattice fringes with
spacings of about 0.7 nm are visible. The
fringes with spacings of 0.4 nm correspond
to {1106} Pd,Si lattice fringes (dijog = 0.425
nm). The 0.7-nm lattice fringes correspond
to (1210) Pd,Si lattice fringes (di,ig = 0.653
nm). The observation of bending of the 0.4-
nm fringes (arrow in Fig. 8a) seems to indic-
ate the presence of dislocations in the Pd,Si
lattice. In Fig. 8b the bright field image of a
particle showing lattice fringes with spac-
ings 0.35 nm is shown. From a microdif-
fraction pattern obtained from this particle
it could be concluded that these are (2026)
lattice planes of Pd,Si (doze) = 0.356 nm). It
is interesting to note that these fringes are
visible ony in part of the particle (Fig. 8b).
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Fic. 8. (a) Dark field image of arrowed particle in Fig. 1d. Two sets of fringes with spacings about 0.4
nm correspond to {1 106} lattice fringes (diiggpasi = 0-425 nm). Fringes with spacings of about 0.7 nm
correspond to (1210) Pd,Si lattice fringes (dqstopaysi = 0.653 nm) (see Fig. 7b). (b) A particle showing
0.35-nm fringes corresponding to (2026) Pd,Si lattice planes (d = 0.356 nm).

DISCUSSION

Pretreatment of the SiO, Substrate and
Growth of Pd Particles

Assuming different migrating species on
the surface, two different mechanisms have
been proposed to explain the size change of
metal particles dispersed on the substrate.
Growth through the random migration of
metal particles across the support surface
followed by collision and coalescence have
been proposed by Ruckenstein and Pulver-
macher (18, 19). The other mechanism pro-
posed by Flynn and Wanke (20, 2I) as-
sumes the migration of metal atoms (or
molecular species) from small particles to
large ones.

Grangvist and Buhrman (22) pointed out
that the shape of the histograms can be
used as a means to determine the mecha-
nism by which the particles have grown.
Size distributions obtained by Wynblatt and
Gjostein (23) for growth by migration of at-
oms have two characteristic features: these
are a tail on the small diameter side and a

sharp cut-off immediately beyond the peak
in the distribution. A log-normal distribu-
tion, predicted for growth by particle co-
alescence on the other hand has a tail on the
large-diameter side where the distribution
approaches zero asymptotically (I/4). The
size histogram obtained after the first stage
of the heat treatment of sample A (Fig. 2a)
corresponds to that predicted for growth by
atomic diffusion, and the histogramm ob-
tained for sample B (Fig. 2b) is log-normal
as predicted for a growth mechanism by
particle coalescence. Since the only signifi-
cant difference between specimens A and B
was the state of the substrate surface
caused by different thermal pretreatments,
we can assume that the growth of palladium
particles is strongly influenced by the state
of the SiO, surface. The presence of the
chemisorbed water in the form of SiOH
(sample B) seems to favor the migration of
particles and growth by their coalescence.
The growth of palladium particles on the
OH-depleted surtace of silica proceeds by
atom diffusion (sample A).
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Pretreatment of the Si0, Substrate and
Metal-Support Interaction

The mechanism which actually governs
the size change in metal particles is strongly
dependent on the magnitude of metal-sup-
port interaction. Recently, detailed trans-
mission electron microscopy of metal parti-
cles on oxide supports and carbon has been
carried out in order to evaluate the strength
of the metal-support interaction (23-28). It
is believed that the atomic migration mech-
anism is more significant when the metal-
support interaction is strong. Stronger in-
teraction of metal atoms with the support
facilitates the escape of an atom from the
particle, which is considered as the process
requiring the largest energy (20, 21). In the
particle migration mechanism a random
thermal motion of the metal atoms plays an
important role (19, 23). This thermal motion
may result in the deformation and subse-
quent movement of a particle, provided
that the particle movement is not sup-
pressed by strong bonds between metal at-
oms and support. Therefore the particle mi-
gration mechanism would predominate
when metal-support interaction is weak.
From the above consideration it can be con-
cluded that the change in the growth mech-
anism observed in our experiment and
caused by the thermal pretreatment of the
SiO, substrate should be connected with
the change in the magnitude of metal-sup-
port interaction or chemistry of metal-sup-
port interface. As was noted, heating of sil-
ica above 770 K causes desorption of
chemisorbed water and leads to the reloca-
tion of surface atoms. It seems very proba-
ble that by this high-temperature treatment
the creation of some oxygen vacancies on
the SiO, surface takes place. We believe
that the existence of the oxygen vacancies
may lead to a strong metal-silicon interac-
tion and results in the stabilization of small
palladium particles obtained after evapora-
tion. The size change of these strongly
bonded metal particles may proceed pre-
dominantly through atomic migration. The
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presence of OH groups on the SiO, surface
might prevent chemical metal-support in-
teraction and enable particle diffusion in
the first heating stage of specimen B. How-
ever, during heating of the Pd/SiO, system
the desorption of OH groups proceeds and
the possibility of the formation of metal—
silicon bonds should be taken into account.
This possibility is supported by the de-
tected formation of the intermetallic com-
pound.

