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10 Leak growth mechanism in composite Pd membranes 

10.1 Introduction 

Membranes Ma-32b/34b/42 showed that the selectivity (H2/He) decreased as a func-

tion of time when the membrane was held at 500ºC in H2 atmosphere (see Section 0 and 

Table 6-2). Thermal and hydrogen stresses were found to play a small role in leak forma-

tion since holding a composite Pd membrane at low temperatures, when compressive 

stresses were the highest, did not lead to leak formation. Indeed, all membranes showed 

high (>1000) H2 permselectivities at temperatures lower than 400ºC (see Figure 6-10). 

However, it was very interesting to note that thermal stress release started to occur at 

400ºC when the energy barrier for diffusion was overcome and that selectivity started to 

decrease at temperatures close to 400-450ºC (see Figure 6-10).  

The main objective of this part of the thesis was to investigate the process taking place 

at temperatures close to 400-450ºC that led to leak growth. The shape and size of defects 

were also studied. Also, the leak distribution on the surface was examined to determine 

whether leakage in composite Pd membranes was a localized phenomenon or a process 

taking place over the entire surface of the membrane. In addition, the rate at which the He 

leak of composite Pd membranes increased as a function of time was measured at differ-

ent temperatures to estimate the activation energy of the rate of increase of the leak. The 
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order of magnitude of the activation energy would provide information on the mechanism 

underlying the leak formation and leak growth.  

10.2 Experimental 

10.2.1 Membrane preparation 

The composite Pd membranes studied in this chapter are listed in Table 10-1. C01-

F11/11b membranes were prepared on graded PSS supports and Ma-32b/34b/41/42 

membranes were prepared on graded PH supports. All membranes were prepared accord-

ing to the experimental procedure described in Chapter 3. Composite Pd membranes were 

characterized in the set-up described in Section 3.2.1.  

10.2.2 Membrane characterization procedures 

The characterization of membranes C01-F11a/b was described in detailed in Section 

5.4.4.  

Membrane Ma-32b was heated up to 500ºC in He atmosphere at a rate of 0.5ºC/min 

and then H2 was introduced. The membrane was kept in H2 atmosphere (ΔP=1 bar) at 

500ºC for a period of 1,100 hr. The He leak of the membrane was measured frequently by 

switching from H2 to He atmosphere at a constant pressure difference of 1 bar.  

The characterization procedure of membrane Ma-34b needs to be described in detail 

since it deviated considerably from the characterization procedure described in Sections 

3.2.2 and 3.2.3. Membrane Ma-34b was first characterized in H2 atmosphere at 250, 300, 

350 and 400ºC. It was then removed from the characterization set-up and stored at at-

mospheric conditions for more than a month. The membrane was characterized for a 

second time at 400, 450, 500, 550 and 600ºC. The H2 permeance at 400ºC before and af-
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ter storage at atmospheric conditions was the same indicating that the membrane did not 

deteriorate during storage. After checking that the H2 permeance and the He leak at 

400ºC were the same before and after storage, Ma-34b was heated to 450ºC. At 450ºC, 

membrane Ma-34b was held in He atmosphere and the He leak was monitored for 200 hr. 

H2 was then introduced at 450ºC and the H2 permeance monitored for 500 hr.  

 

Table 10-1  Characteristics of composite Pd membranes considered in this chapter 
Membrane Support type Grade 

(µm) 
Ox. Temp Thickness 

(µm) 
Permeance at 500ºC Final selec-

tivity 
(H2/He) 

C01-F11 PSS 0.1 500 17 21 683 
C01-F11b C01-F11 0.1 500 19 23.5 478 
Ma-32b PH 0.1 medium 700 10 42 280 
Ma-34b Ma-34 0.1 coarse 700 8 24 (450ºC) 86 
Ma-41 PH 0.1 coarse 700 10 30 (450ºC) 857 
Ma-42 PH 0.1 medium 700 5.6 38.8 818 
 

During the 500 hr-period the membrane was in H2 atmosphere, the He leak was de-

termined by switching from a pure H2 feed to a feed containing 99%H2-1%He. The 

composition of the permeate was analyzed by a on-line GC to obtain the ideal separation 

factor, or selectivity, (H2/He). After 500 hr in H2, the He leak of Ma-34b was measured in 

He atmosphere in order to determine if the He measurements with the GC were in agree-

ment with the He leak measurements performed in He atmosphere as described in Section 

3.3.1. The temperature was then raised up to 500ºC. The membrane was held at 500ºC in 

He atmosphere for 1500 hr and the He leak was measured regularly as described in Sec-

tion 3.3.1. After 1500 hr in He atmosphere, H2 was introduced at 500ºC and the H2 

permeance and leak were monitored for an additional 500 hr. At 500ºC, leaks were meas-

ured by switching from H2 to He atmosphere. The remaining steps of the characterization 
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of membrane Ma-34b consisted of holding for 100 hr in H2 atmosphere at 550 and 600ºC. 

At each temperature, the He leak was measured 3 or 4 times by switching from H2 to He.  

Membrane Ma-41, a composite Pd-Cu membrane, was characterized at 250, 300, 350 

and 400ºC according to the procedure described in Sections 3.2.2 and 3.2.3. At 450ºC 

Ma-41 was held for 500 hr in H2 atmosphere; the leak was determined by switching from 

pure H2 to a 99%H2-1%He mixture and measuring the permeate gas composition with an 

on-line GC. After 500 hr at 450ºC, He was introduced and the leak was measured in He 

atmosphere to corroborate the GC leak measurements previously taken. The temperature 

was then raised to 500ºC and H2 was introduced. Ma-41 was not held at 500ºC in He at-

mosphere as was the case for Ma-34b. Ma-41 was held for 280 hr in H2 atmosphere and 

the He leak was measured 3 or 4 times by switching from H2 to He. Finally membrane 

Ma-42, was characterized as described in Sections 3.2.2 and 3.2.3 

10.2.3 The activation energy for the rate of increase of leaks in composite 

Pd membranes 

At a given temperature, leaks in composite Pd membranes were assumed to increase 

linearly with time, which turned out to be a good approximation at temperatures equal to 

or higher than 450ºC. The behavior of leaks at temperatures lower than 450ºC was diffi-

cult to study since they grew at a very slow rate. At temperatures higher than 450ºC, the 

leak was measured several times at a given temperature. Therefore, the rate at which the 

leak increased was determined relatively accurately. Yet, in cases, especially at low tem-

peratures, only one leak measurement was performed. When only one leak measurement 

was available the rate at which the leak increased was calculated using the following pro-

cedure.  
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Figure 10-1 depicts the H2 permeance as a function of time for an hypothetical mem-

brane. At t1 He was introduced and the He leak at 450ºC was measured. At t2 the 

temperature was changed from 450ºC to 500ºC at a rate of 1ºC/min and t3 was the time at 

which the He leak at 500ºC was measured.  

