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Abstract 

Hydrogen storage alloys are important in the energy storage area because of that 

these alloys have the capacity to absorb and desorb amount of hydrogen. There are a lot 

of interests in the formation mechanism of metallic hydride. It has been known that the 

change of lattice energy of a transition metal by hydrogenation is interpreted in the 

terms of the lattice expansion and the change of Fermi level by our research group. In 

this thesis, we focus on the phenomenon of that metal transformed by slight stress in the 

case of hydrogenation easily and want to clarify the formation mechanism of metallic 

hydride. We will propose acoustic emission measurement methods by using gas 

pressure technique and electrochemical charging technique in order to obtain the 

dynamical information of hydrogenation process of palladium. The analysis with the 

experimental results was discussed by the dislocation theory. 

This thesis includes 4 chapters. 

In the first chapter, the motive and purpose of this research was stated. 

In the second chapter, a hydrogenation process of palladium has been studied by 

acoustic emission (AE) methods with a new gas pressure cell. By using noble Ar gas, 

the AE events were observed intermittently for the stepwise pressurization. On the 

repetition of the re-pressurization, the AE events showed the Kaiser effect, i.e., a 

dislocation motion induced effect. The typical power spectrum of AE signal by noble 

gas demonstrated the fundamental signal modes of 250 and 550 kHz. By the hydrogen 

gas re-pressurization, the characteristic AE behavior was recognized as following: 1) 

The continuous AE events were observed by the stepwise pressurization, 2) in the early 

stage of primary H solid solution of Pd, the fundamental AE modes were measured as 

250 and 550 kHz, 3) in the hydride formation stage, the continuous AE events were also 



observed, and the typical AE mode was changed to 250 kHz mainly. The hydride 

formation mechanism was discussed on the basis of the dislocation theory. From these 

results, when a hydrogen atom is dissolved into an fcc metallic lattice, it occupies an 

interstitial octahedral site and pushes aside metal atoms around its site as is recognized 

from the lattice expansion induced by hydrogenation. 

In the third chapter, a hydrogenation process of Pd was studied by AE method with a 

new electrochemical hydrogen charging technique. The AE measurement method with 

the electrochemical separated AE cell by removing coexisted AE waves with generated 

H2/O2 gas on the counter electrode. Characteristic AE power spectra caused by 

cavitation and /or bubble burst have been appraised by using an electrochemical 

separated AE cell. The characteristic of the AE power spectrum due to Pd hydride 

formation was around 250 kHz. In the second chapter, the spectrum was evaluated as 

250 kHz obtained using gas pressure AE cell. This means that the AE method with the 

electrochemical AE cell will be a powerful way to investigate the hydride formation 

mechanism because the high H2 gas pressure condition can be easily provided by 

hydrogen over voltage. 

  In the forth chapter, we make a conclusion about this thesis. We established the 

validity of the AE measurement methods by using gas pressure technique and 

electrochemical charging one. And, we propose that the partial dislocation of Pd lattice 

will play an important role in hydride formation. Finally we will propose that this 

research could contribute to the research and development of, for instance, aluminum 

based hydride alloys which crystal structure will drastically change by hydrogenation. 
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General Introduction 

1.1 Background 

  In recent years, the concepts of saving energy, reducing pollution, protecting the 

environment, and developing long-term energy supply solutions were the main focus by 

the public attention.
1-4)

 The world’s current energy supply system which is mainly based 

on fossil fuels has become a matter of concern.
5-13)

 A widespread of use of fossil fuels 

by a constantly growing world population (from 2.3 billion in 1939 to 6.5 billion in 

2006) gives rise to the problem of oil supply. The problem related to the oil supply is 

caused by the fact that fossil fuels are not renewable primary energy sources. This 

means that since the first barrel of petroleum has pumped out from the ground, we have 

been exhausting a heritage given by nature.
5-7)

 The use of fossil fuels, such as petroleum, 

the remaining oil would be supplied of only about 40 years, if current demand remains 

static. As a consequence of the problem of energy supply, the world will have will have 

to reduce its fossil fuel consumption rate,
 2-3)

 build more efficient and that consumes less 

power plants, use hybrid technology in the transportation sector. These may be 

non-conventional oil and gas, renewable energy (solar, hydro, wind, biomass), and 

nuclear energy. Nowadays, electricity is the most used energy carrier. The fuel cell, 

which is an electrochemical device that combines hydrogen fuel with oxygen, produces 

electric power, heat, and water only.
 5, 7, 10-13)

 Therefore, the fuel cell technology and 

hydrogen as an alternative energy carrier are considered the ultimate goal of a secure 

energy supply and a clean environment. Unlike electricity, hydrogen can be stored for a 

long period of time in the hydrogen energy storage system.
 14-17)

  

 

1.2 Formation mechanism of metallic hydride 

There are a lot of interests in the formation mechanism of metallic hydride. The 
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measurement of sound density is an experimental way in derivation of bulk modulus 

with lattice expansion by hydrogen concentration.
18)

 When a hydrogen atom is dissolved 

into an fcc metallic lattice, it occupies an interstitial octahedral (O) site and pushes aside 

metal atoms around its site as is recognized from the lattice expansion induced by 

hydrogenation.
 19)

 In a case of palladium-hydrogen (Pd-H) system, the solubility of 

hydrogen, x, increases with increasing pressure of H2 gas, p, at a given temperature as a 

function of the square-root of p.
 20)

 The dissolution and diffusion measurements show 

that the penetration time of H in Pd sheet of 140 μm is 67 s at 297 K.
 21)