Growth of Palladium Silicide

Direct evidence for strong interaction be-
tween palladium and silicon dioxide is pro-
vided by the appearance of new diffraction
rings in addition to those of palladium in the
electron diffraction diagrams. The method
of convergent beam diffraction allowed the
identification of the Pd,Si palladium sili-
cide. The formation of palladium silicide
under the condition of the present experi-
ments most probably occurs by the reduc-
tion of SiO, in the presence of palladium:

2Pd + SiO, + 2H; = Pd,Si + 2H,O0. (1)

The presence of atomic hydrogen due to the
dissociative adsorption of H, on Pd renders
this reaction energetically attractive. It is
also known that hydrogen is dissolved into
the bulk of the Pd (30), which might facili-
tate the penetration of the metal-substrate
interface by hydrogen.

By careful comparison of the diffraction
patterns obtained from samples A and B
(Figs. 4a and 4b) some additional informa-
tion regarding the growth of palladium sili-
cide can be obtained. The Pd,Si diffraction
rings in Fig. 4a are diffuse, indicating a very
small Pd,Si crystallite size. In contrast to
sample A, the narrower diffraction rings
shown in Fig. 4b (sample B) give evidence
of larger Pd,Si crystallites. We suggest that
this difference could be explained by the
presence of silanol groups (SiOH) on the
surface of sample B. In this case another
reaction should be considered:

2Pd + SiOH + $H, = Pd,Si + H,O. (2)
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We believe that reaction (2) could provide a
potential mechanism for the faster growth
of palladium silicide.

The characterization of the Pd/SiO, sys-
tem by means of covergent beam diffraction
showed the presence of palladium silicide
in the case of Pd particles either with dense-
packed planes like (111), (100) (Figs. 5a and
5b and 6a and 6b) or with more open planes
like (123) (Figs. 7a and 7b) oriented parallel
to the substrate. Analysis of the diffraction
patterns given in Figs. 5, 6, and 7 shows
that some lattice spacings of the Pd,Si pre-
cipitates are integral multiples of those of
the Pd matrix. For example: dqiopa,si
= 3. d(ﬁl)Pd (see Figs. 7a and 7b), d(ZEOZ)PdZSi
= 4 - d(ZOE)Pd (see FlgS Sa and Sb), and
d(lOi6)PdZSi =3. d(zjo)pd (SCC FlgS 6a and 6b)
The lattice misfits 6 = 2 (n - d; — dr)/(n -
di + dy), n = 3, 4, 3, respectively, i.e., the
relative differences between the unstrained
lattice spacings d; (Pd) and d, (Pd,Si) are
equal to 12, 5, and —2%, respectively. The
fact that the lattice spacings of the Pd,Si
precipitates tend to be integral multiples of
those of the Pd matrix can indicate a special
or a preferred orientation relationship be-
tween the Pd metal and the Pd,Si phase.
From diffraction patterns shown in Figs. 5,
6, and 7 it is possible to determine the ori-
entation relationship, if any, between the
two phases. Calculations of the direction
cosines of the crystallographic axes of the
hexagonal Pd,Si lattice with respect to the
base vectors of the Pd cubic lattice for six
different microdiffraction patterns taken in
different zone axes lead to the overall mean
value

[100] || [19 23 95]
(0101, || [58 59 56].
[001], || [79 52 30]..

The details of the calculation are given in
the Appendix.

