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The efect of adding small amounts of rare earth elements to palladium is to strengthen the
palladium. These strengthening effects are discussed here, based on known phase diagrams
ofpalladium-rare earths, palladium-rare earth alloying behaviour and atomic (or ionic)
size ejlects. The solid solubilities ofthe rare earths in palladium, transition temperatures of
various intermediate phases and eutectic temperature in these systems are influenced by the
ionic (or atomic) size of the rare earth elements. A parameter, HT,the product ofthe relative
difference in atomic weights and the relative difference in atomic radii, between a rare earth
andpalladium is used to examine the solid solution strengthening effects caused by dilute rare
earths. The alloying behaviours ofpalladium with the rare earths are very analogous, and
could perhaps be used to predict alloying behaviour in some unexaminedpalladium systems.

As rare earths additives have an obvious influence on the structures and properties of platinum
group metals and their alloys, increasing attention
is being given to developing platinum group metal
alloys modified by rare earths (1). Therefore, it is
important to summarise and review the alloying
behaviour between the rare earths and the platinum group metals. Palladium (Pd) is an important
industrial metal and research on phase d q p m s
between Pd and the rare earths has been very successful. Based on available data, this paper briefly
summarises the alloying behaviour of Pd and
the strengthening effects when dilute rare earth
elements are the solutes.

Pd-RE systems are basically complete and have
been evaluated (2-5), except for the Pd-Pm
(promethium) system for which no information
has yet been published. In Figure 1, solid solubilities, intermediate phases, eutectic and peritectic
reactions, as well as solid state reactions are shown.
The numbers on the map are: eutectic temperatures, melting points for fusion-type compounds
and decomposition temperatures for decomposition-type compounds formed by peritectic
reactions. However, these temperatures have not
yet been determined in alloy systems such as PdLa, Pd-Tm and Pd-Lu. Details of these will now be
discussed.

Phase Diagrams of Pd-RE Systems

Solid Solubilities of Rare Earths
in Palladium

A summary of simplified phase dngrams of Pd
with 17 rare earth (RE) metals from scandium (Sc)
to lutetium (Lu) is given in Figure 1. The Figure is
a concise display of the available phase diagram
data of these Pd-RE systems (2-13). Limited information has been reported for the Pd-La
(lanthanum) (3,5,11, 12), Pd-Tm (thulium) (3,12)
and Pd-Lu (2-4)systems. Partial phase d q y a m s
have been established for the Pd-Ce (cerium), PdPi (praseodymium) and Pd-Nd (neodymium)
systems in Pd-rich regions (5&100 atomic per cent
(atyo) Pd) (2, 7-10). Phase dngrams for other
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The maximum solid solubilities of rare earths in
Pd in the equilibrium state are listed in the Table.
The value of the solid solubility is 10 at.% for
europium (Eu) and greater than 10 at.% for other
rare earths (except La, Pr and Nd). However, quite
large contrary values have been reported for the
solid solubilities of the light rare earths (La, Ce, Pr,
Nd) in Pd. Some early research indicated that La
and Pr were virrually insoluble in Pd (14-16). Later
work by Savitsky (3,4) showed that the solid solubilities of La and Nd were not higher than 1.5 at.%,
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Fig. I Sketch map of simplified
phase diagrams of the
palladium-rare earth systems
(the numbers are temperatures
in "C;2 = atomic number)
[ I ] Solid solution
[2] Eutectic reactions
[3] Decomposition-type
compounds formed by
peritectic reaction
(41 Compounds formed
from a melt and containing
a homogeneous phase field
[5] Congruent compounds
[6] A low temperature ordered
phase formed from solid state
reactions