 The occupied 

spaces of H are the interstitial octahedral sites of Pd. The number of O sites in the fcc 

lattice is equal to that of the host Pd atom and palladium absorbs large amounts of 

hydrogen, up to x = [H]/[Pd] = 1,
22)

 where the square brackets [B] means the number of 

B atoms. The concentration range of around x < 0.01 is called primary solid solution α 

phase, and x > 0.6 is hydride β phase at room temperature. Except for the regions is α+β 

two phases, i.e., the spinodal decomposition region due to the long-range attractive H-H 

interaction. The volume expansion of the host lattice in the α to β transition is ΔV = 1.57 

cm3/g-atom of H.
23)

 The free energy of Pd-H system has been measured by thermal 

analysis and/or electrochemical methods and the formation mechanism of Pd hydride 

was interpreted on the basis of the lattice relaxation energy and the change of Fermi 

energy.
24-26)

 

 

1.3 hydrogenation methods 

Generally there are two kinds of hydrogenation methods, the gas pressure method
 
and 

the electrochemical charging method. During hydride formation, host lattice will expand 

with hydrogen concentration. That is, lattice distortion energy will be increased by 
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hydrogenation. Acoustic emission (AE) measurements are useful investing method for 

dislocation motion caused by applied stress and/or lattice distortion. And the AE 

technique is a powerful method for the in situ analysis of physical phenomena induced 

by distortion energy.  

The H2 gas pressure method is a fundamental hydrogenation technique. In general, high 

H2 gas pressure is required to form the hydride. On the other hand, electrochemical 

hydrogen charging technique is a powerful way of making the specimen absorbing 

hydrogen directly. The relation of pressure p with chemical potential Φ is given by 

equation of p=
0

p exp (2Φ/kT), where 
0

p  is standard pressure, Φ: over potential, k: 

Boltzmann constant and T: temperature, as will be derived in appendix 1. In the case of 

T=298 K and Φ=0.1 V, the equivalent H2 gas pressure is 240 MPa, and Φ=0.15 V 

gives 10 GPa at the same temperature. 

 

1.4 Acoustic emission technique 

1.4.1 History 

The history of acoustic emission can be divided on two main periods: 

pre-technological and technological. From the beginning of humankind, people were 

observing acoustic emission when heard cracking stones, fracturing of bones, crackling 

of wood in the fire and so on. With development of work crafts, acoustic emission was 

helping craft makers to control quality of production. For example, during pottery 

making, cracking sounds were indications of fast or on-uniform pottery drying and this 

observation could be used for adjusting a process of pottery making. 

The technological era of acoustic emission has started in the early 20th century when 

researches in different countries started to report about audible sounds during 
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investigation of material deformation. So in 1936, F. Forster and E. Scheil created and 

applied instrumentation for registration of AE generated during martensitic 

transformations.
26-27)

 

1.4.2 Kaiser effect 

In 1950, J. Kaiser investigating different engineering materials reported about the 

effect of the absence of acoustic emission in materials under stress levels below those 

previously applied on that material. This effect, bearing the name of Kaiser, is widely 

used in today’s acoustic emission testing.  

With development of the acoustic emission technology and the start of its extensive 

application, appeared a need in communication between researches, exchange of 

knowledge and common terminology. So for this purpose, starting from late 1960, there 

were organized acoustic emission working groups in USA, Germany, Japan and other 

countries. Also, there were developed standards for examination of structures, 

instrumentation and terminology. Today, acoustic emission testing is used practically in 

almost all industries and in many research centers. 

 

1.4.3 AE Sensors 

Acoustic emission sensor is a device that transforms a local dynamic material 

displacement produced by a stress wave to an electrical signal. AE sensors are typically 

piezoelectric sensors with elements maid of special ceramic elements like lead zirconate 

titanate (PZT). These elements generate electric signals when mechanically strained. In 

this study, an AE sensor (PAC’s WD of wideband differential type, TM of Physical 

Acoustic Corporation) is used, where the operating frequency range of the sensor is 

1001000 kHz with the resonant frequencies of 125 kHz and 650 kHz. 
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2.1. Introduction 

There are a lot of interests in the formation mechanism of metallic hydride. In a case 

of palladium-hydrogen(Pd-H) system, the solubility of hydrogen, x, increases with 

increasing pressure of H2 gas, p, at a given temperature as a function of the square-root 

of p. 
28) 

The dissolution and diffusion measurements show that the penetration time of H 

in Pd sheet of 140 μm is 67 s at 297 K.
29)

 The occupied spaces of H are the interstitial 

octahedral (O) sites of Pd. The number of O sites in the fcc lattice is equal to that of the 

host Pd atom and palladium absorbs large amounts of hydrogen, up to x = [H]/[Pd] = 

1,
30)

 where the square brackets [B] means the number of B atoms. The concentration 

range of around x < 0.01 is called primary solid solution α phase, and x > 0.6 is hydride 

β phase at room temperature. Except for the regions is α+β two phases, i.e., the spinodal 

decomposition region due to the long-range attractive H-H interaction.3) The volume 

expansion of the host lattice in the α to β transition is ΔV = 1.57 cm3/g-atom of H.
31)

 

The free energy of Pd-H system has been measured by thermal analysis and/or 

electrochemical methods and the formation mechanism of Pd hydride was interpreted 

on the basis of the lattice relaxation energy and the change of Fermi energy.
32-34)

  

Acoustic emission (AE) measurements are useful investing method for dislocation 

motion caused by applied stress and/or lattice distortion.
35-37)

 In this paper, we will 

propose an AE measurement method by using gas pressure technique in order to obtain 

the dynamical information of hydrogenation process of palladium. 
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2.2 Experimental section 

Materials 

A plate of Pd of 99.9 at. % purity was cold-rolled to a sheet of about 100 μm thick 

and annealed at 1173 K for 60 min in argon (Ar) 95 mol% and hydrogen (H2) 5 mol% 

mixed gas. The sheet was cut into circular form of around 36 mmφ to set a gas pressure 

brassware cell shown in Fig. 2-1. The specimen sheet was clamped together at the 

roundness edges of the cell. Pressure gas was introduced from the left hand side in the 

figure. The “PG” in the figure means the pressure transducer (Copal Electronics; 

PA-830-103G) and the “PGA” is a simple pressure gage. The right hand chamber was 

safety zone for the specimen brittle fracture, where it was on an atmospheric pressure. 

