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A b s t r a c t  

The permeabilities and diffusivities of hydrogen in Pdloo_x_y(Y(Gd))~Agy alloys, where 
y=O, 5, 10, 15, 20 and 24 at.% Ag and x (at.%) is the Y(Gd) content such that the 
condition y +3x = 24 is satisfied, as possible diffusion membranes for hydrogen purification 
were measured at temperatures between 523 K and 673 K and input hydrogen pressures 
between 267 kPa and 667 kPa. From the permeabilities and diffusivities, the solubility 
constants in the alloys were calculated. The alloys Pd95-~(Y(Gd))~g5 with x =  6.3 were 
the most permeable to hydrogen, and the permeability values were found to be about 
a factor of 2-2.5 higher than that in Pd-24at.%Ag alloy. The permeabilities are associated 
with the lattice expansion of the initial hydrogen-free alloys. Judging from the hardness 
measurements of the initial alloys, Pdloo-~-y(Y(Gd))~Agy with compositions where y is 
about 15-20 at.% Ag, and x is about 1.3-3.0 at.% Y(Gd), seem to be better materials 
for hydrogen diffusion membranes than Pd-(23-25)at.°/0Ag alloys. 

1. I n t r o d u c t i o n  

It  ha s  b e e n  shown  [ 1 - 4 ]  tha t  pa l lad ium-r ich  p a l l a d i u m - r a r e - e a r t h  (RE) 
solid solut ion alloys,  espec ia l ly  al loys conta in ing  a b o u t  8 at .% yt t r ium,  have  
supe r io r  pe rmeab i l i ty  p e r f o r m a n c e  and  could  be  used  as  poss ib le  diffusion 
m e m b r a n e  ma te r i a l s  [5, 6] b e c a u s e  t hey  exhibi t  d imens iona l  s tabi l i ty  owing 
to s u p p r e s s i o n  of  the  ( a  + fl) hyd rogen  miscibi l i ty  g a p s  [ 7, 8 ] dur ing pe rmea t ion ,  
t o g e t h e r  wi th  e n h a n c e d  pe rmeab i l i t y  c o m p a r e d  wi th  c o m m e r c i a l l y  avai lable  
Pd- (23-25)a t . ° / aAg  alloys.  The  e n h a n c e d  pe rmeab i l i t y  in the  Pd-8at.o/0y al loy 
is a s soc i a t ed  with  a s t e e p e r  hyd rogen  solubil i ty g rad ien t  a t  h igh t e m p e r a t u r e s .  

However ,  the re  is s ignificant  solid so lu t ion  hardening ,  t o g e t h e r  with 
g r ea t e r  lat t ice e x p a n s i o n  in these  P d - R E  b inary  al loys.  On the  one  hand  
the re  is the  poss ibi l i ty  of  p r o d u c i n g  a s t r on ge r  m e m b r a n e  mater ia l ,  t o g e t h e r  
wi th  h igher  h y d r o g e n  pe rmeab i l i t y  t h a n  in the  pla in  P d - A g  alloys,  bu t  on 
the  o the r  hand  this  ex t r a  ha rden ing  leads  to  p r o b l e m s  in fabr ica t ing  the  
mater ia l ,  which  m a y  be  d i s advan t ageous  in p rac t ica l  app l i ca t ions  of  the  alloys. 

In a r e cen t  s tudy  of  pa l l ad ium-r ich  P d - Y ( G d ) - A g  t e rna ry  al loys [9] as  
poss ib le  diffusion m e m b r a n e s  for  h y d r o g e n  pur i f icat ion,  it was  shown  tha t  
every  one  of  the  al loys Pdloo_~_~(Y(Gd))~hg v wi th  a s i lver  con ten t  up  to  
24 at .% and  con ten t  of  y t t r ium a n d / o r  gado l in ium x (at .%) t o g e t h e r  sat isfying 
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the condition y + 3 x < 2 4 ,  i.e. up to a valence electron concentration of  
e /a=0.24 ,  forms a single a-Pd phase. However, electron diffraction and 
electrical resistance measurements  on Pdos-~Gd~g5 with x = 6.3 gave faint 
indications of short-range ordering of Pd~(Gdjkg) type [10]. 