Based on experimental observations, the He leak did not change during the 50 minutes 

that were necessary to bring the temperature up by 50ºC (e.g. from 450 to 500ºC). There-

fore, the He leak at point t2 was equal to the He leak at point t1 plus the increase in He 

leak that occurred at 450ºC during the time Δt=t2-t1. The rate of increase for the leak at 

500ºC was then given by Equation (10-1) 

! 

rHe500 =
He(t3) " He(t1) + rHe450 # (t2 " t1)}{

t3" t2
 (10-1) 

where, He(ti) is the He leak at the time ti (i=1, 2, 3, etc.) and rHetemp is the rate of in-

crease for the He leak at the temperature denoted in the subscript (temp). ti corresponded 

to the time at which He leaks were measured and temperatures were changed as shown in 

Figure 10-1. 
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Figure 10-1  Schematic H2 vs. time plot for a composite Pd membrane. 
 

 

10.3 Results and discussion 

10.3.1 Pinhole size, pinhole formation 

10.3.1.1 Size characterization of pinholes 

This section aimed at the study of defects already formed in a composite Pd mem-

brane. The calculations are only shown for membrane Ma-41 at 450ºC although the same 

calculations were performed for all membranes. 

The diffusion of gases through the defects in a Pd layer can be approximately given by 

the sum of a Knudsen term and a viscous term (slip-flow) as shown in Equation (10-2). 
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As already stated in Section 5.4.2, the flux of inert gases through defects was modeled as 

the flux of gases through a porous media with a very small porosity (Mardilovich et al., 

1998). The flux of gases through defects was in general very small, therefore, leaks were 

not affected by mass transfer within the porous support. That is, when looking at Figure 

5-1, the pressure P2 is equal to pressure P3. 
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where α⋅ΔP is the Knudsen flow and β⋅ΔP⋅Pave is the viscous flow. Equation (10-2) as-

sumes that surface diffusion is negligible. Plotting gas permeance (J/ΔP) as a function of 

the trans-membrane average pressure led to a straight line for every gas (He, N2, Ar 

etc…) with α as the y-intercept and β as the slope. Figure 10-2 shows the permeance of 

He and Ar through Ma-41 as a function of the average trans-membranes pressure. Equa-

tion (10-2) also assumes that the defects of composite Pd membranes were pinholes 

within the Pd layer with an average diameter d. The average diameter d can be estimated 

from the β/α ratio after having assumed µk is equal to µv. After simplification, the β/α 

ratio is given by Equation (10-3) 
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In fact µv is equal to 1/τ and µk is equal 1/(τ θk) with θk the reflection factor. The re-

flection factor is proportional to the roughness of the pore walls. Smooth walls are 

characterized by a θk value equal to 1 while rough surfaces have reflection factors greater 

than 1. Therefore, assuming µk is equal to µv is equivalent to assume θk equal to 1 and 

that pinhole walls were smooth, which was close to the reality. 
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Figure 10-2  He and Ar permeance of Ma-41 as a function of average pressure 
across the membrane. 
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The β/α ratio of all gases can then be plotted as a function of √M/η and be fitted with 

a straight line forced through the origin. Figure 10-3 shows the β/α ratio plotted as a 

function of √M/η for He and Ar. The precision achieved on the determination of the di-

ameter depended on the precision with which the β/α ratio was measured. The precision 

on the β/α ratio was estimated to be 1-2% when digital mass flow meters (MFM) were 

used. When bubble flow meters (BFM) were used for the measurement of the He per-

meance the precision on the β/α ratio dropped to 10-15%. He leak data from MFM were 

used when the He fluxes measured in the 0-4.5 bar (see Section 3.3.1) lay within the 

range of the mass flow meter (0-50sccm). The pinhole diameter was estimated with a 2-

5% precision when data from MFM were used. The average pinhole size for Ma-41 was 

estimated to be 0.16 µm at 450ºC.  

Table 10-2 summarizes the He leak and selectivity shown by all membranes after they 

were kept at the maximum temperature for the time listed in the Table. It became appar-

ent that all composite Pd membranes suffered from selectivity reduction. Table 10-2 also 

lists the average pinhole size determined on each membrane. Membranes having a high 

selectivity (>800), Ma-41/42 were characterized by a very small average pinhole size 

equal to 0.16-0.17 µm. Membranes having a low selectivity (<100) were characterized by 

an average pinhole size larger than a micron. 
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Figure 10-3  β/α ratio as a function of M0.5/η for He and Ar. 
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Table 10-2  He leak and selectivity of membranes considered in this chapter  
membrane Thick. 

(Weight 
gain) 
(µm) 

Temp. 
(ºC) 

Time spent 
at max Temp. 

(hr) 

H2 permeance  
at Temp. (col. 2) 
(m3/m2-h-bar0.5) 

He leak. 
(m3/m2-h-bar) 

Selectivity  
at ΔP=1bar 

(H2/He) 

Average pinhole diameter 
(µm) 

C01-F03 32 500 35 4.3 0.0148 (at RT) 
(BFM) 

120 1.7 (at RT, He) 

C01-F05 33 500 100 10.3 0.00766 587 n.d. 
C01-F07 23 500 76 8 0.0763 (at RT) 

(BFM) 
43 0.34 (at RT, He) 

C01-F11 15 500 319 20.6 0.0125 683 0.83 (He) 
C01-F11b 17 500 179 23.5 0.0214 478 0.47 (He) 
C01-F11b 17 550 93 28.3 0.234 (at RT) 

(BFM) 
52 0.34 (at RT, He and N2) 