Each AE sensor was a PAC’s model WD (TM of Physical Acoustics Corporation) with 

the operating frequency range of 100-1000 kHz and was arranged the opposite for 

localization measurements. The “TC” in the figure means thermocouple. The block 

diagram of AE measurement system is shown in Fig. 2-2.  

 

Fig. 2-1 Gas pressure AE measurement cell. 

 



9 

 

 

 

 

Fig. 2-2 Block diagram of AE system. 

 

Operating system 

The system was controlled by LabView (TM of National Instruments) language 

program. Each preamplifier was a PAC’s 1220 (TM) with gain of 60 dB and a band-pass 

filter of 100-1200 kHz. The threshold value of U-Plot (TM of NF Electronic 

Instruments; 9502) of an AE analyzer was fixed at 63 dB for an AE event count level 

and a sampling trigger one, where the threshold level L of U-Plot is defined by 1 V 

=100 dB, i.e., L(dB) = 20log(V (V) × 10
5)

. AE signals were captured by the trigger of 

U-Plot by using an analog input card (ADLINK Technology Inc.; NuDAQ PCI-9812) 

with the analog input resolution of 12-bit and the A/D sampling rate of 10 MHz. Their 

power spectrum was executed by using fast Fourier transformation (FFT) computation.  
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Experimental procedure 

As a standard gas, Ar was used by using gas purge replacement method. 

Pressurization was performed from normal pressure of 0.1 MPa to 0.7 MPa by the 0.15 

MPa with time interval of 600 s. After pressure-of-arrival of 0.7 MPa, re-pressurization 

was carried out with Ar gas through the same procedures from 0.1 to 0.7 MPa. After 

second arrival-pressurized by Ar, H2 gas was introduced into the cell by gas purge 

replacement method at the normal pressure. And then, the pressurization by H2 gas was 

executed from 0.1 MPa to 0.6 MPa by the 0.25 MPa and was kept constant at 0.6 MPa. 

A typical specimen forms before and after pressurization was shown in Fig. 2-3. 

 

Fig. 2-3 Typical specimen form; 1) before and 2) after pressurization. 

 

2.3 Results and Discussion 

AE measurements by using standard Ar gas  

Figure 2-4 shows typical AE signals of a Pd specimen by using Ar gas, where the 

choices of signals (1), (2) and (3) were done randomly at 600, 1200 and 1800 s, 

respectively. The beginning in a signal is noise. The threshold level at 63 dB of U-Plot 

corresponds to 0.014 V of the amplitude in the figure. The sampling interval of AE 

signal was 400 μs from the sampling trigger and the pretriger setting was 40 μs.  
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Fig. 2-4 Typical AE signals of Pd pressurized by Ar gas. 

 

Figure 2-5 is typical AE power spectra of Pd pressurized by Ar gas. The spectrum (1) 

to (3) in the figure was the FFT spectrum of the AE signal (1) to (3) in Fig. 2-3, 

respectively. The data sheet of the AE sensor shows that the resonant frequency of WD 

is at 125 kHz and 650 kHz. Accordingly, the feature of the AE power spectra of the Pd 

pressurized by Ar gas was two intensity peaks around 250 kHz and 550 kHz. The 

intensity of two peaks were the same order on the average, and, their half width were 

around 100 kHz, respectively. The wide half width may be caused by various energies 

due to a burst of AE events.  
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Fig. 2-5 Typical frequency spectra of Pd pressurized by Ar gas. 

 

Figure 2-6 (1) shows the frequency of AE events per 1 s of the Pd on Ar pressuring 

process, i.e., an AE events time histogram in a time interval of 1 s. The cumulative AE 

event counts are described in Fig. 2-6 (2). In the first step, pressurization was executed 

from the normal pressure of 0.1 MPa to 0.7 MPa. The AE events happened and 

concentrated at the times of the 600, 1200, 1800 and 2400 s just on the pressuring 

operation in a time interval of 1 s. After pressure-of-arrival of 0.7 MPa, second 

re-pressurization was carried out with Ar gas by the same procedures from 0.1 to 0.7 

MPa. In the second step, AE events were not detected up to the 0.7 MPa as is 
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recognized in the figure. This phenomenon is known as the Kaiser effect. That is, the 

AE event has its maximum for an occurrence of distinctive yield strength, and 

accordingly, the AE is strongly influenced by inhomogeneous slip of the so-called slip 

dislocation.
35, 36)

 The total amount of event counts for the Pd sheet specimen using Ar 

gas was about 2500 counts under the present experimental conditions.  

 

Fig. 2-6 AE events of Pd and the cell pressure by using Ar gas;  

(1)frequency of AE events per second,(2)cumulative AE event counts. 
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AE measurements of the Pd hydrogenation process 

The hydrogenation process of the Pd was investigated in on the Kaiser effect. That is, 

by using the Pd specimen which was pre-pressurized up to 0.7 MPa by Ar gas, none of 

the AE events will be expected to occur up to pressure-of-arrival of 0.7 MPa by the 

Kaiser effect. Figure 2-7 (1) and (2) show the frequency of AE events per 1 s and the 

cumulative AE event counts of the Pd pressurized by H2 gas, respectively. This process 

was in the third step from the initial-pressurization by Ar. The H2 gas pressurization was 

executed from the normal pressure of 0.1 MPa to 0.35 MPa at 600 s, and, was kept 

constant at 0.6 MPa after 1200 s. The experimental results on the event counts differ 

from those of Ar gas. The AE events in the hydrogenation process of Pd were happened 

“continually” even under the pressure-of-arrival. That is, this suggests a different AE 

generation mechanism on the palladium hydrogenation process. The total amount of 

event counts in the hydrogenation process of the Pd was around 300 counts, which was 

equal to about 1/10 of the applied stress by Ar gas.  
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Fig. 2-7 Elapsed time dependence of AE events of Pd pressurized by H2 gas; 

      (1)frequency of AE events per second, (2)cumulative AE event counts. 