The lattice parameters  ass of the hydrogen-free Pd-Y(Gd)-Ag alloys with 
a given silver content increase almost linearly with increasing yttrium and/  
or gadolinium content, and at the same composit ion the magnitude of the 
palladium lattice expansion upon gadolinium substitution is greater than that 
caused by the addition of  yttrium [9]. Hardness measurements  on ternary 
alloys with any given silver content showed that the hardnesses increase 
initially with increasing yttrium and/or  gadolinium content and tend to have 
a plateau or inflection region around compositions where e/a is about  0.24. 

The (a  + fl) hydrogen miscibility gaps at room temperature in hydrogenated 
Pd-Y(Gd)-Ag alloys with a given silver content decrease gradually with 
increasing yttrium and/or  gadolinium content, and the critical compositions 
for the disappearance of the gaps are approximately isoelectronic with an 
electron-to-atom ratio such that e /a= 0.24 [9]. The lattice parameters of the 
hydrogenated alloys at the critical compositions depend in each case on the 
magnitude of  lattice expansion of the initial hydrogen-free alloys [11, 12]. 

Therefore, the alloys Pdl0o_z_y(Y(Gd))~Agy with compositions where 
y = 10 -20  at.% Ag and x (at.%) is the content of yttrium and/or gadolinium 
such that the condition y + 3x= 24 is approximately satisfied, seem to be 
better  candidates for hydrogen diffusion membranes than the 
Pd-(23-25)a t .%Ag employed commercially or Pd-8at.%Y binary alloy es- 
tablished by Hughes and Harris [2], because they are expected to have 
greater hydrogen permeability and to form stronger membranes than 
Pd-(23-25)at .%Ag,  and to form softer membranes than Pd-8at.%Y. 

The purpose of this study was to determine the permeability and diffusivity 
of hydrogen through the Pd-Y(Gd)-Ag alloys using pure hydrogen gas in 
the temperature and pressure ranges 523-673  K, and 267 -667  kPa. The 
hydrogen permeability in the alloys is correlated with the lattice parameter  
and/or  hardness of  the initially hydrogen-free alloys. 

2. Experimental  details 

2.1. Preparat ion o f  the samples 
The alloys used in this study were prepared as before [9], and  had 

composit ions Pdloo_x_y(Y(Gd))~Ag~, where y=O, 5, 10, 15, 20 and 24 at.% 
Ag, and x (at.%) is the content of  yttrium and/or gadolinium such that 
condition y + 3 x - - 2 4  is satisfied, and at room temperature the hydrogen 
( a + ~ )  miscibility gaps in , ~. alloys are just  closed at these compositions 
[9]. In addition to the alloys, *he hydrogen permeability and diffusivity in 
pure palladium (purity 99.98 wt.%) were also measured for comparison. 

All the disk samples 12 mm in diameter and 0.7 mm in thickness were 
cut  from a cold rolled plate, and the surface was polished with a fine emery 
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paper. They were annealed at 1123 K for 2 h in vacuo and then furnace 
cooled to room temperature at a rate of 5-6  K min-  1. Prior to the permeation 
measurements, all the samples were chemically etched with a solution of 
2:2:1 HeSO4:HNOs:H20 mixture in order to remove the oxide from the surface. 

2.2. Apparatus and procedure 
The apparatus for measuring the permeability and diffusivity of hydrogen 

is shown in Fig. 1, together with details of sample holder (Fig. 1 (b)). Cajon 
4VCR coupling made of 316 stainless steel was used for the sample holder 
and one of the glands was connected to a stainless steel bellows to provide 
the necessary flexibility. After mounting in the holder, both sides of the 
sample were evacuated to about 2 ×  10 -~ Torr, and simultaneously heated 
to the desired temperatures of 523, 573, 623 and 673 K respectively using 
a furnace. The sample temperature was maintained constant to within 
_ 1 K and measured with a chromel-alumel thermocouple calibrated be- 
forehand at the sample surface. 

After evacuation the vacuum pump was isolated, and a recorder was 
started. A constant input hydrogen pressure PH~,I Was applied to the sample, 
and an output pressure PH2,2 was measured with an M.K.S. Baratron pressure 
gauge (G2) as a function of time. The specified input hydrogen pressures 
PH2,1 of 267, 400, 533 and 667__2.7 kPa respectively were fixed by an 
M.K.S. pressure controller, working in conjunction with a control valve, and 
they were also monitored by the recorder through a pressure gauge (G,). 
Before the next run at different pressures, the samples were again evacuated 
completely. 

