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Abstract 

Numerous Group IVB and VB alloys were prepared and tested as potential membrane 

materials but most of these materials were brittle or exhibited cracking during hydrogen 

exposure. One of the more ductile alloys, V -lOPd (at. %), was fabricated into a thin 

(107-/lm thick) composite membrane coated with 100 nm of Pd on each side. The 

material was tested for hydrogen permeability, resistance to hydrogen embrittlement, and 

long term hydrogen flux stability. The hydrogen permeability, cI>, of the V -IOPd 

membrane was 3.86 x 10-8 mol Hz m- I 
S-l Pa-O

.
5 (avg. of three different samples) at 400°C, 

which is slightly higher than the permeability of Pd-23Ag at that temperature. A 1400 h 

hydrogen flux test at 400°C demonstrated that the rate of metallic interdiffusion was slow 

between the V -lOPd foil and the l00-nm-thick Pd coating on the surface. However, at the 

end of testing the membrane cracked at 118°C because of hydrogen embrittlement. 
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1. Introduction 

More efficient consumption of energy resources is important to conserve limited 

supplies, reduce pollution, and minimise the harmful effects of global climate change. 

Integration of membranes into hydrogen separating processes may improve the efficiency 

of hydrogen production and utilisation. There are many situations where durable and cost 

effective hydrogen separating membranes can contribute to improving energy intensive 

processes.47 For example, most of the hydrogen produced worldwide is created by steam 

reforming of methane using natural gas as a feedstock. Traditionally, the hydrogen 

produced by this method is purified using pressure swing adsorption that produces> 

99.9% pure hydrogen. By far, the largest consumer of hydrogen is refineries for 

hydrocracking and hydrodesulfurisation of fuels. However, for hydrogen to be used in 

Polymer Electrolyte Membrane fuel cells (PEMFC), the CO content must be significantly 

less than 1 ppm to avoid poisoning the Pt-containing electrodes. Defect-free metal 

membranes can be used to produce hydrogen with < 1 ppb impurities. Furthermore, 

hydrogen may be produced more economically than conventional processes in membrane 

reactors that integrate catalytic generation and separation of hydrogen or by using 

reactors that extract hydrogen with interstage membranes. 13, 18,28,57 

A large fraction of the electrical power in the United States and the rapidly 

developing world (particularly China and India) is generated in centralised power plants 

that burn coal. Environmentally sustainable use of this cheap and abundant fuel is 

http:processes.47


imperative until the costs of harvesting and storing renewable energy are decreased 

through technological innovations. A more carbon-neutral scheme has been proposed that 

involves integrated gasification combined-cycle (IOCC), with co-generation of electricity 

and hydrogen, chemicals, or liquid fuels. Carbon sequestration involves capture and 

geological storage of the residual waste gas containing high concentrations of carbon­

dioxide?8 Catalytic membrane reactors may be used to produce hydrogen through shift 

reaction of gasified coal, increasing the overall hydrogen yield of this process. 14. 28 The 

required hydrogen separating membranes must withstand the conditions (high 

temperatures and pressures) and gases (various carbon and sulfur species) present in 

gasified coal. Membranes must also be affordable, compact, durable, have high hydrogen 

flux, and last for many years. 

Metal membranes composed of Pd-Ag or Pd-Cu foils or tubes are presently used to 

obtain ultra-high-purity hydrogen for laboratory use, compound semiconductor 

manufacturing,36 tritium eH) purification, I 
8 and hydrogen isotope extraction from 

nuclear reactors.63, 65 Most commercial hydrogen purification units contain conventional 

metal membrane technology consisting of relatively thick (> 20 Ilm) Pd alloy foil or 

tubular membranes that are costly because of the precious metal content. Composite 

membranes with thin films of Pd alloy supported on porous substrates greatly reduce 

precious metal content but typically have high fabrication cost because of the multi-step 

preparation method or because of the cost of the engineered porous support.46, 52 Cost and 

durability issues prevent Pd-based metal membranes from being used more extensively 

for large-scale hydrogen separations or in membrane reactors for hydrogen generation or 

chemical production. 18 Consequently, membranes are under development based on Group 
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IVB and VB elements that have high hydrogen permeabilities because of their body­