 

In order to investigate the details of the hydrogenation process of the Pd, the x-ray 

diffraction(XRD) measurements were done at the 1800 s from stating the hydrogenation 

measurement and the 3600 s, where XRD measurements were done by using a 

specimen prepared by tracing method of the hydrogenation process of Pd. The XRD 

profile at 1800 s is given by Fig. 2-8(a). This profile means that the state of hydrogen in 

Pd was mainly in the α hydrogen solution phase. The amount of absorbed hydrogen was 
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evaluated as around [H]/ [Pd] = 0.1.
32) 

The other profile at 3600 s is given by Fig. 2-8 

(b). This profile means that the hydrogen situation in Pd was in the β hydride phase. The 

amount of absorbed hydrogen was evaluated as around [H]/ [Pd] = 0.6.
32)

  

 

Fig. 2-8 X-ray diffraction profiles of hydrogenated Pd by using Cu Kα, 

(a)Hydrogenated Pd at 1800 s from starting the hydrogenation measurement, 

(b)Hydrogenated Pd at 3600 s, where α and β mean the hydrogen solution and     

hydride phases. 

Typical AE power spectra of the hydrogenation process of the Pd around at 1800 s in 

Fig. 2-9, where the AE signals are shown in Fig.A1 in appendix 1. The power spectrum 

(4) to (6) in the figure correspond to the AE signal (4) to (6) in Fig. A1. The feature of 
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the AE power spectra of the Pd pressurized by H2 gas was the intensity peaks around 

250 kHz and 550 kHz, and, each intensity of two peaks were the same order on the 

average, and, their half width were around 100 kHz, respectively. Figure 2-10 is typical 

AE power spectra of the hydrogenation process of the Pd around at 3600 s, where the 

AE signals are shown in Fig.A2 in appendix 1. The power spectrum (7) to (9) in the 

figure correspond to the AE signal (7) to (9) in Fig. A2. The feature of the AE power 

spectra around at 3600 s was the intensity peaks was mainly 250 kHz with a narrow half 

width of around 20 kHz. This narrow half width suggests a simple AE event process. 

 

Fig. 2-9 Power spectrum of hydrogenation process of Pd at 1800 s from starting the 

hydrogenation measurement. 
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Fig. 2-10 Power spectrum of Pd signal at 3600 s from starting measurement. 

 

2.4. Experimental Analyses and Discussions 

The Kaiser effect revealed that the AE is induced by inhomogeneous slip of the slip 

dislocation.
35, 36)

 In order to evaluate the slip dislocation energy, we will introduce 

perfect dislocation and partial dislocation caused in fcc metal. The slip dislocation 

energy U is given by 

                                  

2

 
2

U 
Gb

                       (1) 

in an approximate form. In this equation G is shear modulus, and b means the Burgers 
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vector. The Burgers vector of the fcc perfect dislocation for the slip direction < 110 > is  

                           
perfect  = (1,-1, 0),

2

a
b                             (2) 

where a means the lattice constant.
38)

 That of the partial dislocation is given by 

partial  = (1,-2, 1).
6

a
b                               (3) 

Accordingly, the ratio of partial dislocation energy to perfect one is rewritten as 

                   U 
partial

: U 
perfect

 = 1: 3,                        (4) 

that is, U 
partial

 = (G/2)(a/6)
2
(1 + (−2)

2
 + 1) and U 

perfect
 = (G/2)(a/2)

2
(1 + (−1)

2
). 

The above result will advise about the AE generation mechanism of Pd. In the AE 

generation mechanism by using standard Ar gas, the AE frequency peak around 250 

kHz and 550 kHz as was shown in Fig. 2-4 should be due to the partial dislocation and 

perfect one, respectively. The normalized intensity of aver

250  I is 0.51 and that of aver

250  I is 

0.49 in each subtotal width of ±100 kHz, that is,  was subtotal intensity of full width 

from 150 to 350 kHz of the (1) to (3) power spectrum and that of aver

550  I  was that from 

450 to 650 kHz of the same frequency range. The intensity ratio should be suggesting 

the frequency ratio of the partial slip dislocation and the perfect one. However, the 

influence of the sensitivity of the sensor, the wave propagation in the cell and the like 

did not take into account in this evaluation. The AE generation mechanism of the 

hydrogenation process of Pd has different ways from the dislocation motion caused by 

applied stress and/or lattice distortion pressurized by Ar. That is, the AE events in the 

hydrogenation process of Pd were induced “continually” as was shown in Fig. 2-7. The 

AE power spectra as was shown in Figs. 2-9 and 2-10 changes drastically within the 

hydrogenation process. In the α hydrogen solution phase at the 1800 s stating from the 

measurement, the normalized intensity of is 0.48 and that of aver

550  I is 0.52 in each 
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subtotal width of ±100 kHz for the (4) to (6) power spectrum. In the β hydride phase at 

the 3600 s, has been increasing to 0.75 and aver

550  I is 0.25 in each subtotal width of ±40 

kHz for the (7) to (9) power spectrum. These experimental results will indicate the 

dynamical mechanism of hydride formation of Pd-H system. In order to investigate the 

details of the slip dislocation induced by the hydrogen, we have tested the outgassing 

process by using the AE method. The hydrogen gas was replaced by the normal 

pressure Ar by purging method. That is, the hydrogenated Pd with 0.6 MPa H2 gas was 

decompressed to the normal pressure by using Ar gas purge replacement method, where 

the outgassing process of Pd hydride under various atmospheric conditions has been 

reported as a function of elapsed time by gravimetric method in a previous paper.
39) 