2.3. Mathematical basis of  the permeabili ty and diffusivity studies 
Let us consider hydrogen permeation through the membrane as one- 

dimensional diffusion with diffusivity D independent of hydrogen concentration 
c. The hydrogen flow Jt per unit time which permeates a plane sample of 
a reaA and thickness L is measured [13, 14] by noting the pressure increase 
PH2,2 in the output side whose volume V2 has been calibrated. So that, 

TO Vacuum system H 2 gas 
4' 

4, 

WQ:2r 122;e t eSsu e c o n t r o [  ~ ,  
(a) valve C 0) Sarnp,e 

Fig. I. Apparatus for hydrogen permeabili~ measurement: (a) schematic dia~r~ of the system, 
and (b) s~m~ple holder. 
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D(aCI  1 dn~2 V2 dPH2,2 
Jr= - \~X]L -= A dt - AR---TR dt (1) 

where TR is the temperature of the output side volume, 112 and n m  is the 
amount of permeated hydrogen gas. 

The initial and boundary conditions are as follows: at t=O, c=O for 
O<x<~L; at t > 0 ,  c=cl  for x--O, and c=c~--O for x = L .  Thus, the 
permeation rate Jt can be obtained [15] by solving the diffusion equation, 
ac /~t -- D~2c /ax 2, 

( , Jt -- 1 + 2 ~ ( - 1)n exp (2) 

Integration of eqns. (1) and (2) from time zero to t, gives the relationship 
between the output pressure, PH2.2 and time t in the form; 

ARTR~bpV~He,I[t L2 2L2 ( D ~ t ~ l  
P"2'2= V2L 6D D'rr 2 n=l ~ ( n  - ) n e x p  L-{ ] J  (3) 

where ¢ is the permeability of hydrogen and is equal to the product of the 
diffusivity D and the solubility constant K, so that 

¢ ~-DK (4) 

K is defined by cl =Kpv~m,1, i.e. the Sieverts constant. 
At longer times the exponential terms all become negligibly small, and 

the pressure becomes linear with time. The intercept, t~, of this line on the 
time axis gives a determination of the diffusivity of hydrogen, i.e. 

L 2 
D = - -  (5) 

6tl 

This is the so-called "time-lag" method [16]. The permeability can also be 
determined from the slope of the straight line portion of the curve of eqn. 
(3). However, there was often uncertainty in the linearity between the 
pressure PH2,2 and time t, especially for longer times, because the output 
pressure Pro,2 was assumed to be negligibly low, such that c1= 
g P~--~ne., >> C2 - - g  P~H2,2. 

In the present  investigation, in order to avoid this difficulty in the 
determination of the permeability, we used another analysis method based 
on the steady state permeation, which has been treated by Katz and Gulbransen 
[17]. In this case the flux is given as: 

g~ - = ( 6 )  
ARTa dt L 

By integrating for the steady state diffusion, one obtains 

_ [ in ( 1 _ .i p/p---H~2;,2 / + i p/;~]~.2>~,l _ - ARTRd~t 
V PH2,1/ VPH2.1J 2 pV~He,I VeL (7) 
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Thus, the permeabili ty can be obtained from the slope of the straight line 
between - [in(1 - ~/PH2,2/PH2,1) -{- ~/PH2,21PH2,1] and time t. 

Similar to the diffusivity D, the permeability ~b is temperature  dependent  
and is given in the form of the Arrhenius equation. Thus, the solubility 
constant  K can be calculated from eqn. (4) as a similar Arrhenius type 
relation. In this report ,  the units of ~b, D and K will be expressed as follows: 
~b=~b0 e x p ( - Q J R T )  ((tool He) m -1 s -~ Pa- i~ ) ,  D=Do exp(-QD/RT) (m e 
s -1) and K=Ko exp(-QK/RT) ((mol H2) m -s Pa-U2), where Q~--QD+QK 
(J (mol H)-~); Q~ and Q D  a r e  the activation energies for permeation and 
diffusion respectively, QK is the heat of solution, and @o=DoKo; the pre- 
exponential  factors respectively. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