centered-cubic (bee) structure. l , 3,4, 11,37,39,43,44,49,62,67,72 Amorphous alloy membranes 

are another promising area for hydrogen separations. 14 

Despite their significantly lower cost, Group IVB and VB metal membranes have not 

replaced Pd alloys for several reasons. First, metals such as V and Nb with high hydrogen 

permeability often have high hydrogen solubility and are prone to fracture because of the 

formation of brittle hydride phases. 17, 30, 45, 70 Hydrogen absorption causes the material to 

expand and the resulting stress causes membrane failure. Alloying elements can increase 

the ability of the metal to absorb hydrogen without formation of lattice-expanding 

hydride phases whereupon ductility rapidly decreases and embrittlement occur~.6, 54, 55, 66, 

67 For example, Pd -and Pd-alloy coated V-Ni alloys and some ternary alloys based on V-

have been investigated extensively, demonstrating their high hydrogen permeability 

and alleged resistance to hydrogen embrittlement. 3,41,42,44,75,76 Ternary composition, 

multi-phase alloys consisting of a ductile phase that helps maintain membrane integrity 

and a brittle phase with high hydrogen permeability have been shown to possess both 

acceptable hydrogen permeability and increased durability. 19, 33 For example, alloys such 

as (V, Nb, Ta)-Ti-Ni, and Ti-Ni-Pd have hydrogen permeabilities comparable to Pd-23Ag 

and resist embrittlement to temperatures as low as 150°C.4, 26, 33 

Unlike Pd and its alloys, the catalytic properties for hydrogen dissociation of Group 

IVB and VB metal surfaces are substantially diminished by the presence of a tenacious 

oxide layer.22,69 Accordingly, surface oxide layers are removed from these metals by 

either mechanical abrasion, chemical etching, or ion milling and a thin Pd or Pd alloy 

coating is applied to both sides of a membrane to promote dissociation of hydrogen 
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molecules on the upstream side and re-association on the downstream side of the 

membrane.5. II, 16,24,31,32,34,37,40,50,51 The thickness of Pd coating required on Group IVB 

and VB membranes is generally much thinner « 1 !lm per side) than freestanding or 

supported Pd-alloy membranes.47 

However, during exposure to hydrogen at temperatures above 400°C, the Pd coating 

may undergo delamination from the surface53 or interdiffuse with the base membrane 

material resulting in decreased hydrogen permeability over time. 16 As the Pd content at 

the surface decreases, so does the catalytic activity for hydrogen dissociation and as the 

reactive base metal becomes exposed or its alloy constituents diffuse to the surface they 

may be oxidised, blocking hydrogen dissociation and permeation through the 

membrane.2o It follows that thicker Pd coatings will prolong composite membrane 

functional operating lifetime.9, 16 Furthermore, alloys of V may be more oxidation 

resistant. Barrier layers are being developed that prevent metallic interdiffusion between 

the Pd coating and the membrane while maintaining high hydrogen permeability. 16, 21, 73 

Another important issue is manufacturability.15 Other than higher hydrogen 

permeability, some of the potential advantages of V alloys over Pd alloys include better 

high temperature tensile strength and creep properties. Presently, studies of Group IVB 

and VB membranes have been conducted primarily on relatively thick foils. Therefore, 

methods will have to be devised for fabricating modules consisting of tubular or thin foil 

membranes. With this in consideration, alloys of these membrane materials must be 

ductile enough to roll into foil or draw into tube. Special welding and joining techniques 

must also be developed that take into account the reactive nature of these materials. 59, 61 

Advancements in viable processes for deposition of ultra thin, large area Pd alloy 
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coatings are also necessary, probably including electro- and electroless plating, and 

physical vapor deposition. 11,35,37,46,49,68 

The objective of the present work was to investigate the properties of the V-I OPd 

alloy as a potential membrane material. By alloying V with Pd, it was anticipated that the 

durability of the material in hydrogen would be increased while maintaining the high 

hydrogen permeability characteristic of V. We evaluated the hydrogen permeability of 

PdIV-IOPdlPd composite membranes and other properties such as long term thermal 

stability to demonstrate that the V-IOPd alloy has improved properties for membrane 

applications compared to pure V. 