The 

previous results showed that the hydrogen outgassing process of Pd was suppressed in a 

noble gas. Figure 2-11 shows the AE events time histogram of the outgassing process 

from the Pd-H0.6 system in a time interval of 100 min. The event frequency was a little 

rare. The total amount of event counts in the outgassing process from the Pd-H0.6 

system was very few and was equal to about 1/10 of the hydrogenation process of Pd, 

where the AE measurement condition of the threshold value was 63dB. The AE signal 

turned to a weak and short wave-packet’s signal, for instance, after 30 min from the 

stating of the outgassing process. Figure 2-12 shows typical AE power spectra in the 

outgassing process from the Pd-H0.6 system at 6, 91 and 1180 min from the stating at the 

normal pressure of 0.1 MPa of Ar purge replacement environment. The feature of the 

AE power spectra of the hydrogen outgassing process seems to be contrary course of 

the hydrogenated one, that is, the intensity peak of 250 kHz turned to that of both 250 

and 550 kHz. 
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Fig. 2-11 AE events time histogram of the outgassing process from the Pd-H0.6 

system. 
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Fig. 2-12 Typical AE power spectra in the outgassing process of Pd-H system, (a) at 

6 m, (b) 91 m and (c) 1180 m from the stating at the normal pressure of 0.1 

MPa of Ar by purging method. 

 

2.5 Summary 

The AE events were observed by using a new gas pressure cell. The experimental 

results by Ar gas pressurization showed as following: 1) AE events happened just at the 

times of pressurization as was shown in Fig. 2-6, 2) the Kaiser effect was recognized in 

the re-pressurization process as was shown in Fig. 2-6, 3) the power spectrum of AE 

signal by noble gas showed the fundamental signals of 250 kHz and 550 kHz in Fig. 5, 
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4) the intensity of the power spectrum Iaver250 was 0.51 and that of Iaver550 was 0.49 

in Fig. 5. 

In order to investigate the details of the hydrogenation process of Pd, the AE events 

were observed by H2 re-pressurization of the third pressuring process. The experimental 

results were different from those of Ar gas as following: 5) The AE events in the 

hydrogenation process of Pd happened ”continually” as was shown in Fig. 2-7, 6) the 

total amount of event counts in the hydrogenation process by H2 gas was equal to about 

1/10 of the applied stress by Ar, 7) in the early stage of primary H solid solution of Pd, 

the intensity of the power spectrum aver

250  I was 0.48 and that of aver

550  I was 0.52, 8) in the 

hydride formation stage, the aver

250  I was increasing to 0.75 and aver

550  I was 0.25.  

The slip dislocation energy of partial and perfect is evaluated by U 
partial

 : U 
perfect

 = 1 : 

3 indicate that the AE 250 kHz and 550 kHz should depend on the partial dislocation 

and perfect one, respectively. Accordingly, we may propose the dynamical hydride 

formation mechanism with partial dislocation of Pd lattice. 
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CHAPTER 3  

Acoustic Emission Measurements on Metal―Hydrogenation 

Process by Using Electrochemical Charging Cell 
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3.1. Introduction 

Hydrogen storage alloys absorb a lot of hydrogen while forming metallic hydride. 

Generally there are two kinds of hydrogenation methods, the gas pressure method
38) 

and 

the electrochemical charging method
39-41)

. During hydride formation, host lattice will 

expand with hydrogen concentration. That is, lattice distortion energy will be increased 

by hydrogenation
18-19, 42)

. The acoustic emission (AE) technique is a powerful method 

for the in situ analysis of physical phenomena induced by distortion energy
43-44)

. In a 

previous paper, we reported the hydrogenation process of palladium (Pd) by AE method 

with the gas pressure AE cell
38)

. Through supplying noble Ar gas to the cell, the AE 

events of Pd sheet were observed intermittently during stepwise pressurization. On the 

repetition of three-pressurization of Ar gas, the AE events revealed the Kaiser effect, i.e., 

a dislocation induced effect. The typical power spectrum of AE signal by Ar gas 

demonstrated the fundamental signal modes of 250 and 550 kHz. On the other hand, by 

the H2 gas re-pressurization, the characteristic AE behavior was recognized as 

following: 1) The continuous AE events were observed by stepwise pressurization of H2 

gas, 2) in the early stage of primary H solid solution of Pd, the fundamental AE power 

spectra were measured as 250 and 550 kHz, 3) in the hydride formation stage, the 

continuous AE events were also observed, but the typical AE power spectrum shifted to 

250 kHz mainly. These experimental behaviors were explained on the basis of the 

partial dislocation induced by Pd hydride formation
38)

. 

The H2 gas pressure method is a fundamental hydrogenation technique. In general, 

high H2 gas pressure is required to form the hydride. On the other hand, electrochemical 

hydrogen charging technique is a powerful way of making the specimen absorbing 

hydrogen directly. The relation of pressure p with chemical potential Φ is given by 
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equation of p=
0

p exp (2Φ/kT), where 
0

p  is standard pressure, Φ: over potential, k: 

Boltzmann constant and T: temperature, as will be derived in appendix. In the case of 

T=298 K and Φ=0.1 V, the equivalent H2 gas pressure is 240 MPa, and Φ=0.15 V 

gives 10 GPa at the same temparature
45)

. 

In this paper, we propose an AE measurement method
 
with the electrochemical 

separated AE cell by removing coexisted AE waves with generated H2/O2 gas on the 

counter electrode
 46)

. We chose Pt as non-absorbable H specimen
45-46)

 and Pd as 

absorbable H
47-48)

. We established the validity of the AE measurement method with the 

electrochemical technique in accordance with the standard gas pressure hydrogenation 

technique. 