3.1. Permeability 
A typical example of  the rise in output pressure with time is shown in 

Fig. 2, where the permeation transients are for alloys Pdss-xY~Ag15 with 
x= 3.0 and Pdss_xGd~,gl~ with x =  3.0 at a temperature  of 673 K, and at 
various input pressures. The insets in the figures show enlarged versions of 
the plots at shorter  times. The permeation rate increases with increasing 
input hydrogen pressure,  and the higher the temperature,  the more permeable 
the alloy. From the time intercept the diffusivity was calculated according 

o I o / °  
_ - i ;  ~ ~ $ . > ~ ,  , ,~o, , , ,1 0.~p _ / f , ~ _  

, , . , -  ~,_, ,~  ~o.-. ~ ~-  , ...~- < ~  

O ~  i 
f ~ .  O, 3 I I I I I ~ ~ - - 4 - - / ~ o  

\ 0 ~ - - -  + + - ,  , , ~ + ' + < - ~ , ~ + - , -  

<:'- 120 '- 
/ cr-o" 

o . -  o .  _ 

0 8 16 24 32 40 48 56 0 2 4 6 8 10 12 14 16 18 
t / min t / min 

Fig. 2. Pressure build-up curves for hydrogen permeation through the alloys (a) Pdss_~Y~kg15 
with x = 3 . 0  and (b) Pdss_~Gd~Agie with x = 3 . 0  at 6 7 3  K and at various input hydrogen 
pressures: O 267  kPa, A 400  kPa, []  533  kPa, V 667 kPa. 

Fig. 3. --{In[ 1 - (pH2,2/PH2,1) ~/2] + (pH2.2/pit2,1)l/~ VS. time for the alloys (a) Pd85_~Y~g~5 with 
x ffi 3.0 and (b) Pdss-xGd~Ag~e with z = 3.0 at 673  K and at various input hydrogen pressures: 
O 267  kPa, A 400  kPa, []  533  kPa, E7 667  kPa. 
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to eqn. (5). Figure 3 shows a plot of the left side of eqn. (7) v s .  time for 
the same permeation data of  Fig. 2. There is good linearity for the plots 
for the relatively high temperature experiments. However, in the cases of 
relatively low temperature experiments for much shorter times, the plots did 
not necessarily pass the origin because steady state permeation has not yet 
been established. However, since this problem does not influence the steady 
state permeability, the permeability of hydrogen in this s tudy was calculated 
from the slopes of the straight lines over a range of relatively longer times. 

An at tempt was made to compare the permeability values 4) in pure 
palladium obtained from the two analysis methods, one being the use of the 
slope of the straight line of eqn. (7), and the other the use of  that of eqn. 
(3) for relatively shorter times. Table 1 shows a comparison between the 
permeability values calculated from the two analysis methods. It can be seen 
that the permeability values obtained from eqn. (7) at different temperatures 
and input pressures are generally slightly higher than those obtained from 
eqn. (3), and the former values are in good agreement with the previously 
reported values [18] within experimental error. 

Figure 4 shows dependences of the permeability and diffusivity of hydrogen 
on the input hydrogen pressure in pure palladium and Pdss-~(Y(Gd))~Ag15 
with x =  3.0, as an example, at 573 K and 673 K. Although the ¢ and D 
values have a tendency to increase slightly with increasing input pressure 
at a given temperature,  a significant pressure dependence was not observed 
in the input pressure and temperature ranges studied, i . e .  2 6 7 - 6 6 7  kPa, 
and 5 2 3 - 6 7 3  K. Thus, it can be seen that diffusion of  hydrogen through 
the membranes  is the rate-determining step in the permeation processes.  So 
all the permeabilities and diffusivities of hydrogen reported here were obtained 
by averaging the values at different input pressures. 

The temperature dependence of hydrogen permeability for a series of 
Pd-Y-Ag and Pd -Gd-Ag  alloys is shown in Figs. 5 and 6, in comparison 
with those of  pure palladium and some literature data [18]. The activation 

TABLE 1 

Comparison of the hydrogen permeability ~b in pure palladium obtained from eqns. (3) and 
(7) 

Analysis Input hydrogen ~b (10 -9 (mol H2) m -1 s -1 Pa -1~ 
method pressure (kPa) 

523 K 573 K 623 K 673 K 

Eqn. (3) 

Eqn. (7) 

267 5.58 7.47 9.27 10.60 
400 6.07 7.08 9.51 10.87 
533 6.02 7.26 9.66 11.46 
667 6.93 7.47 9.83 11.71 

267 6.79 8.82 10.94 12.61 
400 7.25 8.39 11.09 12.63 
533 7.35 8.53 11.15 13.17 
667 8.02 8.65 11.18 13.43 



197 

~o) 

! 