2. Hydrogen Permeation through Metal Membranes 

According to Sieverts' law, hydrogen concentration in a metal is described by: 

C Kspn, ( 

where K~ is Sieverts' constant or solubility and P is the partial pressure of hydrogen at 

eqUilibrium with the metal surface.58 The exponent n is equal to 0.5 when permeation is 

controlled by atomic hydrogen permeation through the bulk metal. 25,64 Permeability is 

the product of solubility and diffusivity of hydrogen in the metal: 

4>=KsD. (2) 

Steady state hydrogen flux, J, through a metal membrane is driven by the hydrogen 

concentration difference on opposite sides of the membrane: 

J =D(Cr -Cp)r' (3) 

http:surface.58


Here, I is membrane thickness, and C, and Cp are the partial pressures of hydrogen on the 

retentate (upstream) and permeate (downstream) sides of the membrane. Flux is generally 

expressed by the following equation by utilising Eqs, (1-3): 

J = cJ>(PIl _ p" (4)
r p 

Permeability is determined from a series of steady state flux measurements over a range 

of pressures and the apparent activation energy for hydrogen permeability is calculated 

from permeation values at several temperatures. 

3. Experimental 

3,1 Alloy and Membrane Preparation 

High purity metals were melted into buttons in an arc furnace. The buttons were 

flipped and re-melted to ensure compositional uniformity. A button of V -1OPd was sliced 

and rolled into a sheet with a nominal thickness of 0.107 mm. The foil was washed with 

warm water and soap, rinsed with methanol, blown dry with nitrogen, mounted by 

clamping the ends of the foil strip, and loaded into the physical vapor deposition (PVD) 

chamber. After evacuation of the chamber to -1 x 10'5 Pa, argon was bled into the 

chamber to a pressure of 2 x 10'2 Pa and the ion-gun was set to a power of 1 keY and 20­

25 rnA to ion-mill each side of the foil for 60-90 min. The foil was visually inspected 

through a window during ion-milling to ensure removal of remaining surface 

contaminants. After ion-milling, argon was evacuated from the chamber and Pd was e-

beam evaporated onto each side of the foil to a thickness of 100 nm at 3-5 Als. A quartz 

crystal was used to monitor the thickness of metal deposited. 



3.2 Hydrogen Permeability Testing 

The Pd-coated V-lOPd foil was cut into 19-mm diameter discs. A composite 

membrane disc was sandwiched between two Ag-plated Ni VCR gaskets (12.7 mm ID) 

and positioned in the fixture, a stainless steel VCR fitting adapted with an impinging flow 

design. The mated fixture was tightened roughly one-quarter tum. The membrane surface 

area was 0.94 cm2
• A typical membrane after hydrogen flux testing is shown in Fig. 1. 

The membrane module was placed in a furnace and connected to a gas supply and 

measurement system. Helium pressurisation tests were performed to confirm the absence 

of leaks. Helium and argon were nominally 99.9995% pure and hydrogen was 

99.99995% pure and both gases were used without further purification. Mass flow 

controllers metered the gas flows while 0-1330 kPa, 0-13.3 kPa, and 0-1.33 kPa pressure 

transducers measured upstream (retentate) and downstream (permeate) pressures. 

The membrane module was heated in the absence of hydrogen with an argon purge on 

the retentate side and argon purge or vacuum (provided by an oil-free turbomolecular 

pump backed by a scroll pump) on the permeate side of the membrane. The hydrogen 

feed pressure ranged between 101-355 kPa and the permeate pressure ranged between 

0.5-103 kPa. Pressures were controlled using back-pressure regulators. Sweep gas was 

not used during the permeation experiments. Hydrogen flux was measured using 

calibrated flowmeters. Hydrogen permeation tests were also conducted on a 0.250-mm­

thick Pd-23Ag foil and a Pd-coated (100 nm) 0.375-mm-thick V foil. 

3.3 Alloy and Membrane Characterisation 

Charpy indentation tests were performed on as-prepared alloy buttons before and 



after exposure to hydrogen as a semi-quantitative measure of ductility. Higher values are 

indicative of greater ductility. Pd-coated composite membranes were prepared from some 

of the alloys that were not too brittle as cast and tested for hydrogen permeability. 