Ma-32 7.7 500 52 50 0.485 42 n.d. 
Ma-32b 10 500 1100 41 0.0651 280 n. d. 
Ma-32c 12 500 556 38 1.101 (at RT) 

(BFM) 
14 1.3 (at RT, He) 

Ma-34b 8 500 552 20 0.0957 86 0.92 (He) 
Ma-41 10 450 500 30 0.0145 857 0.16-0.17 (He and Ar) 
Ma-42 5.6 500 111 39 0.0165 980 0.04 (He) 
Ma-42 5.6 500 185 39 0.019 818 0.16 (He) 

n.d. = not determined 
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10.3.1.2 The formation of pinholes at high temperatures 

The morphology changes of Pd deposits formed by the electroless deposition method 

were studied by heating pieces of Ma-32c membrane at 500, 550, 600 and 650ºC for 48 

hr in H2 atmosphere. Figure 10-4(a), (b), (c) and (d) show the morphology of Ma-32c af-

ter the H2 characterization at 500ºC, after the heat-treatment at 550, 600 and 650ºC 

respectively. No pinholes were readily seen on the surface of membrane Ma-32c after H2 

characterization at 500ºC. Figure 10-4(b) shows that the heat-treatment at 550ºC led to 

the growth of Pd clusters, yet pinholes were still not readily visible on a random region of 

the surface of the Pd layer. The heat-treatment at 600 and 650ºC led to the formation of a 

large number of pinholes, which were visible on random regions of Ma-32c surface. The 

number of pinholes per unit area was larger in the 650ºC annealed sample than in the 

600ºC annealed sample. 

Since high temperatures (600-650ºC) led to the formation of numerous and large (5µm 

in diameter) pinholes, and since few and small (1µm in diameter) pinholes were found at 

500ºC, leak formation and growth might start at low temperatures 400-450ºC by the for-

mation of small pinholes and leaks might grow at higher temperatures by the formation of 

new pinholes and growth of already formed pinholes. Section 10.3.1.3 aimed at the eluci-

dation of the formation and growth of pinholes at moderate temperatures (450-550ºC). 
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Figure 10-4  Ma-32c surface morphology after annealing in H2 at (a) 500, (b) 550, 
(c) 600 and (d) 650ºC for 48 hr (Mag 1500) 

(a) (b) 

(c) (d) 
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10.3.1.3 The formation and growth of pinholes 

This section aimed at the elucidation of the formation and growth of pinholes at the 

temperature at which leaks appeared in all composite Pd membranes, which was 450ºC 

(see Figure 6-10), and also at high temperatures (500 and 550ºC). 

In order to investigate the formation and growth of pinholes at 450, 500 and 550ºC, 

the He permeance, the total pinhole surface, the pinhole diameter and the number of pin-

holes were determined as a function of time at 450 and 500ºC for membrane Ma-41 and 

at 500 and 550ºC for membrane Ma-34b. Figure 10-5 shows the He leak vs. average pres-

sure at different times during the characterization of Ma-34b. In order to determine the 

He permeance, the total pinhole surface, the pinhole diameter and the number of pinholes 

were determined as a function of time, the He flux was measured at several pressures (see 

Section 3.2.3) and also at different times for a given temperature. As an example Figure 

10-5 shows the raw data taken for membrane Ma-34b. The same type of data was also 

collected for Ma-41. The He permeance was measured after 1500 hr in He (circles in 

Figure 10-5), which was taken to be the zero time for the next H2 characterization step. 

The He permeance of Ma-34b was also measured after 200, 400 and 550 hr after switch-

ing from H2 to He atmosphere (Figure 10-5). The temperature was increased to 550ºC 

and the He permeance was measured after 60 hr. Figure 10-5 shows that for the first four 

lines (He permeance vs. Pave) the ratio β/α increased, indicating an increase of the aver-

age pinhole diameter according to Equation (10-3) as the membrane was held at 500ºC in 

H2. The straight line fitted through the experimental data taken at 550ºC clearly shows a 

lower β/α ratio indicative of a smaller average pinhole diameter at 550ºC.  
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The number of pinholes in the Pd layer can be estimated by first calculating the poros-

ity ε of the Pd layer (Mardilovich et al., 1998) using Equation (10-4)b 
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The tortuosity value τ was taken to be equal to 3.5, which is a general tortuosity value 

found in many pore systems. 

 

 

 

 

Figure 10-5  He permeance vs. average pressure at 500ºC at time t=0, 200, 400 and 
550 hr and t=60 hr at 550ºC.  
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  A greater precision was achieved using α than using β, which was due to somewhat 

larger errors on the determination of β. Therefore, porosity calculations based on α had a 

better precision. The number of pinholes per unit area can then be calculated from Equa-

tion (10-5) 

! 

N = 4 "
# " S

$d2
 (10-5) 

where N is the number of pinholes/m2 and S the total surface of the composite Pd 

membrane. Since N is based on the porosity, a better estimation is found using ε based on 

α. ε⋅S is the total pinhole area. 

Figure 10-6 shows the He permeance and the total pinhole area for membrane Ma-41 

as a function of time at 450 and 500ºC. the total pinhole area (εα⋅S) as a function of time 

was calculated using experimental data similar to the one in Figure 10-5 and Equations 

(10-3) to (10-5). At 500ºC, both the leak rate and the total pinhole area increased linearly 

with time. Figure 10-7 shows the average pinhole diameter and the total number of pin-

holes in the 120 cm2 of membrane Ma-41 as a function of time at 450ºC and 500ºC. The 

average pinhole diameter and the total number of the pinholes was also estimated using 

Equations (10-3), (10-4b) and (10-5). The average pinhole diameter decreased as a func-

tion of time from 0.42 to 0.25 µm at 500ºC. The number of pinholes slowly increased 

from around 1000 to around 6500. Therefore, it appeared that the He leak grew at 500ºC 

by the continuous formation of small pinholes.  
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Figure 10-6  He leak rate vs. time at 450ºC and 500ºC for membrane Ma-41. The to-
tal pinhole area (εα⋅S) as function of time at 500ºC and 550ºC was also plotted. 