I 

1 0 -8~ 

% 
\\\ 

0 

O - -  o - - O  O I 

J 

O . . . .  ~O- -- ---0- --0 1 

4 
~b] 

0 . . . .  0 ..... O _  _ --0 " 

& . . . .  i ~ = =  : : & =  : ~ 4 
I 

1 6 9J . . . .  2 
500 600 700 800 

112 pa  112 
PH2,1 / 

Fig. 4. Input hydrogen pressure dependences of (a) hydrogen permeability, and (b) diffusivity, 
in pure palladium (O), PdBs_=Y~Ag]5 with x = 3 . 0  (A) and Pdss_=Gd=Ag]5 with x=3.0 (D) at 
• - -  673 K a n d - - -  573 K. 
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Fig. 5. Permeability of hydrogen in Pd-Y-Ag alloys v s .  reciprocal temperature, together with 
that in pure palladium and literature data [18]. 

Fig. 6. Permeability of hydrogen in Pd-Gd-Ag alloys v s .  reciprocal temperature, together with 
that in pure palladium and literature data [18]. 

energy  for p e r m e a t i o n  Q ,  and the  p r e - e x p o n e n t i a l  factor  ~b o for  the  a l loys  
w e r e  obta ined  by  a l eas t - squares  fit o f  log  ~b aga ins t  1/T, and they  are 
s u m m a r i z e d  in Table  2. The  Q~ and ~bo v a l u e s  o f  pure  pal ladium are in 
a g r e e m e n t  with  the  resu l t s  repor ted  by  H o l l e c k  [18] ,  a l though  A m a n o  et al.  
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[ 19 ] obtained smaller values of Q~ and ~bo compared with the present results. 
The activation energy for permeation in the Pd-Y(Gd)-Ag alloys tends to 
decrease gradually with increasing silver content, and correspondingly with 
decreasing Y(Gd) content from that of the alloys Pd~oo-~(Y(Gd))~ with x = 8.0, 
and shows a minor minimum around compositions of Pdso-x(Y(Gd))xAg~.o 
with x =  l . 3 .  

At the same temperature, the hydrogen permeabilities increase with an 
increase in Y(Gd) content and/or with a decrease in silver content from that 
of pure palladium, and at the same composition the permeabilities in the 
Pd-Gd-Ag alloys are slightly higher than those in the Pd-Y-Ag alloys. It 
was found that the alloys Pd~_x(Y(Gd))~Ag~ with x = 6 . 3  are  the most 
permeable to hydrogen, and the ~b values in the alloys are about a factor 
of 2-2.5 higher than those in the Pd-24at.%Ag currently employed as 
commercial diffusion membranes. However, for practical applications, the 
former alloys may be difficult to make membranes out because of solid 
solution hardening, as examined previously [9]. 

Figure 7 shows a correlation between the hydrogen permeability at a 
temperature of 673 K, as an example, and the room temperature lattice 
parameter a~ of hydrogen-free alloys determined previously [9], and Fig. 8 
shows a relationship between the permeability and Vickers hardness [9]. It 
can be seen that the permeability increases with increasing lattice parameter 
and/or  hardness from that of pure palladium, and thus the permeability is 
associated with the lattice expansion of the initial hydrogen-free alloys, which 
leads to the solid solution hardening. 

T ~  i 
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o.388 o#96 s'o  so' - 
ass ~ nm Hv 

Fig. 7. Relationship between hydrogen permeability at 673 K in Pd-Y(Gd)-Ag alloys and room 
temperature lattice parameter of the hydrogen-free alloys [9]: (D palladium; © PdTeAg24; A 
Pdloo-,Y~, x = 8 . 0 ;  [] Pd95_~Y~Ags, x = 6 . 3 ;  ~7 Pdg0_~Y~Aglo , x = 4 . 7 ;  <> Pdss_~Y~Ag15, x = 3 . 0 ;  
• Pdso_~Y~kg2o , x =  1.3; A Pdl0o_~Gd~, x = 8 . 0 ;  [] Pdg~_~Gd~Ags, x = 6 . 3 ;  V Pdgo_~Gd~Ag~o , 

x =  4.7; <~ Pds5_~Gd~*~gl5, x = 3.0; e Pds0-~GdxAg20, x =  1.3. 

