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Abstract 

 

Pure titanium (Gr.1) and titanium-0.6 mass% palladium (Gr.17) are prone to produce brittle 

hydrides when they absorb hydrogen. This research studied structures and mechanical character-

istics of two hydrides in Gr.1 and Gr.17. Fracture strength of thin hydrides was measured by a 

hybrid method of AE and FEM during micro-indentation. We determined the threshold indenta-

tion load to cause the Mode-I fracture during Vickers indentation by AE monitoring and then 

computed the critical strain to cause the Mode-I fracture by the FEM. Utilizing the stress and 

strain curves of base metals and hydrides obtained by a dual indentation method, the fracture 

strain of the Gr.17 hydride is calculated as half that of the Gr.1 hydride. X-ray diffraction re-

vealed that the Gr.1 and Gr.17 hydrdies are TiH1.971 and TiH2, repectively. Palladium in Gr.17 

contributes to produce hard and brittle hydride with higher hydrogen content.      
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Introduction 

 
Study is underway to assess the endurance capability of titanium-clad overpack of high-level 

radioactive waste in deep underground water.  The overpack will be exposed to oxygen-free 

3.5% NaCl solution. Thus, pure titanium (Gr.1) and titanium-palladium (Gr.17) are likely to pro-

duce brittle hydrides by the cathodic current density (proton reduction) corresponding to the pas-

sivation holding current density.  We previously reported both the fracture behavior and fracture 

dynamics of Gr.1 hydride [1].  Measurement of mechanical properties of hydrides is, however, 

difficult since the hydrides are thinner than 100 m. We used a hybrid technique of AE and FEM 

during Vickers indentation on the thin hydrides. 

 

This study reports AE results on the progression of micro-cracks in growing hydrides in a 

simulated underground environment.  Next we report the mechanical properties of Gr.1 and 

Gr.17 hydrides using an indentation technique. AE was successfully utilized to determine the 

critical indentation load to cause the Mode-I fracture in the hydrides. Mechanical properties of 

Gr.1 and Gr.17 hydrides were found to be much different, due to chemical compositions of the 

hydrides.  

 

AE from Micro-fractures in Growing Titanium Hydrides 

 

Experimental method 

The amount of hydrogen charge to the overpack in underground environment is calculated to 

be 10 MC/m
2 
for 60,000 years storage

 
[2]. We supplied the specimens with hydrogen at cathode 
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Fig. 1 Experimental setup for hydrogen charging and AE monitoring for Ti. 

 

 
Fig. 2 Changes of the Gr.17 hydrides with hydrogen charge. 

 

current density of 10 A/m
2
 in a 0.6 mol/l NaCl solution purged by nitrogen gas at 70ºC. The 

amount of hydrogen charging was 1, 3, 5, 6.5 and 10 MC/m
2
. 

 

Figure 1 shows the hydrogen charging and AE monitoring method for plate-shaped Ti speci-

mens of 11-mm thickness, 50-mm width and 145-mm length. The specimen was subjected to 3-

point bending with surface tensile stress of 200 MPa. AE was monitored by four resonant-type 

small sensors (PAC: Type-PICO) mounted on the side surfaces of the specimen.  Sensor outputs 

were amplified 40 dB by pre-amplifiers and fed to a personal computer.  

 

Chemical composition of Gr.1 titanium is 0.01 mass%C-0.0007H-0.031O-0.0005N-0.032Fe 

and <0.02Pd. That of the Gr.17 is 0.014 mass%C-0.0007H-0.09O-0.003N-0.035Fe and 0.062Pd.  
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Growth behavior of hydrides 

We studied growth behavior of Gr.17 hydride as seen in Fig. 2. Below 0.5 MC/cm
2
, we ob-

served needle-shaped hydrides as shown in photo (a).  Above 3 MC/m
2
, the needle shaped hy-

drides coalesces and forms colonies of dense layer of 10- m thickness.  Characteristic features of 

Gr.17 hydride are that these are non-uniform and irregular in shape. Above 4 MC/m
2
, plate-

shaped hydride layer is produced.  At 5 MC/m
2
, the hydride layer grows to thick plates of 20 m 

as shown in (d). Thickness of Gr.17 hydride does not exceed 150 m at 10 MC/m
2
, but the hy-

drides tend to crack on their own.  

 

Figure 3 shows changes of cumulative AE counts with hydrogen charge for Gr.1 and Gr.17 

Ti.  In Gr.1 Ti, AE counts increased gradually till the charge amount of 6 MC/m
2
 and rapidly 

increased above 6 MC/m
2
, while it increased rapidly above 4.5 MC/m

2
 for Gr.17 Ti.  Sources of 

AE were located using both the arrival-time difference of the So-wave and sheet velocity of 5990 

m/s. All 33 events with strong So-wave were located in the corrosion cell.  Figure 4 compares 

the transverse structure of two hydrides produced in Gr.1 and Gr.17 Ti at 10 MC/m
2
. Thickness 

of Gr.17 hydride layers reached approximately 120 m, while that of Gr.1 hydride is 10 m. For 

Gr.17 hydride, we observed dish-shaped shallow exfoliation. It is noted that crack morphology 

changes depending on the geometry and mechanical properties of the hydrides. We sometimes 

observed vertical and/or slant cracks.  