Membranes were examined using an Aspex PSEM 2000 equipped with EDS prior to and 

following hydrogen flux testing to determine micro-scale morphological changes such as 

those in the Pd coating and alloy grains. A PANalytical X'Pert Pro MPD powder 

diffractometer having a theta-theta configuration, a copper X-ray source operated at 45 

kV and 40 rnA and an X'Celerator detector with a monochromator was used to determine 

crystalline phases present in the membranes and changes resulting from flux testing. 

Patterns were typically recorded over a 28 range of 10 to 100°. 

4. Results and Discussion 

4.1 New Alloy Development 

A series of Group IVB and VB based alloys substituted with various transition metals 

were prepared and cut or rolled into membrane discs.7
, 8. 10 The three primary criteria for 

selecting new alloys that were considered included as-cast ductility (workability), 

hydrogen permeability, and resistance to hydrogen embrittlement. For the most part, 

brittle alloys were not coated with Pd and tested for hydrogen permeability. Some of the 

materials that showed potential are listed in Table 1. Our results differ from those 

obtained previously by other researchers44 in that the V -Ni-AI alloy was not workable 

enough to form into a membrane for hydrogen permeability testing. 

Additional alloys that were less promising as hydrogen separating membranes are 

listed in the Appendix. The V-1 OPd alloy was selected for further investigation because 



of its potential based on good ductility and reasonable hydrogen permeability. Most 

alloys were brittle as cast and embrittled further upon hydrogen exposure even though 

pha~e diagrams were consulted to avoid regions where brittle intermetallics are expected 

to form instead of substitutional alloys. However, the composition V-IOPd is in the solid 

solution range,60 enabling a (-0.1 to be rolled. 

4.2 V-I OPd Membrane Characterisation 

XRD patterns for Pd-coated V-I0Pd alloy membranes that were untested or hydrogen 

permeation tested are shown in Fig. 2. Only peaks assignable to V and Pd were detected. 

An unidentified peak was associated with the coating, since it did not appear in XRD 

patterns of the alloy without the Pd coating. The V peak shifted slightly suggesting the 

formation of an alloy, which was expected considering up to 20at.% Pd is soluble in V.60 

The Pd peaks on the untested composite membrane were broadened because the Pd was 

deposited by physical vapor deposition, probably resulting in residual stress in the 

coating. After annealing for a few days at 400°C in hydrogen, the Pd peaks had narrowed 

because of crystallisation of the surface coating. Comparison of tested and untested 

samples showed no assignable differences in terms of phase or composition changes. 

Back scattered electron SEM images of the Pd-coated V-IOPd membrane surface 

before and after testing are shown in Fig. 3a-c. The surface of the Pd-coated V -lOPd foil 

was fairly smooth with some texture and scratches from cold rolling. As shown in Fig. 

3b, in some places the lOO-nm-thick Pd coating delaminated from the foil, however, it 

was estimated that such bare patches comprised < 2% of the total surface area of the 

membrane. Fig. 3c shows the surface of the membrane after testing in hydrogen for 162 h 



at 400°C. The membrane surface appeared to be rougher after this extended testing period 

probably because of grain growth in the Pd coating as evidenced by peak narrowing in 

the XRD results (see Fig. 2). In conjunction with the apparent roughening due to the 

grain growth of the Pd coating, areas having a thinner Pd coating are expected. The 

darker gray regions in Fig. 3c are likely due to these thin areas. 

4.3 Hydrogen Permeation Measurements 

The hydrogen flux measured through a V -IOPd membrane over a range of pressures 

at 400°C is shown in Fig. 4, including flux data for V and Pd-23Ag membranes. It is 

evident that V is highly permeable, since the flux was much higher than through the other 

membranes even though it was 3.5 times as thick as the V -IOPd membrane and 1.3 times 

thicker than the Pd-23Ag membrane. Furthermore, the thickness normalised flux through 

the V-IOPd membrane would be comparable to the Pd-23Ag membrane considering the 

V-10Pd membrane was less than half as thick. 