Fig. 8. Relationship between hydrogen permeability at 673 K in Pd-Y(Gd)-Ag alloys and 
Vickers hardness of the hydrogen-free alloys [9]: (D palladium; O PdTe2~g24; Z~ Pdloo-,Y~, x =  8.0; 
[] Pd95-~Y~gs, x = 6 . 3 ;  ~7 Pd9o_xY~Agl0, x = 4 . 7 ;  O Pd8s_~Y~g~, x = 3 . 0 ;  ¢ Pdso_~Y~Ag2o, 
x = l . 3 ;  & Pd~0o_,Gd~, x = 8 . 0 ;  [] Pd95_~Gd~Ags , x = 6 . 3 ;  W Pd90_~Gd~Ag~o; x = 4 . 7 ;  ~> 
Pdss_~Gd~.g~, x = 3.0; ~ Pdso-,Gd~4~20, x ~ 1.3. 
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As has been observed in previous studies [4, 9, 10], the alloys 
Pd,oo_=(Y(Gd))= with x = 8 . 0  and Pd95_=Gd#kg6 with x - - 6 . 3  used in this 
study are more or less in short-range ordering of Pd~Y(Gd) and PdT(Gdgkg). 
It is known that the diffusivity of hydrogen in the ordered alloys is greater 
than that in the disordered state [2, 4, 20, 21], but  the ordered alloys dissolve 
less hydrogen than do the disordered alloys [4, 22]. Therefore, the hydrogen 
permeability in Pd-8at.O/oY(Gd) alloys and Pd95_=Gd~Ag5 with x = 6.3 should 
be influenced by the short-range ordering of  the alloys. In particular, the 
enhanced permeability in the Pd95-~Gd~g5 with x = 6.3 seems to be attrib- 
utable to the greater diffusivity due to the short-range order, as will be 
described later for hydrogen diffusivity and solubility. 

However, as has been observed for Pd3Mn alloys [23, 24], in order to 
examine the possibility of hydrogen-induced transitions of  these alloys, the 
initially short-range ordered alloys of Pd~oo_=(Y(Gd))~ with x = 8 . 0  and  
Pd95_=Gd~.g5 with x =  6.3 were exposed to hydrogen gas of  PH2 = 667 kPa 
at 673 K for 10 h, cooled to room temperature with the pressure being 
maintained, and were then examined by electron diffraction. Transitions of 
order to disorder were slightly observed for these alloys. 

Furthermore, an at tempt was made to compare the hydrogen permea- 
bilities through pure palladium, Pd-24at.°/0Ag and Pdloo-=(Y(Gd))~ with x = 8.0 
obtained in the present  study with previously reported results [2]. In the 
previous work of Hughes and Harris [2], they defined the permeability as 
J = D A A c / L  (m 8 (NTP) m -  ~" s -  ~) for a convenient expression, i .e .  corresponding 
to eqn. (6) in the present paper, where hc  is the difference in hydrogen 
concentration between the input and output pressures. In order to compare 
the data, the input pressure of PH2,1 = 667 kPa in this study was selected, 
although the pressure in the previous study [2] was PH2,1 = 6 8 9  kPa, and 
the sample thickness was normalized to L = 1 × 10-4 m, i .e .  the same thickness, 
by assuming that the output  pressure rise with time, 4p,~.~/dt, is inversely 
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Fig. 9. Comparison of  the present hydrogen permeabili ty in pure  palladium, Pd-24at .%Ag and 
Pdl0o_x(Y(Gd))= with xffi8.0, and literature data [2]: O pure palladium, A Pd--24at.%Ag, 
li terature data Pd-25at.q6Ag, []  Pdloo-xYx with x = 8 . 0 ,  ~7 Pdloo-xGd~ with x = 8 . 0 .  
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proportional to the sample thickness. Figure 9 shows a comparison of 
permeability with temperature from the literature [2] and obtained in the 
present study. The present hydrogen permeabilities in pure palladium, 
Pd-24at.%Ag and Pd,oo-=(Y(Gd))= with x = 8.0 are generally larger than those 
of the previous studies [2] over a wide range of temperatures, except for 
the permeability of the alloys Pd,oo-=Y= with x = 8.0 at higher temperatures. 
Furthermore, the present results for alloys Pd~oo_x(Y(Gd))= with x = 8.0 are 
in disagreement with those of Hughes and Harris [2] who reported that the 
alloy Pd~oo-xY= with x = 8 . 0  exhibited higher permeabilities than the alloy 
Pd,o0_zGd= with x =  8.0 at all temperatures and input pressures. 