 

 

Figure 10-7  Pinhole diameter and number of pinholes as a function of time at 450ºC 
and 500ºC. 
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Figure 10-8 shows the He permeance and the total pinhole area for membrane Ma-34b 

as a function of time at 500 and 550ºC. the total pinhole area (εα⋅S) as a function of time 

was calculated using the data in Figure 10-5 and Equations (10-3) to (10-5). At 500ºC the 

leak rate increased linearly with time yet the total pinhole area appeared to be constant.  

At 550ºC both the leak rate and the total pinhole area rapidly increased. Figure 10-9 

shows the average pinhole diameter and the total number of pinholes in the 120 cm2 of 

membrane Ma-34b as a function of time at 500ºC and 550ºC. The average pinhole diame-

ter and the total number of pinholes were also estimated using data in Figure 10-5 and 

Equations (10-3), (10-4b) and (10-5). The average pinhole diameter increased as a func-

tion of time. It appeared then that at 500ºC the increase in He permeance was only due to 

an increase in pinhole size since the total pinhole surface and also the total number of 

pinholes were relatively constant. When the temperature was raised to 550ºC, the total 

number of pinholes increased from 100 to 8000. Also, the average pinhole size decreased 

from 0.8-1 µm to 0.4 µm. Therefore, The increase of the leak at 550ºC occurred by the 

formation of a large number of new pinholes with an average diameter of 0.35 µm. 

In both membranes, Ma-34b and Ma-41, the average pinhole size decreased while the 

total number of pinholes increased when a temperature change was performed (450-

500ºC or 500-550ºC) indicating the formation of new and small pinholes. The main dif-

ference between the two membranes was that in the case of Ma-41, the increase in total 

pinhole number was slow, while for membrane Ma-34b the total pinhole number in-

creased by a factor of a 1000 in only 60 hr. In addition, Figure 10-6 suggests that at 

500ºC formation and growth of pinholes occurred at the same time. 
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Figure 10-8  He leak rate vs. time at 500ºC and 550ºC for membrane Ma-34b. The to-
tal pinhole area (εα⋅S) as function of time at 500ºC and 550ºC was also plotted. 

 

 
Figure 10-9  Pinhole diameter and number of pinhole as a function of time at 450ºC 

and 500ºC. 
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10.3.1.4 Distribution of defects in composite Pd membranes 

Knowing the leak distribution in the membrane was an important piece of information 

to understand whether the He leak was due to localized imperfections or due to a process 

affecting the entire surface of the membrane. 

In order to locate the He leak of Ma-32b and Ma-32c a rising “water test” was per-

formed after cooling the membrane down to room temperature. The rising “water test” 

was performed according to the procedure described in Section 3.3.2. The normalized He 

leak for Ma-32b and Ma-32c were plotted in Figure 10-10 as a function of the water 

level. The He leak of Ma-32b/32c membranes decreased rather uniformly as the water 

level was increased, indicating that the He leak of both membranes was distributed uni-

formly across the surface. Therefore, the process leading to the leak formation and leak 

growth affected the entire Pd layer. The uniformity character of this process suggested 

that the leak formation was an internal phenomenon related to the nature of Pd metal.  

10.3.2 Kinetics of leak increase in H2 atmosphere 

It is of great interest to determine the temperature at which leaks appeared. The tem-

perature at which the He leak started shed some light on the mechanism of the leak 

formation. Figure 10-11 shows the He leak of membranes C01-F11a/11b, Ma-41 and Ma-

42. For all membranes, the first large increase in He leak was measured at 450ºC, which 

fell within the range of 0.2-0.4 of the Pd melting point1 in Kelvin.  

                                                

1 Pd melting point: 1552ºC 
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Figure 10-10  He leak as a function of water level for membrane Ma-32b/32c. The 
“0” mark corresponds to the lower weld and the “15” mark corresponds to the upper 
weld.  



 Pinhole formation 

 313 

 

 

 

 

 

 

 

Figure 10-11  He leak of membranes C01-F11/11b and membrane Ma-41 and Ma-
42 as a function of temperature. 
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It has been shown that sintering in nanocrystalline metals starts at 0.2-0.4 of the melt-

ing point (Koch, 2002). Therefore, leak formation and leak growth are related to the 

sintering of Pd grains and Pd clusters.  

When plotting the He leak as a function of temperature, it is implicitly assumed that 

the He leak did not grow with time at a given temperature, which was valid at tempera-

tures lower than 450ºC where the rate of increase of the He leak was very slow. However, 

at temperatures equal to or higher than 450ºC, the He leak increased faster, and the leak 

was followed as a function of time at a given temperature. As a consequence, the time for 

which each membrane was held at each temperature in Figure 10-11 needed to be consid-

ered. In fact, the He leak vs. temperature plot shown in Figure 10-11 lacks the “time” 

variable. The He leak at 450ºC for membrane Ma-41 was almost equal to the He leak at 

500ºC because the times at which measurements were taken were not the same. The leak 

at 450ºC was taken after 500 hr in H2 while the leak at 500ºC was measured after only 60 

hr in H2 at 500ºC.  

Figure 10-12 shows the He leak- He leak0
1

 increase in H2 atmosphere as a function of 

time for membrane Ma-34b at 450, 500 and 550ºC. The He leak increase was linear as a 

function of time and the rate of increase for the He leak was determined from the slope at 

each temperature. A similar approach was used for all composite Pd membranes, when 

the He leak was measured several times at a given temperature (Ma-32b, Ma-34b and 

Ma-41). 

                                                

1 He leak0 corresponds to the He leak at the time t=0. 



 Formation of pinholes at high temperatures 

 315 

 

 

 

 

 

 

Figure 10-12  He leak rate increase in H2 atmosphere at 450, 500 and 550ºC for 
membrane Ma-34b. 
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The rate of increase for the He leak of membrane C01-F11a/11b and Ma-42 was esti-

mated as described in Section 10.2.3 since only one He leak measurement was performed 

at each temperature. The natural logarithm of the rate of increase for the leak was then 

plotted as a function of inverse temperature (Arrhenius plot) in order to estimate the acti-

vation energy of the mechanism underlying the leak increase in composite Pd 

membranes. The Arrhenius plot of leak rate growth for membranes C01-F11a/11b and 

membranes Ma-32b, Ma-34b, Ma-41 and Ma-42 is shown in Figure 10-13. 

Figure 10-13 clearly shows that the rate of increase for the He leak in the 250-400ºC 

temperature range was very slow and that significant leaks began to develop at 450ºC. 

