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Abstract  

The hydrogen absorption characteristics of Pd-Ni-Rh alloys ((1) Pd97.5_xNizsRh x with x (at.% Rh)=0, 2.5, 5.0, 7.5, (2) 
Pd95.0-xNis.0Rhx with x = 5.0, (3) Pd9o.o-xNim.0Rhx with x = 7.5, and (4) Pd875-xNia2.sRhx with x = 2.5, 5.0) have been investigated 
at temperatures between 273 K and 433 K and hydrogen pressures up to 1000 Torr, and for some alloys up to 10 000 Torr, 
by means of pressure--composition isotherm measurements, together with X-ray measurements of the lattice parameters of 
hydrogen-free and hydrogenated alloys. The dependence of the lattice parameters of the /3m~, phase boundaries of the 
hydrogenated low Ni content Pd-Ni-Rh alloys on the Rh content follows a similar trend to that exhibited by hydrogenated 
Pd-Rh alloys; these display an increase in the at3m, . values with increasing Rh content up to about 7.5 at.% Rh. The low 
pressure solubilities of the ternary alloys decrease with Ni and Rh content, and the a+/3 plateau pressures increase. The 
hydrogen capacities of the Pd-Ni-Rh alloys with a given Ni content exhibit a maximum around 7.5 at.% Rh. The relative 
chemical potential A~fi of dissolved hydrogen at infinite dilution in the low Ni content Pd-Ni-Rh alloys increases with Rh 
content from that of Pd-Ni alloys with the specified Ni content, and the values lie almost on the mid-points between the 
values of Pd-Ni and Pd-Rh binary alloys where the A/zfi values for Pd-Rh binary alloys are slightly larger than those for 
Pd-Ni alloys. The Atzfi values for high Ni content Pd-Ni-Rh alloys are a little smaller rather than those for Pd-Ni binary 
alloys. The standard free energy change AGp~,t for /3-hydride formation in Pd-Ni-Rh alloys increases with the Rh content 
from that of the Pd-Ni binary alloys with constant Ni content. In particular, for low Ni content Pd-Ni-Rh alloys, the rate 
of increase in the Aaplat values with Rh content is almost the same as that for Pd-Rh alloys, where the stability of/3-hydride 
for Pd-Rh binary alloys is slightly greater than that of Pd-Ni alloys. 
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I. Introduction 

The different solubilities of hydrogen in most pal- 
ladium-rich Pd binary solid solution alloys, especially 
at low hydrogen pressure, can be associated mainly 
with the difference in the elastic strain energy due to 
the expansion of the Pd lattice for the occupation of 
octahedral interstices by hydrogen atoms [1-8]; there 
are some exceptions [9-15] to the lattice "ex- 
panded-contrac ted"  classification of Pd alloys as a result 
of their different hydrogen solubilities. 

With respect to the influence of lattice "expan- 
sion--contraction" of Pd binary alloys relative to pure 
Pd, the present authors [16,17] have expanded the scope 
of such studies by examining the solubility of hydrogen 
in ternary solid solution alloys of P d - C u - A u  [16] and 
P d - Y - A g  [17]. In the former  ternary alloys, a Cu atom 
contracts the Pd lattice, while an Au atom expands 

the host lattice. For the latter alloys, both Y and Ag 
atoms expanded the Pd lattice; however, the lattice 
expansion caused by Y is much greater  than that by 
Ag. 

It has been found that the relative partial molar 
thermodynamic quantities for solution of hydrogen at 
infinite dilution and the a +/3 plateau thermodynamic 
parameters  for the P d - C u - A u  alloys with solute metal  
atom fraction Xcu +XAu up to 0.2, where Xcu =XAu, 
fall near the mid-points between those of each Pd-Cu  
and Pd-Au  alloy. In the case of P d - Y - A g  alloys [17] 
with XA~=0.05 and with Xv up to 0.063, the ther- 
modynamic parameters  for hydrogen solution at infinite 
dilution and the plateau thermodynamic quantities 
change from those of Pd-Ag  binary alloy with)tAg = 0.05 
with increasing Y content, almost parallel to that found 
in Pd-Y binary alloys. Therefore,  the solubility of 
hydrogen in these ternary alloys seems to depend mainly 
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on the magnitude of the strain energy for hydrogen 
occupation of the octahedral interstices in the alloys, 
where the compressibility of the alloys also plays part. 

