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A Brief Description o f Accomplishments

The com m only used methods fo r hydrogen separation presently are: pressure swing adsorption (PSA), tem perature swing 

adsorption, electrical swing adsorption and cryogenic processes [1, 2, and 3]. These technologies require e ither extrem ely high 

energy o r a long tim e period, thus making them  very expensive while producing a purity  o f hydrogen great than 99%. Hence, there is 

a grow ing need fo r the developm ent o f an environm entally benign, inexpensive technology fo r separating hydrogen from  syngas. 

M em brane-related hydrogen separation processes are considered attractive alternatives to  PSA and o ther energy-driven processes 

depending upon purity  and scale o f production. Advanced membrane technologies [4-8] may fina lly  prove to  be the key to  

successful, economical production o f pure hydrogen.

M ost research in hydrogen membrane industry is focused on the areas o f separation technologies and characterizations o f hydrogen 

fluxes. No significant w ork has been perform ed to  determ ine the effect o f the intrinsic factors (such as grain size and phase 

d is tribution) and extrinsic factors (such as tem perature and atmosphere) on the m acro-structural and therm o mechanical properties 

o f hydrogen transfer membranes (HTM). It is recognized tha t none o f these membranes w ill be used w ithou t a porous support. 

Therefore, a good porous support is essential on which a functional membrane can be deposited. A clear understanding o f the 

corre lation between the m icrostructural and the therm o-m echanical properties o f a porous substrate is, therefore, required to 

define the com plete HTM system, which consists o f a functional HTM membrane and a porous substrate.

A novel dense HTM bulk sample was developed by Argonne National Laboratory (ANL) fo r high hydrogen permeance (ANL-3e HTM), 

and was provided to  the University o f Alaska Fairbanks. One o f the key requirem ents is tha t the cerm et membrane system should 

not fail during cycling, and the therm al expansion and chemical expansion must be sim ilar. Cermet membranes must also have 

suffic ient mechanical strength to  w ithstand the stress induced due to  the changes in tem perature and feed gas com position. It is 

generally accepted tha t changes in the tem perature produce stress in all membranes including the ANL-3e membranes because 

they consist o f tw o  d iffe ren t materials w ith  d iffe ren t coefficients o f therm al expansion. Change in feed gas com position also 

produces stress because the lattice param eter o f Pd in the ANL 3-e HTM depends on the hydrogen concentration in the feed gas. It 

must be understood, however, tha t cycling is o f no interest fo r property corre lation unless it is a system problem. The building up o f
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stress is considered as one o f the m ajor problems. The origin and cause o f this stress must be clearly understood. It is also im portant 

to  examine the role o f lattice expansion and chemical expansion, as well as which one is dom inant and how it manifests itself.

The main objectives o f this project are: (1) Characterize the therm o mechanical properties o f the novel dense HTM bulk sample; (2) 

Develop a correlation among the intrinsic factors (such as grain size and phase d istribution), and the extrinsic factors (such as 

tem pera ture  and atmosphere) and therm o-m echanical properties (such as strengths and stress) to  predict the performance o f a 

HTM system (functional HTM membrane and porous substrate); and (3) evaluate the stab ility  o f the novel HTM membrane and its 

p roperty corre lation a fte r therm al cycling.

In the initial phases o f the project, a reference material o f alumina and several substrate ceramic material o f toughened zirconia 

polycrystalline were selected to  be evaluated fo r the therm o-m echanical properties, such as elastic properties, flexural strength, 

Vickers hardness and coefficient o f therm al expansion. The therm o-m echanical properties were investigated at room tem perature 

as well as at elevated tem peratures. The effects o f therm al cycling fo r tem perature  ranging from  509C to  8509C on the mechanical 

properties and on the stab ility  o f the reference materials were investigated using a customized therm al cycling equipm ent. Both the 

as-received and the therm al-cycled samples were analyzed by X-ray d iffraction  (XRD) fo r its phase analysis and surface texture 

analysis. Scanning electron microscopy (SEM) was employed to  understand the mechanism o f the m icrostructural changes and its 

effects on the mechanical properties.



In the current phase, the hydrogen transport membrane (HTM) cerm et bulk sample supplied by Argonne National Laboratory (ANL) 

was characterized fo r its physical and mechanical properties at both room tem perature and at elevated tem perature up to  10009C. 