The temperature dependence of hydrogen permeability for the V, V-IOPd, and Pd­

23Ag membranes is shown in Fig. 5. Hydrogen permeabilities were determined from data 

similar to that shown in Fig. 4 and by using equation (4) they were derived from 

hydrogen flux measurements over a range of pressures and temperatures between 200­

500°C at 25°C intervals. The data was fit to equation (4) using an n-value of 0.5 and 

minimised R2 values of> 0.98 were obtained at almost all temperatures. This implied that 

the rate limiting step for hydrogen permeation through the membrane was bulk diffusion 

and not the rate of hydrogen dissociation on the surface. It is evident from Fig. 5 that the 

hydrogen permeability of V was higher than both V-IOPd and Pd-23Ag. However, the 



permeability of V-lOPd was lower than Pd-23Ag, except above 375°C. Our permeability 

for Pd-23Ag is in good agreement with that of Serra et a1. 56 The data for the pure V 

membrane was limited because it cracked due to hydrogen embrittlement at 375°C and at 

temperatures :2: 400C, metallic interdiffusion between V and the Pd coating resulted in a 

rapid decrease hydrogen flux. hnportant membrane parameters are compiled in Table 2 

for comparison. 

Apparent activation energies for hydrogen permeation were obtained from this 

Arrhenius type plot (Fig. 5) although the variation with temperature was not completely 

linear for V -1 OPd. 12 The activation energy for hydrogen permeation through the V -1 OPd 

membrane at < 400°C as determined from Fig. 5 was 38.8 kl/mol (average of two 

different membranes), which is at the higher limit of the results obtained by Katsuta for 

pure V of 24-39 kl/mo1.29 Our activation energy obtained for pure V was also within this 

range (28.0 kllmol).The slope in permeability of the V -lOPd membrane leveled off so 

that the activation energy at:2: 400°C was 12.9 kl/mol (average oftwo different 

membranes), which was closer to that of Pd-23Ag (10.8 kl/mol), possibly indicating a 

change in diffusion mechanism above 400°C. It is possible that the properties of the Pd 

coating have a greater influence above this temperature as both the rate of hydrogen 

dissociation on the surface and rate of hydrogen permeation through the Pd coating 

increase at higher temperature. 

4.4 Long Term Hydrogen Flux Test 

A long term hydrogen flux test was conducted to observe any changes because of 

interdiffusion between the 100 nm Pd coating with the V -1 OPd membrane. The results for 
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a 1400 h test at 673 K are shown in Fig. 6. The flux through the composite PdN-lOPd 

membrane was fairly constant for the duration of the test (after an initial period of 

equilibration) with only a slight decrease in flux towards the end of the test. Alloy 

constituents of the base membrane can diffuse to the surface and can be oxidised, 

reducing permeability.23 This mechanism of membrane degradation and resulting flux 

decrease in hydrogen flux has been observed previously with Pd-coated V, Ta, V-Ti, and 

V-6Ni-5Co membranes. I 1, 16,20,27,48 It is likely that this mechanism is also occurring here 

and by the end of the test period may be beginning to cause a noticeable flux decline. 

Also, recrystallisation of the Pd coating, as noted in Section 4.2 for a membrane tested for 

only 162 hours, could also be affecting long term performance. 

4.5 Mechanical Stability in Hydrogen 

For this test, the temperature was reduced at 1°C/min with hydrogen on the retentate 

side at a pressure of 101 kPa while the permeate side of the membrane was evacuated. 

The temperatures and pressures where hydrogen broke through each type of membrane 

are shown in Table 3. A 0.250-mm-thick Pd-23Ag membrane withstood exposure to 

hydrogen at 25°C without rupturing. In contrast, a O.040-mm-thick pure V membrane 

broke at 262°C whereas a 0.107-mm-thick V-lOPd membrane failed at 118°C under the 

same condition of a 97 kPa pressure drop across the membrane in hydrogen. Another V ­

10Pd membrane failed in hydrogen at 150°C at a slightly higher pressure differential (110 

kPa). It seems that the V -lOPd alloy is much more resistant to hydrogen embrittlement 

than pure V. However, it should be noted that this test was only a qualitative comparison 

of membrane durability since factors such as thickness and testing history likely influence 
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the outcome. Also, constraining the membrane in a planar configuration imparts 

considerable stress during hydrogen absorption and the resulting dilatation.2
, 74 After 

testing, membranes were often observed to have been bowed slightly toward the 

permeate side. 