In the present investigation, the hydrogen absorption 
characteristics of Pd-rich Pd-Ni-Rh alloys will be stud- 
ied, where both substituent metal atoms contract the 
Pd lattice but the lattice contraction caused by Ni [6,18] 
is larger than that by Rh [19]. Hydrogen absorption 
isotherms for Pd-Ni and Pd-Rh binary alloys have 
been determined by several workers [6,9,20026]. The 
trends in the relative chemical potential A/xh for hy- 
drogen solution at infinite dilution and the standard 
free energy change A G p ° l a t  for/3-hydride formation in 
both Pd-Ni [6,24] and Pd-Rh [9,20,21,26] alloys cor- 
respond to these for "lattice-contracted Pd alloys", i.e. 
the dissolved hydrogen in the dilute phase region and 
the /3-hydride become increasingly unstable with in- 
creasing Ni and Rh contents. 

It was recently reported [21]  for the pres- 
sure-composition isotherms of Pd-Rh binary alloys 
containing about 7.5 at.% Rh that, in addition to the 
normal a+/3 two-phase plateau pressures, another 
"anomalous plateau" was observed near the normal 
~min phase boundaries. The formation of the anomalous 
plateau pressures implies that, even in alloys annealed 
in the usual way, some precursory phase separation 
together with the metastable and homogeneous solid 
solutions already exist. The hydrogen solubilities com- 
pared at a hydrogen pressure of 1000 Tort exhibit a 
maximum at about 7.5 at.% Rh. 

For the alloy samples of (3) Pd9o.o_~Niao.oRh~ with 
x=7.5 and (4) Pd87.s-~Ni12.sRh~ with x=2.5, 5.0, de- 
sorption isotherms were also measured after the ab- 
sorption isotherm measurements up to 10 000 Torr. 

3. Results and discussion 

3.1. X-ray diffraction study 

The X-ray diffraction studies confirmed that all the 
alloys used in this study are single-phase f.c.c, a-Pd, 
where a-Pd refers to a solid solution of substituted 
metal in the f.c.c. Pd lattice. Fig. 1 shows the room 
temperature lattice parameters a~ of the hydrogen-free 
alloys as a function of the solute metal atom fraction 
Xu=XN~+XRh together with those of the previously 
determined Pd-Ni [6,18] and Pd-Rh [19] binary alloys. 
It can be seen that the lattice parameters of the ternary 
alloys decrease with increasing Rh content from those 
of Pd-Ni alloys with the specified Ni content, and the 
rate of decrease with Rh content is almost the same 
as that for the Pd-Rh binary alloys [19]. Similarly, it 
can be seen that the lattice parameters of the ternary 
alloys decrease with Ni content from those of Pd-Rh 
alloys with a fixed Rh content, and also the decreasing 
rate is nearly equal to that of Pd-Ni binary alloys. Fig. 
2 shows a partial three-dimensional representation of 
the lattice parameters of the Pd-Ni-Rh ternary alloys 
[6,18,19]. Table 1 summarizes the lattice parameters 
of the ternary alloys, together with that of Pd-2.5 at.% 