 

3.2. Experimental procedure 

A plate of Pt and Pd of 99.95 at. % purity was cold-rolled to a sheet of 100 μm, and 

annealed at 1173 K for 1h in Ar 95 mol% and H2 5 mol% mixed gas. The sheet was cut 

into circular form of around 18 mmΦ to be settled on the surface of AE sensor with 

slight grease mechanically. 

Figure 3-1 shows the electrochemical separated AE cell. Electrolytic bridge was used 

to avoid the coexisted AE waves with generated H2/O2 gas on the counter electrode 

(CE). The circular sheet was used for the working electrode (WE).The effective surface 

area of WE was 1.00×10－
4
 m

2
. The CE was made of rectangular Pt sheet with effective 

surface area of 1.00×10－
4
 m

2
. The electrolyte is the H2SO4 solution of 0.05 mol/L. In 

the Fig. 3-1, PC means personal computer, and the system was controlled by LabView 

(TM of National Instruments) language program. The preamplifier was a PAC’s 1220 

(TM of Physical Acoustic Corporation) with gain of 60 dB. U-Plot (TM of NF 
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Electronic Instruments; 9502) is the AE analyzer. The sampling interval of AE signal of 

U-Plot was 400 μs from the sampling trigger and the pretriger setting was 40 μs. The 

time data of U-Plot was stamped on AE events with 1 s interval. The threshold level L 

of U-Plot was fixed at 63 dB for an AE event count level and a sampling trigger one, 

where L is defined by L (dB) =20 log (V (V) ×10
5
, i.e. 63 dB = 0.014 V. This threshold 

level was tested to avoid the electric noise and in order to obtain the adequate AE event 

counts. AE signals were captured by the trigger of U-Plot by using a 12-bit A/D card 

(ADLINK Technology Inc.; NuDAQ PCI-9812) with the A/D sampling rate of 10 MHz. 

Their power spectra were executed by using fast Fourier transformation (FFT) 

computation. An AE sensor (PAC’s WD of wideband differential type, TM of Physical 

Acoustic Corporation) is settled with WE specimen, where the operating frequency 

range of the sensor is 1001000 kHz with the resonant frequencies of 125 kHz and 650 

kHz. In this paper, the power spectrum data was cut off from 800 kHz to1000 kHz 

because of no useful information.  

Fig. 3-1 Electrochemical AE measurement cell. 
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3.3. Experimental Results and Evaluations 

3.3.1 The preliminary experiments and results 

The preliminary experiments were done by using a testing AE cell as shown in Fig. 

3-2. There was no AE signal during the electrolysis by using the AE cell (a). This means 

that the electrolytic bridge is a good attenuator to remove AE signals by generated 

H2/O2 gas on the electrodes and the propagated AE events will be negligible. Figure 3-2 

(b) shows AE events for cavitations by generated O2 or H2 gas on Pt electrode E1. 

Figure 3-3 (a) and (b) show the results of generated O2 and H2 gas as a function of 

decomposition voltage from 3.0 to 5.5 V by stepping 0.5 V with a time interval of 10 

min, respectively. This result suggests that AE signals induced by cavitations were 

attenuated in the electrolyte. The power spectra of the AE signals of O2 and H2 gas 

generated on Pt electrode were shown in Fig. 3-4 (a) and (b), respectively. The spectrum 

feature is an intensity peak around 280 kHz. 

 

Fig. 3-2 Testing electrochemical cell. 
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Fig. 3-3 AE events per second on Pt surface as function of decomposition voltage; 

(a)O2 gas generated on Pt, (b)H2 gas generated on Pt. 
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Fig. 3-4 Typical power spectrum of O2 and H2 gas generated on Pt electrode; 

(a)O2 gas generated on Pt, (b)H2 gas generated on Pt. 

 

3.3.2 Experimental results of O2/H2 gas generated on working Pt electrode as basic 

data 

O2 gas generated on Pt 

Figure 3-5 (a) shows AE events histogram per 1 s as a function of decomposition 

voltage by using electrochemical AE measurement cell as was shown in Fig. 3-1. To 

understand the oftenness of AE events generation as a differential form, the time 

interval is the maximum resolution of 1 s. The cumulative AE event is described in Fig. 

3-5 (b) as an integral form. Figure 3-5 (c) shows current density versus applied 

decomposition voltage V. As an experimental relation, N was expressed by cubic 

polynomial of V. By using the same specimen, AE events behavior was the same in the 

re-applied of voltage, and in proportion to current density, that is, to the amount of O2 

gas generated on the working Pt electrode.  
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Fig. 3-5 AE events by O2 gas generated working Pt electrode as a function of 

decomposition voltage; 

      (a) AE events per 1s, (b) cumulative AE event counts, (c) current density. 
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Figure 3-6 (a) and (b) show the typical of AE signals by O2 gas generated on Pt 

electrode, which were randomly chosen. Figure 3-7 (a) and (b) are the FFT spectrum of 

the corresponding signals, where the observed oftenness was around 92 % and 8 %, and 

the observed intensity at 280 kHz peak was 50 and 200, respectively. Accordingly, the 

feature of the AE power spectra of O2 gas generated on Pt was 280 kHz induced by 

cavitation, where the power spectra of 125 kHz and 650 kHz are due to the resonant 

frequencies of the WD AE sensor. The origin of the power spectrum (b) may be induced 

to O2 bubble burst by watching the decomposition.  

 

Fig. 3-6 Typical AE signals induced by O2 gas generated on Pt electrode. 

   These signals were randomly chosen, and the observed oftenness 

were (a) 92% and (b) 8%. 
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Fig. 3-7 Typical power spectrum induced by O2 gas generated on Pt electrode. 