Moreover, the rate at which the He leak increased at 500ºC in pure H2 was similar for all 

membranes with an average value of 9.1⋅10-5 m3/(m2 h bar)/h. Since leaks hardly grew in 

the 250-400ºC temperature range, the activation energy for leak growth was only esti-

mated in the 450-550ºC temperature range using the rate at which the leak increased for 

membranes C01-F11a/11b and Ma-32b, Ma-34b and Ma-42. The data of membrane Ma-

41, composite Pd-Cu membrane, were omitted for the calculation of the activation en-

ergy, as well as the average rate at which the He leak increased at 500ºC. Data for 

membrane Ma-41 was plotted in Figure 10-11 and Figure 10-13 for comparison purposes 

only and for later discussions. 
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Figure 10-13  Arrhenius plot for membranes C01-F11a/11b and membranes Ma-32b, Ma-34b, Ma-41 and Ma-42. The activation 
energy was estimated in the 450-550ºC temperature range. 
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The activation energy for the rate of increase was estimated to be 237 kJ⋅mol-1, which 

closely matched the activation energy of Pd self diffusion coefficient of 266 kJmol-1. 

Hence, leak growth was a diffusion-limited process, which required the diffusion of Pd 

atoms. 

10.3.3 Leak growth in He atmosphere 

In order to investigate the leak behavior of composite Pd membranes in H2 and He, the 

He leak of membrane Ma-34b was measured as a function of time at 500ºC in both He 

and H2 atmospheres. After storage and after 500 hr in H2 at 450ºC, the He leak was 

measured (0.00285 m3/(m2 h bar)). The 450-500ºC temperature change was performed in 

He atmosphere (ΔP=1 bar) at a rate of 1ºC/min. The He leak did not grow during the 

temperature change. Therefore, at zero time at 500ºC, the He leak also equaled 0.00285 

m3/(m2 h bar). After the temperature change, membrane Ma-34b was held in He atmos-

phere at 500ºC for 1,500 hr and the leak was monitored as a function of time. After 1,500 

hr in He, H2 was introduced for 500 hr. The leak which developed in H2 atmosphere was 

measured three times by switching briefly back to He atmosphere. A similar procedure 

was used at 550ºC to measure the rate of increase in the He leak at 550ºC. The H2 per-

meance of membrane Ma-34b at 450ºC was 24 m3/(m2 h bar0.5) and was expected to be 

28 m3/(m2 h bar0.5) at 500ºC. However, after 1,500 hr in He at 500ºC the H2 permeance 

was only 10 m3/(m2 h bar0.5) and increased to 20 m3/(m2 h bar0.5) after 350 hr in H2 at 

500ºC.  

Industrial He contains some impurities (O2, CO, CO2) that were adsorbed on the sur-

face of the Pd layer during the time the membrane was kept at 500ºC in He resulting in a 

very low H2 permeance at 500ºC. The process was partially reversible since part of the 
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expected H2 permeance (28 m3/(m2 h bar0.5)) was recovered by holding the membrane in 

pure H2 at 500ºC. 

Figure 10-14 shows the He leak –He leak0 of membrane Ma-34b at 500ºC in He at-

mosphere. The He leak started to increase after 300 hr following an “S” curve, 

characteristic of nucleation and growth processes. After 900-1000 hr the He leak reached 

a steady value equal to 0.0093 m3/(m2 h bar). After 1500 hr, H2 was introduced and the 

He leak did not show the same pattern as in He atmosphere. The leak in H2 atmosphere 

increased linearly (1.57 10-4 m3/(m2 h2 bar)) and, assuming a linear rate increase in He 

atmosphere for he first 1000 hr, the leak increased 27 times faster in H2 atmosphere than 

in He atmosphere (5.85 10-6 m3/(m2 h2 bar)). The He leak of membrane Ma-32b as a 

function of time at 500ºC in H2 atmosphere was also plotted for comparison purposes. 

The leak of membrane Ma-32b as a function of time follows a polynomial trend and was 

characterized by a short induction time of 100 hr.  

After the induction time, the rate of increase in the He leak of membrane Ma-32b was 

considered as linear (last three data points) with a value equal to 8.73 10-5 m3/(m2 h2 bar), 

which is close to the He leak increase of membrane Ma-34b at 500ºC in H2 atmosphere. 

Therefore, the He leak was considered as linear in both He and H2 atmosphere, after a 

short induction time in H2 (100 hr) and longer induction time in He (300 hr). In He at-

mosphere, some process inhibited the growth of the leak while in H2 atmosphere the leak 

grew continually. 
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Figure 10-14  He leak increase at 500ºC of membrane Ma-34b in He atmosphere 
(circles) and in H2 atmosphere (filled circles). The He leak increase of membrane Ma-

32c at 500ºC in H2 atmosphere was also plotted for comparison purposes. 
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10.3.4 Leaks in Pd-Cu membranes: the case of Ma-41 

As already explained in Sections 2.1 and 7.1, one of the main purposes of alloying Pd 

with Cu is that the solubility of H2 in Pd-Cu is very low, therefore, Pd-Cu are less prone 

to hydrogen stress problems and Pd-Cu alloys would develop less leaks than Pd mem-

branes. It was of great interest to determine the leak stability of membrane Ma-41 at low 

temperatures (250-400ºC) and especially the leak behavior as a function of time at 450ºC 

and 500ºC in H2 atmosphere to compare with composite Pd membranes. The He leak in 

He atmosphere at 300ºC was equal to 0.0048 m3/(m2 h bar) (selectivity H2/He = 1050) 

after exposure to H2 at 300ºC. After measuring H2 permeance at 350 and 400ºC the He 

leak was measured at 400ºC in He atmosphere and equaled 0.0054 m3/(m2 h bar) (selec-

tivity H2/He = 1760). Since the He leak was almost unchanged up to 400ºC it appeared 

that the membrane microstructure did not change as the temperature was raised i.e. no 

changes in defects occurred at temperatures between 250 and 400ºC, which was consis-

tent with the fact that the microstructure of composite Pd-PH structures did not change at 

temperatures lower than 400ºC (Sections 9.4.2.1 and Section 10.3.2). The initial He leak 

at 450ºC, determined with a GC analysis, equaled 0.0046 m3/(m2 h bar), which was equal 

to the He leak at 400ºC within experimental error. That is, the He leak did not increase 

during the 50 minutes (1ºC/min) of the temperature change. Figure 10-15 shows the He 

leak rate and selectivity (H2/He) as a function of time at 450ºC and 500ºC in H2. The se-

lectivity steadily decreased as a function of time at 450 and 500ºC in H2.  
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Figure 10-15  Ideal selectivity (H2/He) and He leak (sccm1) as a function of time ex-
hibited by the Pd-6.8wt% Cu membrane at 450ºC in H2 atmosphere 