In the hydrogen permeation transients, the uphill effects associated with 
self-strain gradient-induced diffusion of hydrogen interstitials [25, 26] in the 
alloy membranes were not observed, because the samples were in the initial 
hydrogen-free state. 

3.2. Diffusivity 
Figures 10 and 11 show the temperature dependence of hydrogen 

diffusivity for a series of Pd-Y-Ag and Pd-Gd-Ag alloys, in comparison with 
those of pure palladium and some literature data [2, 18]. The diffusivity 
values for Pd-8at.%Y(Gd), Pd-5.75at.%Ce and Pd-25at.%Ag alloys reported 
by Hughes and Harris [2] are located in the region between the two dotted 
lines in the figures. The activation energy for diffusion QD and the pre- 
exponential factor Do for the alloys were obtained by a least-squares fit of 
the Arrhenius plots, and they are also given in Table 2. 

As can be seen from Figs. 10 and 11, the diffusivity values in the present 
pure palladium are in good agreement with the previously reported results 
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, [] Pd95 xYxAgsiX:6.3 

! , V Pd90 xYxAgl0; x:z. 7 
0 PdBs-,xYxAgIs:x:3 C [ 
o PdBo xYxAg20; ~::1.3 
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Fig. 10. Diffusivity of hydrogen in Pd-Y-Ag alloys v s .  reciprocal temperature, together with 
that in pure palladium and literature data [2, 18]. 

Fig. 11. Diffusivity of hydrogen in Pd-Gd-Ag alloys v s .  reciprocal temperature, together with 
that in pure palladium and literature data [2, 18]. 
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[18, 19, 27]. The D values at the same temperature in the Pd-Y(Gd)-Ag 
alloys tend to decrease with increasing solute metal contents of  silver and/  
or Y(Gd), from that of pure palladium, except  for the alloy Pd95-xGd~gs 
with x = 6.3, where the alloy exhibits higher diffusivities than those of pure 
palladium. The present  diffusivity values in the alloys Pdloo-~_y(Y(Gd))~g~ 
where y = 0-24at.% Ag and x = 1.3-8.0at.% Y(Gd) are in reasonable agreement 
with the previous data of Pd-8at.% Y(Gd) and Pd-25at.% Ag alloys reported 
by Hughes and Harris [2], who showed that the values of QD and Do for 
these alloys are almost the same within experimental error. However, the 
activation energies QD for diffusion in the present  s tudy tend to increase 
gradually with increasing silver content and/or  decreasing Y(Gd) content, 
and the energy values exhibit a minor maximum around composit ions with 
10-15at.% Ag and 3.0-4.7at.% Y(Gd). 

Comparison of the previous diffusivity data in Pd-8.0at .%Y alloy de- 
termined for the temperature range 280 -333  K by an electrochemical method 
[20] shows that ff the present data are extrapolated to lower temperatures,  
i.e. room temperature,  the diffusivity values are in reasonable agreement 
with the previous data [20], although the pre-exponential factor Do and the 
activation energy for diffusion QD are slightly lower than those of the present 
high temperature data. This discrepancy in the Do and QD values may be 
due to measurements  over a limited narrow temperature range [20]. 

3.3. Solubi l i ty  constant 
Combining the above values of ~b and D using eqn. (4), the hydrogen 

solubility constants K, i.e. the solubilities per  unit square root  of input 
pressure, were calculated. The temperature dependences of  the solubility 
constants in the Pd-Y-Ag and Pd -Gd-Ag  alloys are shown in Figs. 12 and 
13 respectively. The heat of solution of hydrogen QK and the pre-exponential 
factor Ko are also summarized in Table 2. 

The heat of solution and the pre-exponential factor, i.e. the entropy 
term in the present  pure palladium is in agreement with the previously 
reported result [18]. The QK values in the Pd-Y(Gd)-Ag alloys tend to 
increase in exothermicity with increasing silver content and/or  with decreasing 
Y(Gd) content, and the heats of  solution in exothermicity exhibit a minor 
maximum near compositions of  15at.°/0Ag and 3.0at.°/oY(Gd). The solubility 
constants at the same temperature in Pd-Y(Gd)-Ag alloys are much greater 
than those in pure palladium; in particular, the alloys with higher Y(Gd) and 
lower silver contents dissolve more hydrogen. The dependence of hydrogen 
solubility on alloy composition is consistent with hydrogen solubility data 
for Pd-Ag [28], Pd-Y [29] and Pd-Gd  [30] alloys. 