It can be seen that [010], || [58 59 56].,
which is only 1.4° from [111].. That indi-
cates the parallelism of the [010], and [111],
directions. It is seen that the [001], direc-
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tion is very close (1.4°) to [853]. or to [321].
(2.1°). It can be concluded that there is a
fixed orientation relationship between the
Pd and the Pd,Si phases: [010]; || [111]. and
[0011y || [8531..

CONCLUSIONS

The present study demonstrates that
heating of the Pd/SiO, system in a hydro-
gen atmosphere can lead to strong, chemi-
cal interaction between metal and support
and growth of palladium silicide Pd,Si. The
microdiffraction study showed a definite
orientation relationship between these two
phases: [010]pg,s; || [111]pa and [001]pq,si
| [853]pq. The metal-support interaction,
particle agglomeration, and intermetallic
compound formation are strongly influ-
enced by thermal pretreatment of the SiO,.
OH groups on the silica facilitate the par-
ticle migration and growth by coalescence,
whereas on OH-depleted silica particle size
changes proceed by atomic diffusion. On
the other hand, silanol groups may facilitate
chemical metal-support interaction and the
formation of an intermetallic compound. In
the presence of chemical interaction be-
tween palladium and silica the possibility of
the diffusion of the constituent elements of
the support onto the metal surface should
also be taken into account. This process
may result in a modification of the catalytic
properties of silica-supported catalysts, as
has been shown for TiO,-supported cata-
lysts (29, 31--36).

APPENDIX

In order to see whether there is a special
orientation relationship between the Pd and
Pd,Si phases we choose three non-coplanar
vectors of each of the two phases contribut-
ing to the diffraction pattern of Fig. 5a. We
assume that the zone axes of the Pd and the
Pd,Si phases are paraliel and measure the
angles between the reciprocal lattice vec-
tors in Fig. 5a. The angular relationships
given in Table 1 are obtained.

From these data the direction cosines of
the crystallographic axes of the hexagonal
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TABLE 1

Angular Relationships between Three Noncoplanar
Vectors of the Pd abd Pd,Si contributing to the
diffraction pattern of Fig. 5a

(202), (242). [111],
(2202), 0° 90° 90°
(2240), 90° 0 90°
[112], 90° 90° 0°

Pd,Si phase with respect to the base vectors
of the cubic Pd phase can be calculated.

[1001," || [55 60 58],
[010],! || [96 22 17].
[001],' || [26 53 80]..

When we change the signs of all Miller indi-
ces of the diffraction spots of one phase, we
obtain a crystallographically distinct result,
since one lattice has been rotated through
180° about a direction which is not an axis
of even symmetry. The second orientation
relationship obtained in this way from Fig.
Sa is given by

[100],2 || [17 22 96],
[010,” || [58 60 55]
[001],2 || [80 53 26]..

A similar analysis of the diffraction pattern
shown in Fig. 6a led to the following orien-
tation relationships:

[100],' || [23 23 95).
[010]," || [60 60 53].  [010]:2 || [60 60 53]
[001]," || [80 51 32],  [0011,2 || (80 51 32]..

Comparison of these orientation relation-
ships with those obtained in the case of the
diffractogram of Fig. 5a shows that the ori-
entation relationships denoted by? are very
similar. That indicates the true orientation
relationship between the Pd and Pd,Si
phases. Analysis of the diffraction pattern
shown in Fig. 7a led to the following orien-
tation relationships:

[100],2 || [23 23 95,
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[100]! || [65 64 421, [100],2 || [19 26 951,

[010]:2 || [58 58 58].  [0101,2 || [58 58 38].
[0013,2 | [70 71 1] [001],2 || [81 50 31]..

One sees that the orientation relationships
denoted by? are very similar to those given
above. The orientation relationship was
measured in this way for six different mi-
crodiffraction patterns taken in different
zone axes. The overall mean value is as fol-
lows:

[1001, || [19 23 951,
(0101, || [58 59 56].
[001];, || [79 52 30]..

It is seen that [010], || [58 59 56]., which is
only 1.4° from [111].. It can be concluded
that within the experimental error, the hex-
agonal [010], direction is parallel to the cu-
bic [111], direction. Since the [001]; is very
close to (8531, ([79 52 30]c is only 1.4° from
[853]. and 2.1° from [321]0) the orientation
relationship between the Pd matrix and
Pd,Si precipitates can be given as follows:
[010], || [111]. and [001], || [8531,
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