                                                

1 sccm= standard cm3 per minute 
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The rate at which the He leak increased was determined and plotted, as already seen, 

in Figure 10-13. The rate at which the He leak increased in Ma-41 was similar to the rate 

at which the He leak increased in membranes C01-F11a/11b, Ma-32b/34b/42. It is par-

ticularly interesting to note that at 450ºC, composite Pd membranes were under a 

compressive stress of magnitude around 10 MPa in H2 atmosphere (see Figure 9-9) and 

that composite Pd-Cu membranes were most probably under a tensile stress of magnitude 

around 19 MPa at same conditions (see Figure 9-21). Apparently, the nature of the stress 

did not have large influences on the rate at which the leak developed in both type of 

composite membranes. That is due to the fact that stress do not play an important role in 

leak formation. That is, even though it was possible to lower the magnitude of the com-

pressive stress at 450ºC for the Pd-Cu alloy, leaks still develop and at a similar rate than 

in Pd membranes. Hence, the reasons for leaks is the sintering of Pd clusters. 

 

10.3.5 The formation of leaks in composite Pd membranes prepared by 

the electroless deposition technique 

All materials keep excess energy in many ways such as stresses, surface energy in 

grain boundaries and metastable phases. Lower energy states are thermodynamically fa-

vorable. Many energy release mechanisms (sintering, dislocations, recrystallization) are 

diffusion-controlled mechanisms. Since diffusion is slow at low temperatures, materials 

kept at low temperatures will not undergo structural changes due to kinetics limitations 

(diffusion). At higher temperatures, when the activation energy for nucleation is over-

come, diffusion is fast and the transformations occur. Fresh electroless Pd deposits were 

also characterized by an excess of energy since they were slightly porous and included a 
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significant number of Pd clusters (0.5µm) each one of which composed of thousands of 

100nm Pd crystallites.  

Moreover, fresh electroless Pd deposits are characterized by initial “intrinsic” tensile 

stresses and extrinsic stresses due to H2 loading and Pd/support thermal coefficient mis-

match. Therefore, electroless Pd deposits will undergo structural modifications at high 

temperatures i.e. at temperatures close to the Tamman temperature of Pd (m.p./2 in K), 

where Pd atoms acquire sufficient mobility. Section 9.4.2.3 showed that the temperature 

at which stress relaxation occurred was close to 400-450ºC and Section 0 showed that 

leaks started to develop at 400-450ºC. Section 10.3.2 showed that the leak development 

was a diffusion limited process with a high activation energy. Since the leak formation is 

a diffusion-limited process, any parameter affecting the diffusion of Pd atoms will have 

an impact on leak formation.  

The Pd self-diffusion is a substitutional diffusion mechanism, that is, in order for a Pd 

atom to diffuse it needs first to overcome an activation barrier. Figure 10-16(a) depicts 

the jump of a Pd atom into a vacancy in a plane and Figure 10-16(b) depicts the jump of a 

Pd atom in a fcc cell (Porter and Easterling, 1981). In both cases, the jump of a Pd atom 

into a vacancy requires the stretch of other Pd atoms in between the Pd atom of interest 

and the vacancy. The absorption of H2 leads to expansion of the Pd lattice cell, therefore 

the energy the Pd atom needs to overcome to jump into the vacancy is lower when H is 

dissolved in Pd. Indeed, Pd atoms 1 and 2 in Figure 10-16(a) are already stretched in H2 

atmosphere. Moreover, H2 absorption leads to the increase of vacancies in Pd. Therefore, 

Pd self-diffusion coefficient is increased in H2 atmosphere causing a faster leak growth in 

H2 atmosphere than in He atmosphere as experimentally seen (see Figure 10-14) 
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Figure 10-16  Jump into a vacant site. (a) Atoms 1 and 2 need to stretch. (b) The 
four dashed atoms need to stretch in the fcc cell (Porter and Easterling, 1981). 

 

The process leading to the growth of Pd crystallites (see Figure 9-3(e)(f)) is sintering. 

The sintering rate is equal to the product of mobility and stress or driving force, which 

for sintering is defined as the surface energy times the surface curvature and is given by 

Equation (10-6) 
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where γ is the interfacial energy, g a geometric constant, R1 and R2 are the curvature 

radii at the surface. For spherical particles R1 and R2 are equal and g equals to 1. Hence, 

smaller particles lead to higher stresses and faster sintering rates. Mobility refers to the 

speed of the process involved during sintering. Processes may be: surface diffusion (pre-

dominant at low temperatures), volume diffusion, grain boundary diffusion, plastic flow 

(when microstructure is highly curved) and dislocation climb. Electroless Pd deposits are 

characterized by a relatively high driving force for sintering due to their fine grain struc-

ture (100 nm Pd crystallites). The release of stresses at 400-450ºC (Section 9.4.2.3) and 

Figure 9-4 indicated that sintering started at 400-450ºC.  
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Sintering can occur coherently and incoherently (Skorokhod, 2003). Coherent sinter-

ing leads to a homogenous and high-density (close to or equal to the bulk material) 

material. However, incoherent sintering leads to evolution of pores and microholes due to 

local densification or differential shrinkage. Differential shrinkage is characteristic of sin-

tering in ultra-fine materials. Coherent and incoherent sintering are depicted in Figure 

10-17 from simulations performed by Skorokhod (2003). 

 

 

Figure 10-17  Mathematical simulation of (a) coherent sintering and (b) incoherent 
sintering (Skorokhod, 2003) 
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Figure 10-17(a) shows a simulation of the coherent sintering of small particles at dif-

ferent times. Figure 10-17(b) shows a simulation of the incoherent sintering of small 

particles at different times. Incoherent sintering leads to the formation of local voids.  