2. Experimental details 

The compositions of Pd-Ni-Rh alloys used in this 
study were as follows: (1) Pd97.5_xNiz.sRhx with x (at.% 
Rh)=0  (Pd-2.5 at.% Ni), 2.5, 5.0, 7.5, (2) 
Pdgs.o_xNis.oRhx with x = 5.0, (3) Pdgo.o_,Nilo.oRh~ with 
x = 7.5, and (4) Pd87.5_xNilz.sRhx with x = 2.5, 5.0. They 
were prepared by arc melting the pure components 
under argon. The resulting alloy buttons were annealed 
and rolled into foils about 75 /~m thick. Finally, the 
alloy samples were annealed at 1123 K for 2 h in vacuo 
and cooled to room temperature at a rate of 300°360 
K h - I  

X-ray diffraction studies were carried out at room 
temperature in order to examine the lattice parameters 
ass of hydrogen-free alloys, and also the lattice param- 
eters a~.~ and a~i, at the phase boundary compositions 
within the a +/3 miscibility gaps in hydrogenated alloys. 
The hydrogenation was carried out electrolytically at 
298 + 1 K. Details of the procedure have been described 
previously [18,19]. 

The pressure--composition isotherms for hydrogen 
absorption were obtained as previously described [6,21]. 
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Fig. 2. Par t ia l  t h ree -d imens iona l  r e p r e s e n t a t i o n  of  the  lat t ice pa- 

r a m e t e r s  o f  P d - N i - R h  alloys [6,18,19]. 

Tab le  1 
The  r o o m  t e m p e r a t u r e  la t t ice  p a r a m e t e r s  a~  of  the  hydrogen- f ree  

f.c.c. Pd-r ich  P d - N i - R h  alloys t oge the r  wi th  those  for the am,~ and 

/3,~, phase  bounda r i e s  in the  P d - N i - R h  sys tems 

Al loy  a~  + 0.0001 a . . . .  aomm 

(nm) (nm) (nm)  

Pd  0.3890 0.3895 + 0.0001 0.4025 ± 0.0001 

P d 9 7 . 5  - x N i z s R h .  

x = 0 0.3883 0.3890 + 0.0001 0.4015 ± 0.0001 

x = 2.5 0.3882 0.3886 5:0.0001 0.4018 ± 0.0001 

x = 5.0 0.3880 0.3883 4- 0.0001 0.4015 ± 0.0001 
x = 7.5 0.3877 0.3880 + 0.0001 0.4011 ± 0.0002 

Pd95.o-~,Nis.oRh~ 
x = 0 0.3878 0.3885 _ 0.0001 0.4003 ± 0.0001 

x = 5.0 0.3873 0.3876 ± 0.0001 0.4005 ± 0.0001 

Pdg0.o-~Ni~oRh~ 
x = 7.5 0.3858 0.3866 + 0.0001 0.3994 5:0.0002 

Pd~7.5 -~Nit2.sRh~ 
x = 2.5 0.3856 0.3863 5:0.0001 0.3972 5:0.0002 
x = 5.0 0.3854 0.3860 5:0.0001 0.3970 ± 0.0002 

Ni (Pd97.5_xNizsRhx: x=0)  alloy determined newly in 
this study. 

The lattice parameters a ... .  and a~,,o at the ar,a~ 
and / 3 r a i n  phase boundary compositions in hydrogenated 
ternary alloys are plotted against the solute metal 
content in Fig. 3, together with those of the Pd-Ni 
[18] and Pd-Rh [19] binary alloys. These values of 
a . . . .  and a ~ ,  are also given in Table 1. The dependence 
of the aom,, values on the Rh content in relatively low 
Ni content Pd-Ni-Rh ternary alloys is a similar be- 
haviour to that of the Pd-Rh binary alloys [19], i.e. 
an initial increase in the at3m~ ~ value with increasing Rh 
content. On the contrary, the a ... .  values decrease 
slowly with Rh content from those of Pd-Ni alloys with 
the specified Ni content. 