M icro-structura l properties, such as X-ray D iffraction (XRD) phase analysis, therm ogravim etry and d iffe rentia l therm al analysis 

(TG/DTA), texture, microanalysis o f chemical com position and residual stress were also evaluated in order to  understand the 

changing mechanism o f the m icrostructure properties and its effects on the mechanical properties o f materials. The HTM raw 

pow der was used fo r its phase analysis, texture, TG/DTA and residual stress in order to  compare the change in the properties a fte r 

being processed to  HTM solid sample at high tem perature and pressure. A corre lation o f the m icrostructural and therm o mechanical 

properties o f the HTM system was established based on the results o f the therm o-m echanical and m icro-structura l properties 

characterizations fo r both HTM and the substrate material.

For the ANL's HTM cerm et bulk sample, its density is about 11.3 g/cc and average dynamic Young's modulus (E-Value) is 

approxim ately 145 GPa w ith  a Poisson's ratio (v) o f 0.34. The Vickers Hardness Numbers ( HV numbers) values o f HTM cermet 

samples averaged in the range o f 2.0 ~ 2.2 GPa, regardless o f the loading forces in the range o f 100-1000 g. The mean flexural 

strength (o/s) fo r HTM cerm et is approxim ately 356 MPa at room tem perature  and it decreases to  284 MPa as the tem pera ture  is 

increased to  8509C. The mean flexural strength values are summarized in Table 1. Loading-displacement curves fo r the flexural 

strength (o/s) tests fo r HTM cerm et are p lo tted in Figure 1. The HTM cermet samples at room tem perature and at 5009C fractured 

w ith o u t any significant plastic deform ation, and thus, are considered to  be a b rittle  solid. Whereas, at 8509C, the HTM cermet 

samples fractured preceded by extensive plastic deform ation, and thus, behaved more like a ductile material, as shown in Figure 1.
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Figure 1 : Load-displacement curves of 4-point bending tests for HTM at three different testing temperatures: 259C, 5009C, and 8509C

Table 1: Flexural strength for HTM at three different testing temperatures

Sample ID Temperature (9C) Atmosphere 0 ^ (MPa)
Mean OfS Value 

(MPa)

HTM#1 25 342.51
356.56

HTM#4 25
Air

370.61
HTM#2 500 175.16 175.16
HTM#5 850 284.74

284.50
HTM#6 850 N2 284.25

SEM observations o f HTM fractured halves a fte r its flexural strength test at room tem perature  o f 259C indicate tha t the cracks 

originate from  the inherent pre-existing pores and the micro-cracks, as shown in Figure 2 (a) . When the tem perature  is increased to 

5009C, the cracks are found to  in itia te  from  the Z r0 2 phase, as shown in Figure 2 (b). At the elevated tem pera ture  o f 8509C, the 

cracks develop from  the therm al-spalling or shearing in both air and the N2 environm ent, as seen from  Figure 2 (c) and (d). The HTM
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crystalline particles on the HTM sample tested in air at 850°C, as shown in Figure 2 (c), is due to  the oxidation o f Pd phase to  PdO, as 

verified by both the XRD and the TG/DTA analysis.

2500X
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(a) 259C in air (b) 500-C  in air
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(c) 8509C in air (d) 8509C in N2

Figure 2 : Scanning Electron Microscopy (SEM) observation after flexural strength tests for HTM at 25, 500 and 8509C in both air and Nz

SEM@2500X#1

Figure 3: Surface morphology for HTM as-received by SEM with EDS
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(a) Visual observation of a Macro crack

F*tMjf.-HTM'Duc#3-3400xf3
SEM

(b) SEM Surface M orphology

Pd

111 ̂
(c) SEM w ith  EDS

Figure 4: Fractography observation for cracks on HTM surface after 500 thermal cycling treatment between 50-8509C in Air

Page | 9

UAF I

miE
CMRL



As compared to  the surface m orphology o f HTM cerm et as-received shown in Figure 3, visually observable cracks appeared on the 

surface o f HTM cermet w ith  continuous therm al cycling a fte r 500 therm al cycles, as shown in Figure 4.