5. Summary and Conclusions 

Numerous Group IVB and VB alloys were prepared but very few were ductile 

enough to be used as potential membrane materials, especially when exposed to 

hydrogen. Some of the more ductile alloys were screened for their hydrogen permeability 

and resistance to hydrogen embrittlement. The V-IOPd alloy exhibited higher hydrogen 

permeability than Pd-25Ag at higher temperatures (> 375°C), and exhibited a slow rate of 

metallic interdiffusion with its thin Pd coating during long term testing at 400°C. Despite 

increased resistance to hydrogen embrittlement compared to pure V, the V-IOPd alloy 

still fractured in hydrogen at llSoC. Therefore, further investigation on variations of this 

alloy or others is necessary to find a hydrogen permeable material that is durable enough 

for industrial applications. 
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List of Figure Captions 

Figure 1. A typical composite membrane disc sealed between two Cu VCR gaskets (Ni 

gaskets are normally used). This 0.37-mm thick V-6Ni-5Co membrane (coated with 100 

nm Pd per side) was tested for 170 h at 450°C. 48 

Figure 2. XRD patterns for Pd-coated (l00 nm) V-IOPd membranes before and after 

testing at 400°C for 162 h. 

Fig. 3. Surface of the Pd-coated (100 nm) V-lOPd membrane before (a, b) and after (c) 

testing in hydrogen for 162 h at 400°C showing: the surface texture (a); a spot « 2% of 

the total surface area) where Pd delaminated from the surface (b); and the increase in 

surface roughness during testing (c). 

Figure 4. Hydrogen flux dependence on pressure at 400°C through three different 

samples of 0.107-mm-thick Pd-coated (100 nm) V -IOPd membrane, a Pd-coated (100 

nm) 0.375-mm-thick V membrane, and a 0.250-mm-thick Pd-23Ag membrane. 

Figure 5. Temperature dependence of hydrogen permeabilities for Pd-coated (100 nm) V, 

two different Pd-coated (100 nm) V-lOPd membranes, and a Pd-23Ag membrane. 

Figure 6. Long term hydrogen flux test for a 0.107 -mm-thick Pd-coated (100 nm) V-I OPd 

membrane at 400°C. The pressure of hydrogen on the retentate side of the membrane was 

101 kPa and the pressure on the permeate side was 0.6 kPa. 
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List of Tables 

Table 1. Some alloys that were ductile enough to be tested for hydrogen permeability 

Alloy (at.%) As-cast 
workability 

Critical strain Hydrogen 
permeability 

(mollm,s·Pao5 
) 

Embrittles in 
hydrogen? 

Hydrided 
cri tical strain 

Pd-23Ag very ductile not measured moderate: 
2.52 x 10'8 

No: can be exposed 
to hydrogen at room 
temperature 

not measured 

V ductile > 0.026 high: 3.62 x 10'1 severely at < 300°C 0.0036 
V-IOPd moderately 

ductile: was 
rolled into 0.11 
mm-thick foil 

>0.019 higher than 
Pd-23Ag: 
3.86 x 10,8 

yes, at temperatures 
< 150°C 

0.0016 

V-9Ni somewhat brittle >0.017 8.S x 1O'~ yes 0.002 
V-STi ductile not measured high yes, at -300°C not measured 
V-1SCu ductile not measured high yes, at -3S0°C not measured 
V-6Ni-SCo, 
V-9Ni-3Co 

hard to roll 0.022 S.3 x 1O'~ fails at < 200°C 0 

Co-2SV ductile not measured 0 no not measured 
Co-2STi 
Co-SOTi 

ductile 0.0038 0 no 0.0026 

V-22Ti-2Fe ductile did not break broke during test yes 0 
V -33Ni-33Ti ductile did not break 0 no did not break 
V-tONi-SAl ductile failed hot rolling 
Nb-IZr ductile >0.0067 broke during test yes, severely 
Cu-4INb ductile 0.0016 3.9 x IO,Y yes did not break 
Ti-18Mo . ductile 

---­
>0.0086 0 

Table 2. Comparison of Important Parameters for Metal Membrane Materials 

Alloy Thickness Surface Temp. Permeability Activation Energy 
(at.%) (OC) (mollm·s·Pao.5)(mm) Coating (kJ/mol) 