RE

RElPd
10

y

2
21

~c

39

Y

411

20

512 2 / 1
30
40

1040

\

112
113 115 1 / 7
70
80
90

Pd

1200

T

1000

415 3 / 4
/60

50

975

1
-< 504

1205

61

162011 d o 7 8
62

Srn

63

Eu

A Tx5-

610

545

820

0

855

775

64

and although no new data
has been reported for the
65
solid solubility of La,
66
Zhang et d have reached
values of around 9 and 4
67
at.% for the solid solubilities of Pr and Nd,
68
respectively (9, 10). For Ce,
a value for its solid solubility as htgh as 12-13 at.%
70 Yb
Ce, based on the nominal
composition of Ce in Pd
71 Lu
alloy, was reported (3,4,8),
RE/ Pd
but was revised to 7 at.%
RE
0
10
Ce after experimental data
obtained by Bretschneider
etai. (7).
It is well known that the solid solubilities of
alloys are related to factors such as the crystal
structure, atomic size, electronegativity and
valence, etc. However, for rare earths these factors
are not always favourable for indicating that their
solid solubilities in Pd could be high. For instance,
the differences in the atomic radii (parameter B in
the Table) between Pd and the rare earths: 20%
(Sc) to 49?40 (Eu) and the differences in electronegativity between Pd and the rare earths from
0.93 (Sc) to 1.03 (La) are over the limits (proposed
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by Hume-Rothery and Darken-Gurry) of atomic
size criterion (150/) and electronegativity difference criterion (0.4), respectively, for forming
extensive solid solubilities (17, 18). Despite this,
the solid solubilities of rare earths are still affected
by atomic size and electronegativity. In general,
the solid solubility of a rare earth in Pd can reach
and exceed 10 at.% when the difference in atomic
radii < 30% and the difference in electronegativity
< 1.0. Clearly, these differences are beyond the
Hue-Rotheiy and Darken-Gurry criteria (17,18).
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Table

Maximum Solid Solubilities (La,)
of Rare Earths in Palladium and Some Related Parameters
EIe in e nt
Pd

sc

Y
La
Ce
Pr
Nd
Sm

Eu
Gd
Tb

DY
Ho
Er
Tm
Yb
Lu
(1)
(2)
(3)
(4)

4tomic radius,
r, n m

r3‘,
nrn

3xtronegativity

C max”
at.%

0.137
0.164
0.180
0.1879
0.1825
0.1828
0.1821
0.1804
0.2042
0.1801
0.1783
0.1774
0.1766
0.1757
0.1746
0.1 740
0.1735

-

2.2
1.27
1.2
1.17
1.21
1.2
1.19
1.18
1.2
1.2
1.21
1.21
1.21
1.22
1.22
1.21
1.21

-

0.0730
0.0905
0.1071
0.1034
0.1013
0.0995
0.0964
0.0950
0.0938
0.0923
0.0908
0.0894
0.0881
0.0869
0.0858
0.0848

’

B(3)

-

15
12.3, 11(6)
1.5
-7(7), 12.2(8),13(3,4)
-9(9)
1.5(3,4),-4(10)
10.3
10
12, l l ( 6 )
-

12.3
12.5
13
16.5
-

2.37
1.2
0.77
0.76
0.75
0.74
0.71
0.70
0.68
0.67
0.65
0.64
0.64
0.63
0.62
0.61

-

0.2
0.31
0.37
0.33
0.35
0.33
0.32
0.49
0.32
0.30
0.295
0.29
0.28
0.274
0.27
0.266

-

0.476
0.377
0.286
0.252
0.251
0.244
0.227
0.343
0.214
0.202
0.192
0.185
0.181
0.173
0.167
0.163

The values of solid solubilities not given sources were takenfrom References 3 and 4
A = atomic weight of palladium/atomic weighyof rare earth
B = ((rRE - rp4i/ rpd. the relative atomic radius difference of rare earths to palldiumm
Hv= A.B. the solid soution stengthening parameterr

On the other hand, the solid solubilities increase
with the lanthanide contraction. T h e smaller solid
solubilities of the light rare earths in Pd should be
related to their larger differences in atomic radius
and electronegativity.The large differences in electronegativity between the light rare earths and Pd
lead to the formation of the PdSRE compounds in

these systems, and this restricts greater solid solubility. Pd5R.E does not occur in Pd-heavy rare earth
systems due to the relatively small difference in
electronegativity - one reason why the heavy rare
earths have greater solid solubility.
Figure 2 shows the relationship between the
maximum solid solubilities (C,J of rare earths in
Pd and their ionic radii (Ti+). All data
points (except Sc) lie close to a
straight line. This observation indicates that solid solutions of rare
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Fig. 3 The c ~ s t ustructures
l
and distribution of intermediate
phases in palladium-rare eurth
systems (24)

earths in Pd can be regarded
as trivalent solutes. In agreement with the ionic radii and
the
lanthanide
partial
molar volume contraction,
Bretschneider et aL (7) confirmed that all rare earths in
Pd are trivalent. In general,
Ce can be either trivalent or
tetravalent, depending on
the particular system, but
the electronic state of Ce in
Pd is identical to those of the other rare earth metals (7). Although Eu has less tendency to become
trivalent, and ytterbium (Yb) can be either divalent
or trivalent, both are trivalent in Pd solid solutions
as well as in some compounds with Pd (13, 19).
From Figure 2, it can be predicted that., accordtng
to their ionic radii, the solid solubilities of Pm, terbium Qb), Tm and Lu are about 8,11,14 and 16
at.%, respectively, if their data points lie on the
straight line. However, because the alloying behaviour of Sc is similar to that of Lu (20), the solid
solubility of Lu in Pd should be close to that of Sc.
Large differences in electronegativity can cause
electron migration between atoms of solvent and
solute during the alloying process. Electron migration in solid solution is proportional to the
difference of electronegativity (21). Thus, during
alloying the valence electrons transfer from the
Fermi level of the rare earth to that of the alloy.
The energy change of the binary alloy during alloying contains a positive term due to the difference
in the atomic sizes and a negative term caused by
the charge transfer (22). According to a continuum
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elastic model for the Pd (Ce) alloy, the atomic misfit energy in an infinitely dilute Pd (Ce) alloy is
+172 kJ mol-', whereas the charge transfer energy
is 4 kJ mol-' (7). The negative charge transfer
energy will overcompensate for the positive atomic misfit energy, and this should decrease the
energy of the alloy and increase the solid solubility. Thus, a large negative charge transfer energy is
the main factor for a rare earth element having
high solid solubilityin Pd. In fact, Pd not only has
large solid solubilities for rare earths (much larger
than those of rare earths in silver (Ag),gold (Au)
and the other platinum group metals) but as a solid
solvent it also has the highest solubility for elements in the Periodic Table (23).