The average Coefficient o f Thermal Expansion (CTE), a avg, fo r the HTM cerm et in air is approxim ately 10xl0~6/K, and closely 

approximates to  tha t o f the HTM cerm et in N2. The d iffe rentia l therm al analysis (DTA) reveals tha t the exotherm ic peak centered at 

8009C during the heating process is associated w ith  the oxidation o f Pd to  PdO. Whereas, the exotherm ic peaks centered at 6509C 

during the cooling process where PdO is dissociated back to  Pd and oxygen, as plotted in Figure 5 (a). The associated weight gain and 

the weight loss fo r the respective oxidation and the dissociation between Pd and PdO could also be observed from  the 

Therm ogravim etry Analysis (TGA), as shown in Figure 5 (b).

Peak = 834.79
Peak Height 
Arejt =  1473

Heating
Cooling

■83.237 liV  
>35 n~V x sec

Onset = 810.71 
End -  854.89 °

Peak =  709

Temperature (°C)

(a) Endothermic peak during heating process and exothermic peaks during cooling process



Temperature (°C)

(b) Weight changes during both heating and cooling processes 

Figure 5: Thermogravimetry (TG) and differential temperature analysis (DTA) for HTM powder in air

Electron microanalysis, such as the pow der d iffraction by X-ray D iffraction (XRD) ( Figure 6), X-ray florescence (XRF), Scanning 

Electron Microscope (SEM) w ith  energy dispersive spectrom eters (EDS) ( Figure 3 and Figure 4) and the electron m icroprobe equipped 

w ith  EDS verifies tha t the HTM cerm et sample is approxim ate ly a composite o f 70-80  w t % o f Pd, and 20-30 w t % o f YSZ. The XRD 

pow der d iffraction  results show an increased am ount o f PdO in HTM cermet a fte r 120 and 500 therm al cycles, as shown in Figure 6, 

which is consistent w ith  the observation o f the TG/DTA results.
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Figure 6: XRD phase analysis for HTM cermet as received and after 120 and 500 thermal cycles in Air

The normal stress and shear stresses from  the M ohr's circle (Figure 7) indicate tha t the residual stress in the HTM cerm et sample 

is mainly as compressive residual stress in the magnitude o f -135 to  -155 MP, and w ith  very little  shear stress ( in the magnitude o f 

10 MPa). The magnitude o f change in the normal stress and the shear stress is insignificant in the HTM a fte r 120 therm al cycles, as 

shown in Figure 7. However, the principle normal stress changes from  compressive to  tensile residual stress and a significant increase 

in the shear stress in the HTM a fte r 500 therm al cycles, as shown in Figure 7.
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T  HTM-TC0-Stress#3-Pd[331] — HT M -TCO- Stres s#4-P d [3 31 ]  HTM-TC0-Stress#5-Pd[331]

 HTM -TC120- Pd [331]  HTM-TC500-Pd[200]  HTM -TC500- PdO[ 112]

-300 -206 -100 100 200

Figure 7: Mohr's circle calculated from the residual stresses for HTM cermet both as received (HTM-TCO), and after 120 (HTM-TC120) and 500
thermal cycles (HTM-TC500) in Air

Based on all results and analysis o f the therm o mechanical properties fo r the HTM cerm et bulk samples, several im portant 

conclusions can be drawn. The mean o/s at room tem perature is approxim ately 356 MPa fo r the HTM cermet. The mean o/s value 

decreases to  284 MPa as the tem perature increases to  8509C. The difference in atmosphere, such as air or N2, had an insignificant 

effect on the flexural strength values at 8509C fo r the HTM cermet.

The HTM cerm et samples at room tem perature and at 5009C fractured w ith o u t any significant plastic deform ation. Whereas, at 

8509C, the HTM cerm et samples fractured, preceded by an extensive plastic deform ation. It seems tha t the HTM cermet behaves 

more like an elastic material such as a nonm etal ceramic at the room tem perature, and more like a ductile material at increased 

tem pera ture  (8509C).

The exotherm ic peak during the TG/DTA tests centered at 6009C is most likely associated w ith  both the enthalpy change o f 

transform ation  from  the amorphous phase into crystalline zirconia and the oxidation o f Pd phase in HTM cerm et in air. The
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endotherm ic peak centered at 8009C is associated w ith  the dissociation o f PdO to  Pd fo r the HTM cerm et sample in both inert N2 

environm ent and air. There is a corresponding weight gain as oxidation occurs fo r palladium (Pd) phase to  fo rm  palladium oxide 

(PdO) and there is a weight loss as the unstable PdO is dissociated back to  Pd and oxygen.