It is known that the sintering process of metals depends on the sintering atmosphere. 

Indeed, faster densification was obtained for martensic steels in a 60%H2-40%N2 mixture 

than in pure N2 (Blaine et al., 2003). H2 reduced surface oxides formed at the grain 

boundaries increasing grain boundary mobility and therefore decreasing sintering time. It 

was possible that a thin oxide film at the Pd grain boundaries inhibited the grain growth 

or Pd cluster sintering in He atmosphere. However, the thin oxide layer was reduced in 

the presence of H2 leading to incoherent sintering, leak formation and leak growth.  

10.4 Conclusions 

Raising water tests on Ma-32 showed that leaks in Pd membranes were uniformly dis-

tributed on the surface. Pinhole formation was faster at 550ºC than at 500ºC. The leak 

growth was found to be to diffusion-limited process with an activation energy equal to 

237 kJ mol-1, which corresponded to the activation energy of Pd self-diffusion coeffi-

cient. The fact that the leak growth was a diffusion-limited process was in agreement 

with the finding that leaks grew faster in H2 atmosphere. Indeed, absorbed H in the Pd 

increases the self-diffusion coefficient of Pd. Pinhole formation at temperatures higher 

than 450ºC was due to incoherent sintering of the small (100nm) Pd crystallites.  

.  
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11 Conclusions 

o A new technique using pre-activated Al2O3 particles of different sizes was de-

veloped to grade the porous metal supports to obtain a very smooth surface 

with a narrow pore size distribution. The composite Pd membranes achieved 

on graded porous metal supports were as thin as 5.6 µm. 

o The H2 permeance of composite Pd and membranes prepared on graded PH 

supports was as high as 50 m3/(m2 h bar0.5). H2 permeances as high as 93 

m3/(m2 h bar0.5) were expected however, the presence of mass transfer within 

the porous support strongly affected the H2 permeance. 

o The H2 permeance of composite Pd membranes prepared on graded PH sup-

ports was stable over 1100 hr at 500ºC in H2 atmosphere.  

o The H2 permeance was enhanced by the oxidation of the membrane surface at 

350ºC for 48 hr. 

o The selectivity (H2/He) of composite Pd membranes prepared on graded sup-

ports was higher than 300 for periods of time over 1100 hr at 500ºC in H2 

atmosphere. The selectivity of all membranes at temperatures lower than 

400ºC was as high as 1000. 

o Pd-Cu membranes prepared on graded supports showed permeances as high as 

30 m3/(m2 h bar0.5) at 450ºC with a selectivity (H2/He) equal to 900.  
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o The ordering transformation fcc→bcc occurred with the fastest rate at 400-

450ºC with a 50% conversion after only 60 seconds. 

o Thin Pd films deposited with the electroless deposition method were character-

ized by a nanocrystalline structure with Pd crystallites of 50-100 nm.  

o It was found that, at low temperatures, part of the H2 permeating through the 

composite Pd membranes, diffused through Pd grain boundaries. 

o Microstrains and initial intrinsic stresses release occurred at 400ºC without 

visible sintering of Pd clusters. The release of microstrains and initial intrinsic 

stresses did not affect membrane selectivity. 

o At temperatures higher than 400ºC, the energy was sufficient for thermal 

stresses to be released, which occurred with significant sintering of Pd grains 

and clusters.  

o PH supports were more suited for the preparation of composite Pd membranes. 

The presence of a thick Cr2O3 layer drastically inhibited intermetallic diffusion 

at 500ºC. The Cr2O3 layer was not reduced in H2 atmosphere and high tem-

peratures (600ºC). All PH supports had a large mass transfer resistance. 

o A model was developed to predict the effect of mass transfer resistance within 

the porous support of composite Pd membranes on the H2 permeation mecha-

nism. The activation energy for H2 permeation data of all membranes were in 

good agreement with the mass transfer model. 

o For the first time, the kinetics of H2 flux decline were measured and showed 

that, at temperatures lower than 500ºC intermetallic diffusion occurred by the 

diffusion of Fe through Pd grain boundaries. At temperature higher than 
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500ºC, intermetallic diffusion took place by the diffusion of Fe through the Pd 

lattice. 

o For the first time, the kinetics of selectivity decline were measured and showed 

that, leak growth was a diffusion-limited process and was attributed to the in-

coherent sintering of Pd nano-crystallites.  

o Thermal stresses and hydrogen stresses had no influence on selectivity decline. 
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12 Recommendations 

In order to achieve composite Pd membranes with higher H2 permeance and even bet-

ter long-term stability, further research should focus on: 

o The use of porous metal supports having a larger He permeance than PH sup-

ports in order to avoid mass transfer limitations. 

o Develop thinner and more stable barriers for the inhibition of the intermetallic 

diffusion phenomena. The formation or deposition of the barrier should not 

lead to a large decrease of the He permeance of the bare support to avoid mass 

transfer limitations. 

o The study of other smoothing techniques such as deposition of γ-alumina by 

the sol gel method. very smooth surfaces can be achieved by first grading the 

support with pre-activated Al2O3 particles followed by a thin (0.2-0.4 µm) of a 

sol gel layer.  

o A further study on Pd surface modification is needed. The deposition of a thin 

layer of Pd black may lead to the increase of the H2 permeance. If so, investi-

gate the reasons for the increase in H2 permeance. 

o The study of the sintering mechanism of electroless thin Pd deposits by in-situ 

electron microscopic techniques. This experiment will further substantiate the 

incoherent sintering mechanism. 
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o The synthesis of Pd-Cu membranes having 40-42 wt% Cu on engineered sur-

faces.  

o The study of the ordering/disordering transformation in a composite Pd -40 

wt% Cu membrane on the leak stability of the membrane.  