Therefore, it can be seen that the enhancement of hydrogen permeability 
in Pd-Y(Gd)-Ag alloys with high Y(Gd) content is generally due to both the 
higher hydrogen solubility gradients and diffusivities. Judging from the hard- 
ness measurements  carried out previously [ 9 ], the alloys Pdloo-~- u(Y(Gd))~Agy 
with composit ions where y is about  15-20at.96Ag, and the corresponding x 
values of yttrium and/or  gadolinium are 1.3-3.0at.% , seem to be better  
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Fig. 12. Solubility constant of hydrogen in Pd-Y-Ag alloys v s .  reciprocal temperature, together 
with that in pure palladium and literature data [18]. 

Fig. 13. Solubility constant of hydrogen in Pd-Gd-Ag alloys v s .  reciprocal temperature, together 
with that in pure palladium and literature data [18]. 

materials for hydrogen diffusion membranes than the Pd-(23-25)at.°/0Ag 
employed commercially or the Pd-8at.%Y alloys proposed by Hughes and 
Harris [2]; they have greater hydrogen permeability and form stronger 
membranes than the Pd-(23-25)at.%Ag, and form softer membranes than 
the Pd-8at.%Y(Gd). 

4. C o n c l u s i o n s  

(1) The dependence of the permeability and solubility on input hydrogen 
pressure in Pd-Y(Gd)-Ag alloys and pure palladium is not significant in the 
pressure and temperature ranges studied. 

(2) The hydrogen permeabilities in Pd-Y(Gd)-Ag alloys at the same 
temperature increase with increasing Y(Gd) content and/or  with decreasing 
silver content from that  of pure palladium, and the alloys Pd95-=(Y(Gd))~Ag5 
with x = 6.3 exhibit greater permeabilities than Pdl0o-=(Y(Gd))= with x = 8.0. 
At the same composition, the permeabilities in the Pd-Gd-Ag alloys are 
slightly higher than those in the Pd-Y-Ag alloys. The hydrogen permeabilities 
increase with increasing lattice parameter of the initial hydrogen-free alloys, 
although the lattice expansion leads to solid solution hardening. 

(3) The diffusivity of hydrogen in Pd-Y(Gd)-Ag alloys at the same 
temperature decreases with increasing the solute metal content of silver and/  
or Y(Gd) from that of pure palladium, except for the alloy Pd95-=Gd~495 
with x = 6.3, where the alloy exhibits a higher diffusivity than pure palladium. 
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(4 )  T h e  h y d r o g e n  s o l u b i l i t y  c o n s t a n t s  in  P d - Y ( G d ) - A g  a l l o y s  a t  t h e  s a m e  
t e m p e r a t u r e  a r e  m u c h  g r e a t e r  t h a n  t h o s e  in  p u r e  p a l l a d i u m ;  in  p a r t i c u l a r ,  
t h e  a l l o y s  w i t h  h i g h e r  Y ( G d )  a n d  l o w e r  s i l v e r  c o n t e n t s  d i s s o l v e  m o r e  h y d r o g e n .  

(5 )  T h e  e n h a n c e m e n t  o f  h y d r o g e n  p e r m e a b i l i t i e s  in  t h e  P d - Y ( G d ) - A g  
a l l o y s  w i t h  h i g h  Y ( G d )  c o n t e n t  is  g e n e r a l l y  d u e  to  b o t h  t h e  h i g h e r  h y d r o g e n  
s o l u b i l i t y  g r a d i e n t s  a n d  d i f fus iv i t i e s .  J u d g i n g  f r o m  t h e  r e s u l t s  o f  h a r d n e s s  
m e a s u r e m e n t s ,  t h e  a l l o y s  P d l o o - x - u ( Y ( G d ) ) ~ ? : ~  w i t h  c o m p o s i t i o n s  w h e r e  y 
is  a b o u t  1 5 - 2 0  a t .% Ag,  a n d  t h e  c o r r e s p o n d i n g  x v a l u e s  o f  y t t r i u m  a n d / o r  
g a d o l i n i u m  c o n t e n t s  a r e  1 . 3 - 3 . 0  a t .%,  s e e m  t o  b e  b e t t e r  m a t e r i a l s  f o r  h y d r o g e n  
d i f f u s i o n  m e m b r a n e s  t h a n  P d - ( 2 3 - 2 5 ) a t . % A g  a l l oys .  
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