The normal stress and shear stresses from  the M ohr's circle indicate tha t the residual stress in the HTM cermet sample is m ainly 

as compressive residual stress in the magnitude o f -135 to  -155 MP, and w ith  very little  shear stress (in the magnitude o f 10 MPa). 

The magnitude o f change in the normal stress and the shear stress is insignificant in the HTM a fte r 120 therm al cycles. However, the 

principle normal stress changes from  compressive to  tensile residual stress and there is a significant increase in the shear stress a fte r 

500 therm al cycles. The calculated value based on the equation and the M ohr's circle is found to  be consistent w ith  the 

experim ental value fo r the as-received HTM cermet samples. A t some rotation  (<$>) angle, the residual stress was found to  be as 

tensile stress. M ost ceramic material is weak in tension, and develops microscopic cracks. W ith  trea tm en t o f 120 therm al cycles 

between 50-8509C, the HTM- sample exhibited therm ally-induced cracks on the surface. Visually observable cracks appeared on the 

surface o f HTM cermet w ith  continuous therm al cycling, a fte r 500 therm al cycles.

The XRD powder d iffraction  analysis indicated an increased am ount o f crystalline PdO in HTM cerm et a fte r 120 and 500 therm al 

cycles as compare to  the as-received samples. The Pd peaks were found to  significantly decrease in peak in tensity w ith  therm al 

cycling. Higher peak in tensity fo r PdO phase was observed w ith  increased num ber o f therm al cycles. A monoclinic zirconia phase was 

firs t identified in the as-received HTM sample. However, w ith  therm al cycling trea tm en t o f both 120 and 500 therm al cycles, the M- 

Z r0 2 phase is transform ed to  the tetragonal YSZ, which is consistent w ith  the therm al analysis results by TG/DTA.

Correlations o f the m icrostructural and therm o-m echanical properties o f both selected reference material and ANL-3e HTM cermet 

bulk sample are affected mainly by porosity and m icrostructural features, such as grain size and pore size/d istribution. The Young's 

M odulus (E-value), especially, is positively proportional to  the flexural strength fo r materials w ith  sim ilar crystallographic structure. 

For d iffe ren t crystallographic materials, physical properties such as E and density are independent o f mechanical properties, such as 

flexural strength. M icrostructura l properties, particularly, grain size and crystallographic structure, and therm odynam ic properties
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are the main factors affecting the mechanical properties at both room and high tem peratures. The oxidation and the plasticity o f Pd 

phase mainly affect the mechanical properties o f HTM cerm et at high tem perature or w ith  therm al cycling trea tm en t. Changes in 

the residual stress and m icrostructure affect the mechanical properties o f HTM when subjected to  high tem perature or therm al 

cycling treatm ent.
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Yongjun Zhang, In terd icip linary PhD student in M aterials Science and Engineering, University o f Alaska Fairbanks, Thesis Title: " 

Correlations o f M icrostructura l and Thermomechanical Properties o f A Novel Hydrogen Transfer M em brane", in preparation, 
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List o f Publications Resulted from  this Project:

Publications from  HTM Project (In Preparation)

1) Characterization of Thermo-Mechanical and microstructural Properties for a Novel Hydrogen Transport Membrane (Cermet-HTM).

2) Correlation of Thermo-mechanical Properties and Microstructure for a Novel Hydrogen Transport Membrane (Cermet-HTM).

3) Residual Stress and the Effect of Thermal Cycling on the Residual Stress on Novel Hydrogen Transport Membrane (Cermet-HTM).

4) Correlation and Comparison of the Microstructural Properties by XRD, SEM with EDS, XRF and Microprobe for a Novel Hydrogen 

Transport Membrane (Cermet-HTM).

5) Effect of Texture on Mechanical and Microstructural Properties for Alumina and a Novel Hydrogen Transport Membrane (Cermet-HTM).

6) Multiphase Transformation of Novel Hydrogen Transport Membrane (Cermet-HTM) During Thermal Treatment by TG/DTA and XRD 

Analysis

7) Study of Residual Stress and Thermal Properties for Selected Substrates for a Novel Hydrogen Transport (Cermet-HTM).

8) Characterization of Thermo-Mechanical and Microstructural Properties of Selected Substrates for a Novel Hydrogen Transport (Cermet- 

HTM).
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