3.2. Pressure-composition-temperature relationships 

The pressure-composition isotherms for Pd97 .5_  x- 

NizsRh, alloys with x =0, 2.5, 5.0, 7.5 are shown in 
Figs. 4(a)-4(d) respectively and Fig. 5 shows acom-  
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Fig. 3. The  room t e m p e r a t u r e  la t t ice  p a r a m e t e r s  a . . . .  and  at~m~n at 

the am,x and /3m~n phase  b o u n d a r y  compos i t ions  in hyd rogena t ed  

P d - N i - R h  al loys as a funct ion  of Xu=XN~+XRh, t oge the r  wi th  those  

of hyd rogena t ed  P d - N i  and  P d - R h  b inary  alloys: D, Pd97.5-xNizsRh~, 

x = 2.5, 5.0, 7.5; 13, Pd95.o-xNis.oRhx, x = 5.0; [I], Pdg~.o_~NiloRh~,x = 7.5; 

• , Pds7.5_~Ni~zsRh~,, x = 2 . 5 ,  5.0; ~ ,  P d - N i  [18]; ©, P d - R h  [19]. 

parison of the pressure-composition isotherms at 273 
K between the Pd97.5_xNi2.sRh x alloys, together with 
that of pure Pd [13]. The hydrogen concentration is 
expressed as r= [H]/[M], i.e. the ratio of the number 
of hydrogen atoms to the total number of metal atoms. 
Figs. 6 and 7 show the pressure-composition isotherms 
for Pd95.o_xNi~.oRhx, x=5.0, and Pd9o.o_xNiao.oRhx, 
x = 7.5, alloys respectively. The isotherms for 
Pd87.5_xNi12.sRh x alloys with x=2.5, 5.0 are shown 
in Figs. 8(a) and (b) respectively. Fig. 9 shows the 
comparison of the absorption isotherms at 303 K 
between Pd95.o_xNis.oRh,, x=5.0, Pdgo.o_xNilo.oRhx, 
x=7.5, and Pd87.5_xNilzsRhx, x=2.5, 5.0, alloys. 
The desorption isotherms shown in Figs. 7 and 8 are 
incomplete because the desorption kinetics were very 
sluggish. 

It can be seen that the low pressure solubilities in 
Pd-Ni-Rh alloys at a given temperature decrease with 
increasing Ni and Rh content, and the a+/3 plateau 
pressures PoJa, increase. The high pressure solubilities 
in the ternary alloys decrease with increasing Ni content 
but increase with Rh content. The hydrogen capacities 
at PH2 = 1000 Torr and at a given temperature in the 
Pd-Ni-Rh alloys with a given Ni content exhibit a 
maximum around 7.5 at.% Rh, just as do Pd-Rh binary 
alloys. The trend in the hydrogen capacities for the 
ternary alloys corresponds to the variation in the lattice 
expansion at the /3r,~n phase boundaries as shown in 
Fig. 3. 

In the previous study of Pd-Rh binary alloy-H 
systems [21], especially for the isotherms of Pd- 
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7.5 at.% Rh alloy, anomalous plateau pressures have 
been observed near the normal flmi, composition, 
but in the present Pd-Ni-Rh alloys such anomalous 
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Fig. 6. Pressure-composition isotherms for hydrogen absorption by 
the Pd95.o-=Nis.oRh= alloy with x = 5.0. 

plateau pressures have not been clearly observed; 
this may be due to the effect of Ni addition in the 
alloys. 
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3.3. Thermodynamic parameters of  hydrogen solution in 
the dilute phase region 

The relative chemical potential A/x~I of dissolved 
hydrogen at infinite dilution in Pd-Ni-Rh alloys was 

i obtained from the relation R T  In PHz--1/2 (1 - r / f l ) / ( r /  
fl) = A~z?a +glr/f l ,  where/3 is the number of octahedral 
sites per lattice atom and was taken as unity [13]. gl 
is the apparent H-H pair interaction free energy be- 
tween dissolved hydrogen, and glr  is an approximation 
to the excess chemical potential /~En(r). 