Intermediate Phase in
Palladium-Rare Earths Systems
Because of the large difference of electronegativity between Pd and the rare earths, a series of
intermetallic compounds have been found. They
form compounds with RE:Pd atomic ratios oE 1:7,
1 5 , 1:3, 1:2, 2:3, 3:4 (or 4:5), 1:1, 3:2, 2:1, 7:3, 5:2
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and 3:l.The crystal structures and distribution of
the intermediatephases are shown in Figure 3 (24).
The Pd7RE ordered phase occurring at lower
temperatures is accompanied by the peritectoid
reaction:
apd)

+ PdiRE = Pd-RE

for light rare earths, and
apd)

+ Pd&E = Pd-RE

for heavy rare earths and yttrium (Yj'.
Having a large atomic misfit is a favourable
indication for the formation of the ordered phase.
The PdTCe phase in the PdCe system has two types
of ordered structure: Pt7Cu and Pd,Ce. The PdKe
phase is a derivative of the Cuau-type PdiCe
phase at a lower temperature (20) and transforms
into the Pt,Cu-type ordered phase at higher temperature. The PQRE phase in the other Pd-RE
systems has only the PtTCu-type ordered structure.
The PdJE phase is the product of the peritectic reaction:
L + Pd3RE = PdjRE

where L = liquid phase and exists only in Pd light
rare earths systems.
The Pd3RE phase is formed congruently and
possesses homogeneity of 2 to 4.5 at.% RE based
on the Pd,RE stoichiometry, however, only Pd\Eu
is a stoichiometric compound.
In all the Pd-RE systems, the phase regions of
P d s spread toward the Pd-rich end and gradual-
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ly widen - from Eu (in the middle) to both ends of
the light and heavy rare earths. The lattice parameters and unit cell volumes of the stoichiometric
PdlRE phase decrease gradually with the larthanide contraction, and no abnormal phenomena
are observed, even for Ce, Eu or Yb.
In X-ray structure-determined Pd2RE compounds, PdzSm has the SmloPdzlstructure (u =
2.4853 nm, b = 0.5765 nm, c = 1.651 nm, p =
90°88'); Pd&c and PdzEu are MgCuz-type Laves
phase. For PdzSc, the ratio of the atomic radii,
rbc/rPdrequals 1.197,which is close to the atomic
radius ratio 1.225 of the ideal Laves phase. For
PdZEu, r F u / r P d equals 1.49,which deviates from
the ideal atomic radius ratio but is still in the range
of the permitted maximum deviation value of 1.6
for the Laves phase. For all other rare earths from
La to Lu, the rRF,/rpd values lie between 1.37 and
1.266;this size factor is favourable for the formation of the MgCuz-type Laves phase.
The PdRE phase occurs in all the Pd-rare earths
systems and these are formed congruently, with
PdEu - formed peritectically - being the only
exception. The CsC1-type structure is found for Sc
and the heavy rare earths from Lu to dysprosium
(Dy), which have smaller atomic radii, but the low
temperature FeB-type isomer occurs in the Pd-Tb,
Pd-Ho and Pd-Yb systems. The CrB-type structure is formed for the rare earths with larger atomic
radii - from Tb to La. In other words, the sequence
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CsC1-FeB-CrB is found on going from Lu to La.
This is also observed in other systems of rare
earths with Group VIII metals (13). The structure
of the PdY phase should be of CsC1-type because
the alloying behaviour of Y is similar to that of Dy

(25).
The PdjRE4 and P W 3 are actually an identical compound because they have near stoichiometric compositions.
Figure 4 shows the dependence of the critical
temperatures of several main intermediate phases
on the ionic radii of the rare earths. For the Pd7RE
ordered phases, the critical temperatures, T,, (7,
2 6 3 2 ) increase with the increase in ionic radii. In
contrast to the dependence of T, on r3+,the melting points, T,, of the Pd3RE and PdRE phases,
and the decomposition temperature, T,, of the
PdzRE phase, decrease linearly with the increase of
ionic radii. This dependence on the ionic radii was
also observed for other intermediate phases, such
as Pd3RE2 and Pd5RE34, etc.
In general it can be seen that the light rare
earths have higher critical temperatures for the
Pd,RE ordered phase and lower melting points or
decomposition temperatures for congruent-type or
decomposition-type compounds than do heavy
rare earths.