To avoid the sintering of Pd nano-crytsallites two approaches can lead to similar re-

sults: start from the beginning with a membrane having large Pd grains (no surface 

excess energy) or, freeze the initial microstructure. The following experiments are of 

great importance 

o Study a composite Pd membrane with no excess energy to avoid incoherent 

sintering. A composite Pd membrane with no excess energy can be prepared by 

sputtering deposition (or CVD) and by heating the support at a temperature of 

450ºC during deposition. The leak of this composite Pd membrane should not 

grow. 

o Harden Pd with refractory metals to reduce the mobility of grain boundaries 

thereby, decreasing the sintering rate. This idea is based on the Zenner pinning 

effect of grain boundaries, which is commonly seen in metallographic studies. 
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Nomenclature 

Ea Activation energy for H2 absorption reaction (J mol-1 or kJ mol-1) 

Ed Activation energy for H2 desorption reaction (J mol-1 or kJ mol-1) 

Ep Activation energy for H2 permeation (J mol-1 or kJ mol-1) 

FH2 H2 permeance derived from the H2 flux at ΔP = 1bar (2:1) (m3 m-2 h-1 

bar-0.5) 

F0.5 H2 permeance derived from least square analysis assuming n=0.5 (m3 

m-2 h-1 bar-0.5) 

Fn H2 permeance derived from least square analysis adjusting the n-

exponent (m3 m-2 h-1 bar-n) 

J Gas molar flux (mol m-2 s-1 or m3 m-2 h-1) 

K Sieverts’ constant (bar0.5, Torr0.5) 

K’ Proportionality constant when the n-exponent is different than 0.5 

(barn-exponent, Torrn-exponent) 

L Porous support wall thickness (m or µm) 

LPd Pd membrane thickness (m or µm) 

Mi Molecular weight for i compound (kg mol-1) 

n-exponent n-exponent or H2 pressure exponent (-) 

n(H/Pd) Amount of hydrogen dissolved in the bulk of Pd (mol H/ mol Pd) 
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PH2hp H2 partial pressure in retentate, shell or high pressure side (Pa or bars), 

also noted as Pshell 

PH2lp H2 partial pressure in permeate, tube or low pressure side (Pa or bars), 

also noted as Ptube or P0 

Pmax H2 pressure at which the maximum solubility in the Pd-H a-phase (a-

max) is reached (atm) 

Q0 H2 Pd permeability pre-exponential factor (m3 m1 m-2 h-1 bar0.5) 

r Percentage of the leak permeating according to a Knudsen mechanism. 

r=α/(α+β⋅Pave) 

R Universal gas constant (8.314 J mol-1 K-1) 

 

T Membrane temperature (at the permeate side) K or 0C 

 

Greek symbols 

α He leak Knudsen component coefficient (m3 m-2 h-1 bar-1) 

β He leak viscous component coefficient (m3 m-2 h-1 bar-2) 

ε Porosity of the Pd layer or the porous support 

ηi Viscosity of gas i (Pa s-1) 
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Appendix A: Error analysis on H2 permeance  

It was of great importance in this work to determine confidence intervals for all fitted 

parameters: H2 permeance assuming the Sieverts’ law, H2 permeance and n-exponent 

from non-linear fit. Specially, great care was taken to measure errors on the n-exponent. 

Confidence intervals of any given measurement are based on the standard deviation and 

were determined using Equation A.1 

( / )ave
t sµ µ= ± !  A.1 

where µ is the considered quantity, µave is the average value of the data set, A is the 

number of times that the µ quantity was measured, t is a tabulated number depending on 

the number of degrees of freedom (equal to A-1) and the degree of confidence required. s 

is the standard deviation. The standard deviation of the H2 permeance and n-exponent 

determined from a non-linear fit and the standard deviation of the H2 permeance deter-

mined from a linear fit were estimated by taking the H2 flux of membrane C01-F05 as a 

function of ΔP0.5 ten times during steady state at 250ºC. H2 permeance measurements 

were spaced in 24-hr intervals. Figure A.1 shows the H2 permeance and the n-exponent 

(from non-linear fit) and the H2 permeance assuming the Sieverts’ law (linear fit) as func-

tion of time. The standard deviation of H2 permeance assuming the Sieverts’ law was 

determined to be 0.02 m3/(m2 h bar0.5), see Table A.1, attesting to the very good precision 

achieved in the experimental measurements.  
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Figure A.1 F0.5, Fn and n-exponent at 250ºC of membrane C01-F05. Ten measure-
ments were used to compute standard deviations and estimate confidence intervals of 

F0.5, Fn and n-exponent 
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Table A.1 Statistical analyses on permeance and n-exponent at 250ºC, membrane 
C01-F05 

 n-exponent 
H2 Permeance 

(m3/(m2 h barn)) 
H2 Permeance (n=0.5) 

(m3/(m2 h bar0.5)) 
Average 0.60 4.60 5.89 

Calculated standard dev. 0.007 0.09 0.02 
Considered standard dev. 0.014 0.2 0.04 

Confidence interval (99%) 0.014 0.2 0.04 
 

The high precision in data collection was achieved in this work by using digital mass 

flow meters, pressure transducers and continuously logging data.  

The standard deviation of the H2 permeance determined from a non-linear fit was 0.09 

m3/(m2 h bar0.6), which was slightly larger than the permeance determined by assuming 

the Sieverts’ law. Indeed, even though the non-linear fit of the experimental data was bet-

ter than the linear fit (assuming n equal to 0.5), the nature of the mathematical expression 

involved in the fitting procedure (an exponential function of n) rendered the calculated H2 

permeance very sensitive to the n-exponent. The standard deviation of the n-exponent, 

also listed in Table A.1, was found to be equal to 0.007. Figure A.1 clearly shows the 

high standard deviation of Fn and the n-exponent resulting from the calculated H2 per-

meance being extremely sensitive to the n-exponent fitting parameter. Moreover, the 

standard deviation calculated from any data set containing ten measurements could be as 

far as 60% from the real standard deviation. More than 100 measurements would be 

needed to determine a more accurate standard deviation, yet the time needed to collect 

such an enormous amount of data was prohibitive in this case. Therefore, the actual stan-

dard deviation of H2 permeance determined assuming the Sieverts’ law could be as high 

as 0.04 m3/(m2 h bar0.5) and as high as 0.014 for the n-exponent. Considering 0.014 as the 
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standard deviation of the n-exponent, the standard deviation of Fn was calculated to be 

0.2 m3/(m2 h bar0.5). Calculated standard deviations, adjusted standard deviations due to 

insufficient number of measurements and confidence intervals are given in Table A.1 and 

were assumed to be the same at all temperatures.  

 

 