Spectrum (a) and (b) correspond to the AE signal (a) and (b) in Fig. 6, 

and observed oftenness were (a) 92% and (b) 8%, respectively. 
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Fig. 3-8 (b). Figure 3-8 (c) shows current density versus applied voltage. As an 

experimental relation, N was given by exponential fitting of V. By using the same 

specimen, AE events behavior was same in the voltage repetitions, i.e., in proportion to 

the amount of H2 gas generated on the Pt electrode. AE event counts induced by H2 gas 

was equal to around one third by O2 gas as was shown in Fig. 3-5 (b). 
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Fig. 3-8 AE events by H2 gas generated on working Pt electrode as a function of 

decomposition voltage; 

      (a) AE events per 1s, (b) cumulative AE event counts, (c) current density. 
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Figure 3-9 (a) and (b) show the typical AE signals by H2 gas generated on Pt 

electrode, which were randomly chosen. Figure 3-10 (a) and (b) are the FFT spectrum 

of the corresponding signals, where the observed oftenness was around 90 % and 10 %, 

and the intensity at 280 kHz peak was 50 and 200, respectively. Accordingly, the feature 

of the AE power spectrum (a) of the H2 gas generated on Pt was also induced by 

cavitation and the spectrum (b) was due to bubble burst. 

 

 

Fig. 3-9 Typical AE signals induced by H2 gas generated on Pt electrode. 

   These signals were randomly chosen, and the observed oftenness 

were (a) 90% and (b) 10%. 
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Fig. 3-10 Typical power spectrum induced by H2 gas generated on Pt electrode. 

   Spectrum (a) and (b) correspond to the AE signal (a) and (b) in Fig. 3-9,  

and observed oftenness were (a) 90% and (b) 10%, respectively. 

 

3.3.3 Experimental results on Pd electrode as present purpose 
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mentioned in section 3.2.1. 
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Fig. 3-11 AE events by O2 gas generated working Pd electrode; 

         (a) AE events per 1s, (b) cumulative AE event counts, (c) current density. 
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Figure 3-12 shows the typical of AE signals by O2 gas generated on Pd electrode. 

Figure 3-13 is the FFT spectrum of the corresponding signal. The power spectrum 

feature at 280 kHz indicates the cavitation induced signal. The bubble burst spectrum 

was not detected in this observation.  

 

    Fig. 3-12 Typical AE signal induced by O2 gas generated on Pd. 

   Fig. 3-13 Typical power spectrum induced by O2 gas generated on Pd electrode. 
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AE measurement of Pd hydrogenation  

Figure 3-14 shows AE events histogram as a function of decomposition voltage by H2 

gas on Pd electrode. The cumulative AE event is described in Fig. 3-14 (b). Figure 3-14 

(c) shows current density versus voltage. As an experimental relation, N could not 

represent by simple exponential formula of V by cavitation due to the basic data of H2 

gas on Pt. The event counts at initial decomposition voltage of 3 V were occurred, 

which were induced by Pd hydride formation. The cumulative event counts from 3 V to 

5.5 V were 1894 due to H2 gas on Pd electrode, where the cumulative counts were 271 

due to that on Pt. That is, the cumulative event counts by the Pd hydride formation 

should be 834 (=1894-1060). The counts of 1060 might be due to the cavitation by H2 

gas and be evaluated as 1060～3776 (O2 on Pd)×271(H2 on Pt) /965 (O2 on Pt) by assuming that 

the relation on the event counts for O2 and H2 gas generated on Pt as was shown in 

section 3.2 should be adaptable for O2 and H2 gas generated on Pd. 
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Fig. 3-14 AE events of the hydrogenation of Pd electrode; 

     (a) AE events per 1s, (b) cumulative AE event counts, (c) current density. 
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  Figure 3-15 (a) shows the typical power spectrum of AE signal which was observed 

during the process of Pd hydride formation. The typical power spectrum induced by 

cavitation due to H2 gas on Pd is given in Fig. 3-15 (b). The observed oftenness due to 

the hydride formation (a) and the cavitation (b) was around 30 % and 70 %. The 

oftenness of 30 % is fairly agreement with that of 44 %( =834/ (1060+834)) evaluated 

by cumulative event counts as was mentioned just above. 

 

 

Fig. 3-15 Typical power spectrum of the hydrogenation of Pd electrode ;(a) power 

spectrum of Pd hydride formation, (b) power spectrum of H2 gas cavitation. 
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3.4. Summary 

In the present work, a hydrogenation process of Pd was studied by AE method with an 

electrochemical hydrogen charging technique. The characteristic of the AE power 

spectrum due to Pd hydride formation was around 250 kHz. In the previous paper
38)

, the 

spectrum was evaluated as 250 kHz obtained using gas pressure AE cell. This means 

that the AE method with the electrochemical AE cell will be a powerful way to 

investigate the hydride formation mechanism because the high H2 gas pressure 

condition can be easily provided by electrochemical applied voltage. Accordingly, we 

also propose that the partial dislocation of Pd lattice will play an important role in 

hydride formation as was mentioned in the previous paper
38)

. 
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CONCLUSIONS 
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Conclusions 

In recent years, the concepts of saving energy, reducing pollution, protecting the 

environment, and developing long-term energy supply solutions were the main focus by 

the public attention. The world’s current energy supply system which is mainly based on 

fossil fuels has become a matter of concern. The fuel cell technology and hydrogen as 

an alternative energy carrier are considered the ultimate goal of a secure energy supply 

and a clean environment. It is predicted that our country of China would have the 

highest share of hydrogen fuel cell vehicles in 2050 if their ambitious climate and 

energy security policies are adopted. 