The relative partial molar enthalpy AH~ and entropy 
AS~3 of solution of hydrogen at infinite dilution were 
determined from the temperature dependence of 
A~fi values. Fig. 10 shows plots of A / ~  at 298 K against 
atom fraction Xu =XN~ +XRh for the ternary alloys, in 
comparison with the previously determined data for 
the Pd-Ni [6,24] and Pd-Rh [20,21,24] binary alloys. 
Figs. 11 and 12 show plots of AHfi and AS~ respectively 
against Xu in the ternary alloys in comparison with 
those of the Pd-Ni [6,24] and Pd-Rh [20,21,24] binary 
alloys. These values of AH~, AS~ and gl at 348 K are 
summarized in Table 2. 

It can be seen from Fig. 10 that the dissolved hydrogen 
in the dilute phase region in the Pd-Ni-Rh alloys 
becomes more unstable with increase in solute metal 
content Xu. The A /~  values for Pd97 .5_xNi2 . sRhx  alloys 
with x = 2.5, 5.0 and 7.5 increase with Rh content from 
that for Pd-2.5 at.% Ni alloy and have a tendency to 
lie almost at the mid-points between the A/x~ values 
for the Pd-Ni and Pd-Rh binary alloys, where the 
dissolved hydrogen in Pd-Rh binary alloys is slightly 
less stable compared with that in Pd-Ni alloys over 
comparable alloy compositions. The A/~fi value for 
Pd95.o-xNis.oRh, with x-- 5.0 is almost the same as that 
of the Pd-10 at.% Ni alloy, and the values for high 



Y. Sakamoto et aL / Journal of alloys and Compounds 217 (1995) 226-234 231 

13 I 

T 
12 / ¢  

_ 

5 
0 2.5 5 7.5 111 12.5 
Pd X u / 111 "2 

15 17.5 211 

I 

~ o ~  a ~  ~ 

E -60 • 

\ 
7 

-62 *g 
• ,0 ¢ 

-64 

¢ 

-66 T 

-68 , i , , , i , , , , , , , , , 
2.5 5 7.5 111 12.5 15 17.5 211 

Pd Xu / 10-2 

Fig. 10. Plots of A ~  at 298 K vs. X~ for Pd -Ni -Rh  ternary alloys 
together with those for Pd-Ni  and P d - R h  binary alloys: El, 
Pd97.5-~Ni~Rhx, x=2.5 ,  5.0, 7.5; 171, Pd95.o_~,Nis.0Rh,, x=5.0;  rrl, 
Pdgo.o-~NitoRh,, x =  7.5; m, PdaT.5-~Nii2.sRh~, x=2.5,  5.0; A, Pd-Ni  
[6]; A, Pd-Ni  [24]; O, P d - R h  [21]; ¢ ,  P d - R h  [20], slowly quenched; 
O, P d - R h  [20], rapidly quenched; (D, P d - R h  [24]. 
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Ni content Pd-Ni-Rh alloys such as Pdgo.o-xNilo.oRhx 
with x = 7.5 and PdsT.s-xNi12.sRhx with x=  2.5, 5.0 are 
somewhat smaller than those in Pd-Ni binary alloys 
with Xu =XNi. The apparent H - H  attractive interaction 
energiesgl in the ternary alloys (Table 2) have a tendency 
to decrease with increasing XNI and XRh, as in Pd-Rh 
binary alloys. 

The values of AHh for Pd-Ni-Rh alloys become less 
exothermic with increasing solute metal content, and 
the values for low Ni content ternary alloys are close 
to those for Pd-Ni binary alloys at the same solute 
content. The values for high Ni content ternary alloys 
tend toward those of the Pd-Rh binary alloys with the 
corresponding solute metal content. The AH~ values 
for Pd-Ni binary alloys with less than about 7.5 to 10 
at.% Ni are a little more exothermic than those for 
Pd-Rh binary alloys, despite the larger lattice con- 
traction for the Pd-Ni alloys. However, the enthalpy 
values for high Ni content Pd-Ni binary alloys are less 
exothermic than those of the Pd-Rh binary alloys. 
Judging from the bulk modulus of Ni and Rh [27], the 
greater exothermicity of the AHh values for Pd-Ni 
binary alloys containing relatively low Ni content may 
be due to a decrease in the strain energy required to 
expand the lattice to accommodate hydrogen atoms 
because of the larger compressibility of Pd-Ni alloys 
compared with Pd-Rh alloys which more than coun- 
terbalances the effect of the smaller size of the oc- 
tahedral interstices in Pd-Ni alloys. 