Eutectic Reactions and
Eutectic Temperature
It can be seen from Figure 1 that four eutectic
reactions exist in Pd-rare earth systems (but not in
the Pd-Sc system). The distribution region of the
eutectic concentration is relatively narrow (Figure
l), while that of the eutectic temperature is quite
wide, for each eutectic system (Figure 5). Figure 5
shows the dependence of the eutectic temperatures at the Pd-rich end on the rare earth atomic
radii. The same tendency of eutecdc temperature
could be obtained for the ionic radii (r3+)of the
rare earths. The eutectic temperatures decrease linearly with the increase of atomic (or ionic) radii.
For the first eutectic systems (in Figure 1 near to
RE/Pd = 1/7, from the Pd-rich side) the dependence of the eutectic temperature on the rare earth
atomic radius is a broken line with a turning point
at samarium (Sm); that is, the eutectic temperature
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no longer falls, instead it remains essentially constant when the atomic radius of the rare earths
reaches about 0.18 nm and the atomic size difference between Pd and the rare earths is about 31%.
This is similar to the dependence of the first eutectic temperatures on the atomic radii of rare earths
in the Ag-RE and Au-RE systems (3S35). The
difference is only that the turning points on the
plots of the Ag-RE and Au-RE systems are located at about 0.175 nm (about 21% atomic size
difference), which is lower than in the Pd-RE systems. It is not certain whether there are also
turning points on plots of the eutectic temperatures of the three other eutectic reactions in the
Pd-RE systems (see Figure 1)because these eutectic systems have not occurred or been established
in Pd alloy systems containing rare earths with
large atomic radii (such as Pd-Eu or Pd-hght rare
earths systems).
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roughly expressed using the parameter H, = A-B.
The Table lists parameters A and B as well as the
strengthening parameter, H,, of each rare earth
solute to Pd. The H, values have the order:
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Hume-Rothery etal. (17) pointed out that liquid
drop formation from out of a simple alloy system
depended on the atomic size difference between
solvent and solute. The larger the difference, the
more liquid drops form from the solid solution. As
liquid drop formation leads to a lowering of the
eutectic temperature, the Hume-Rothery rule also
applies to the eutectic temperature.
In fact, the dependence of the eutectic temperature in Pd-rare earth systems on the rare earth
atomic radii has extended the Hume-Rothery rule
to more complicated alloy systems.

Solid Solution Strengthening of
Palladium by Dilute Rare Earths
The solid solution strengthening effect of dilute
rare earths in Pd is related to two factors. The first
factor is the ratio of the atomic weights of Pd to
the rare earth = A (see the Table). This value is
approximately directly proportional to the ratio of
the numbers of atoms of Pd and rare earths at a
certain weight per cent. The second factor is the
relative difference in atomic size of rare earth to
Pd, parameter B, where B = (rm - rpd)/rpd. This is
related to the extent that the Pd lattice is distorted
by the rare earth solute. The solid solution
strengthening effect of rare earths on Pd can be
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from La to Sm)
> H, (heavy RE from Gd to Lu)

(Sc, Y , Eu) > H,(light RE

Generally speaking, the strengthening effect of
rare earths on Pd should follow the same order as
the H, values. The large strengthening effect from
Sc, Y, Eu and light rare earths is attributed mainly,
for Sc and Y, to the relatively light atomic weights
or the relatively large values of A, and, for Eu and
the light rare earths, to the larger difference in
atomic radii between the rare earth and Pd.
Figure 6 shows the dependence of the tensile
strength of some Pd-RE alloys annealed at 900°C
on the rare earth concentrations (36). There is a
linear relationship between the tensile strength and
the rare earth concentration which is valid for
dilute concentration up to 0.6 at.% RE. Therefore,
values of the tensile strength could be normalised
on 0.1 at.% RE. Figure 7 shows the dependence of
Aob, which are the corresponding increments of
tensile strengths of the Pd-0.l at.% RE alloys to
that of Pd, on the solid solution strengthening
parameter H,. The Am, values increase with the H,
values; only Ce has a large deviation. Obviously,
the light rare earths have a stronger effect on the
strength properties of Pd at ambient temperature
than heavy rare earths.
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