3.86 x 10'~*V-1OPd 0.107 100 nmPd 400 ~ 400°C: 12.9 kl/mol 
< 400°C: 38.8 kl/mol 

3.62 x 10'14000.375 100 nmPd 28.0 
2.52 x 10'~400 10.80.250 NAcl'd-23A~ 

*avg. of three different membranes 

Table 3. Comparison of the Susceptibility of Various Membrane Materials to Hydrogen 
Embrittlement 

Thickness (mm) Failure Temperature Failure H2 PressureMembrane 
(OC)Composition (at. %) AP (kPa) 

V (this work) 2620.040 97
ViI 3260.040 300 
V 4 ) 22.71 200 
V-lOPd (this work) 118 970.107 

NA0.250Pd-23Ag (this workL_ < 25 



Appendix: Some V and Nb alloys (at. %) that were too brittle to form membranes or 
embrittled severely in hydrogen so that permeability data could not be obtained 

V-lONi-9Co-IC V-9.2Ni-7Mn-l.2C V-I0Mo-9Ru 
V-14Ti-9Ni-8Co V-8Ni-6Mn-IC V-7Mo-7Ru 
Ti-32V-19Co-8Ni V-13Pd-6Ti V -7Mo-6.6Ru-l.4C 
Ti-30V-21Co-IC V -9Ni-5Pd-4Ti V-IITi-6Mo-5Ru 
V-II Ti-9Co-9Pd V -9Ti-8Ni-5Pd V -lOTi-5Ru-5Mo 
V-7Fe V -26Ti-7Ni-7Pd V -35Ti-14Ni-13AI 
V-7Ni-6Fe V-38Ti-llNi-7Pd V-28.1 Ti-21Ni-lOAI 
V-9.2Ni-5.1Pd-1.3C Ti-32V -22Ni-9Pd V -32Ni-24Ti-lOAI 
V-4Ru V-32Ti-18Cr-C V-34.1 Ti-13.4Ni-12.8Al-l.2C 
V-8Ru V-40Ti-15AI Co-34Ti-28V 
V-14Ru V-lOCu-5Pd V-25Co-23Ti-lONi 
V-33Ru V-8Cu-4Pd V-31Co-24Ti 
V-19Mn V-6Cu-3Pd Co-32V -30Ti 
V-28Mn V -5. 7Cu-2.8Pd-1.3C Co-30Ti-25V-12Ni 
V-13Ni-lOMn V-6Cu-3Pd-2Y Co-29.6Ti-24.1 V -12Ni-l.3C 
V-lONi-7Mn V-5Cu-3Pd-3Y V -30.2Co-24.2Ti-l.3C 
V-9Ni-3Ti V-20Mn-6Ru Nb-13Pd 
V-9Co V-8Ru-6Ni 
V -1O.1Ni-7 .2Mn-1.3C V-13Mo-12Ru 
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Figure 1. A typical composite membrane disc sealed between two Cu VCR gaskets (Ni 

gaskets are normally used). This 0.37-mm thick V-6Ni-5Co membrane (coated with 100 

nm Pd per side) was tested for 170 h at 450°c.48 

http:450�c.48
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Fig. 2. XRD patterns for Pd-coated (l00 nm) V-10Pd membranes before and after testing . 

at 400°C for 162 h. 



(a) (b) 

(c) 

Fig. 3. Surface of the Pd-coated (100 nm) V-lOPd membrane before (a, b) and after (c) 

testing in hydrogen for 162 h at 400°C showing: the surface texture (a); a spot « 2% of 

the total surface area) where Pd delaminated from the surface (b); and the increase in 

surface roughness during testing (c). 
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Figure 4. Hydrogen flux dependence on pressure at 400°C through three different 

samples of 0.107 -mm-thick Pd-coated (100 nm) V -lOPd membrane, a Pd-coated (100 

nm) 0.375-mm-thick V membrane, and a 0.250-mm-thick Pd-23Ag membrane. 
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Figure 5. Temperature dependence of hydrogen permeabilities for Pd-coated (100 nm) V, 

two different Pd-coated (100 nm) V-lOPd membranes, and a Pd-23Ag membrane. 
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Figure 6. Long term hydrogen flux test for a 0.107-mm-thick Pd-coated (100 nm) V-lOPd 

membrane at 400°C. The pressure of hydrogen on the retentate side of the membrane was 

101 kPa and the pressure on the permeate side was 0.6 kPa. 