 

 

Fig. 3  Changes of cumulative AE counts with H charging to Gr.1 Ti (a) and Gr.17 Ti (b). 
 

 

Fig. 4 Transverse SEM of Gr.1 (left) and Gr.17 hydrides after charging 10 MC/m
2
. 
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Fig. 5 Indentation force F vs. penetration depth h curves of Gr.1 and Gr.17 substrates by the dual 

indentation method. 

 

Mechanical properties of Ti and hydrides  

We first studied whether the Gr.17 hydride suffers median crack by micro-indentation.  We 

observed no median crack, but slight extrusion around the periphery of the Vickers indentation, 

indicating that the hydride is not so brittle like ceramics, but possesses some extent of ductility.  

 

Next, we measured the stress-strain curves of the substrates and hydrides using a dual inden-

tation method. Indentation load: F vs. penetration depth: h curves were first obtained using a 

dynamic micro-indentation machine (Shimadzu, DUH-W201).  Figure 5 compares the F vs. h 

curves of Gr.1 and Gr. 17 Ti, using two indenters with different tip-angle.  Details of the dual 

indentation method can be found elsewhere [3, 4]. It estimates the Young’s modulus: E, yield 

strength: y, strength coefficient: R and work hardening coefficient: n of the stress-strain curves 

with  =R
n
 in the plastic region.    

 

 

Fig. 6  -  curves of substrates and hydrides by the dual indentation method. 

 

Figure 6 compares the  -  curves of Gr.1 and Gr.17 Ti. Three parameters: E, R and n are 

shown in the figure. The fracture strains (38% for Gr. 1 and 54% for Gr.17) of the base metals 
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were determined by the tensile tests. Experimental -  curves agreed quiet well with those pre-

dicted by the dual indentation method.  

 

Fracture strains of the hydrides   

We determined the fracture strains by inducing a fine Mode-I crack using a new indentation 

machine. We studied whether the Mode-I crack can be induced by Vickers indentation, using a 

commercial indentation machine (HVM-2000).  Figure 7 shows examples of cracks induced into 

thin hydride layer of Gr.1 Ti. The left figure shows the crack induced by loading up to 15 N, and 

the right figure by loading to 20 N.  The vertical crack is produced by tensile stress induced by 

the indentation, and is the Mode-I crack.  Large loading of 20 N produced both the partial exfo-

liation and subsequent Mode-II cracks as well the Mode-I crack. These data indicates that we can 

determine the critical strain to induce the Mode-I crack by FEM method, if we can correctly de-

termine the critical load or the critical penetration depth.   

 

 

Fig. 7 Cracks induced in the hydride by Vickers indentation at 15 N (left) and 20 N (right). 

 

The commercial indentation machine, however, does not measure the F vs. h curve. Thus, we 

developed a new indentation machine, which can measure the F vs. h curve and used AE system 

to monitor the critical load to cause the first Mode-I crack. The new indentation machine was 

constructed by modifying the micro-servo testing machine (Shimadzu, Microservo MNT-

1000NB-10). We controlled the load using a feedback program developed in laboratory and 

monitored the penetration depth by an eddy-current displacement meter to the accuracy of 0.1 

m.  Construction of sliding device of the sample from a microscope to the indentation machine 

was difficult. Positioning accuracy of this device is not so good as hoped for. 

 

The critical load to cause the first Mode-I cracks was monitored by AE. We mounted two 

small sensors (PAC, Type-PICO) on the two counter surfaces. Output of the sensors were ampli-

fied by 60 dB and fed to a personal computer. AE from friction between the indenter and hydride 

were separated from AE by the Mode-I crack, using the polarization distribution of the first ar-

riving So-mode waves [4]. The Lamb waves with the same So polarity was diagnosed as the AE 

from the Mode-I crack. Amplification of 60 dB is needed since the Mode-I crack is generally 

less than 5 m and emitted weak Lamb waves.  

 

Figure 8 compares the F vs. h curves for Gr.1 and Gr.17 hydrides. Vertical triangles near the 

curves indicate the first AE timing from the Mode-I cracks. The critical load to cause the first 

Mode-I crack is determined as 19.6 N for Gr.1 hydride and 7.4 N for Gr.17 hydride. We previ-

ously reported the critical load of 16 N for Gr.1 hydride [1]. Larger critical load and penetration 

depth for Gr.1 hydride than those for Gr.17 hydride indicates that Gr.1 hydride is less brittle.  
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Fig. 8  F vs. h curves for Gr.1 and Gr.17 hydrides with timing of AE from the Mode-I crack. 