There are a lot of interests in the formation mechanism of metallic hydride. It has 

been known that the change of lattice energy of a transition metal by hydrogenation is 

interpreted in the terms of the lattice expansion and the change of Fermi level by our 

research group. That is, when a hydrogen atom is dissolved into an fcc metallic lattice, it 

occupies an interstitial octahedral (O) site and pushes aside metal atoms around its site 

as is recognized from the lattice expansion induced by hydrogenation. In a case of 

palladium-hydrogen (Pd-H) system, the solubility of hydrogen x increases with 

increasing pressure of H2 gas P. The dissolution and diffusion measurements show that 

the penetration time of H in Pd sheet of 140 μm is 67 s at 297 K. The occupied spaces of 

H are the interstitial O-sites of Pd. The number of O-sites in the fcc lattice is equal to 

that of the host Pd atoms. Palladium absorbs large amounts of hydrogen, up to x = 

[H]/[Pd] = 1, where the [B] means the number of B atoms. The concentration range of 

around x < 0.01 is called primary solid solution α phase, and x > 0.6 is hydride β phase 

at room temperature. Except for the regions is α+β two phases, i.e., the spinodal 

decomposition region due to the long-range attractive H-H interaction. The volume 
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expansion of the host lattice in the α to β transition is ΔV = 1.57 cm3/g-atom of H. The 

free energy of Pd-H system has been measured by thermal analysis and/or 

electrochemical methods and the formation mechanism of Pd hydride was interpreted 

on the basis of the lattice relaxation energy and the change of Fermi energy. 

There are two kinds of hydrogenation methods, the gas pressure method and the 

electrochemical charging one. During hydride formation, host lattice will expand with 

hydrogen concentration. That is, lattice distortion energy will be increased by 

hydrogenation. Acoustic emission (AE) measurements are useful investing method for 

dislocation motion caused by applied stress and/or lattice distortion. In this paper, we 

will propose an AE measurement method by using gas pressure technique and 

electrochemical charging technique in order to obtain the dynamical information of 

hydrogenation process of palladium.  

The H2 gas pressure method is a fundamental hydrogenation technique. The AE 

events were observed by using a new gas pressure cell. The experimental results by Ar 

gas pressurization showed as following: 1) AE events happened just at the times of 

pressurization, 2) the Kaiser effect was recognized in the re-pressurization process, 3) 

the power spectrum of AE signal by noble gas showed the fundamental signals of 250 

kHz and 550 kHz, 4) the intensity of the power spectrum aver

250  I  was 0.51 and that of 

aver

550 I  was 0.49. In order to investigate the details of the hydrogenation process of Pd, 

the AE events were observed by H2 re-pressurization of the third pressuring process. 

The experimental results were different from those of Ar gas as following: The AE 

events in the hydrogenation process of Pd happened ”continually”, the total amount of 

event counts in the hydrogenation process by H2 gas was equal to about 1/10 of the 
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applied stress by Ar, in the early stage of primary H solid solution of Pd, the intensity of 

the power spectrum aver

250  I was 0.48 and that of aver

550  I was 0.52, in the hydride formation 

stage, the aver

250  I was increasing to 0.75 and aver

550  I was 0.25. The analysis with the power 

spectra of these AE signals was discussed by the dislocation theory. The slip dislocation 

energy of partial and perfect is evaluated by U 
partial

 : U 
perfect

 = 1 : 3 indicate that the AE 

250 kHz and 550 kHz should depend on the partial dislocation and perfect one, 

respectively. Accordingly, we may propose the dynamical hydride formation mechanism 

with partial dislocation of Pd lattice. 

In general, high H2 gas pressure is required to form the hydride. On the other hand, 

electrochemical hydrogen charging technique is a powerful way of making the 

specimen absorbing hydrogen directly. The relation of pressure p with chemical 

potential Φ is given by equation of p=
0

p exp (2ΔΦ/kT), where 
0

p  is standard pressure, 

Φ: over potential, k: Boltzmann constant and T: temperature. In the case of T=298 K 

and Φ=0.1 V, the equivalent H2 gas pressure is 240 MPa, and Φ=0.15 V gives 10 GPa at 

the same temperature. The hydrogenation process of Pd was also studied by AE method 

with an electrochemical hydrogen charging technique. The characteristic of the AE 

power spectrum due to Pd hydride formation was around 250 kHz. The spectrum was 

evaluated as 250 kHz obtained using gas pressure AE cell. This means that the AE 

method with the electrochemical AE cell will be a powerful way to investigate the 

hydride formation mechanism because the high H2 gas pressure condition can be easily 

provided by electrochemical applied voltage. Finally, we will propose that this research 

could contribute to the research and development of, for example, aluminum based 

hydride which crystal structure will change by hydrogenation. 
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Appendix 1 

Figure A1 shows typical AE signals of the hydrogenation process of Pd around at 1800 

s from stating in the H2 gas on 0.6 MPa. Figure A2 shows typical AE signals of the 

hydrogenation process of Pd around at 3600 s from stating in the H2 gas on 0.6 MPa. 

Figure A3 shows typical AE signals of the outgassing process in a minute unit from the 

Pd-H0.6 system at 6, 91 and 1180 min from the stating of the outgassing in a minute 

unit. 

 

Fig. A1. Typical AE signals of Pd the hydrogenation process of Pd around at 1800 

s from stating in the H2 gas on 0.6 MPa. 
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Fig. A2. Typical AE signals of Pd the hydrogenation process of Pd at around 3600 

s from stating in the H2 gas on 0.6 MPa. 
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Fig. A3. Typical AE signals of the outgassing process of Pd-H system in a minute 

unit, (a) at 6 min, (b) 91 min and (c) 1180 min from the stating of the 

outgassing. 
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Appendix 2 

The relation of pressure p with chemical potential Φ 

Gibbs free energy with isothermal process equation of state is given by

dG Vdp dN   . Characteristic equation of ideal gas is given by /V kT p . By using 

Euler's relation of  ( )dG d n nd dn      , partial free energy is written by 

   2 2

2 0

H H

H H H/ 1/ 2 1/ 2 log /G N kT p p       . Accordingly, by using the relation
6)

 of  

2HPdH

H H

x FE e           , we can obtain 
0
exp(2 / )p p kT   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