It can be seen from Fig. 12 that the values of 
AS~(fl--1) in Pd-Ni-Rh ternary alloys decrease with 
Rh content from those of the Pd-Ni binary alloys with 
the specified Ni content and, in the case of low Ni 
content Pd-Ni-Rh alloys with less than 5.0 at.% Ni, 
the decrease rate is similar to that of Pd-Rh binary 
alloys with less than 10 at.% Rh [21]. On the contrary, 
for the case of high Ni content ternary alloys with 10.0 
and 12.5 at.% Ni, the decrease in rate is almost the 
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same as that of high Rh content Pd-Rh binary alloys 
[201. 

Clewley et al. [9] and the present authors [6] have 
previously found that Pd-Rh and Pd-Ni alloys have 
similar insensitivities of AS~(/3= 1) values to Rh and 
Ni contents of the alloys, just as has been recently 
observed for Pd-Cu alloys [16]. Pd-Rh, Pd-Ni and 
Pd-Cu alloys exhibit similar behaviours in regard to 
AS ~ which differ from those of other substituent metals. 
In their pure state these metals form monohydride 
phases and the former two solute metal hydrides are 
isomorphous f.c.c, with fl-Pd hydride and the latter 
solute metal hydride is a hexagonal wurtzite structure. 
Thus, the relative insensitivity of AS~(/3 = 1) values to 
the solute metal content in Pd alloys where all the 
octahedral sites are equally accessible to hydrogen may 
depend on whether or not there is monohydride for- 
mation of pure solute metals. However, this is not 
necessarily the case, because the present authors [14,15] 
have recently found that for Pd-Li solid solution alloys 
there is regularly a significant decrease in the relative 
partial excess entropy of solution of hydrogen with 
increasing Li content and because the hydride phase 
which the substituent metal, Li, in its pure state forms 
is isomorphous with/3-Pd hydride. LiH is, however, an 
ionic solid and the others are metallic. 

3.4. The ~ + fl p lateau thermodynamic  parameters  

From the plateau pressure corresponding to the a +/3 
two-phase region in Pd-Ni-Rh alloys, the standard 
enthalpy change M-/r~la, and entropy AShlar for/3-hydride 
formation were obtained from the relation AG ~lat =RT 
I n n  1 /2  - -  A / 4  ° - -  T ASSist. iA / - ' p l a t  - -  ~ . u a  p l a t  

The thermodynamic parameters for the hydrogen 
solvus were evaluated from plots of - R  In a / (1 -a )  
vs. T-1, where a is the solvus composition [13]. The 
derived thermodynamic parameters are given in Table 
2, where AH~olv and AS~olv are the standard enthalpy 
and entropy changes respectively for solvus formation. 

Fig. 13 shows plots of the standard free energy change 
AG~I,, at 298 K for/3-hydride formation in Pd-Ni-Rh 
alloys against the solute metal content in comparison 
with those in previously determined data for the Pd-Ni 
[6] and Pd-Rh [20,21] binary alloys. The stability of 
the fl-hydride decreases with increase in X~, where 
u = Ni or Rh or Ni + Rh. The stability of the Pd-Rh 
binary alloys is slightly greater than the stability of the 
Pd-Ni binary alloys, although, as shown in Fig. 10, 
hydrogen in the dilute phase region of Pd-Ni alloys is 
more stable than in Pd-Rh alloys. 