 

 
Fig. 9  SEM photos with the Mode-I cracks, indentations and region for FEM analysis. 

 
Fig. 10  Elements of quater model for three dimentional FEM for strain computation during 

indentation. 
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Figure 9 shows the Mode-I cracks in two hydrides. Due to poor positioning capability of the 

sliding device developed, indentation location could not be accurately determined. Short crack of 

8.6- m length was induced in Gr.1 hydride when the indenter reached the hydride. FEM analysis 

was performed in the region surrounded by dashed line. Here, the triangle by solid line desig-

nates the ridge of the indenter. Center of the indentation was originally indented in the base 

metal.   Figure 10 shows elements of a quarter model for 3-dimensional FEM. Lower left corner 

of the triangle corresponds the center of the tip of the indenter.  We computed the strain 33 in the 

direction of X3 using the software package of MARC and MENTAT. 

 

 
Fig. 11  Strain distribution around the Vickers indentation computed by 3-dimensional FEM. 

 

The strains 33 were computed using the F vs. h curves of both substrates and hydrides by 

changing the penetration depth (displacement controlling condition). Figure 11 shows the results.  

Detail strain distribution in the X2 directin is shown in Fig. 12.  The strain 33 is lower at interface 

of the base metal/hydride, but inreases toward the free surface. The critical strain is dertermined 

as 0.081 and 0.043 for Gr.1 hydride and Gr.17 hydride, respectively.  

 

Deviation of the critical load to cause the Mode-I crack in Gr.1 hydride was studied by two 

graduate students (A and B) for three years. The student A reported the critical load of 16 N and 

20. Student B reported, using another sample prepared by the same hydrogen charging condition, 

19.6 N (this study).  Average critical load for Gr.1 hydride is 18.5 N.  Thus, the critical strain of 

0.081 for Gr.1 hydride, obtained using 19.6 N, is supposed to be close to the critical strain 

computed using the average critical load of 18.5 N.  Student B attmepted to obtain more data for 

Gr.17 hydride, but could not, since the location accuracy of the sliding device was poor. He 

could not induce the Mode-I crack in the hydride.  Thus we cannot discuss the correct critical 

load of Gr.17 hydride. We examined propriety of the FEM method.  Figure 13 compares the 

experimetal F vs. h curve with that by the FEM. Though the curve by the FEM is slightly lower 

than the experimental data, there observed a fairly good agreement, indicating a reliable 

simulation of experiment by FEM.  



 

 164 

 
Fig. 12 Distribution of  33 in the direction of X2. 

 

 
Fig. 13  Comparison of F vs.h curves measured and computed by FEM  for the Gr.17 hydride. 

 

The stress-strain curves in the final form were already presented in Fig. 7. Both the fracture 

strength and strain of Gr.17 hydride are smaller than those of Gr.1 hydride. This difference was 

thought to be due to chemical compostion of the hydrides. We studied chemical composition of 

the hydrides by X-ray diffraction method and observed a broad diffraction peaks at around 98.6º 

for Gr.1 hydride and that at around 62.8º for Gr.17 hydride. According to the ASTM code 07-

0370, Gr.1 hydride was determined as TiH1.971 and Gr.17 hydride as TiH2. Brittleness of Gr.17 

hydride appears to be due to its higher hydrogen concentration.  From Fig. 8, we note three AE 

signals from the Mode-I cracks for Gr.17 hydride. This suggests that surface layer of the brittle 

Gr.17 hydride suffers small exfoliations following the first Mode-I crack. Another example is in 

the Fig. 5. We observed small multi-layer exfoliations in thin surfcae layer of the Gr.17 hydride.  

 

Conclusion               

 

In order to study the mechanical properties of hydrides produced in pure titanium (Gr.1) and 

titanium-0.06 mass% paradium alloys (Gr.17) , a hybrid method of AE and FEM was utilized for 

indentation test. 
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Results obtained are summarized as below. 

1) Gr.1 titanium emitted AEs by cracking at charges of more than 6 MC/m
2
, while Gr.17 Ti 

emitted abrupt AE at 4.5 MC/m
2
. Thickness of the  hydride layer of Gr.17 at 10 MC/m

2
 

reached approximately 120 μm, while that of Gr.1 is 10 μm. 

2) Stress-strain curves of Gr. 1 and Gr.17 Ti and hydrides were estimated by dual indentation 

method. There observed a good agreement between the estimated and measured for the 

substrates. 

3) Fracture strain of the hydrides were estimated using a new indnetation machine and FEM. 

Critical indentation load to cause the Mode-I crack  was correctly determeind by AE 

monitoring.  Fracture strain of Gr.1 hydride was calculated as 8.1%, while that of Gr.17 

hydride as 4.3%. The Gr.17 hydride is more brittle than the Gr.1 hydride. Chemical 

composition of the Gr.17 hydride was measured as TiH2, and that of the Gr.1 hydride as 

TiH1.971 by the X-ray diffraction method. 
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