It is of interest that the AG~a, values of Pd-Ni-Rh 
alloys increase with Rh content from the values of the 
Pd-Ni binary alloys with a given Ni content. In particular, 
for low Ni content Pd-Ni-Rh alloys the rate of increase 
in AGplat with Rh content is almost the same as for 
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Fig. 13. Plots of AG~tat at 298 K vs. Xu for Pd-Ni-Rh ternary alloys 
together with those for Pd-Ni and Pd-Rh binary alloys: IS], 
Pd97.5-xNi2.sRh.,, x=2.5, 5.0, 7.5; 171, Pdgs.o_,Ni5.oRh~, x=5.0; Ill, 
Pdgo.o_,NimRh~, x = 7.5; I~, PdaT.s_,Nit2.sRh,, x =2.5, 5.0; A, Pd-Ni 
[6]; O, Pd-Rh [21]; ~,  Pd-Rh [20], slowly quenched. 

Pd-Rh alloys [20,21]. Thus, as can be seen from the 
variations in the lattice parameters of hydrogen-free 
alloys (Fig. 1), the stability of/3-hydride in Pd-Ni-Rh 
ternary alloys is mainly associated with the lattice 
"expanded--contracted" effect of Pd alloys. 

Values of AGZlv at 298 K in the ternary alloys 
decrease more or less with increasing solute metal 
content. The solid solubility limit of hydrogen, i.e. amax 
composition in the ternary alloy-hydrogen systems in- 
creases with the solute metal content. Compared with 
the AGZtv values of Pd-Ni [6] binary alloys, values of 
the present Pd-Ni-Rh ternary alloys and Pd-Rh [21] 
binary alloys are slightly larger. The trend in AG~oIv 
values at 298 K with the solute metal content is similar 
to the results shown in Fig. 3 for the lattice expansion 
at the tr~ax compositions determined by X-ray diffraction. 

decrease slowly with increasing Rh content from 
those of Pd-Ni binary alloys with the specified Ni 
content. 

(2) The low pressure solubilities in Pd-Ni-Rh alloys 
decrease with increasing Ni and Rh contents, and 
the a+/3 plateau pressures increase. The high 
pressure solubilities decrease with increasing Ni 
content, whereas they increase with Rh content. 
The hydrogen capacities in the ternary alloys with 
a given Ni content exhibit a maximum around 7.5 
at.% Rh just as in Pd-Rh binary alloys. 

(3) The relative chemical potential A/xi~ of dissolved 
hydrogen at infinite dilution in the ternary alloys 
increases with Rh content from those of Pd-Ni 
binary alloys with a fixed Ni content, and the values 
lie almost on the mid-points between the values 
for Pd-Ni and Pd-Rh binary alloys where the 
dissolved hydrogen in Pd-Rh binary alloy is slightly 
less stable compared with that in Pd-Ni binary 
alloys over the alloy compositions. The A/~ values 
for high Ni content Pd-Ni-Rh alloys are, however, 
a little smaller than those for Pd-Ni alloys. 

(4) The standard free energy change A a p l a t  for /3- 
hydride formation in Pd-Ni-Rh alloys increases 
with Rh content from those of Pd-Ni binary alloys 
with a fixed Ni content. For low Ni content 
Pd-Ni-Rh alloys, especially, the rate of increase 
in the AG p°~at values with Rh content is almost the 
same as that of Pd-Rh alloys, where the stability 
of the fl-hydride of Pd-Rh alloys is slightly larger 
than that of Pd-Ni alloys. The standard change 
AGs~olv at 298 K for hydrogen solvus formation, i.e. 
for ~ax phase boundary formation in Pd-Ni-Rh 
alloys, decreases with increasing Ni and Rh content. 
The hydrogen solubility limits in the a phase for 
Pd-Ni-Rh and Pd-Rh alloys are a little smaller 
than those in Pd-Ni alloys. 
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